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ABSTRACT 

Although reptiles are well known for their low energy 

requirements and high efficiencies of biomass conversion, 

few studies have addressed the ecology and energetics of 

species with very low activity levels. I investigated the 

ecology and energetics of two such reptilian groups: 

helodermatid lizards, and viperid snakes. I radiotracked 

Mexican beaded lizards and three rattlesnake species in 

their natural environments to determine their activity 

patterns, the time and energy they invest in activity, home 

ranges, thermal biology, habitat and other resource use, and 

behavior. I measured metabolic rates in the laboratory to 

determine rates of energy use. 

Beaded lizards had a mean horne range of 21.6 ha, an 

activity peak at 1800 hrs and traveled, on average, 25.3 km 

during approximately 121 h of surface activity over the 

year. They had very low metabolic rates during rest. 

However, helodermatids had maximal rates of oxygen 

consumption that were among the highest of any lizard 

measured, a trait that may be adaptive during their 

intensive male-male agonistic behaviors. Males had 

significantly higher capacities for aerobic activity than 

did females. Heloderma horridum can fulfill its annual 

maintenance energy requirements with a quantity of prey 

equivalent to approximately 1.4 times its body mass. 
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Rattlesnakes had a mean home range size of 4.6 hectares 

and traveled, on average, 12.4 km over approximately 95 

hours of annual surface activity. Rattlesnakes spent 

considerable time inactive on the surface, whereas Heloderma 

spent the vast majority of their time resting in shelters. 

Heloderma and Crotalus had similar body temperature 

preferences for activity (around 30 C). Like Heloderma, 

Crotalus had very low rates of metabolism during rest. A 

300-g rattlesnake had a standard metabolic rate only 40% 

that of other squamate reptiles of similar mass, and could 

fulfill its yearly maintenance energy requirements with a 

prey quantity equivalent to 0.93 X its body mass, which 

could be met with 2-3 large meals. 

After feeding, free-ranging rattlesnakes exhibited 

thermophilic responses that varied, in part, due to their 

reclusive behavior, and thermal constraints in the 

environment. The temperatures selected for digesting and 

activity are apparently similar in rattlesnakes. 
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GENERAL INTRODUCTION 

When contrasted with birds and mammals, reptiles are 

well known for their low energy requirements and high 

efficiencies of biomass conversion (Turner et ale 1976, Nagy 

1982, Pough 1983). The daily energy expenditure of a free

ranging bird or rodent is approximately 20 to 40 times that 

of an iguanid lizard during its activity season (Nagy 1982). 

The low energy demands of reptiles are a direct consequence 

of their ectothermy (Pough 1980, 1983), yet, within squamate 

reptiles there is considerable variation in rates of energy 

use (Andrews and Pough 1985). 

Our current knowledge of the behavioral and 

physiological implications of reptilian "low energy systems" 

has been limited largely to studies of conspicuous lizard 

species that are active on a daily basis during their 

activity seasons (Turner 1976, Bennett and Gorman 1979, 

Anderson and Karasov 1981, Congdon et al 1982, Nagy 1982, 

Nagy et ale 1984). Many reptiles actually spend only a few 

hours per day above ground, and do not exhibit activity on a 

daily basis (Huey et ale 1989). Lizards and snakes that are 

reclusive have lower metabolic rates than those of more 

conspicuous species (Andrews and Pough 1985, Chappell and 

Ellis 1987). 

Knowledge of species that are sedentary may provide a 

more balanced understanding of the true energetic 
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efficiencies of vertebrate ectotherms, and of the behavioral 

and physiological implications of reptilian life in the slow 

lane. In addition, field studies of large-bodied sedentary 

reptiles are needed to provide insight into the roles played 

by ectothermic predators in terrestrial ecosystems, and for 

foraging theories that have been biased toward predators 

that feed frequently on abundant prey (Greene 1986). 

In this dissertation I investigated the ecology and 

energetics of two such reptilian groups: the Mexican beaded 

lizard, Heloderma horridum, in a tropical dry forest in 

Jalisco, Mexico, and three species of viperid snakes in the 

Sonoran Desert of southern Arizona. I radiotracked these 

animals in their natural environments to determine the time 

and energy they invest in activity, and to identify their 

home ranges and other patterns of activity. I investigated 

their thermal biology, habitats, other resources used, and 

behavior. I measured oxygen consumption in the laboratory 

to determine rates of energy use and compared these rates 

with those of other squamate reptiles. I analyzed field 

behaviors (male-male combat, thermoregulation) and 

interpreted them in the context of the ecolgy, evolution and 

physiology of these interesting predators. 



SUMMARY 

CHAPTER 1 

ECOLOGY AND BEHAVIOR OF THE BEADED LIZARD, 

Heloderma horridum, 

IN A TROPICAL DRY FOREST IN JALISCO, MEXICO 

17 

Activity patterns, diet, resource use, thermal biology, 

and behavior were investigated with the use of 

radiotelemetry in a population of Mexican beaded lizards in 

a tropical dry forest in coastal Jalisco, Mexico. Fifteen 

R. horridum ranging in mass from 33 to 1600 g were captured 

and marked within a 36 ha area. Growth rates of up to 15.5 

mmlyr were observed. Diet consisted of eggs of spiny-tailed 

iguanas and other reptiles, and bird eggs and nestlings. 

Shelters were used in arroyos, on hillsides, and the forest 

floor. Trees were often used as shelters during the wet 

season. Mean home range size was 21.6 ha. Beaded lizards 

had a primary peak of surface activity at 1800 h, and a 

smaller peak at 0900 h. Seasonal differences in daily 

activity times were noted. Peak seasonal activity (17 d/mo) 

occurred in May and gradually decreased through the summer 

to a low of 1 dlmo in January. Beaded lizards, on average, 

spent 67 min above ground and traveled 236 m per activity 

bout, resulting in approximately 120 hrslyr invested in 

surface activity. Minimum and maximum body temperatures 

recorded for resting R. horridum were 17.7°C (January) and 



18 

37.2°C (June). Mean monthly body temperatures ranged from 

19.9°C in December to 28.5°C in July. Activity temperature 

range was 22.5-36.0 (X=29.5°C). Activity temperatures were 

lower during the wet (X=27.0) than during the dry (X=30.2) 

season. Heloderma horridum is a more active, semiarboreal 

lizard than is H. suspectum, the only other living 

helodermatid. Analysis of agonistic behaviors between two 

males revealed striking similarities to combat behavior in 

varanid lizards, and suggested that such behavior has been 

highly conserved in the Varano idea over its 70-million-yr 

history. 

INTRODUCTION 

The Helodermatidae contains two extant species of 

stout-bodied venomous lizards with large, powerful jaw 

muscles and bead-like osteoderms underlying dorsal scales. 

They inhabit desert and dry subtropical regions of the 

southwestern united states, western Mexico, and Guatemala 

(Bogert and Martin del Campo, 1956; Campbell and Vannini, 

1988; campbell and Lamar, 1989). Both helodermatid species 

are predators on young and eggs of vertebrate nests. Recent 

work on H. suspectum, the Gila monster, has shown it to be a 

diurnal predator with a relatively low activity temperature 

of 29°C and a low investment of time and energy to activity 

(Lowe, et al., 1967; Coombs, 1977; Porzer, 1981; Lowe, et 

al., 1986; Beck, 1990). The Gila monster's low resting 



metabolic rates and slow, infrequent surface activity 

contrasts with its surprisingly high capacity for aerobic 

activity (John-Alder et al., 1983). 
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The Mexican beaded lizard or escorpion, Heloderma 

horridum, is the larger, more ancestral species (i.e with 

fewer derived character states, Pregill, et al., 1986). It 

is encountered most frequently after summer rains in Mexico 

and has long been known to be a good climber. Information 

on the natural history of beaded lizards is given in Bogert 

and Martin del Campo (1956), Alvarez del Toro (1982), 

Pregill, et al. (1986), and Campbell and Lamar (1989). In 

most aspects of its ecology H. horridum remains poorly 

known; information on its diet, patterns of activity, 

thermal biology, and habitat use is scanty or non-existent. 

In this chapter, I present results of a field study in 

a lowland tropical deciduous forest in Pacific coastal 

Mexico designed to determine how patterns of activity and 

thermal biology of beaded lizards are influenced by the 

seasonality of their tropical dry forest environments, and 

how the ecology of H. horridum compares with that of H. 

suspectum. 

METHODS 

Study Area 

My study area is on the Estacion de Biologia Chamela 

(EBCH), a 16 km2 biological reserve of the Universidad 
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Nacional Autonoma de Mexico (UNAM) , located less than 5 km 

from the Pacific coast at approximately 19 0 30'N, 105 0 03' W 

in the state of Jalisco, Mexico. The reserve is in a 

lowland tropical deciduous "dry" forest with a marked 

seasonality in precipitation (Fig 1.1). Eighty percent of 

the mean annual precipitation of 748 mm (29.4 in) at EBCH 

falls during a four month wet season between early July and 

early November; the mean annual temperature is 24.4 C, mean 

monthly maxima are 29.1-32.0, and mean monthly minima 14.8-

22.9 (Bullock 1986, and Lott, et al., 1987). Elevation 

ranges fro~ 10 to 584 m. 

Two major habitat types occur at the station (see 

Perez, 1982; Lott, 1985; and Lott et al., 1987). An upland 

dry-deciduous forest occurs on dissected hilly terrain with 

numerous small drainages. It has a 4-15 m tall canopy with 

a well-developed understory of shrubs and dense herbaceous 

cover during summer and autumn months. A taller riparian 

semideciduous forest, developed on the larger arroyos, has a 

more open understory. The two habitat types are referred to 

by Lott et al. (1987) as upland forest and arroyo forest. 

They are, respectively, the "selva baja caducifolia" and 

"selva mediana subperenifolia a subcaducifolia" of Miranda 

and Hernandez (1963). 

study Procedures 

Lizards were located primarily by searching the 

numerous trails and arroyos. Sightings of Heloderma were 
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Fig. 1.1. The study area during the late dry season, 
May 1987. An arroyo supporting a riparian forest with 
sUbstantial evergreenness cuts through the lower part of the 
photo; above that is the dense hilly upland forest with 
numerous small drainages. The station buildings are in the 
upper left. 
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also made for me by station personnel. Individuals were 

weighed to the nearest 2 g with Pesola spring scales, 

measured (snout-to-vent [SVL] , tail length, tail 

circumference), and uniquely toe-clipped for future 

identification. Only one toe was clipped on each animal, at 

the second joint. Fecal samples were collected when 

possible and contents were identified using a reference 

collection of potential prey items. 

Locations, movements, and body temperatures of lizards 

were monitored using calibrated, temperature-sensing 

implantable radiotransmitters (IMP-200L, Telonics, Mesa, 

Arizona). The radios were surgically implanted by 

anesthetizing the lizards with ketamine hydrochloride, 

cutting a 3 cm transverse incision in the venter through the 

dermis and peritoneum, 20-25 scale rows anterior to the 

vent, and placing a paraffin-coated radio into the 

peritoneal cavity. At 23 g, each radio weighed less than 4% 

of the body weight of its host. Incisions were closed with 

chromic gut suture. Six lizards were outfitted with 

radiotransmitters and monitored as follows: No.1, July 

1986-0ctober 1987; No.6, May-October 1987; No.7, May 1987-

May 1988; Nos. 10, 14, and 15, May 1988-March 1989. 

After a 48 hour recovery/observation period, lizards 

were released at the site of capture. They were not 

disturbed after their initial release except for an 

occasional body weight measurement and body temperature 
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calibration check with a Schultheis thermometer. They were 

followed on the study site with a TR2 receiver and 

directional H-configuration antenna (Telonics). The 

radiotransmitters had a battery life of over 10 months and a 

range of 0.2-6.0 km, depending upon topography and shelter 

characteristics (e.g. below ground in a canyon vs. in a tree 

on a ridge). The field study periods were June 20-August 3, 

1986; January 10-15, 1987; May 4-July 24, 1987; October 12-

21, 1987; January 13-23, 1988; May 8-21, 1988; August 28-

September 10, 1988; December 28, 1988-January 4, 1989; March 

1-10, 1989, totaling 185 days. 

Locations of radio-implanted animals were checked each 

day in the morning and late-afternoon. In 90% of cases 

exact locations of individuals were pinpointed and shelters 

marked with flagging. When thick understory prevented human 

travel without destruction of vegetation, locations were 

determined by triangulation from 10 m high observation 

towers. The accuracy of the triangulation technique (± 15 m 

radius) was determined by placing radiotransmitters at five 

known locations and independently determining their 

positions by triangulation from the observation towers. 

Distances traveled were directly measured from some 

individuals. When a transmitting individual could not be 

followed directly, the straight-line distance between two 

consecutive shelter locations was measured and a correction 

factor added to account for non-linear movements of the 
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active lizard. The correction factor (0.25 ± 0.08, 

obtained from 24 direct observations) was determined by the 

following: ADT - SLD/ ADT, where ADT=actual distance 

traveled by lizard from point A to B, and SLD=straight line 

distance from A to B. 

Body temperatures of Heloderma horridum were monitored 

from the pre-calibrated radios throughout each day usually 

at bi-hourly intervals, often more frequently. Time of 

emergence of lizards from shelters onto the surface was 

identified by noting from the radiotransmitter the 

relatively rapid change in body temperature as a lizard left 

the nearly-constant temperature environment of its shelter. 

Environmental temperatures were measured with a Miller and 

Weber ("Schultheis") quick reading, cloacal thermometer, and 

from pre-calibrated temperature sensing radiotransmitters. 

Terminology pertaining to thermal biology follows that of 

Pough and Gans (1982). 

Statistical procedures (Chi-square, correlation 

coefficient r, and two-tailed students t test) on data that 

met assumptions of normality and equality of variances 

follow Zar (1984). Means are followed by ± 1 SD. Home 

ranges were calculated for lizards with a minimum of 15 

sightings over 10 mo using the convex polygon method 

(Jennrich and Turner, 1969; Rose, 1982). 
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RESULTS AND DISCUSSION 

Fifteen H. horridum were captured within an area of 

approximately 36 ha. Body mass ranged from 33 (juvenile) to 

1600 g (adult male) and snout-to-vent length (SVL) ranged 

from 147 to 444 mm (Table 1.1). Growth rates in SVL over 

periods of at least 9 mo averaged 10.8 mm/yr (± 3.9, 

range=5.6-15.5, n=5, Table 1.2). 

Snout-to-vent length is tightly correlated with tail 

length (r = 0.98, P <0.001, n=15) and less tightly with body 

mass (r = 0.79, P <0.001, n=15). Individual body masses 

fluctuated considerably throughout the activity season 

(April - October) and throughout the year. Heloderma 

horridum can lose a large percentage of its body mass and 

gain it back quickly after a few successful foraging bouts. 

One adult showed a 30% mass gain (stomach empty) between 

August 1986 and May 1987. Over the activity season, mean 

increase in body mass was 100 g (± 80, n=5). Moreover, 

lizards were able to quickly rehydrate with the first rains 

following the dry season, resulting in a substantial 

increase in body mass. One 880 g lizard gained 52 g of 

water after a light June rain of 1.5 mm. 

Food Habits 

The diet of H. horridum at Chamela consists of 

reptilian and avian eggs, and young birds. In 14 fecal 

samples collected from 10 beaded lizards, remains of 

reptilian eggshells (10 of 14), feathers (8 of 14), and 
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Table 1.1 Lengths and Body Masses of H. horridum at EBCH. 

Lizard Sex Mass (g) SVL (rom) Tail Total Tail 
Length Length Circumf. 

1 \> 658 346 252 598 92 

2 366 298 244 542 65 

3 33 147 95 242 27 

4 d 502 366 275 641 71 

5 \> 730 353 268 621 104 

6 d 973 415 316 731 91 

7 d 640 337 240 577 87 

8 \> 511 325 260 585 82 

9 d 921 410 310 720 98 

10 \> 989 395 306 691 101 

11 d 448 313 237 550 84 

12 d 675 356 276 632 96 

13 d 1600 444 339 783 132 

14 d 564 371 270 641 75 

15 d 791 363 278 641 90 

adult x = 769 369 647 
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Table 1.2 Growth rates of 5 individual H. horridum at EBCH. 

Lizard Initial SVL Final SVL Months Growth Growth 
Number Date (nun) Date (nun) Elapsed (nun) Rate 

(nun/yr) 

1 8/23/86 334 10/13/87 347 13.7 13 11.4 

4 8/29/86 355 6/1/87 366 10.0 11 13.2 

7 5/10/87 326 1/24/88 337 8.5 11 15.5 

10 5/19/87 385 3/7/89 395 21.6 10 5.6 

15 5/11/88 360 3/7/89 367 10.0 7 8.4 



insects (5 of 14) were found. six fecal samples contained 

remains of both reptile eggs and feathers. 
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I was able to identify the tough-shell remains of the 

spiny tailed iguana, ctenosaura pectinata in 6 fecal 

samples. In addition, I observed numerous H. horridum 

tracks at ctenosaura nest sites, and found eggshells 

apparently exhumed by Heloderma (although most Ctenosaura 

eggs eaten by beaded lizards were probably swallowed whole). 

A peak in Heloderma activity coincides with the nesting 

season of Ctenosaura at EBCH (Lopez-Valenzuela 1981). Based 

on these observations I conclude that during May and June, 

H. horridum derives a sUbstantial portion of its diet from 

eggs of the spiny tailed iguana. Heloderma also uses the 

excavated ctenosaura nest sites as shelters. Most of the 

ctenosaura nesting sites were located in sandy banks of 

arroyos and the friable soils of road banks and semi-open 

slopes. In March 1989 a ctenosaura pectinata (approximately 

300 g) and a 900 g H. horridum shared the same ground 

shelter. 

six of 14 fecal samples contained other, unidentified 

reptile eggshells; Chamela residents have observed beaded 

lizards excavating the eggs of other reptiles near the study 

area. In the species records by Casas-Andreu (1982) for the 

southwest coast of Jalisco inclusive of EBCH, there are 

three species of turtles, 23 egg-laying lizards, and 30 

egg-laying snakes. 
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Feathers from the white-tipped dove (Leptotila 

verrauxi) were identified in 3 H. horridum fecal samples; 5 

contained other, unidentified feathers and avian eggshells. 

The selection of nest sites by doves, chachalacas (Ortalis 

poliocephlus) and trogons (Trogon citreolus) makes their 

nests especially vulnerable to foraging beaded lizards. 

Doves lay their eggs on the ground, trogons are tree-hole 

nesters, and chachalacas build crude platform nests in trees 

and large shrubs. Beaded lizards are capable of scaling 

vertical trunks of trees and spend a significant part of 

their time in trees (see below). We observed lizards 

foraging in areas where chachalacas and trogans were 

nesting. Crushed chachalaca eggshells were found at the 

base of a tree where a radio-equipped lizard was active and 

Chamela residents have also informed me that H. horridum 

eats the eggs and young of these and other birds. Beaded 

lizards have also been observed raiding the nests of 

Beechey's jay (Cissilopha beecheyi) in Nayarit, Mexico (J. 

W. Hardy cited in Pregill et ale 1986). 

The insect parts that I found in Heloderma fecal 

samples were primarily small «2 rnrn) adult coleopteran, 

hymenopteran, and orthopteran exoskeletons that were 

probably ingested "unintentionally" while the lizards \-,ere 

feeding on vertebrate nests. In some cases however, beaded 

lizards may intentionally feed on coleopteran larvae. I 

found 10 beetle larvae between 20 and 30 rnrn long in the 



stomach of a road killed R. horridum near Alamos, Sonora in 

August 1989, and Pregill et ale (1986) reported coleopteran 

larvae in two museum specimens of R. horridum. 

Throughout its range Heloderma horridum feeds on 

juvenile mammals in nests (Bogert and Martin del Campo, 

1956; Alvarez del Toro, 1982). Although no mammal remains 

were found in fecal samples of beaded lizards at EBCH, many 

of the 70 mammal species in the Chamela forest (species 

accounts in Ceballos and Miranda, 1986) provide potential 

meals for R. horridum. sixteen rodents, the single 

lagomorph Sylvilagus cunicularis, the armadillo (Dasypus), 

the tlacuache (Didelphis), and 33 species of bats 

(Chiroptera) are potential R. horridum prey on the study 

site. 

Home Range, Habitat and Shelter Use 
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The mean home range of five R. horridum was 21.6 ha 

(Figs. 1.2 and 1.3). There was sUbstantial overlap in the 

home ranges of these individuals. Some shelters in this 

region of overlap were used by more than one lizard at 

different times, and on two occasions in May 1988 two 

lizards (sexes unknown) were observed together, but were not 

engaged in outward physical interactions. Male-male combat 

was observed in this area in September 1984 (Beck and 

Ramirez-Bautista 1991). Elevation within adjacent home 

range areas ranged from 90 to 150 m. Both vegetation types, 

upland, and arroyo forAst, were visited by beaded lizards, 
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Fig. 1.2. Sequential shelter locations and home 
ranges of H. horridum monitored with radiotelemetry at 
Chamela: Lizards 1, 10 and 14. 'Data were insufficient to 
estimate home range for lizard No. 14. Large drainages are 
indicated but many of the smaller gullies are not. Dates 
that specific shelters were used, corresponding to the 
numbers in the figure, are given in Appendix 1. 
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Fig. 1.3. Sequential shelter locations and home ranges 
of H. horridum monitored with radiotelemetry at Chamela: 
Lizards 6, 7 and 15. Large drainages are indicated but many 
of the smaller gullies are not. Dates that specific 
shelters were used, corresponding to the numbers in the 
figure, are given in Appendix 1. 



but the dense forest of slopes and uplands was used more 

frequently. 

Most beaded lizard shelters occurred along the slopes 

of the numerous small gullies that crisscross the forest 

(Fig. 1.4). Because these gullies are such a dominant 

feature of the landscape at EBCH (Fig. 1.1), they did not 

seem to be selected as shelter sites out of proportion to 

their abundance. Arroyos, rocky slopes, and the forest 

floor, including both the dense and more open understory 

vegetation, all provide suitable substrata for Heloderma 

shelters (Fig. 1.4). 
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A typical R. horridum ground shelter was an abandoned 

burrow with a 15 cm-diameter opening and a tunnel extending 

inward 1-2 m, situated along a gully bank or slope above a 

small drainage and often at the base of a tree (Fig. 1.4). 

Heloderma horridum rarely digs its own shelters, unless it 

is excavating a nest that it later uses as a shelter. The 

directional exposure of 71 ground shelter entrances was not 

significantly different from random (X2=3.76, df=3, p>0.05). 

Lizards inside underground shelters were usually 1.0-1.5 m 

from the entrance. During the surface-active season, 

lizards remained within shelters for an average of 2.3 d (± 

1.4, n=106) before moving to another shelter. 

Beaded lizards also used trees as shelters, especially 

during rainy periods. Of 16 tree shelters identified, 13 

were used during or sbortly after rain, 11 of which were 
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Fig. 1.4. Frequency distribution of H. horridum 
shelter types on the study site; n = 97. Trees were used 
more frequently during the wet season. 
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during the wet season months of July through October (Fig. 

1.4). Both hollow branches and trunk sections 2-8 m above 

ground (mean = approximately 3.5 m) served as tree shelters. 

Activity Patterns 

Heloderma horridum exhibits a diurnal activity pattern 

with a strong peak of activity in the afternoon between 1600 

and 2000 hrs and a smaller morning peak between 0700 and 

1000 hrs (Fig. 1.5). During the rainy season at Chamela, 

the bimodal activity peaks of R. horridum were more 

separated than during the dry season. Beaded lizards had an 

earlier morning activity peak, and a second peak later in 

the afternoon and early evening (Fig. 1.5). The limited 

nocturnal activity in R. horridum at EBCH occurred 

predominantly during rainy periods (Fig. l5). Alvarez del 

Toro (1982) noted that R. h. alvarezi in Chiapas are active 

toward dusk and shortly therafter (not in the morning) and 

that during rain they may emerge from burrows earlier in the 

day. 

Rate of travel of 5 beaded lizards directly observed 

during 24 separate activity bouts ranged from 0.7 to 7.0 

m/min (x = 3.5, ± 1.7). During surface activity, beaded 

lizards traveled distances ranging from 15 m to nearly 1 km 

(x = 236, ± 153, n=116, Fig. 1.6). Assuming a travel rate 

of 3.5 m/min, mean duration was approximately 67 minutes. 

While foraging, beaded lizards often followed the slopes and 
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bottoms of the numerous small drainages that cut through 

upland forest. 
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Heloderma surface activity at EBCH peaked near the end 

of the dry season. Animals were most frequently sighted in 

early May, although considerable activity continued 

throughout June and July, gradually decreasing in September 

and October (Fig. 1.7). Lizards were frequently encountered 

on the surface after rains, especially at the onset of the 

rainy season in July. They were active on the surface on 

47% of the days they were monitored during May through July, 

traveling an average of 252 m for each day active. By 

September and October radio-equipped lizards were active on 

only 33% of the days they were monitored, traveling an 

average of 242 mid active. In January, they were active 17% 

of the days they were monitored and traveled an average of 

45 mid active. Some surface activity in the local 

population most likely occurs during every month of the year 

(Fig. 1.7). 

I estimate that H. horridum at EBCH annually travel 

25.3 km during 121 hours of surface activity. Missing data 

on distances traveled and days active were filled in by 

extrapolating from adjacent months (Fig. 1.7). This may be 

an underestimate of the actual annual activity because 

lizards were not monitored 24 hlday and some activity (e.g. 

short trips where lizards returned to the same shelter) may 

have gone undetected. 
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Fig. 1.7. Patterns of activity estimated from six H· 
horridum monitored with radiotelemetry between July, 1986 
and March, 1989. A) Mean distance traveled/mo, B) Mean 
number of days active/mo, and C) Mean number of hours of 
surface activity/mo. Sufficient data on activity were not 
obtained for February, April, August, November, or December. 
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Non-foraging behaviors such as habitat selection, mate 

searching, nest site selection, and male combat probably 

comprise a significant portion of surface activity, but they 

were not independently quantified for H. horridum in this 

study. I was unable to test for differences in activity 

among ages and sex. In captive H. horridum alvarezi in 

Chiapas, Mexico male-female pairing takes place during 

october through November, male-male combat occurs from 

September to November, and eggs are laid between November 

and December (Alvarez del Toro 1982; Ramirez-Velazquez and 

Guichard-Romero 1989). At EBCH male-male combat has been 

observed in september (Beck and Ramirez-Bautista 1991); 

recently hatched juveniles emerge in July (Ramirez-Bautista, 

unpublished data; this study). Quantifying the competing 

time and energy requirements of these various activities and 

life history stages should be a primary challenge for future 

research. 

Thermal Biology 

Mean monthly body temperatures of H. horridum while 

resting in shelters ranged from 19.9°C in December to 28.5°C 

in July (Fig. 1.8). Extremes in body temperatures ranged 

from 17.7°C (below-ground in January) to 37.2°C (thermal 

inertia after activity in June). 

Body temperatures of H. horridum resting in below

ground shelters typically fluctuated very little over the 

course of a 24 hour period (Fig. 1.9). At such times body 
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Fig. 1.9. Thermal relationships of radio-implanted H. 
horridum over 24-h periods at Chamela. Body temperatures of 
beaded lizards in ground shelters (A through D, F) remained 
constant except during brief above ground activity bouts 
(arrows in C). Lizards inside tree shelters in September 
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temperatures were highly correlated with temperature 0.5 m 

below ground (r=0.95, p<O.OOl), but were not correlated with 

surface (r=0.04, p>0.10) or air (r=0.06, p>0.10, df=143) 

temperatures. When an animal moved to a new shelter, body 

temperature changes depended on the thermal characteristics 

of the new shelter. Lizards using shelters in trees showed 

considerable fluctuation in body temperature over 24 hours 

(Fig. 1.9). They had body temperatures more highly 

correlated with ai.r (r=0.55, p<O.Ol,) and ground surface 

(r=0.64, p<O.OOl) temperatures than with temperature 0.5 m 

belowground (r= 0.25, p>0.10, df=47). The general pattern, 

however, was for Heloderma body temperatures to remain 

strikingly constant as long as they remained inside 

shelters, which could be more than a week at a time during 

the activity season and longer at other times of the year. 

The body temperatures of active H. horridum (Fig. 1.10) 

ranged from 22.5-36.0 o C, and averaged 29.5 (± 3.2, n=96) , 

which was significantly higher than mean body temperature 

when at rest (inside shelters) during the activity season 

(t=190.3, p<O.OOl, df>100). Activity temperatures during 

the wet season were significantly lower than during the dry 

season (t=7.51, p<O.OOl, df=94, Fig. 1.10). Beaded lizards 

frequently left their shelters during and shortly after 

rainstorms, and were exposed to lower surface and air 

temperatures at these times. 



40 

Q) 
a-
::J -CU 
a- 35 
Q) 
Co 

E 
Q) .... 

30 
cu -c 
Q) 

E 
c 
0 25 a-

> c 
W 

20 

20 

15 
U) 

c 
0 -CU 
> 10 a-
Q) 
U) 
,Q 

0 

5 

0 Air r ... 75 
0 Substrate r ... 82 

0 0 

0 
e 

0 0 

o oIa ex) 0 

0 0 0 
0 ~ (3 0 

a Cb 
0 0 

0 0 
0 c8:,.., 0 cP 0 

0 

0 0 
o 00 0 0 

o 0 
0 0 

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

0 Dry Season 

~ Wet Season 

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

Activity Temperature 

Fig. 1.10. Distribution of body temperatures during 
activity exhibited by 6 radio implanted and 7 hand captured 
H. horridum during the wet (mean = 27.0 C) and dry (mean = 
30.2 C) seasons. Each observation is the body temperature 
of a lizard during a single activity bout; when several 
activity temperatures were obtained during one activity 
bout, the mean of those temperatures was used. The 
relationship between activity temperature and environmental 
temperatures is shown above. Mean activity temperature for 
the entire year was 29.5 C. 

44 



45 

During heavy September rains in 1988, two radio

implanted lizards remained in tree shelters, leaving the 

shelters only after precipitation ended. Beaded lizards 

were observed sun basking after heavy rains, and in January. 

One lizard monitored while sun basking in a tree after a 

heavy September rain maintained body temperature between 

28.2 and 29.4°C (X=28.8, ±0.48, n=12) between 1415 and 1620 

hrs (body temperatures were sampled every 10 min). Air 

temperature fell from 28.4 to 26.8 during the same period. 

Comparisons with H. suspectum 

Information for H. §. cinctum in the Mojave Desert in 

southwestern Utah is from Beck (1986, 1990), and that for 

Sonoran Desert populations (H. §. suspectum) in Arizona and 

Sonora, Mexico is from Lowe, et al. (1986) and unpublished 

data. 

Heloderma horridum exhibits a peak of activity in the 

late afternoon, and a smaller peak in the morning (Fig. 

1.5). In contrast, the pattern for the desert dwelling H. 

suspectum is scaled toward sunrise, with peak activity in 

the morning and a smaller peak in the late afternoon and 

early evening. Most of our observations of nocturnal 

activity in H. horridum from localities in Mexico other than 

Chamela were made during summer rains (5 of 7 = 71%). 

Similarly, a majority of H. suspectum adults observed in 

southeastern Arizona was active during or directly after 

summer night rains (4 of 5 = 80%). Our data on the timing 
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of activity of H. horridum and H. suspectum confirm that 

helodermatids are indeed primarily diurnal, and not 

nocturnal as is often believed (see also Lowe, et al., 1967; 

and Lardner, 1969). 

The primary activity season for R. horridum at EBCH is 

the 8 month period from early April to mid November, during 

which about 88% of yearly surface activity takes place. The 

remaining 12% is an on surface presence during a part of 

each of the remaining months of the year (Fig. 1.7). Gila 

monsters reach their peak of surface activity during the 

early dry season. In the warm subtropical Sonoran Desert 

this peak is during March-April, but the activity season 

continues through the summer rains (middle July onward). 

Heloderma suspectum in the Sonoran Desert has an activity 

season nearly as long as R. horridum in Jalisco, and surface 

activity occurs during every month of the year. In 

contrast, the activity season for R. suspectum in the colder 

Mojave Desert in utah (under a winter-rainfall dominated 

regime) extends from mid April to mid July and is only half 

as long as that of R. horridum. 

The activity temperatures of R. horridum (X=29.5, 

range=22.5-36.0) are very similar to those observed in 

R. suspectum in utah, Arizona and Sonora. Heloderma 

horridum in Jalisco is exposed to far less annual 

temperature change than is, for example, R. suspectum in 

southwestern utah. Gila monsters in the Mojave Desert in 



utah spend over 83% of the year at or below a body 

temperature of 25 C, whereas H. horridum body temperatures 

in Jalisco fell within this thermal zone less than 40% of 

the year (Fig. 1.8). 
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During below-surface inactivity in January, the coldest 

month, the body temperature of Heloderma suspectum reached 

as low as 10.6°C in southern Arizona (and undoubtedly 

lower), which is 7.1°C below the extreme of 17.7 that was 

experienced by H. horridum below ground in January at 

Chamela. The supercooling limit for H. suspectum is -3.89°C 

(Lowe, et al., 1971); supercooling information for H. 

horridum is not available. In the Sonoran Desert, 

individuals of H. suspectum emerge in late morning at deep 

body temperatures as low as 12.7 to 17.3°C for sun basking 

during February-March, and rarely in December-January. It 

is unlikely that H. horridum engages in surface activity at 

body temperatures below 17°C. During the warm months of 

June and July the two species have similar body 

temperatures. 

The maintenance of a higher body temperature throughout 

the year by H. horridum results in a sUbstantial increase in 

resting metabolic rate and hence greater maintenance energy 

costs than for H. suspectum. Metabolic rate is reduced 

considerably in Heloderma at low temperatures; the Ql0 of 

3.0 between 25° and 15°C (Chapter 2) provides a significant 

energy saving for winter-dormant H. suspectum. Neonate and 
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older juvenile helodermatids occasionally consume the 

equivalent of their body weight in a single meal. Adult 

Gila monsters require only one equivalent of their body 

weight in food per year to satisfy maintenance energy 

demands; this may be accommodated by 3-4 large meals/yr. To 

compensate for greater maintenance energy costs, Heloderma 

horridum must have a relatively higher net energy gain. The 

Mexican beaded lizard should therefore make a greater 

investment in surface activity than does the Gila monster. 

My estimate of minimum annual surface activity at 121 

hrs/yr for R. horridum is considerably higher than an 

estimate of 75 hr/yr for R. suspectum in the Sonoran Desert 

in Arizona (exclusive of basking), and is nearly twice a 

generous estimate of 65 h/yr for R. suspectum in the Mojave 

Desert in southwestern Utah. During September and October, 

R. horridum traveled over 10 times as far as a typical H. 

suspectum in southwestern Utah at the northern extreme of 

the family distribution. 

My data suggest that R. horridum is indeed more active 

than is R. suspectum. Potential prey biomass and species 

diversity at Chamela is considerably higher than in desert 

habitats of R. suspectum to the north. Suitable prey 

species may be more abundant for R. horridum during late 

summer and autumn, a time when R. suspectum exhibits reduced 

activity. Moreover, reproductive behaviors (male combat, 

mate searching, nest site selection) that normally occur in 
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late summer and early autumn may contribute to the continued 

activity that I observed in beaded lizards during September 

and October. 

Although H. horridum in Jalisco invests about twice the 

time in surface activity as the northernmost populations of 

the Gila monster, its overall investment in activity is 

still low. During May, the month with peak activity, beaded 

lizards at Chamela traveled an average of 4.1 km over 19.6 

hrs of surface activity. The remainder of their time--over 

95% of daylight hours--was spent in shelters. 

Behavior 

Male-male agonistic behaviors have been described for 

many squamate families (see Carpenter and Ferguson 1977; 

Gillingham 1987; Auffenberg 1988 for reviews). In 

helodermatid lizards, male-male combat involves strenuous 

grappling postures performed during a series of bouts that 

may last for several hours (Demeter 1986; Lowe et ale 1986; 

Ramirez-Velazques and Guichard-Romero 1989; Beck 1990). 

Combat sequences have been described for H. horridum in 

captivity (McCrystal and Lawler 1989; Ramirez-Velazques and 

Guichard-Romero 1989), but no published accounts of combat 

behavior exist for Mexican beaded lizards in the wild. In 

this section I describe fighting behavior in free-ranging H. 

horridum in coastal Jalisco, Mexico. 

On 20 September, 1984 a fight between two H. horridum 

was observed by Aurelio Ramirez-Bautista from 1715 to 1830 h 
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on a small entrance road (130 m elevation) to the Chamela 

field station. Ambient temperature during the fight was 29° 

C, the sky was overcast and rain had just stopped. six 

repeated sequences of behavioral acts (bouts) of 

approximately 8-10 min occurred during 70 min of 

observations. One lizard, the darker animal in Figs. 1.11 

and 1.12, appeared larger (body size was not measured) and 

was apparently dominant, emerging on top after each bout 

sequence. 

Each bout began with the dominant lizard straddled atop 

the subordinate (Fig. 1.11 A). The subordinate then flexed 

its torso laterally and placed a forelimb and hindlimb above 

the pectoral and pelvic areas of the superiorly positioned 

lizard (Fig. 1.11 B). The lizards then pressed laterally 

against each other, turning their heads and tails away from 

each other and pressing their snouts to the ground to begin 

forming an arch (Fig. 1.11 C). Further pressure exerted by 

the lizards resulted in a high arch posture, with venters 

adpressed and snouts, forelimbs and tail tips as contact 

points on the ground (Figs. 1.11 D, and 1.12). Additional 

pressure eventually collapsed the arch, with the dominant 

lizard ending up on top (Fig. 1.11 E, F). 

The combatants never separated fully between bouts. 

After the first bout, each arch sequence was initiated by 

the subordinate lizard. The dominant lizard responded by 

lifting his body, pushing snout and tail against the ground, 
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Fig. 1.11. Combat sequences of Heloderma horridum 
horridum as described in text; drawn from photographs. 
Dominant lizard dark, subordinate light. (A) Dorsal 
straddle, (B) Lizards begin arch sequence by placing a 
forelimb and hindlimb on dorsum of opponent, turning heads 
and tails away from opponent, and exerting force laterally 
against each other, (C) Lateral force lifts lizards into a 
Body Arch, (D) Full Body Arch posture, (E) Collapsed arch 
with dominant lizard on top, (F) Dominant lizard bites 
subordinate. 
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Fig. 1.12. Detail of Body Arch posture. Dominant lizard in 
foreground (darker) is able to form a higher arch, exert more force, and 
remain on top after the arch collapses. VI 

N 



into the arched posture. The lizards gradually arched 

higher, pressing their ventral surfaces against each other, 

repeating the sequence. The dominant lizard often bit the 

subordinate on the lower jaw after the arch collapsed (Fig. 

1.11 F). 
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After the sixth bout the lizards had moved about 10 m 

in a semicircular path across the road from where they 

began. The subordinate lizard broke loose and moved quickly 

toward a small arroyo off the roadside. The dominant lizard 

pursued until the subordinate dropped into the canyon; the 

dominant lizard then turned in the opposite direction, 

crossed the road, and crawled into the forest. 

The objective during each bout was apparently to force 

the opponent onto his back, collapsing the arch. Attempts 

were made by the dominant lizard to keep the subordinate on 

his back by biting and pressing his venter against the 

subordinate (Fig. 1.11 F). In all cases except the last 

bout, the subordinate was able to twist onto his side and 

initiate another arch. Both lizards had engaged in 

considerable physical effort after 60 min, and were bleeding 

along their j avIS where they had bitten each other. The 

larger lizard was consistently able to arch higher; shifting 

his center of mass above his opponent and lean with more 

force. Tail strength appeared to be an important factor in 

the ability to form a high arch. 
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Alvarez del Toro (1982) noted that during September to 

November males of R. h. alvarezi near Tuxtla Gutierrez, 

Chiapas "fight ferociously and bite each other tenaciously". 

Ramirez-Velazquez and Guichard-Romero (1989) give an 

excellent description of combat in captive R. h. alvarezi 

from Tuxtla Gutierrez that is very similar to the fight I 

report in the free-living R. horridum from Jalisco. Combat 

in their captive animals differed primarily in that the 

combatants circled and attempted to bite each other before 

assuming the straddling posture. In captivity, fights may 

last 15 - 16 hrs, although such an extreme duration may be a 

result of confinement (Ramirez-Velazquez and Guichard-Romero 

1989). The fight I report was already underway when it was 

discovered, thus 70 min is a minimum estimate of its 

duration. An agonistic encounter between two captive male 

R. horridum described by McCrystal and Lawler (1989) 

included biting by one lizard while the other responded by 

spinning 360 0 along its longitudinal body axis, away from 

its opponent. This behavior was repeated several times over 

20 min until the lizard engaged in biting retreated from the 

enclosure. 

Male-male combat in R. horridum appears to be a test of 

dominance through a display of superior physical strength 

and endurance. The "winner" may increase his access to 

females and probability of mating. Fighting in captive 

males of R. horridum in Chiapas takes place in September and 
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October and coincides with courtship and mating (Alvarez del 

Toro 1982; Ramirez-Velazquez and Guichard-Romero 1989). 

Although I did not observe courtship or mating, combat 

during September in the free-ranging H. horridum may 

coincide with peak sperm production in Jalisco and Sonora, 

Mexico (Beck and Lowe unpubl. data). In H. suspectum, 

combat occurs from late April into June and also coincides 

with courtship and mating (Lowe et al. 1986; Beck 1990). 

There are similarities as well as striking differences 

between the combat sequences displayed by H. horridum and H. 

suspectum. Male fighting in Gila monsters (H. suspectum) 

involves repeated bouts of head raising, dorsal straddling, 

twisting of bodies, and occasional biting. The head nudge 

and neck arch, common postures performed during combat in H. 

suspectum (Demeter 1986; Beck 1990), are also displayed by 

H. horridum while in the dorsal straddle position. The 

major difference is the formation of the body arch in H. 

horridum. Heloderma suspectum typically proceeds into a 

body twist from the dorsal straddle position (Beck 1990), 

but formation of the body arch has not been reported in this 

species. 

Combat in H. horridum more closely resembles fighting 

in monitor lizards, Varanus, than in H. suspectum. The 

arching postures of H. horridum are strikingly similar to 

those of Varanus gilleni (Murphy and Mitchell 1974; 

Carpenter et al. 1976) and V. bengalensis (Auffenberg 
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1981a). Heloderma belongs to the Varanoidea, which includes 

Varanus and Lanthanotus as the only other living taxa 

(Pregill et ale 1986). Although Varanus and Heloderma have 

in common many morphological characters, they differ greatly 

in several behavioral and ecological traits such as their 

thermal ecology, levels of activity, and foraging ecology. 

The strongly similar combat postures of Varanus and H. 

horridum suggest that such behavior has been highly 

conserved in the varanoidea over its 70-million-yr 

evolutionary history, and likely represent homologous 

behaviors that occur as a synapomorphy in these two taxa. 

In agonistic behaviors of anguid lizards, sister group of 

the Varanoids, a body arch, circling, and biting have been 

described (Carpenter and Ferguson 1977; Bowker 1988; 

Formanowicz et ale 1990), but stereotyped grappling postures 

are not a major feature. In the Varanoidea, ritualized 

grappling postures are more pervasive in agonistic 

interactions than are the visual displays of posturing, 

threat, and head bobs exhibited by most other lizard 

families. Interestingly, combat in monitor and beaded 

lizards more closely resembles the entwining and grappling 

postures exhibited by snakes. 



57 

CHAPTER 2 

RESTING METABOLISM OF HELODERMATID LIZARDS: 

ECOLOGICAL AND ALLOMETRIC RELATIONSHIPS 

SUMMARY 

I measured metabolic rates at 15° and 25°C in 41 

helodermatids ranging in mass from 26 to 1600 g. The mean 

within-species mass exponent was 0.68. The between-species 

mass exponent of 0.69 at 25°C differed significantly from 

the between-species mass exponent of 0.80 for all squamates 

combined, but when only adults were used in the analysis a 

mass exponent of 0.80 was obtained. Young helodermatids 

during the first two years of life had metabolic rates that 

were usually above the regression line of the various-aged 

adults; juvenile metabolism was associated with a relatively 

faster growth rate. Adult helodermatids had rates of 

metabolism that were significantly below those of other 

squamate reptiles, and at 15°C exhibited periods of apnea 

that contributed to an even further reduction in metabolic 

rate. The temperature coefficient for metabolism (QI0) was 

3.0 between 15° and 25°C. No consistent repeatable daily 

rhythms of metabolism were detected. The pattern of low 

activity, low temperature preference, and reduced metabolic 

rates in helodermatids supports the hypothesis that 

"reclusive" squamates have lower metabolic rates than non

reclusive species. 
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INTRODUCTION 

The relationship between an animal's body mass and rate 

of metabolism has a long history of interest and debate 

among comparative physiologists (Kleiber 1947, 1961; McMahon 

1973, Heusner 1982). One focus has been on the degree to 

which metabolic rate (MR) increases with an increase in body 

mass (M). This is expressed as the mass exponent b, from 

the equation MR = aMb , where a is the mass coefficient. The 

mass exponent has been predicted on theoretical grounds to 

equal either 0.75 (Kleiber 1947, 1961) or 0.67 (McMahon 

1973). Heusner (1982) proposed that the mass exponent 0.67 

best fits the data on metabolic rate of mammals within a 

single species. Feldman and McMahon (1983) suggested that 

0.67 best describes the relationship between body mass and 

metabolic rate within a species and that the mass exponent 

0.75 best describes this relationship among several species. 

Among squamate (lizard and snake) species a mass 

exponent of around 0.80 best fits available data; but, 

within species it may vary from under 0.55 to over 0.88 

(Bennett and Dawson 1976, Andrews and Pough 1985, Chappell 

and Ellis 1987). Because of this great variation in the 

relationship between body mass and metabolic rate, no single 

equation is appropriate to estimate metabolic rate within a 

single species, and using comparisons among species to 

estimate metabolic rates of juvenile squamates is not valid 

(Andrews and Pough 1985). 



In addition to variation in the slope of the regression 

of log MR on log M, there is considerable variation in the y 

intercept (mass coefficient), which is an index of how 

elevated or depressed metabolic rate is in one group 

compared to another. Body mass, temperature, and metabolic 

state (standard vs resting) account for most, but not all, 

of the variation in rates of metabolism observed in lizards 

and snakes. The remainder (residual variation) may be due 

to other important factors. Andrews and Pough (1985) found 

that phylogenetic relationships at the family level 

accounted for 16% of this residual variation and that 45% 

could be accounted for by grouping lizards into "ecological 

categories II relating to their foraging mode and levels of 

activity. Fossorial and "reclusive" predators had 

significantly lower rates of metabolism than "day active" 

species. Although some patterns of the variation in 

metabolic rates of squamate reptiles have been identified, 

they are "far from being clearly revealed" because less than 

half of the approximately 34 families of squamates are 

represented with data on metabolic rates (Andrews and Pough 

1985) . 

In this chapter I report standard metabolic rates (SMR) 

of helodermatid lizards. The Helodermatidae contains two 

species: Heloderma horridum, the Mexican beaded lizard, and 

H. suspectum, the Gila monster. They are relatively large, 

sedentary carnivores distributed in desert and dry-tropic 



regions of the southwestern united states, western Mexico 

and eastern Guatemala (Bogert and Martin del Campo 1956, 

Campbell and Lamar 1989). 
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Helodermatids are diurnal predators on the young and 

eggs in vertebrate nests. Although foraging for nests 

requires considerable searching, beaded lizards spend over 

95% of their time inactive in undersurface shelters 

throughout their activity seasons (Lowe, Schwalbe and 

Johnson 1986, Beck 1990, Beck and Lowe 1991). In addition, 

their large storage capacities and abilities to take large 

energy-rich meals make frequent foraging unnecessary. 

Helodermatids are the only venomous lizards. Lacking the 

capability for quick-burst speed escape from predators, they 

rely on concealment, warning postures, and a painful, 

venomous bite as their primary defenses. Helodermatids fit 

Andrews and Pough's (1985) category of "reclusive 

predators", which in their analysis included 10 species of 

Gekkonids and 5 species of xantusiids exclusively. These 

lizards had significantly lower metabolic rates than 18 

species of day-active predators. 

Heloderma suspectum has an exceptional capacity for 

sustained aerobic activity (John-Alder, Lowe and Bennett 

1983), a trait it shares with Varanus, its closest extant 

relative (Wood et al 1978; Bartholomew and Tucker 1964; 

Andrews and Pough 1985). High rates of oxygen consumption 

during activity may be related to a correspondingly high 
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rate of resting metabolism. This pattern has been observed 

in a number of anurans (Taigen 1983) and in several species 

of Varanus (Bennett 1982) but contradicted in studies of 

some other lizards (Kamel and Gatten 1983; Andrews and Pough 

1985) . 

As a group with a great capacity for high sustained 

rates of oxygen consumption, yet a relatively sedentary 

foraging ecology and a well known ability for energy 

storage, helodermatids are intriguing candidates for 

addressing questions on energy metabolism. Yet, aside from 

the work on locomotory energetics in H. suspectum by John

Alder et al. (1983), rates of energy metabolism in 

helodermatids are unreported. 

I address the following questions: (1) Is a high 

sustained aerobic capacity during activity in Heloderma 

suspectum associated with a correspondingly high metabolic 

rate during inactivity in helodermatids? (2) How does the 

relationship between mass and metabolic rates in 

helodermatids compare with that of other squamate reptiles? 

(3) Can phylogeny and ecology account for characteristics of 

standard metabolic rate in helodermatids? (4) What other 

factors influence standard metabolic rate in these lizards? 

To answer these questions I compare metabolic rates of 

helodermatids with those of other lizards. I look for 

circadian patterns of metabolic rate, and consider other 



phylogenetic and ecological factors that may influence 

metabolic rate in squamate reptiles. 

MATERIALS AND METHODS 
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Measurements of metabolic rate were obtained from 42 

Heloderma (12 H. horridum, 26 H. suspectum) at 25°C, and 18 

(7 H. horridum, 15 H. suspectum) at 15°C. The mean body 

mass of the H. horridum was 1.04 kg and of the H. suspectum, 

500 g.Heloderma were obtained on Arizona Game and Fish 

Department permits to C. H. Lowe, Utah Division of Wildlife 

Resources permits to D. D. Beck, and CEDUE, Mexico permits 

to CHL and DDB. 

Lizards were maintained in a walk-in environmental room 

on a 12:12 light:dark cycle and acclimated to 25°C or 15°C 

for at least two weeks prior to each trial. These 

temperatures represent the body temperatures of Heloderma 

observed in shelters in the wild (Lowe, Schwalbe and Johnson 

1986, Beck 1990, Beck and Lowe 1991). Acclimation to a 

constant body temperature is biologically realistic in this 

genus because wild individuals spend considerable periods 

inside shelters at relatively constant body temperatures 

(Chapter 1). The lizards were maintained in good health on 

a diet of mice and eggs. Food was withheld two weeks prior 

to each trial to ensure that animals were in a post

absorptive condition. 
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Rates of oxygen consumption (ml 02/hr) were determined 

in a flow-through system using clear plexiglass chambers to 

house the lizards. Three different chambers ranging in 

volume from 0.8 to 8.5 I were used to accommodate lizards of 

various sizes during metabolism trials. The chambers were 

housed in a temperature-controlled environmental box during 

the trials and ambient temperature, monitored with a Bailey 

digital thermometer, varied less than 0.3°C. The assumption 

that lizard body temperature was equal to ambient 

temperature in the metabolism chambers was verified by 

placing thermocouples through the vent, 5 cm into the 

hindgut of the larger lizards. In no case did body 

temperature differ from chamber air temperature by more than 

0.2°C. 

Air flow rates through the metabolism chambers were 

maintained to within 2% by thermal mass flow meters. Air 

leaving the metabolism chambers passed through a drying 

agent (silica gel and Drierite) and a CO2 remover (Ascarite) 

before entering the oxygen sensors of an Applied 

Electrochemistry S3A Oxygen Analyzer. 

Rates of oxygen consumption, measured as the proportion 

of oxygen removed by the lizard from the air flowing through 

its metabolism chamber, were calculated using equation (2) 

of Hill (1972). The oxygen concentration of air in the 

metabolism chambers never fell below 20.25%. Oxygen 

consumption was continuously recorded on a Linear Systems 
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chart recorder. I used values obtained at night, the normal 

period of inactivity (standard metabolic rate, SMR) , from 

lizards that were at rest. It normally took one to two 

hours for lizards to adjust to being inside the chambers and 

come to rest. I allowed the lizards to remain inside the 

chambers a minimum of 12 hours, and in some cases for as 

long as three days, before determining rate. I interpreted 

standard resting metabolic rate to be represented by the 

lowest rate of oxygen consumption sustained over a period of 

several hours of inactivity. 

Data Analysis 

Linear regression and covariance analyses (ANCOVA, 

Sokal and Rohlf 1981) were used to compare regression slopes 

and intercepts. To compare allometry of SMR of Heloderma at 

25°C with other lizards, I used data given in Andrews and 

Pough Table 1 (1985) on standard metabolic rates (i.e. 

metabolic rate during time of day where the lizard would 

normally be inactive in the wild) of 33 lizard species 

(Table 2.1). Where the reported SMR had been measured at 

temperatures other than 25°C I converted using the Q10 

observed in that study and equation 7.1 of Schmidt-Nielson 

(1983). Where I could not determine Q10S from the reported 

data, I assumed a Q10 of 2.4, the average value reported by 

Andrews and Pough (1985, see Table 2.1). 



Table 2.1. Standard Metabolic Rates (SMRs) of 21 lizard species (from Andrews and Pough 1985) used to 
compare with Heloderma. When SMRs reported by Andrews and Pough (1985) were measured at temperatures 
other than 25°C, they were converted to 25 using the Q1Q reported in the original study or, if that was 
unavailable, a Q10 of 2.4. See text (methods) for deta~ls. 

SMR SMR @ 25°C 
(ml 02/h) (*estimated Body 

Species Temp 1 (reported) Q10 from Q1Q) Hass(g) 

Anguis fragill.s 30° 0.69 2.4 *0.45 11. 75 
Ophiosaurus ventralis 25° 1.26 1.26 32.2 
Anniella pulchra 25° 0.32 0.32 4.9 
Anarby1us switaki 25° 0.70 0.70 9.5 
Cosymbotus platyurus 27° 0.35 2.4 *0.29 3.5 
Coleonyx variegatus 25° 0.53 0.53 3.6 
Gonotodes antillensis 27° 0.20 2.4 *0.17 1.8 
Hemidactylus frenatus 27° 0.21 2.4 *0.18 2.0 
Sphaerodactylus cinereus 27° 0.05 2.4 *0.04 0.5 
~. notatus 27° 0.03 2.4 *0.03 0.3 
Anolis bonairensis 27° 0.78 2.4 *0.65 12.0 
~. limnifrons 20° 0.12 2.4 *0.19 1.5 
Dipsosaurus dorsalis 25° 1.68 1.68 35.0 
Sauromalus hispidus 20° 10.33 2.9 *17.59 574.0 
Sceloporus occidental is 25° 1.08 1.08 10.0 
~. undulatus 25° 0.39 0.39 3.3 
uta stansburiana 20° 0.21 2.43 *0.33 3.0 
Acanthodactylus erythrurus 25° 1.62 1.62 9.0 
Lacerta sicula 20° 0.49 2.4 *.76 9.0 
~. trilineata 20° 1.63 2.4 *2.53 71.0 
~. viridis 30° 2.20 2.4 *1.42 20.0 
~. vivipara 30° 0.60 2.4 *0.39 4.0 
Chalcides ocellatus 30° 1. 70 2.4 *1.10 25.0 
Sphenops sepsoides 30° 0.59 2.4 *0.38 7.4 
Cnemidophorous murinus 27° 4.93 2.4 *4.14 85.0 
Varanus bengalensis 20° 92.88 1.89 *127.65 3440.0 
V. exanthematicus 25° 150.00 150.00 7500.0 y. gouldi 20° 16.18 3.21 *29.00 674.0 
Klaberina riversiana 25° 1.10 1.10 19.0 
Lepidophyma gaigeae 25° 0.39 0.39 5.0 
~. smithi 25° 1.32 1.32 25.0 
Xantusia henshawi 25° 0.37 0.37 3.5 
X. vigilis 25° 0.17 0.17 1.5 

~ 
VI 
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RESULTS 

At 25°C the within-species mass exponents were 0.68 for 

Heloderma horridum and 0.67 for H. suspectum (Fig 2.1) which 

are very similar to the predicted value of 0.67 for 

intraspecific comparisons (Heusner 1982; Andrews and Pough 

1985). As predicted, these intraspecific mass exponents are 

significantly lower than the between-species mass exponent 

of 0.80 determined by Andrews and Pough (1985). At 15° C 

the within-species mass exponents were 0.65 and 0.73 for fie 

suspectum and H. horridum respectively (Fig. 2.1). A 010 of 

3.0 was observed for Heloderma between 15° and 25°C (Fig. 

2.2) . 

The mass exponent for juveniles and adults of both 

Heloderma species was 0.69 at both 25°C and 15°C (Fig. 2.2). 

The interspecific mass exponent 0.69 at 25°C differs 

significantly from 0.80 reported for all squamates combined 

(F=12.2, 1,66 DF, p<O.OOl, ANCOVA). However, when only 

adult Heloderma (H. horridum over 400 g; H. suspectum over 

200 g) are used in the regression of metabolic rate on body 

mass, the equation is 0.064 Mo sO (r=.95) and the mass 

exponent of 0.80 is essentially the same as that among other 

squamate species (Andrews and Pough 1985, Chappell and Ellis 

1987, Fig 2.3). Standard metabolic rate is elevated in 

juvenile Heloderma which has the effect of decreasing the 

slope of the regression of body mass on metabolic rate. 

Standard metabolic rate in Heloderma was significantly lower 
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Figure 2.1. Within-species allometry of the 
Helodermatidae: Log-log relationship of metabolic rate (ml 
02 consumed/hr) to body mass in A) Heloderma horridum. and 
B) Heloderma suspectum at 15 and 25 C. 
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Both Helodermatid Species 
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Figure 2.2. Between-species allometry of the 
Helodermatidae: Log-log relationship of metabolic rate to 
body mass in both species of Heloderma at 15 and 25 C. Q,o 
is 3.0. 
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Figure 2.3. Standard metabolism of adult helodermatids 
at 25 C contrasted with other lizards. A) Comparison 
between adult Heloderma (this study) and 33 other lizard 
species measured under standard conditions (data, from 
Andrews and Pough 1985, given in appendix 1). Mass 
exponents for the two regression lines are not significantly 
different, but the int~rcepts at mean X are (p <0.001). B) 
Comparisons between standard metabolic rate of adult 
Feloderma (this study) and SMR predicted for four ecological 
categories of lizards from Andrews and Pough 1985, Table 2. 
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than SMR of other lizards (F=21.24; 1,53 DF; p<.OOl, ANCOVA, 

Fig. 2.3). A 500 g adult Heloderma from this study had a 

standard metabolic rate (SMR) at 25°C of 9.36 ml 02/hr, 

which is 56% of that predicted from equation (2) of Andrews 

and Pough (1985) for all squamates combined. At 15° C 

Heloderma SMR was less than half (42%) that predicted by 

Andrew's and Pough's equation (2). Adding the mean residual 

for "reclusive predators" from table 2 of Andrews and Pough 

to their equation yields a predicted SMR of 14.56 ml 02/hr 

at 25°C which is still 1.5 times SMR in Heloderma at 25°C 

and 2.0 times SMR in Heloderma at 15°C. 

I did not detect a consistent, repeatable daily pattern 

of oxygen consumption in 8 lizards that were monitored for a 

minimum of 36 hours continuously. Rates of oxygen 

consumption decreased in most lizards during the first 

several hours they spent in the metabolism chambers, but 

resting metabolic rates at night were not significantly 

different than during the day. 

At 15°C some lizards exhibited periods of apnea ranging 

from 15 to 90 min (Fig. 2.4). Oxygen consumption approached 

zero during these periods, resulting in metabolic rates that 

were even lower than usual for Heloderma. Periods of cold 

induced apnea were apparent after the lizards had remained 

undisturbed, resting in the metabolism chambers for 24 hours 

and became more pronounced after 48 hours (Fig. 2.4). 
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DISCUSSION 

Standard Metabolic Rates 

The low SMR of Heloderma contrasts with that of 

Varanus, its closest living relative; the varanids had the 

highest mean standardized residual of SMR of the squamate 

families analyzed by Andrews and Pough (1985). Varanus is a 

highly active, mobile predator with a relatively high 

activity temperature (Auffenberg 1981, 1988; Losos and 

Greene 1988). Fossil evidence suggests that the 

helodermatids diverged from their varanoid stock early in 

their evolutionary history toward a more sedentary life mode 

(Pregill et ale 1986). This seems to be reflected in their 

low rates of metabolism during inactivity. 

One objective of this study was to compare rates of 

metabolism in helodermatid lizards with other previously 

studied squamate reptiles. Standard metabolic rates in 

Heloderma are significantly below the predicted SMR for all 

squamates combined, and even slightly lower than the 

predicted rates for fossorial lizards, the ecological 

category determined by Andrews and Pough (1985) to have the 

lowest metabolic rates (Fig. 2.3). Low standard metabolic 

rates have also been observed in the lizard families 

Anguidae (Kamel and Gatten 1983, Andrews and Pough 1985), 

Aniellidae (Kamel and Gatten 1983, Fusari 1984), Gekkonidae 
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(Dunson and Bramham 1981, Feder and Feder 1981, Putnam and 

Murphy 1982), Scincidae (Withers 1981, Andrews and Pough 

1985, John-Alder et ale 1986), Xantusiidae (Mautz 1979), and 

in snakes of the family Boidae (Chappell and Ellis 1987), 

and Viperidae (Chapter 4). At 25°C, a 500 g Heloderma from 

this study has a SMR (9.61 ml 02/hr) virtually the same as 

that predicted for a boid snake (9.64 ml 02/hr) of the same 

mass from equation (1) of Chappell and Ellis (1987). I add 

the helodermatids to a growing number of squamate reptiles 

that have been determined to have relatively low metabolic 

rates. 

What might be the functional significance of reduced 

SMR in squamate reptiles? Most hypotheses focus on the 

correlation between low SMR and species that are reclusive, 

fossorial, have restricted foraging areas, or inhabit low

productivity environments (Mautz 1979, Putnam and Murphy 

1982, Kamel and Gatten 1983, Andrews and Pough 1985). An 

important consequence of a low SMR is an energy savings 

during periods of inactivity. Energy expenditures during 

inactivity presumably are a substantial portion of the 

yearly energy budgets of all animals, not just reclusive 

predators. Hence reduced MR during periods of inactivity 

might be beneficial to any species regardless of its 

foraging mode and level of activity. Because species with 

lower levels of activity (e.g. "reclusive" squamates) spend 

a relatively greater portion of their lives inactive, and 



74 

feed less often than their more active counterparts, the 

relative benefits from reduced SMR should be greater. 

Heloderma suspectum cinctum in Utah allocates under 70 

hrs/yr to surface-activity (Beck 1990), H. ~. suspectum 

allocates 115 to 190 hrs/yr in southern Arizona and northern 

Sonora (Lowe and Martin, unpubl), and H. horridum horridum 

in Jalisco is surface-active less than 130 hrs/yr (Beck and 

Lowe 1991). A reduced metabolic rate during the extensive 

periods that helodermatid lizards spend inactive constitutes 

a considerable energy savings, and contributes to their 

ability to exploit a rare and patchy food source (vertebrate 

nests) upon which few other reptiles specialize. Our 

results on standard metabolic rate in helodermatids support 

Andrews and Pough's (1985) conclusion that ecology is 

important in determining rates of metabolism in lizards, and 

that "reclusive" lizards have relatively low rates of 

metabolism. 

Heloderma is diurnal with peaks of activity in the 

morning and evening (Beck 1990; Beck and Lowe 1991). In 

many squamate reptiles, metabolism undergoes daily rhythms 

that coincide with normal periods of activity (Bennett and 

Dawson 1976; Cragg 1978; Wood et ale 1978; Feder and Feder 

1981). Only in 2 of 8 lizards monitored for 36 hrs 

continuously was I able to identify a daily cycle of 

metabolism. Although Gila monsters have a well defined 

circadian clock (Lowe et ale 1967), helodermatids are not 
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active on a daily basis in the field; this may be why I was 

unable to find a repeatable daily pattern of metabolism in 

these lizards. 

Aerobic Capacities 

The high sustained aerobic capacity during activity 

observed by John-Alder et al. (1983) in Heloderma suspectum 

is not associated with a high metabolic rate during 

inactivity, but rather a low SMR. A positive correlation 

between resting and active rates of metabolism observed in 

some other squamates and anurans has suggested that there 

may be an energetic cost associated with a high aerobic 

capacity (Bennett and Ruben 1979, Bennett 1982, Taigen 1983, 

Loumbourdis and Hailey 1985). My observations indicate that 

no such cost exists for Heloderma. Additional studies with 

lizards (Pough and Andrews 1984, Garland 1988) and 

salamanders (Feder 1987) suggest no necessary relationship 

between rates of metabolism during rest and activity. 

As a result of its high aerobic capacity and low SMR, 

H. suspectum has a very high aerobic scope. At 25°C, a 500 

g H. suspectum has a maximal rate of O2 consumption of 297 

ml 02/hr (Table 1, John-Alder et al. 1983) and, from my data 

(Fig. 2.1), a standard metabolic rate of 9.36 ml 02/hr. 

This results in a factorial scope for activity of 31.7 times 

SMR. This value is higher than for any other squamate 

reptile reported to date with the exception of the annielid 

lizard Ophisaurus ventralis (Kamel and Gatten 1983). 



76 

Ophisaurus ventralis, the glass lizard, is a limbless 

semifossorial active predator that rapidly pursues prey 

(Kamel and Gatten 1983). These authors noted that a large 

aerobic scope in this species "would permit such a predatory 

lifestyle". 

As with the glass lizard, endurance and aerobic 

capacities of squamates are often interpreted in the context 

of their foraging ecology (Bennett 1983; Pough 1983; John

Alder et al. 1983, 1986, Andrews and Pough 1985, Garland 

1988). The high endurance capacity of the Gila monster has 

been considered adaptive for a lizard that forages on widely 

distributed prey (John-Alder et al. 1983). Yet Heloderma 

normally sustains a slow and deliberate foraging pace in the 

wild less than one third that of which it is capable on a 

treadmill in the laboratory (Beck 1990). Its foraging 

ecology is characterized by infrequent, low-intensity 

activity bouts. Both Heloderma species, on the other hand, 

exhibit spectacular male fighting behaviors that severely 

test the limits of their physical endurance over many hours 

(Lowe et al. 1986, Beck 1990, Beck and Ramirez-Bautista 

1991). If there is an adaptive explanation for the high 

endurance capacity of helodermatids, it may relate to their 

intensive male-male combat (see Chapter 3). 

Mass Exponents 

Mass exponents for comparisons within species are more 

variable and usually lower than mass exponents for 
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comparisons among species (Huesner 1982; Andrews and Pough 

1985; Chappell and Ellis 1987). Why? To encompass a 

representative range of body masses within a species, 

intraspecific comparisons of body mass and metabolic rate 

usually include measurements on juveniles as well as adults. 

When the juvenile Heloderma were excluded from my analysis 

of both Heloderma species at 25°C the mass exponent changed 

from 0.69 (similar to the predicted within-species mass 

exponent) to 0.80 (r = .95), which is equivalent to the 

between species mass exponent observed in other squamates 

(Andrews and Pough 1985, Chappell and Ellis 1987). The 

value of the mass exponent may be influenced by 

characteristics of juvenile metabolism that are different 

from adult metabolism (Brody 1945). In other squamates, 

juveniles have metabolic rates divergent from those of 

adults (Roberts 1968, Dmiel 1970). 

A lower mass exponent for Heloderma when both adults 

and juveniles are included in the analysis may be associated 

with growth in juveniles. Heloderma suspectum is 

characterized by rapid growth during the first one to two 

years of life, when body mass can increase ten-fold (CHL 

unpublished data). Measurements of juvenile metabolic rates 

during this period of rapid growth may thus be elevated, and 

flatten the slope of the regression of oxygen consumption on 

body mass, resulting an a smaller mass exponent. 
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Body Temperature and Phylogeny 

Body temperatures selected by lizards during activity 

are an integral part of their ecology, and also relate to 

phylogenetic groupings at the family level. Anguid, 

gekkonid, xantusiid and scincid lizards generally have lower 

activity temperatures than varanids, teids, lacertids, 

agamids, and iguanids (Avery 1982). Helodermatids have 

relatively low activity temperatures, around 29 to 30°C, and 

low standard metabolic rates. Is thermal preference in 

lizards correlated with their rates of metabolism? For 48 

lizard species, where data were available on SMR and 

preferred body temperatures, I found a significant 

correlation (p <.01) between activity temperature (or 

preferred body temperature in laboratory gradients) and the 

standardized residual of metabolic rate from Table 1 of 

Andrews and Pough (1985) (Table 2.2; Fig. 2.5). Although 

there is considerable variation, lizards with low thermal 

preferences tend to have lower than predicted metabolic 

rates. Fossorial and reclusive predators also tend to have 

low body temperatures during activity. 

The helodermatids, a monotypic family of sedentary 

venomous lizards, have a low temperature preference and a 

fossil record extending back 70 million years to the 

Cretaceous with relatively little morphological change 

(Pregill et al. 1986). They began as terrestrial and 

semiarborial predators in late Mesozoic subtropical 



Table 2.2. Preferred body temperatures and standardized residuals for 10 families (51 species) of 
lizards. Standardized residuals were derived from the residual variation about the regression 
equation (2) of Andrews and Pough (1985) describing the relationship between metabolic rate and body 
mass. Positive residuals indicate metabolic rates above the regression line (higher than predicted); 
negative values indicate metabolic rates below the regression line (lower than predicted). 

Family 

Agamidae 

Anguidae 

Gekkonidae 

Iguanidae 

Species 

Amphibolurus barbatus 

Anguis fragilis 

Ophisaurus ventralis 

Aniella pulchra 

Anarbylus switaki 

Cosymbotus platyurus 

Coleonix variegatus 

Gonotodes antillensis 

Hemidactylus frenatus 

Anolis acutus 

8,. bonaierensis 

8,. carolinensis 

8,. limnifrons 

Crotaphytus collaris 

Dipsosaurus dorsalis 

Iguana iguana 

Phrynosoma cornutum 

R,. douglasi 

R,. mcalli 

Sauromalus obesus 

Sceloporus graciosus 

§.. occidental is 

§.. olivaceus 

Pref 
Tb 

34.8 

23.0 

23.0 

21.0 

27.5 

31. 7 

28.4 

34.5 

27.2 

30.3 

33.4 

34.2 

27.3 

37.2 

38.6 

38.6 

37.3 

34.9 

37.6 

36.9 

30.9 

35.0 

32.5 

Standard 
Residual 

0.672 

-1.933 
-1.115 

-0.412 

-0.082 

-0.250 

1.185 

-1.062 

-0.304 

1.098 

-0.845 

0.434 

0.180 

0.755 

-0.588 

0.622 

0.015 

0.165 

0.247 

-0.740 

-0.134 

0.930 

1.258 

1Reference 

Brattstrom 1971 

Spellerberg 1976 

Kamel and Gatten 1983 

Gorman 1957, Brattstrom 1965 

Putnam and Murphy 1982 

Feder and Feder 1981 

Parker and Painka 1974 

Bennett and Gorman 1979 
Marcellini 1976 

McManus and Nellis 1973 

Bennett and Gorman 1979 

Lister 1976 
Ballinger et al. 1970 

Brattstrom 1965 

", McGinnis and Falk 1971 

McGinnis and Brown 1966 

Pianka and Parker 1975 

Pianka and Parker 1975 

", Brattstrom 1965 

Brattstrom 1965 

Mueller 1969 

Brattstrom 1965 

Fitzpatrick et al. 1978 

" \0 



Table 2.2 continued 

Lacertidae 

Scincidae 

Teidae 

Varanidae 

§.. undulatus 

Uta stansburiana 

Acanthodactylus boskianus 

~. erythrurus 

~. pardalis 

~. schreiberi 

~. scutellatus 

Lacerta vivipera 

Acontias meleagris 

Chalcides ocellatus 

Egernia cunninghami 

Eumeces fasciatus 

~. inexpectatus 
~. obsoletus 

Scelotes gronovii 
Scincella lateralis 

Tiligua scincoides 

Trachydosaurus rugosus 

Cnemidophorus murinus 

Q. tigris 

Varanus exanthematicus 

y. gouldi 

y. varius 

y. albigularis 

Xantusiidae Xantusia henshawi 

K. vigil is 

Helodermatidae Heloderma suspectum 

34.8 

36.5 

39.2 

38.8 

37.8 

40.6 

39.3 

32.4 

21.8 

34.4 

0.958 

0.292 

1.087 

2.073 

2.167 

0.197 

0.508 

0.163 

-1.809 

-1.284 

33.3 0.002 

33.0 0.837 

33.2 -0.169 
33.2 0.467 

23.0 -0.239 

28.8 0.402 

32.6 0.076 

33.8 0.143 

40.4 

40.4 

36.5 

36.4 

35.6 

35.0 

27.2 

30.0 

29.3 

-0.448 

0.019 

-0.167 

0.636 

0.111 

1.328 

0.037 

-0.175 

-2.740 

H. horridum 29.4 -2.740 

lSee Avery (1982) for references before 1982. 

Brattstrom 1965 

Turner et al. 1976 

Dudevani and Borut 1974 

Pough and Busack 1978 

Dudevani and Borut 1974 

" 
" 
Patterson and Davies 1978 

Withers 1981 

Pough and Andrews 1984 

Licht et al. 1966 

Fitch 1956 

Cowles and Bogert 1947 
Hall 1971 

Withers 1981 

Brattstrom 1965 

Bartholomew et al. 1965 

Licht et al. 1966 

Bennett and Gorman 1979 

Schall 1977 

Wood et al. 1978 

King 1980 

Stebbins and Barwick 1968 

Louw et al. 1976 

Mautz and Case 1984 

Miller and Stebbins 1964 

Beck 1990 

Beck and Lowe 1991 

(Xl 
o 



(1) -m 
a: 
() 

0 
.c 
m -(1) 

:E 
..... 
0 

-m 
::J 
'C 
en 
(1) 

a: 
'C 
(1) 
N .-
'C 
a.. 
m 
'C 
I: 
ctI -en 

3 

r = 0.43 

2 
o 0 

0 0 0 0 1 

0 

-1 - 0 

0 
0 
0 

0 
-2 0 

-3 
20 30 40 

Activity Temperature C 

Figure 2.5. Relationship between standard metabolic 
rate and body temperature during activity for 51 species of 
lizards (see data in Table 2.1). Standardized residual of 
metabolic rate was taken from Andrews and Pough (1985). 
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environments that probably offered few thermal options for a 

high activity temperature. Their low activity levels and 

low metabolic rates exemplify an adaptive zone common 

perhaps in their earlier evolution, but that relatively few 

lizards inhabit today. 



SUMMARY 

CHAPTER 3 

ENDURANCE AND BIOENERGETICS OF ACTIVITY 

IN HELODERMATID LIZARDS 

83 

I measured the cost of locomotion, aerobic capacity 

(V02max), sprint speeds, and endurance in 19 helodermatid 

lizards. An annual energy budget for H. horridum was 

estimated from field and laboratory data. The maximum 

sprint speed for both Heloderma species averaged 1.6 km/hr, 

which is among the lowest values recorded for lizards. A 

typical Heloderma had an endurance time of 15 min at 1.0 

km/hr, but at lower speeds could run essentially 

indefinitely. The cost of transport for Heloderma was 0.94 

ml 02/(kg x hr) which is comparable to cost of transport in 

other lizards. Maximal oxygen consumption (V02max) at 30°C 

is among the highest of any lizard measured. Males had 

significantly higher V02max than females. There were no 

significant differences in V02max, cost of locomotion, 

endurance, or sprint speeds between the two species. A 

typical 800-g Heloderma horridum required 259.9 kJ of 

assimilated energy/yr for maintenance costs, which could be 

met with a quantity of prey "equivalent to 1.4 times its body 

mass. The high aerobic capacity of Heloderma seems 

surprising for a sedentary lizard, but may be adaptive 

during intensive male-male agonistic behaviors. 
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INTRODUCTION 

In addition to being the only venomous lizards, the 

Helodermatidae are unique in many aspects of their 

physiology, ecology, and behavior. Both species in this 

family, Heloderma horridum, the Mexican beaded lizard and R. 

suspectum, the Gila monster, are large, stout lizards 

inhabiting desert and dry tropical regions of the 

southwestern united states, western Mexico, and Guatemala. 

Both have a dietary specialization on vertebrate young and 

eggs in nests, prey that require considerable searching to 

be found. Both species, however, spend the vast ma.jority of 

their time at rest in shelters (Lowe et al. 1986, Beck 1990, 

Beck and Lowe 1991). Helodermatids have well-known 

capacities for fat storage. In addition, they have very low 

res·ting metabolic rates (SMR, Chapter 2). Yet, the Gila 

monster has been shown to have a high capacity for aerobic 

activity (John-Alder et al. 1983), a trait it shares with 

monitor lizards (Varanus) its closest living relative. 

The Mexican beaded lizard is larger, with 

proportionately longer limbs, and is more active than is the 

Gila monster (Chapter 1). It might thus be predicted to 

have capacities for aerobic activity and endurance that 

exceed those of its congener, the Gila monster. In this 

study I measured (1) the cost of locomotion, (2) aerobic 

capacity (V02 max), (3) sprint speeds, and (4) endurance of 

Heloderma horridum and R. suspectum at 30°C. In addition, I 



estimated the annual maintenance energy budget for the 

Mexican beaded lizard. 

MATERIALS AND METHODS 

Animal collection and maintenance 
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Twelve Mexican beaded lizards and seven Gila monsters, 

some wild-caught and some captive, were used in this study 

(Appendix 2). Four R. horridum were collected in May 1990 

in Jalisco, Mexico (permits were issued by the Mexican 

government [CEDUE] and the u.s. Fish and wildlife Service). 

Heloderma suspectum were collected in May 1990 from the wild 

near Tucson (permits issued by the Arizona Game and Fish 

Department to Dr. C. H. Lowe). Lizards were transported to 

the American Museum of Natural History Southwestern Research 

station near Portal, Arizona. All measurements were made 

during May and June of 1990. Food was withheld for the 

duration of the study but water was always available. 

Lizards were held in cages and allowed to thermoregulate in 

the sun prior to measurements. All measurements were made 

at body temperatures of approximately 31°C, which is within 

the normal activity range (Beck 1990, Beck and Lowe 1991). 

Deep core body temperatures were measured both before and 

after trials with a Schultheis quick-registering mercury 

thermometer inserted 5 cm into the cloaca. 



86 

Sprint speed 

I measured maximum sprint speed on a motorized 

treadmill (John-Alder et ale 1986). Lizards were warmed to 

approximately 31°C, then placed on the tread belt, and 

induced to walk by prodding and pinching the tail and hind 

limbs. Tread speed was matched to lizard walking speed, 

then increased until the lizard could no longer make forward 

progress. The highest speed sustained for 3 to 5 seconds 

was interpreted as maximum sprint speed. 

Endurance capacity 

Treadmill endurance capacity was measured using 

techniques similar to those of John-Alder et ale (1983), 

Garland (1984), and Tsuji et ale (1989). Animals were 

warmed to approximately 31°C, and body temperature during 

trials was regulated with an incandescent light located 

above the treadmill. Endurance capacity was interpreted as 

the length of time lizards could maintain a given speed 

(1.0, 0.8, and 0.6 km/h) on a motorized treadmill with a 

rubberized cloth belt. consistent with previous studies, 

trials were terminated when lizards failed to maintain pace 

following 10 consecutive taps or pinches to the tail and 

hindlimbs at < 1-s intervals. All individuals were tested 

twice, and the higher endurance time was analyzed. 

Locomotor energetics and maximal oxygen consumption 

Measurements of locomotor energetics and maximal oxygen 

consumption were made using techniques similar to those of 



John-Alder et al. (1983), Garland (1984), and Garland and 

Else (1987). Oxygen consumption during locomotion was 

recorded as lizards walked on the motor-driven treadmill. 

Before trials each lizard was fitted with a light-weight, 

transparent acetate mask. Each mask had a large opening at 

one end that was slipped over the head of the lizard. 
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Rubber foam was attached around this opening to prevent the 

mask from detaching during trials .. A Tygon tube extended 

from a small opening at the opposite end of the mask, 

nearest the lizard's snout. Air was drawn from the mask 

into the Tygon tube, through a column of 

Drierite/Ascarite/Drierite to remove water and carbon 

dioxide, a thermal mass flow controller (range 500-3500 

sccm, depending on lizard size) (Sierra Instruments, Inc., 

Monterey, CA, Model 844), and an airtight diaphragm pump. 

Air was subsampled through an additional column of Drierite

Ascarite-Drierite, a mass flow controller at 500 cc/m, and a 

flow control meter. High flow rates were used to insure 

rapid washout. Oxygen concentration in the excurrent air 

was sampled every second using an Applied Electrochemistry 

S-3A/II oxygen analyzer interfaced to a computer. 

After gathering 2-3 min of baseline data, a running 

trial consisted of placing a masked animal on the treadmill 

and allowing it to remain stationary for up to five minutes 

or until the lizard began to walk voluntarily. Tread speed 

was increased to 0.4 km/h and maintained for 20 to 30 



minutes. The lizard was encouraged to walk by tapping and 

squeezing the tail and hind limbs as necessary to maintain 

an even gait. 
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Maximal oxygen consumption (V02max) was assessed via a 

"step test", in which tread speed was increased 

incrementally. After a lizard had been walking at 0.4 km/h 

for 20 min, tread speed was increased by 0.2 km/h every five 

minutes up to a maximum of 1.0 km/h and maintained at this 

speed until the lizard was no longer able to maintain pace. 

Similar procedures have been used previously to elicit 

V02max in Gila monsters (John-Alder et al., 1983). This 

procedure allowed for determination of both the cost of 

locomotion at an ecologically relevant speed (0.4 km/hr) and 

V02max during the same trial. Rate of O2 consumption was 

calculated using equation 4a in Withers (1977). A data 

analysis program was used to calculate 5-and 10- minute 

intervals of lowest oxygen consumption (corrected for 

baseline drift) for locomotion at 0.4 km/h. Maximal oxygen 

consumption was interpreted as the highest two-minute 

interval of oxygen consumption during a trial. Locomotor 

energetics were assessed on each of two consecutive days; 

the lowest of the two values was used for determining the 

cost of locomotion at 0.4 km/h and the highest of the two 

values was used for the V02max analyses. 



statistical analyses 

Data were analyzed statistically using SPSS/PC 

(Norusis, 1988) and BIOM-PC (Sokal and Rohlf 1981). 

Analysis of covariance (ANCOVA) was used for comparative 

analyses of endurance and oxygen consumption. significance 

was judged at the P = 0.05 level. 

RESULTS 

Sprint speed 
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Maximum sprint speed for 11 Heloderma horridum (mean 

body mass = 776.7 g, range = 194 - 1,220) averaged 1.7 km/h 

(SO = 0.263, range = 1.414 - 2.265; mean body temperature at 

end of trials = 30.6 C). Maximum speed for 6 H. suspectum 

(mean mass = 371.2 g, range = 24.5 - 673) averaged 1.56 km/h 

(SO = 0.165, range = 1.385 - 1.875; mean temperature = 31.5 

C). Analysis of covariance indicated no correlation between 

speed and either body mass or body temperature either within 

species or for all 17 individuals pooled, and no difference 

in mean speed between the species. 

Endurance capacity 

Larger individuals generally were able to run longer at 

1.0 km/hr than smaller individuals, but analysis of 

covariance indicated no significant difference between the 

two species (F = 0.107, P = 0.7504). The pooled allometric 

equation describing the relationship between stamina at 1.0 

km/hr and body mass is: 
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log10 Endurance (min) = 0.156 + 0.376 log10 Body Mass (1) 

(r2 = .406, S.E.E. = 0.283). Both the slope and the 

intercept differed significantly from zero (F = 12.63, P = 

0.0026). Thus, the endurance of a 500 g Heloderma running 

at 1.0 km/h at 31 C is predicted to be 14.8 minutes. 

Of 14 individuals (both species) tested at 0.8 km/h, 7 

maintained pace for over one hour, at which time trials were 

terminated by the investigator; one R. horridum was allowed 

to continue 3 hrs 40 min before its trial was terminated. 

The remaining six individuals ran for an average of 29.5 

(range = 16.4 - 45.2) minutes. At 0.6 km/h, all 14 

individuals maintained pace for over one hour, at which time 

trials were terminated. Therefore, endurance of Heloderma 

at 0.6 to 0.8 km/hr is essentially indefinite. 

Locomotor energetics and maximal oxygen consumption 

The pooled allometric equation describing the 

relationship between body mass and 02 consumption at 0.4 

km/h is: 

log10 V02 = 0.839 + 0.564 log10 Body Mass (2) 

(r2 = 0.416, S.E.E. = 0.231). Both the slope and the 

intercept differ significantly from zero (F = 12.42, P = 

0.0031). Initial temperature on the second trial was 30.83 

± 0.68 C (mean ± s.d.), and final body temperature was 31.49 

± 0.99. Analysis of covariance showed no significant 

temperature effects (initial, final, or difference) on 02 

consumption. 
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Data on sustained V02 and V02max obtained for all 19 

Heloderma used in this study are given in Appendix 2. 

Sustained rates of O2 consumption at 0.4 km/h for Heloderma 

horridum and H. suspectum are summarized in Table 3.1. Only 

running trials over 20 minutes at 0.4 km/h were included. 

Values for V02 at 0.4 km/hr were determined as the lowest 

sustained O2 consumption over five-minute intervals. 

Similar results were obtained over 10-minute intervals; 

however, values were always higher over 10-minute intervals 

(about 7% higher). The correlation between 10 and five

minute intervals was 0.98. Analysis of covariance indicated 

no significant differences between captive and wild-caught 

lizards or between the species, so all individuals were 

pooled. Initial body temperature for trial 1 was 30.55 ± 

1.11 C; final temperature was 31.2 ± 1.48 C (mean ± s.d.). 

The relationship between mass and V02max (Fig. 3.1) is 

described by the pooled allometric equation (log-scale): 

log10 V02max = 0.455 + 0.841 log10 Body Mass (3) 

(r2 = .953, S.E.E. = 0.068). Both the slope and the 

intercept are significantly different from zero (F = 320.2, 

P < .001). 

Maximal rates of O2 consumption for H. horridum and H. 

suspectum were generally higher in the second trial 

(Appendix 2), although repeatability between trials was 

highly significant (r = 0.89). As with sustained V02 at 0.4 

km/h, there were no significant differences between captive 
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Table 3.1. Locomotor energetics of helodermatid lizards. Raw 
data are in Appendix 2. 

Species 

!!. horridum !!. suspectum 

N = 12 N = 7 

Mass, g 
(mean ± s. d.) 803.3 ± 293.71 460.6 ± 201. 04 

Range 194 - 1220 32.5 - 673 

V02 at 0.4 km/h, ml 02/h* 
(mean ± s.d.) 329.17 ± 191.35 223.64 ± 123.89 

Range 106.92 - 646.92 45.96 - 409.79 

V02max' ml °2/h** 
(mean ± s.d. ) 811.18 ± 283.99 447.02 ± 188.82 

Range 251. 52 - 1188.48 54.15 - 596.99 

* only running trials with >20 minutes at 0.4 km/h were used. 
Values were determined as the lowest sustained 02 consumption 
over 5 minute intervals. 
** Vo2ma,x was taken as the highest 02 consumption over a 2 
minute 1nterval measured on either of 2 consecutive days. 
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Fig. 3.1. The relationship between the log of maximal 
oxygen consumption and the log of body mass: contrasting 
male and female Heloderma. 



and wild-caught lizards, or between species (ANCOVA). Nor 

were there significant temperature effects (initial, final, 

or difference) on maximal rates of O2 consumption. 
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Considering whole-animal values (ml 02/h), levels of 

maximal and sustained O2 consumption were significantly 

correlated (r = 0.68, P < 0.05). However, after accounting 

for mass effects by computing residuals from the regression 

equations, sustained V02 ~t 0.4 km/h and V02max were 

uncorrelated (r = 0.20, P > 0.05). Animals with high 

maximal O2 consumption did not necessarily exhibit high O2 

consumption levels while walking at 0.4 km/hr. Males had 

significantly higher V0 2max than did females (ANCOVA, F = 

15.81, df = 1,14, P < .005). 

DISCUSSION 

Sprint speed and endurance 

The mean maximum sprint speed of 1.7 km/hr of Heloderma 

in this study is somewhat higher than 1.27 km/hr observed 

for H. suspectum by Bogert and Martin del Campo (1956). 

Heloderma sprint speed is only about 10% that reported for 

many other species of lizards (Garland 1982, 1984). Some 

iguanid lizards (e.g. Cnemidophorus, Callisaurus) exhibit 

sprint speeds over 25 km/hr (Garland, unpubl. data). 

Heloderma is relatively unique among lizards in its 

inability to engage in quick-burst sprinting behavior. 
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The endurance of Heloderma walking on a treadmill at 

1.0 km/hr (x = 14.8 min) is not exceptional when compared 

with some other lizards (e.g. 40 min. for a 30 g 

Amphibolurus nuchalis, Garland and Else 1987; and several 

hours for Cnemidophorus tigris, Garland unpubl. data). At 

0.8 km/hr, most Heloderma in this study exhibited 

considerable stamina by continuing on the treadmill for over 

one hour, at which time trials were terminated. Below this 

speed, Heloderma could presumably maintain pace 

indefinitely. These speeds are considerably higher than the 

typical travel speeds between 0.2 and 0.3 km/hr of free

ranging Heloderma (Beck 1990, Chapter 1). 

One potential problem with measuring sprint speeds and 

endurance on a treadmill is the difficulty of distinguishing 

between actual locomotor abilities and psychological factors 

such as motivation and defensive behavior. Lack of 

motivation to perform on a treadmill and defensive behaviors 

may be more pervasive in Heloderma than in other lizards. 

Unless they were gradually brought up to sustainable speeds 

over several minutes, many Heloderma in this study performed 

a defensive response by turning, hissing, and attempting to 

bite. Once they became accustomed to walking on the 

treadmill, however, they exhibited reliable locomotor 

behaviors. 
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Cost of locomotion and maximal oxygen consumption 

At 0.4 km/hr Heloderma in this study had a sustained 

V02 of 299.5 ml 02/hr (equation 2), or a cost of locomotion 

of 0.936 ml 02/(kg x hr). This locomotion cost is similar 

to the 1.01 ml 02/(g x km) obtained for H. suspectum at 25°C 

by John-Alder et ale (1983). Those authors measured oxygen 

consumption in active H. suspectum at 25°C and 35°C, 

temperatures that are near the upper and lower boundaries of 

their activity temperature range. The activity temperature 

range for H. suspectum is 24.1 to 36.8 (Beck 1990) and 

22.5 - 36.0 C for H. horridum (Chap 1). The mean activity 

temperature for both species is near 30°C. I recorded 

activity energetics and endurance at body temperatures of 

31°C, which is more ecologically relevant for this genus. 

The net cost of locomotion in other lizards varies from 0.35 

(in a 1200-g Tupinarnbus nigropunctatus) to 3.68 ml/(g x km) 

in Cnemidophorus murinus (John-Alder et ale 1986). The cost 

of locomotion for Heloderma falls within the 95% confidence 

limit (equation 3 of John-Alder et ale 1986) calculated from 

19 lizard species in 7 families. 

The values of V02max of Heloderma at 30°C in this study 

are slightly higher than those reported by John-Alder et al. 

(1983) for H. suspectum at 35°C. My results confirm that 

helodermatid lizards have high aerobic capacities. At 25°C, 

H. suspectum has the highest V02max of any lizard reported 

to date (John-Alder et ale 1983). At 30°C Heloderma still 



has among the highest V02max of any lizard (assuming a Q10 

of 2.0; see comparative data in John-Alder et al. 1983, and 

Bickler and Anderson 1986) with the exception of Varanus 

gilleni (Bickler and Anderson 1986). 
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In addition to its high V02max, Heloderma has a low 

standard metabolic rate (SMR, Chapter 2). Consequently, 

Heloderma has a very high factorial aerobic scope. At 30°C 

Heloderma can sustain a rate of oxygen consumption that is 

35.2 times its SMR, a value even higher than its aerobic 

scope at 25°C (Chapter 2). This is the highest factorial 

aerobic scope of any lizard examined to date. Other lizards 

of the Varano idea (the suborder including Helodermatidae and 

Varanidae) also have high aerobic capacities. Varanus 

gilleni has a high V02max and low SMR, resulting in a 

factorial scope of 27.5, which is comparable to that of 

Heloderma (Bickler and Anderson 1986). Other varanid 

lizards have been shown to have high V02max (Gleeson 1981) 

but normal aerobic scopes, i.e. between 7 to 10 (Bickler and 

Anderson 1986). 

Most researchers seeking adaptive explanations of high 

aerobic capacities in lizards have done so in the context of 

foraging ecology (e.g. Bennett 1983, John Alder et al. 1983, 

Pough 1983, Garland 1988). Lizards with higher aerobic 

capacities (e.g. some Varanus species) presumably forage 

more widely, or cover greater distances during their daily 

movements. Although Heloderma forages for eggs and juvenile 
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vertebrates in nests (prey that are widely distributed), it 

is not active on a daily basis, and spends the vast majority 

of its time in subsurface refugia (Beck 1990, Beck and Lowe 

1991). Varanus gilleni is an arboreal, secretive species 

found beneath the bark of trees in the deserts of central 

Australia. It feeds on large arthropods and small arboreal 

gekkos (Pianka 1969). Is there an adaptive significance for 

high aerobic capacities of these relatively sedentary 

lizards, or is their high V02max a non-adaptive trait 

inherited from their varanoid stock? 

Males of Heloderma and Varanus gilleni exhibit 

strenuous fighting behaviors that (in Heloderma) can last 

for hours and potentially test the limits of their aerobic 

capacities (Murphy and Mitchell 1974, Carpenter et al. 1976, 

Ramirez-Velazquez and Guichard-Romero 1989, Beck 1990, 

Chapter 1). The apparent objective of these fights is to 

force the opponent to the ground, or remain atop the 

opponent throughout a series of ritualistic bouts until the 

subordinate lizard retreats (Murphy and Mitchell 1974, 

Demeter 1986, Ramirez-Velazquez and Guichard-Romero 1989, 

Beck 1990, Chapter 1). Large size is a great asset, but a 

high V0 2max and greater endurance could also be advantageous 

in these tests of dominance. Winners of male-male combat 

interactions in other squamates may increase their access to 

females and probability of mating (Carpenter and Ferguson 

1977, Gillingham 1987). Copulation after combat has been 



99 

commonly observed in captive reptiles (Gates 1956, Carpenter 

and Ferguson 1977). 

The hypothesis that the high aerobic capacities of 

helodermatids relate to their strenuous male-male combat 

behaviors is further supported by the discovery in this 

study that males of Heloderma have significantly higher 

V02max than do females. In garter snakes, V02max is 

correlated with treadmill endurance and both traits have 

high heritabilities (Garland and Bennett 1990, Garland et 

ale 1990); locomotor performance is highly heritable in 

Sceloporus occidentalis (Tsuji et ale 1989). Sexual 

selection within species of snakes that exhibit male-male 

aggression appears to favor large body size (Shine 1978). 

In Heloderma, selection may favor males with high aerobic 

capacities through male-male combat rituals. 

Energy Budget 

At a travel rate of 0.4 km/hr, a typical 800-g R. 

horridum in this study had a V02 of 299.5 ml 02/hr (equation 

2), or a cost of locomotion of 0.936 ml 02/ (g x km). 

During normal movements in the wild, R. horridum has a mean 

travel rate of only 0.2 km/hr (Chapter 1). Within the 

limits of aerobic locomotion the cost of transport at low 

speeds is greater than at higher speeds (John-Alder et al 

1983). Therefore, at 0.2 km/hr the cost of transport for 

Heloderma is 1.40 ml 02/(g x km) (equation 1 of John-Alder 



et al. 1983). I used this value in subsequent calculations 

of the annual maintenance energy budget for H. horridum. 
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An 800-g beaded lizard requires 259.9 KJ of assimilated 

energy/yr for maintenance costs, including activity (Table 

3.2, Fig. 3.2). Assuming an assimilation efficiency of 

76.5%, and prey energy content of 0.3 KJ/g (for H. 

suspectum, Beck 1986), H. horridum could meet its yearly 

maintenance demands by consuming a quantity of prey (1.12 

kg) equivalent to 1.40 X its body mass. This value is 

slightly higher than that estimated for a typical 500 g 

Heloderma suspectum cinctum from southwestern Utah, which 

would require a quantity of prey (578g) equivalent to 1.16 X 

its body mass (Beck 1986). 

Helodermatids have resting metabolic rates and activity 

expenditures consistent with their reputation as sedentary 

lizards. Their metabolic requirements are low: an adult 

could subsist on 3 to 4 large meals/yr. Between 65 and 121 

hours/yr is spent in surface activity; the remainder of 

their time -- over 98% of the year -- is spent resting in 

shelters. Helodermatids have very limited capabilities for 

sprinting. Their endurance at 1.0 km/hr is not exceptional 

among lizards, although they have considerable stamina at 

lower velocities, i.e. 0.8 km/hr. Their aerobic capacities, 

however, are exceptional for lizards. Males show a higher 

V02max than females. This, coupled with observations of the 

strenuous fighting behaviors performed by males of 
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Table 3.2 Maintenance energy budget for an 800-g Heloderma horridum. 
Rates of O2 consumption were converted to joules assuming 1.124 joules/ml 
0L' Le., a respiratory quotient of 0.72. Oxygen consumption during months 
of" greater activity (BMR) was estimated to be twice resting metabolic 
rates during periods of reduced activity (SMR). See text for details. 

Body Metabolic Metabolic Rate Period Energy Used 
Temperature State (ml 02/hr) (kJ/yr) 

20°C SMR 7.67 Dec-Feb 18.64 
(90 days) 

25°C BM~ ... 26.59 A:l?r-May 109.75 
Aug-Oct 
(153 days) 

25°C SMR 13.30 Mar, Nov 21.89 
(61 days) 

30°C BMR 46.06 Jun-July 75.79 
(61 days) 

30°C Active 1.40 ml 0 / 
(g·km) X 25.~ km 31.85 

Totals for Year 365 days 257.91 



E3 Dormant (SMR) 
IZI Resting (BMR) 
m Active 

Time 

Energy 
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Fig. 3.2 Time-maintenance energy budget for Heloderma 
horridum estimated from field data on body temperatures and 
activity distances (Chapter 1), and laboratory data on 
metabolic rates during rest (Chap 2) and activity (this 
study). The yearly maintenance energy requirement is 257.91 
KJ • 



Heloderma, suggests that selection for performance during 

intraspecific combat may play a role in the evolution of 

high aerobic capacities in lizards. 
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CHAPTER 4 

ECOLOGY AND ENERGETICS OF THREE SYMPATRIC RATTLESNAKE 

SPECIES IN THE SONORAN DESERT 

SUMMARY 
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The habitat use, activity patterns, home ranges, 

thermal biology, and energetics of sympatric western 

diamondback, blacktailed, and tiger rattlesnakes were 

investigated in the Sonoran desert of southeastern Arizona. 

The three Crotalus species differed in their use of habitats 

on the study site and the habitats selected by snakes were 

significantly influenced by season. The three species did 

not differ in the size of their home ranges, distances 

traveled, or body temperature preferences. Rattlesnakes had 

a mean home range size of 4.6 hectares and traveled, on 

average, 12.4 km during approximately 95 hours of surface 

activity. Body temperatures during activity averaged 

29.4°C. A typical 300-g rattlesnake had a standard 

metabolic rate only 40% that of other squamate reptiles of 

similar mass, and could fulfill its yearly maintenance 

energy requirements with a prey quantity equivalent to 0.93 

times its body mass. These energy demands could be met with 

2-3 large meals. The low energy requirements of 

rattlesnakes afford them the ability to subsist long periods 

between meals and may have important implications for their 

roles as predators in desert ecosystems. 
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INTRODUCTION 

Several traits of viperid snakes make them interesting 

and potentially important predators in dry temperate 

ecosystems. They are secretive and relatively 

inconspicuous, making detection by prey difficult. Due in 

part to their elongate body form, viper ids (and other 

snakes) are able to exploit a variety of microhabitats. 

Their venom allows them to efficiently subdue large prey and 

their modified mandibles and quadrate bones allow them to 

swallow it. As ectotherms, rattlesnakes have low metabolic 

rates. This, coupled with their stout bodies and high 

storage capacities, affords them the ability to endure long 

periods without feeding. 

It has long been recognized that these traits allow 

rattlesnakes to be effective and efficient predators 

(Klauber 1956); one meal can represent a significant portion 

of the yearly energy budget (Greene 1986). However, few 

data exist for metabolic rates of viperid snakes (see 

Andrews and Pough, 1985 for a review), and no studies have 

determined annual energy demands based on time-energy 

budgets from free-ranging animals. Field data on activity 

distances, habitat selection, and thermal biology have been 

reported for populations of prairie and timber rattlesnakes 

that inhabit cool temperate regions (Brown et al. 1982, 

Duvall et al. 1985). However, rattlesnake species are more 

abundant in the hot deserts of the southwestern united 



states (Lowe et ale 1986). Few studies have focused on the 

ecology of rattlesnakes that inhabit hot desert regions. 
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In this chapter I report on the habitat use, activity 

patterns, home ranges, thermal biology, and energetics of 

sympatric western diamondback, blacktailed, and tiger 

rattlesnakes in the Sonoran Desert of southeastern Arizona. 

The three species overlap considerably in their geographic 

distributions, and occasionally occur sympatrically within 

the same locality (Dammann 1961). Crotalus atrox, the 

western diamondback, is known as a habitat generalist of 

desertscrub and semidesert grassland from 30 m (100 ft) to 

1700 m (5600 ft) elevation (Lowe et ale 1986). Crotalus 

molossus, the blacktailed rattlesnake, is also known as a 

wide-ranging generalist, but is more restricted to rocky and 

mountainous habitats. It ranges from low deserts at 350 m 

(1150 ft) elevation to montane coniferous forests up to 

about 2743 m (9000 ft). Crotalus tigris is generally 

regarded as a more specialized rock-dweller of thornscrub 

and desertscrub habitats from near sea level to desert

grasslands at nearly 1524 m (5000 ft, Lowe et ale 1986). 

Individuals of these rattlesnake species were implanted 

with temperature-sensing radiotransmitters and monitored 

over three years in an Arizona-upland habitat near Tucson, 

Arizona. The objectives of this study were to determine: 

(1) habitat preferences of the three species and effects of 

seasonality on habitat use, (2) body temperatures 



experienced by free-ranging snakes during activity and rest 

throughout the activity season and during winter dormancy, 

(3) home ranges, (4) timing, distance, and duration of 

activity of rattlesnakes on the study site, (5) standard 

metabolic rates in the laboratory, and (6) annual 

maintenance time-energy budgets. 

METHODS 

Study Area 
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The study area is along the foothills of the Tucson 

Mountains in the Sonoran Desert of southeastern Arizona 

(Fig. 4.1). Elevation ranges from 689 m (2260 ft) to 756 m 

(2480 ft). The topography consists of volcanic rocky slopes 

that grade eastward into rocky flats toward a medium sized 

arroyo. Some sandy areas occur along the arroyo. 

Vegetation along the rocky areas consists of sahuaros 

(Carnegiea gigantea), subtrees including paloverde 

(Cercidium microphyllum), whitethorn acacia (Acacia 

constricta), catclaw (Acacia greggi), hackberry (Celtis 

pallida), and ironwood (Olneya tesota), and shrubs including 

brittlebush (Encelia farinosa), bursage (Ambrosia 

deltoidea), ratany (Krameria parviflora), and creosotebush 

(Larrea tridentata). The wash is dominated by subtrees 

including foothill paloverde (Cercidium floridum), 

ironwoods, and acacias. East of the wash, flats of Larrea 

and bursage predominate (Fig. 4.1). 



Fig. 4.1. The study area: viewing west from 
creosotebush/bursage flats toward rocky slopes along the 
foothills of the Tucson Mountains. 

.... 
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Field telemetry techniques 

All telemetry equipment used was manufactured by 

Telonics, Mesa, Arizona. Temperature-sensing, implantable 

radiotransmitters were used to monitor snake locations, 

movements, and body temperatures. For snakes weighing under 

450 g, radios weighing 6 g (model CHP-2P) were used; 23-g 

units (IMP-200-L) were implanted in larger snakes. Snakes 

were located on the study site with a directional 

H-configuration antenna and a TR 2 receiver. The radios had 

a transmission range of 30 - 450 m (CHP-2P) or 250 m - 3 km 

(IMP-200-L) depending upon the orientation of the snake, 

shelter characteristics, and topography. They transmitted 

under field conditions for a duration of 6 - 8 months 

(CHP-2P) or 10 - 15 months (IMP-200-L). Transmitters were 

surgically implanted by anesthetizing snakes with ketamine 

hydrochloride (dosage = 100 mg/100 g) and making a 20-cm 

incision between the second and third row of dorsal scales, 

approximately 1/3 of the body length anterior to the vent. 

The dermis was separated from underlying tissue, the 

peritonium carefully opened and the radio placed within the 

peritoneal cavity. The peritoneum and dermis were closed 

with gut suture. Snakes usually were released at their 

capture locations on the study site within 72 hrs after 

surgery. Transmitters were removed from the snakes by the 

spring of 1991. After removal, radios were re-calibrated. 

They were found to be accurate to within ±0.5°C. Snakes 



were returned in good health to areas where they were 

initially captured. 

Fourteen snakes (8 c. atrox, 3 c. molossus, 3 c. 

tigris) were radio-implanted and monitored between August 

1988 and April 1991 (Table 4.1). Between mid-March and 

mid-November snake locations were pinpointed several times 

per week, usually daily. At least one day per week, body 

temperatures were sampled at throughout the day. Between 

November 15 and March 15 snake locations were usually 

pinpointed on a weekly basis. 
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For each snake location, the following data were 

recorded: habitat type (rocky slope, rocky flat, arroyo, 

Larrea flat), shelter characteristics (under shrub, rock 

crevice, burrow, packrat nest), snake position (belowground, 

near entrance, on surface, in open away from shelter), 

behavior (resting, alert, active), and body temperature. 

Body temperatures were also frequently sampled without 

pinpointing snake locations. Environmental temperatures 

were determined with the use of temperature-sensing 

radiotransmitters (IMP-200-L, Telonics) and quick reading 

mercury thermometers (Miller and Weber Co.). Surface 

activity was often detected by noting fluctuating 

temperatures transmitted by radio-implanted snakes as they 

left the more stable thermal environments of their shelters. 

Distances traveled by snakes during individual activity 

bouts were occasionally determined by direct observations of 



Table 4.1 Rattlesnakes monitored with radiotelemetry in this study. 

ID No. species Sex SVL Tail Length Mean Body Period Monitored 
(rom) (rom) Mass (g) 

1 a 5 atrox () 715 60 215 9/29/88 - 7/28/89 

2 a 6 atrox () 669 52 206 10/27/88 - 7/31/89 

3 a 8 atrox () 712 56 203 8/10/89 - 9/13/90 

4 a 9 atrox () 945 80 540 8/16/89 - 11/15/90 

5 a 10 atrox Q 680 41 176 7/17/90 - 4/5/91 

6 a 14 atrox Q 678 33 228 9/16/90 - 4/3/91 

7 a 15 atrox () 959 72 590 9/27/90 - 4/5/91 

8 a 16 atrox () 791 69 401 10/6/90 - 4/5/91 

9 m 1 molossus () 858 66 301 9/19/88 - 7/28/89 

10 m 3 molossus Q 975 62 559 9/13/90 - 4/5/91 

11 m 4 molossus () 838 62 382 9/17/90 - 4/5/91 

12 t 3 tigris () 628 62 197 8/9/88 - 7/26/89 

13 t 4 tigris () 721 62 255 7/26/89 - 7/17/90 

14 t 5 tiqris () 811 64 252 7/17/90 - 4/5/91 

..... ..... ..... 
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snake movements. Travel distances were more frequently 

estimated, however, by measuring the straight-line distance 

between two consecutive locations. The linear distance 

between two shelters is often an underestimate of the actual 

distance traveled because snakes normally do not move in a 

straight line from one location to another. Direct 

observations of snake movements revealed that actual 

distances traveled between two points ranged from 1.0 to 3.0 

times the straight-line distance (x = 1.6, n = 12, ± 0.52). 

In consideration of the non-linear movement of snakes, 

actual travel distances were estimated by multiplying 

straight-line disances by 1.6. 

Metabolic Rates 

Metabolic rates were determined from rates of oxygen 

consumption measured from recently captured rattlesnakes at 

25°C (in the summer/fall) and 15°C (winter/spring) in the 

laboratory. Rates of oxygen consumption (ml 02/hr) were 

measured in a flow-through system. The snakes were placed 

in clear plexiglass boxes or tubes, depending on snake body 

size. The plexiglass containers housing the snakes were 

placed inside a temperature-controlled environmental 

chamber. Temperature inside the chamber was monitored with 

a Bailey digital thermometer and varied less than 0.3°C 

during the oxygen consumption trials. Air (pre-dried with 

silica gel) was pumped through the plexiglass containers at 

flow rates maintained within 2% by thermal mass flow meters. 
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Air leaving the containers passed through a drying agent 

(silica gel and Drierite) and a CO2 remover (Ascarite) 

before entering the oxygen sensors of an Applied 

Electrochemistry S3A oxygen analyzer. Rates of oxygen 

consumption, measured as the proportion of oxygen removed by 

a snake from the air flowing through its metabolism 

container, were calculated using equation (2) of Hill 

(1972). The oxygen concentration of air in the metabolism 

chambers never fell below 20.25%. Oxygen consumption was 

continuously recorded on a Linear Systems chart recorder. 

It normally took between 30 min to one h for snakes to 

adjust to being inside the boxes and come to rest. Snakes 

were allowed to remain inside the chambers a minimum of 12 

hours, and in some cases for as long as three days, before 

determining oxygen consumption rate. I interpreted standard 

resting metabolic rate (SMR) to be represented by the lowest 

stable rate of oxygen consumption sustained over a period of 

several hours of inactivity. 

Energy Budgets 

To estimate annual energy budgets, field observations 

of behavior, activity, and body temperatures were coupled 

with laboratory measurements (from this study and others) of 

metabolic rates exhibited by snakes during rest, while 

alert, and active at various body temperatures. The year 

was divided into five seasons based on temperature and 

precipitation: winter (December 1 to Feb 28), spring (March 
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1 to April 30), Dry Summer (May 1 - July 15), Wet Summer 

(July 16 - October 15), and Fall (October 16 - November 30). 

Estimates of the amount of time snakes spent resting and 

alert, mean body temperatures, and distances traveled were 

obtained for each of these seasons. Oxygen consumption 

rates were converted to joules (J) by assuming 1.124 Jlml 

O2 ; i.e., an RQ of 0.72 (Turner et. al., 1976). 

Data Analysis 

Statistical procedures (ANCOVA, ANOVA, G test, t test 

and multiple means comparisons) follow Sokal and Rohlf 

(1981); following a significant ANOVA, the Tukey-Kramer 

procedure was used to assess differences among treatment 

means. Significance was judged at the 0.05 level. Means 

reported are followed by ± one standard deviation (SO). 

Home ranges were estimated by the minimum polygon method 

(Jennrich and Turner 1969, Rose 1982). 

RESULTS 

Habitat, Shelters, and Home Range 

Within a total area of 1.31 km2 used by the 

rattlesnakes in this study, the four general habitat types, 

rocky slopes, arroyos, Larrea flats, and rocky flats, 

comprised 10%, 12%, 34%, and 44%, respectively, of the 

available habitat (Fig 4.2). None of the three species used 

these habitats in proportion to the abundance of a 

particular habitat type (G = 297.2 p<.OOl, G = 153 p<O.OOl, 



[§3 Rocky Slopes 

r;::~ Larrea Flats o 
I 

100 200 300 400 500 
I 

Meters 
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G = 238.3 p<O.001, for C. atrox, C. molossus, and C. tigris 

respectively). In addition, the three species differed 

significantly among one another in their use of the four 

habitats (G = 213.7, df = 6, p<O.001). Over the year C. 

atrox selected Larrea flats, C. molossus spent the majority 

of its time on rocky slopes, and C. tigris, selected rocky 

slopes and washes (Fig. 4.3A). 

Seasonal differences in habitat selection were evident 

(G = 169.86, df=12, p<O.001). During the winter all three 

species selected rocky slopes as their predominant habitat 

type. In the spring C. atrox individuals moved onto the 

Larrea flats where they spent the majority of their time 

during the remainder of the year. Use of washes by C. atrox 

increased during the wet summer (Fig. 4.3B). Crotalus 

molossus was primarily a rock dweller except during the late 

wet summer and fall, when it became a generalist of all four 

habitat types on the study site (Fig 4.3B). Crotalus tigris 

during winter and spring was a strict rock dweller; it 

dramatically switched its preference during the summer to 

arroyos, where individuals spent considerable time foraging 

(Chap 6). By late October most C. tigris had moved back 

onto the rocky slopes (Fig. 4.3B). The majority of foraging 

by rattlesnakes occurred in the late summer and fall for all 

three species, which likely contributed to their more 

generalized use of habitats at that time. 
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Fig. 4.3. Frequency (calculated as % of total sightings) of 
use of habitats by 8 crotalus atrox, 3 c. molossus, and 3 ~. 
tigris: (A) over the entire year and (B) by season. Sample 
sizes (individual observations) are indicated in 
parentheses. Winter = Dec. - Feb.; spring = Mar. - Apr.; 
Dry Summer = May - Jul. 15; Wet Summer = Jul. 16 - Oct. 15. 
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Shelters used by snakes in this study were grouped into 

four categories: shrubs, rocks or crevices, burrows, and 

packrat mounds (mostly dead Opuntia parts). Crotalus atrox, 

C. molossus and C. tigris differed significantly in their 

use of these shelters (G=129.5, df=6, p<O.OOl). Over the 

year C. tigris and molossus showed preferences for rocks and 

crevices as shelters, whereas C. atrox used the four shelter 

types in approximately equal proportions (Fig. 4.4). 

Snakes exhibited seasonal changes in their preferred 

shelter types (Fig. 4.4B). Crotalus atrox, a generalist 

throughout most of the year, used mainly shrubs as shelters 

during the wet summer. The majority of shelters used by C. 

molossus throughout the year were rocks. However, its use 

of burrows increased considerable during the wet summer and 

fall (Fig. 4.4B). Crotalus tigris preferred burrows and 

shrubs in the summer and rocky shelters the rest of the 

year. 

The mean home range size for all three Crotalus species 

was 4.59 hectares (± 2.66, range = 0.93 - 9.82 ha, n = 14; 

Figs. 4.5, 4.6, and 4.7). There was no significant 

difference in home range size among the three species 

(ANOVA, F = 0.88, df = 2, 11, 0.25<p<0.50). 

Thermal Biology 

Extreme body temperatures of snakes in this study were 

6.5°C (December 1990) and 36.6°C (June 1990). Mean body 

temperatures exhibited by individuals of C. atrox, C. 
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Fig. 4.4. Frequency of use of shelters by 8 crotalus atrox, 
3 g. molossus and 3 c. tigris: (A) over the entire year and 
(B) by season. Sample sizes (individual observations) are 
indicated in parentheses. winter = Dec. - Feb.; Spring = 
Mar. - Apr.; Dry Summer = May - Jul. 15; wet Summer = Jul. 
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Fig. 4.5. Shelter locations and horne ranges (HR) of ~. 
atrox 5 (/))., HR = 7.7 Ha),~. atrox 9 (6, HR = 9.82 Ha), Q. 
atrox 10 (0, HR = 8.56 Ha), and~. atrox 8 (0 , HR = 4.33 
Ha) . 
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Fig. 4.6. Shelter locations and horne ranges (HR) of Q. 
atrox 15 (0 , HR ::; 3.24 Ha), Q. atrox 16 (.6, HR ::; 5.29 Ha) I 

Q. atrox 6 (b., HR ::; 2.81 Ha), and Q. atrox 14 (0 , HR ::; 
1.58 Ha). 
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Fig. 4.7. Shelter locations and home ranges (HR) of £. 
molossus 1 (0, HR = 0.93 Ha), £. molossus 3 (A, HR = 6.41 
Ha), £. molossus 4 (0, HR = 3.41 Ha), £. tigris 3 (0 , HR 
2.84 Ha), £. tigris 4 (~, HR = 2.91 Ha), and £. tigris 5 
(0 I HR = 4. 7 a Ha). 
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molossus, and C. tigris at rest (TbR) throughout the year 

are shown in Fig. 4.8. No significant differences were 

observed in TbR among individuals or species within seasons 

except during winter (see below). Body temperatures of 

individuals of all three species were highest during the dry 

summer (x for all three species combined = 29.8 ± 1.11, n = 

14). During the spring and wet summer TbRs were similar 

among individuals and species (x = 24.1 ± 1.35 and 26.1 ± 

2.01 for spring and wet summer, respectively). The mean TbR 

during fall was 21.8 (± 2.31, n = 14). 

During winter mean TbR of rattlesnakes ranged from 

B.O°C to 22.7°C and varied significantly among individuals 

(ANOVA, F=6.72, df= 11, 92, p<O.OOl). Crotalus molossus had 

mean TbRs significantly higher than those of most other 

individuals; some C. atrox individuals had mean TbRs that 

differed significantly from other C. atrox individuals 

(Tukey-Kramer t>4.77, df=ll, 92, p<0.05). Crotalus tigris 

individuals maintained overwintering TbRs approximately mid

way between the two extremes. 

Body temperatures during activity (activity 

temperatures, Pough and Gans, 1982) ranged from 21.1 to 36.2 

(x = 29.4, Fig. 4.9), and did not differ among the three 

species. Body temperatures maintained during sun-basking 

ranged from 26.4 to 36.1 (x = 31.0 ± 2.24, n = 32). These 

were not significantly different from activity temperatures 

(Fig 4.9). 



40 

35 

.......... 
o 30 ........-. 

CJ.) 
2t.a 

:::J 25 
*" m 
l!..a 

~ 20 
E 
~ 15 
~ 
1j 
o 10 
m 

5 

32 

74 

108 1.8 
75 8 

25 11 

13 

290 74 

29 

101 
403 

26 

O~I~--~~--~--~--~--~--~--r---~--~~----~--~~--~ 
a m t 

Winter 
a m t 

Spring 
a m t 

Dry Sum. 
a m t 

Wet Sum. 
a m t 

Fall 

Fig. 4.8. Body temperatures sampled from 8 g. atrox, 3 g. molossus, and 3 
g. tigris outfitted with temperature-sensing radiotransmitters between July 
1988 and April 1991. Horizontal lines indicate means, vertical lines 
ranges, and boxes 95% confidence intervals about the means. Numbers above 
indicate sample sizes. ..... 

I\.:) 

~ 



12 

10 

tn 8 c 
0 ...... 

oQaIJ 

«1 6 
::> 
I. 
(l) 
U) 4 .c 
0 

2 

0 

~ Active 
fBI Basking 

202122232425262728293031323334353637 

Body Temperature (C) 

125 

Fig. 4.9. Body temperatures exhibited by rattlesnakes 
(pooled data for 12 individuals) during activity, and while 
sun-basking. Most observations of sun basking occurred 
after feeding (Chap. 5). Mean activity temperature = 29.4 
C; mean Tb during basking = 31.0. 
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Activity Patterns 

The majority of rattlesnake activity on the study site 

occurred between 1600 and 2200 hrs with a smaller peak 

between 0800 and 1000 (Fig. 4.10). The timing of activity 

was influenced significantly by season (G = 98.69, v=68, 

p<O.Ol). During the winter, spring, and fall snakes were 

more commonly active at mid-day, whereas during the dry and 

wet summer snakes were predominantly crepuscular or 

nocturnal (Fig. 4.10B). 

Distance traveled by rattlesnakes during individual 

activity bouts ranged from short trips between adjacent 

shelters «1m) to forays over 1 km (x = 91.2 m, ± 124.5, n = 

371, Fig. 4.11). Over the year c. atrox traveled a mean 

distance of 12.94 km (± 3.04, range = 7.16-16.38, n = 8), c. 

molossus traveled 14.99 km (± 7.32, range = 7.35-21.94, n = 

3), and c. tigris traveled 9.29 km (± 1.03, range = 8.22-

10.27, n = 3). Although c. molossus traveled 1.6 times as 

far per year as c. tigris, distances traveled by individual 

snakes did not differ significantly among the 3 species 

(ANOVA, F = 0.36, df = 2, 12, 0.5<p<0.755). 

Distances traveled by rattlesnakes were significantly 

affected by season (ANOVA, F = 7.58, df = 12, 29, p<O.OOl). 

All three species exhibited the greatest activity during the 

wet summer (Fig.4.12). Minimum surface activity occurred 

during the winter: mean distances traveled were 84 m (± 

67.7), 460 m (± 388), and 15 m (± 21.2) for c. atrox, c. 
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study site (A) over the entire year and (B) broken down by 
season. 
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Fig. 4.12. Activity patterns of Crotalus on the study site: 
(A) Mean distance traveled throughout the year by 8 .Q. 
atrox, 3 .Q. molossus and 3. ,Q. tigris monitored with 
radiotelemetry between July 1988 and April 1991. (B) Amount 
of time, expressed as percent of total observations, that 
snakes spent on the surface throughout the year. 



mo~ossus, and g. tigris, respectively (Fig. 4.12). During 

winter, g. molossus exhibited greater surface activity and 

traveled farther than g. atrox and g. tigris. 

Interestingly, 2 of 3 g. molossus monitored continued to 

forage throughout the winter. One g. molossus was observed 

sun basking on two separate occasions after feeding during 

the \'Tinter. 
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Observations of rattlesnakes during normal movements 

and foraging revealed a mean travel rate of 131 m/hr (± 93.0 

m, range = 24 - 300 m, n = 12). Based on this estimate, and 

total travel distances ranging from 7.16 to 21.94 km/yr 

(above), rattlesnakes spent between 54.7 and 167.4 hrs/yr in 

surface activity, which is between 0.62 and 1.91% of the 

year. This estimate is somewhat less than yearly surface 

activity for the beaded lizard, Heloderma horridum (Chap. 

1) • 

In contrast to the limited time spent surface-active, 

rattlesnakes on the study site spent considerable time above 

ground, either in the open or beneath shrubs, subtrees, or 

among rocks (Fig. 4.12B). Over the year g. atrox, g. 

molossus, and g. tigris spent an average of 4610, 4796, and 

4399 hrs, respectively, on the surface. This translates to 

between 50.2% (g. tigris) and 52.6% (g. molossus) of the 

year being spent on the surface. 

The amount of time spent on the surface by rattlesnakes 

differed significantly among seasons (ANOVA F = 12.66, df = 



12,43, p<O.OOl, Fig. 4.12B), and varied from a mean of 1.5 

hrs/d during winter to 20.8 hrs/d during the wet summer. 

Although the ~. molossus monitored in this study spent more 

time on the surface during the winter than the ~. atrox and 

~. tigris (Fig. 4.12B), there were no significant 

differences among the 3 species in the amount of time spent 

on the surface over the entire year. 

Energetics 

Measurements of oxygen consumption rates were obtained 

from 12 recently captured, post-absorptive Crotalus (8 

atrox, 2 molossus, 2 tigris) ranging in mass from 105 g to 

630 g. Data were pooled for the three species to determine 

the relationship between body mass (M) and metabolic rate 

(MR) at 25 and 15°C. This relationship was: log MR = log 

0.0175 + 0.977 log M at 25°C, and log MR = log 0.0193 + 

0.793 log M at 15°C. The Q10 was 2.6 between 15 and 25°C. 
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No identifiable daily rhythms of metabolic rate 

occurred in any of the rattlesnakes during oxygen 

consumption trials, some of which continued for over 3 days. 

However, snakes occasionally appeared to "wake up" during 

metabolism trials and exhibit tongue-flicking. During such 

times their rates of oxygen consumption approximately 

doubled. Observations of free-ranging rattlesnakes suggest 

that much of the year they maintain an alert posture, with 

the head tilted slightly upward and the tongue readily 

extended when presented with minor stimuli. This behavior 
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was frequently exhibited during "ambush" foraging behaviors. 

Based on O2 consumption rates, I assumed that the cost to a 

free-ranging rattlesnake of maintaining an alert posture 

(without moving) was approximately equivalent to twice its 

standard metabolic rate. Based on 700 observations of the 

radio-equipped snakes throughout the year, estimates of the 

amount of time that snakes were alert varied from 0 hid in 

winter to nearly 18 hid during the wet summer (Tables 4.2 -

4.4) . 

The cost of locomotion was not determined for 

rattlesnakes in this study. However, costs have been 

determined for lateral undulation in the racer, Coluber 

constrictor (1.15 ml 02/(g x km), Walton et ale 1990) and 

for sidewinding locomotion in Crotalus cerastes (0.408 ml 

02/(g x km), Secor et ale 1991). Although rattlesnakes in 

this study were observed to employ some lateral undulation, 

the majority of locomotor activity consisted of rectilinear 

movements, for which no estimate of cost currently exists. 

I assumed that the cost of locomotion for rattlesnakes on 

the study site was intermediate between sidewinding and 

lateral undulation, and used 0.80 ml 02/(g x km) as an 

estimate for inclusion in energy budgets. 

Maintenance energy budgets of Crotalus atrox, C. 

molossus, and C. tigris were determined for idealized 300 g 

rattlesnakes, which was the approximate mean body mass of 

snakes observed in this study. The various energy budget 



Table 4.2. Maintenance energy budget for a 300-g Crotalus~. Rates of oxygen consumption were 
converted to joules assuming 1.124 joules/ rnl O2 consumed, i.e., a respiratory quotient of 0.72. Oxygen 
consumption while alert was twice resting values (SMR). See text for details. 

Metabolic Rate 
Season Behavior Hours % Time xTb (ml O,/hr) Totals kJ used 

Winter Active 0.99 0.05 30 0 240 rnl 02/km X .134km 32.16 0.04 
Dec, Jan, Feb Alert 145.89 6.75 150 3.56 518.78 0.58 
90 days Resting 2013.12 93.20 150 1. 78 3579.18 4.02 
(2160 hrs) -:r:64 

Spring Active 19.23 1.31 30 0 240 rnl 02/km X 2.518km 604.32 0.68 
Mar-Apr Alert 690.86 47.19 25 0 9.20 6357.29 7.15 
61 days Resting 753.96 51.50 25 0 4.60 3468.97 3.89 
(1464 hrs) 11. 71 

Dry Summer Active 26.30 1.44 30 0 240 rnl 02/krrL X 3.446km 827.04 0.93 
May-Jul 15 Alert 922.92 50.60 30 0 13.06 12051.49 13.55 
76 days Resting 884.64 48.50 30 0 6.53 5775.81 6.49 
(1824 hrs) 20':97 

Wet Summer Active 40.18 1.82 30 0 240 rnl 02/km X 5.266km 1263.84 1.42 
Jul 16-0ct 15 Alert 1498.80 67.88 25 0 9.20 13791.96 15.50 
92 days Resting 669.02 30.30 25 0 4.60 3078.16 3.46 
(2208 hrs) '2'0:38 
Fall Active 12.06 1.09 30 0 240 rnl 02/km X 1.581km 379.44 0.43 
Oct IS-Nov 30 Alert 418.50 37.91 20 0 5.05 2114.18 2.38 
46 days Resting 673.44 61.00 20 0 2.53 1701. 04 1.91 
(1104 hrs) 4.71 

Yearly Totals Active 98.76 1.13 3.49 
Alert 3667.06 41.86 39.15 
Resting 4994.18 57.01 19.78 

8760 TIiQ. 62.42 

.... 
w 
w 



Table 4.3. Maintenance energy budget for a 300-g Crotalus molossus. Rates of oxygen consumption were 
converted to joules assuming 1.124 joules/ml 02 consumed, i.e., a respiratory quotient of 0.72. Oxygen 
consumption while alert was twice resting values (SMR). See text for details. 

Metabolic Rate 
Season Behavior Hours % Time xTb (ml 02/hr) Totals kJ used 

Winter Active 5.62 0.26 30° 240 ml 02/km X .736km 176.64 0.20 
Dec, Jan, Feb Alert 650.98 30.14 20° 5.06 3288.63 3.70 
90 days Resting 1503.40 69.60 20° 2.53 3797.44 4.27 
(2160 hrs) 8.16 

Spring Active 11.36 0.80 30° 240 ml 02/km X 1.488km 357.12 0.40 
Mar-Apr Alert 698.64 47.72 25° 9.20 6428.89 7.23 
61 days Resting 754.00 51.50 25° 4.60 3469.54 3.89 
(1464 hrs) 11.53 

Dry Summer Active 11.54 0.63 30° 240 ml 02/km X 1.512km 362.88 0.41 
May-Jul 15 Alert 907.66 49.76 30° 13.06 11852.22 13.32 
76 days Resting 904.80 49.60 30° 6.53 5907.44 6.64 
(1824 hrs) 20.37 

Wet SUmmer Active 62.29 2.82 30° 240 ml 02/km X 8.160km 1958.40 2.20 
Jul 16-0ct 15 Alert 1845.41 83.58 25° 9.20 16981.46 19.09 
92 days Resting 300.30 13.60 25° 4.60 1381. 76 1.55 
(2208 hrs) 22.84 

Fall Active 23.60 2.14 30° 240 ml 02/km X 3.091km 741.84 0.83 
Oct 15-Nov 30 Alert 355.10 32.16 20° 5.05 1793.89 2.02 
46 days Resting 725.30 65.70 20° 2.53 1832.04 2.06 
(1104 hrs) 4.91 

Yearly Totals Active 114.41 1.31 4.04 
Alert 4457.79 50.89 45.35 
Resting 4187.80 47.81 18.42 

8760 100 67.81 

..... 
w 
.::-. 



Table 4.4. Maintenance energy budget for a 300-g crotalus tigris. Rates of oxygen consumption were 
converted to joules assuming 1.124 joules/ ml 0z consumed, i.e., a respiratory quotient of 0.72. Oxygen 
consumption while alert was twice resting values (SMR). See text for details. 

Metabolic Rate 
Season Behavior Hours % Time xTb (ml 0Z/hrJ Totals kJ used 

Winter Active 0.18 0.01 30° 240 ml 0z/km X .024km 5.76 0.01 
Dec,Jan,Feb Alert 19.82 0.92 15° 3.56 70.48 0.08 
90 days Resting 2140.00 99.07 15° 1. 78 3809.20 4.28 
(2160 hrs) 4.36 

Spring Active 4.59 0.31 30° 240 ml 0z/km X 0.6026km 144.48 0.16 
Mar-Apr Alert 434.61 29.69 25° 9.20 3999.28 4.50 
61 days Resting 1024.80 70.00 25° 4.60 4715.10 5.30 
(1464 hrs) 9.96 

Dry Summer Active 21.28 1.16 30° 240ml 0z/km X 2.7871km 668.88 0.75 
May-Jul 15 Alert 1138.78 62.43 30° 13.06 14870.19 16.71 
76 days Resting 663.94 36.40 30° 6.53 4334.86 ..±Jll 
(1824 hrs) 22.34 

Wet Summer Active 31.16 1.41 30° 240 ml 0z/km X 4.082km 979.68 1.10 
Jul 16-0ct 15 Alert 1635.48 74.07 25° 9.20 15049.68 16.92 
92 days Resting 541.36 24.52 25° 4.60 2490.80 2.80 
(2208 hrs) 20.82 

Fall Active 13.39 1.21 30° 240 ml 0Z/km X 1.7541km 420.96 0.47 
Oct 15-Nov 30 Alert 584.98 52.99 20° 5.05 2955.20 3.32 
46 days Resting 505.63 45.80 20° 2.53 1277.17 1.44 
(1104 hrs) 5.23 

Yearly Totals Active 70.60 0.81 2.50 
Alert 3813.67 43.55 41.53 
Resting 4875.73 55.66 18.68 

8760 100 62.71 

..... 
w 
IJ1 



136 

parameters and their seasonal estimates are summarized in 

Tables 4.2 - 4.4. Annual maintenance energy budgets are 

summarized in Fig. 4.13. Based on these estimates, C. 

atrox, C. molossus, and C. tigris can subsist on 62.42 kJ, 

67.81 kJ, and 62.71 kJ of assimilated energy per year. Gila 

monsters feeding on young rats have an assimilation 

efficiency of 76.5 % (Beck 1986). Assuming a similar 

assimilation efficiency for rattlesnakes (which frequently 

feed on small mammals), and an energy content of 0.30 KJ/g 

in mammalian prey (Beck 1986), rattlesnakes must consume 

prey equivalent to between 0.91 (C. atrox) and 0.98 (C. 

molossus) x their body mass to fulfill annual maintenance 

energy demands. 

DISCUSSION 

Crotalus atrox was a habitat generalist of rocky 

slopes, washes, and Larrea flats, whereas C. molossus, and 

C. tigris exhibited more strict preferences for rocky 

habitats on the study site. Similar habitat preferences 

have been observed in sympatric C. atrox and C. molossus in 

other parts of their range (Pough 1966, Reynolds and Scott 

1982). Use of different habitats by sympatric Crotalus 

species has often been cited as evidence that such species 

are avoiding competition through resource partitioning 

(Pough 1966, Moore 1978). To adequately demonstrate that 

interspecific competition influences habitat selection in 
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Fig. 4.13. Maintenance time-energy budgets for the three 
rattlesnake species monitored on the study site. 
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snakes, data are needed that show habitat resources to be 

limiting, and that the presence of one species depresses the 

abundance of another. Such data were not obtained in this 

study. 

Seasonal shifts in habitat use, often associated with 

movements to and from winter hibernacula, have been 

documented for other rattlesnake species (Brown et ale 1982, 

Reinert and Kodrich 1982, Duvall et al 1985). In my study, 

seasonal changes in habitat and shelter site selection were 

associated with most snake's movements out of extremely 

rocky sites and onto foraging areas in the flats and arroyo 

during the summer. Prey densities and capture success rates 

could be higher in regions of the flats and along the 

arroyo, thereby making them more attractive as snake 

foraging sites. Seed trays placed along the wash and Larrea 

flats during the wet summer were more frequently visited by 

nocturnal rodents than were those placed in rocky flats 

(pers. obs.). Individuals of Crotalus viridis in Wyoming 

ceased their spring vernal migration once they encountered 

locally active patches of deer mice (Duvall et ale 1985, 

King and Duvall 1990). 

In addition to the presence of prey, environmental 

factors may also play a role in influencing seasonal habitat 

and shelter site selection by rattlesnakes. The volcanic 

rocky slopes on the study site can be extremely hot during 

the summer, and they may retain heat longer than shelter 



sites within the Larrea flats and arroyo. At midnight 

during most of the summer, surface temperatures along the 

rocky slopes are typically 5°C warmer than surface 

temperatures on sandy or gravelly areas in the flats. High 

summer surface temperatures along the volcanic rocky slopes 

could limit thermoregulatory options for surface-active 

snakes on the study site and thereby influence their 

movements to more favorable thermal environments. 
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Communal hibernacula were not obviously used by snakes 

in this study; most snakes overwintered alone. One 

exception was two ~. molossus that were observed together 

over a 2-mo period within the same crevice on a steep rock 

slope. Individual snakes varied in their choice of 

overwintering sites. Most~. atrox (5 of 8) overwintered on 

east-facing rocky slopes; the remainder overwintered in 

burrows or packrat mounds on the Larrea flats and arroyos. 

Thermal Biology 

There were no obvious relationships between the type of 

habitat, shelter type, or year (88-89, 89-90, or 90-91) and 

the overwintering temperature maintained by ~. atrox. The 

most important factor contributing to temperature maintained 

by overwintering ~. atrox was the location of the snake 

within its overwintering shelter. The three ~. atrox with 

the highest overwintering TbRs were also observed on the 

surface more frequently during the day than the other radio

equipped ~. atrox. 
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The effect of daytime emergence from shelters was more 

dramatic on winter TbRs maintained by g. molossus. The 

three radio-implanted g. molossus monitored over the winters 

of 1989-1990 and 1990-1991 maintained mean TbRs of 20.00C. 

In nearly 50% of winter observations of radio-equipped g. 

molossus, snakes were on the surface, often alert and in the 

sun. In contrast, radio-equipped g. atrox and g. tigris 

were observed on the surface less than 10% of the time 

during the winter. Moreover, all g. molossus overwintered 

on relatively steep, southwest-facing volcanic rocky slopes 

(all other radio-implanted snakes that overwintered on rocky 

slopes were on northeast or east-facing slopes). These 

results indicate that Tb among overwintering rattlesnakes 

may vary significantly, and that variation may be a result 

of the amount of time spent on the surface. In addition, 

habitats that provide warm daytime surface temperatures by 

virtue of slope exposure may provide important opportunities 

for maintenance of increased Tb. 

Body temperatures experienced by overwintering snakes 

in this study (Fig. 4.8) are higher than those observed in 

Crotalus viridis in New Mexico (range = 6.0 - 13.0, x = 

10.6, Jacob and Painter 1980) and g. horridus in New York (x 

= 10.5, Brown 1982). Activity temperatures exhibited by 

snakes in this study (29.4 C) were similar to those 

exhibited by other species of Crotalus (Moore 1978, Brown et 

al. 1982, Lillywhite 1987), except g. cerastes, which has a 



mean activity temperature of 25.8 (Moore 1978). During sun 

basking, rattlesnakes maintained body temperatures similar 

to those maintained during activity (Fig. 4.9). These 

observations suggest that the thermal optima (around 30 C) 

are similar for both activity and digestion (Chapter 5). 

Activity Patterns 

Snakes exhibited seasonal changes is the time of day 

that they were active. Similar die 1 patterns of activity 

have been identified in g. atrox (Landreth 1973) and other 

snakes (Gibbons and Semlitsch 1987). 
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Few studies have sought to document actual distances 

traveled by free-ranging snakes. Most studies of Crotalus 

activity have documented seasonal migrations of snakes to 

and from winter hibernacula (Reinert and Kodrich 1982, Brown 

et ale 1982, Duvall et al 1985). These "dispersal" 

distances can be lengthy: 504 m in g. horridus (Brown et ale 

1982), 1400 m in g. atrox (Landreth 1973), and 5640 m in g. 

viridis (Gregory 1982, Duvall et ale 1985). During vernal 

migration, snakes monitored by Duvall et ale (1985) traveled 

5640 mover 15 days (376 mjday) but exhibited little 

activity during the midsummer. sistrurus catenatus 

radiotracked in western Pennysylvania for periods up to 50 d 

moved an average of 9.1 mjd (Reinert and Kodrich 1982). 

During their peak activity season (wet summer), snakes 

in this study traveled distances ranging from 45.4mjd (g. 

tigris) to 90.6 mjday (g. molossus). Although none of the 
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snakes in this study exhibited the lengthy vernal migrations 

of their more northerly counterparts, their movements 

throughout a longer activity season (Fig. 4.12A) suggest 

that rattlesnakes in the Sonoran Desert cover annual 

distances equivalent to, or greater than northern 

populations of Crotalus. 

Energetics 

In this study, the log of metabolic rate of Crotalus 

increased with the log of body mass at a ratio of 0.98:1 at 

25°C and 0.79:1 at 15°C (mass exponents = 0.98 and 0.79). 

The mass exponent at 25°C was higher (but non-significant, 

ANCOVA, F = 3.53, 0.5<p<.10) than expected based on data 

from other squamate reptiles (Andrews and Pough 1985). Mass 

exponents for squamates typically range around 0.80, but can 

vary considerably when calculated within a single species 

(Bennett and Dawson 1976, Andrews and Pough 1985, Chapter 

2) • 

Adjusted mean metabolic rates of Crotalus from this 

study differed significantly (ANCOVA, F = 162.7, p<O.OOl Fig 

4.14) from those of other squamates analyzed by Andrews and 

Pough (1985). Standard metabolic rates of rattlesnakes in 

this study were only 40% of those predicted from equation 

(2) that Andrews and Pough (1985) determined from 107 

species of other lizards and snakes. My estimate for SMR of 

Crotalus is comparable to that obtained for C. cerastes 
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Fig. 4.14. standard metabolic rates of Crotalus at 15 C and 
25 C contrasted with mean SMR of 107 species of other 
squamates at 25 C analyzed by Andrews and Pough (1985). 



(Secor, unpubl. data), boid snakes (Chappell and Ellis 

1987), and Heloderma (Chapter 2). 

The extremely low metabolic rates of Crotalus have 

important ecological consequences for their role as 

predators. An adult rattlesnake must consume a quantity of 

prey equivalent to only about 90% of its body mass to meet 

its annual maintenance demands. One adult Ammospermophilus 

harrisi, prey observed to be eaten by g. atrox on the study 

site (Osborn, pers. comm.) , would provide over half the 

annual energy budget of a 300 g g. atrox. Maintenance 

demands can be reduced further by limiting activity, 

remaining in cooler retreats, and limiting the amount of 

time on the surface in an alert posture. These behaviors 

were exibited by most snakes in this study during the 

extreme heat of late June. In addition, the ability of 

Crotalus to consume large meals, and its high storage 

capacity, enable this predator to subsist for considerable 

periods between meals. consequently, rattlesnakes may not 

be as strongly affected by temporary shortages of resources 

as are their mammalian prey, which have higher energy 

requirements. 

Due to their low energetic requirements, rattlesnakes 

might not be expected to significantly depress their prey 

populations. On the other hand, a given prey base can 

support a much greater population density of rattlesnakes 

than it could endothermic vertebrate predators such as 
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coyotes, foxes, and raptors. I did not attempt to determine 

rattlesnake population densities in this study. Density 

estimates of g. viridis range from < l/ha (Turner 1977) to 

2.5/ha (Diller and Johnson 1988) and 3.0/ha (Fitch 1949, 

Parker and Pluromer 1987). The only estimates of g. atrox 

densities in the Sonoran Desert (0.86 snakes, or 376 g/ha) 

are from Rosen (pers. corom.). In the Great Basin Desert, 

Crotalus viridis consumed 14% and 5-11% of the populations 

of juvenile ground squirrels and cottontail rabbits, 

respectively (Diller and Johnson 1988). Prey densities 

fluctuate considerably in the Sonoran Desert in response to 

highly variable rainfall (Harney, Petryszyn, pers. corom.). 

During dry years with low resource availability and low prey 

densities, prey populations could be strongly affected by 

rattlesnake predators. Long-term studies are badly needed 

to provide information on interactions between rattlesnakes 

and their vertebrate prey in desert ecosystems. 



SUMMARY 

CHAPTER 5 

THE EFFECT OF FEEDING ON THERMOREGULATION 

IN FREE-RANGING RATTLESNAKES 
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The effect of feeding on the thermoregulatory behavior 

of rattlesnakes was investigated in the Sonoran Desert with 

the use of temperature-sensing radiotransmitters. six 

snakes were fed meals (native rodents) averaging 34% of 

their body mass. Snake locations and body temperatures were 

closely monitored before and after feeding. Body 

temperatures of snakes that had eaten were compared with 

unfed controls and with environmental temperatures. 

Rattlesnakes exhibited preferences for elevated body 

temperatures following feeding, but the degree, timing, and 

duration of this response varied considerably. Body 

temperatures of fed snakes were significantly different from 

unfed controls only between 1300 and 1600 hrs. Thermal 

constraints in the snakes' environment and reclusive 

behavior following feeding were two factors limiting post

feeding thermophilic responses of snakes in this study. 

Although snakes that recently fed showed higher body 

temperatures than unfed controls, their body temperatures 

were similar to body temperatures maintained during 

activity. The physiological temperatures optimal for 



digesting and activity are apparently similar in 

rattlesnakes. 

INTRODUCTION 
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Body temperatures maintained by vertebrate ectotherms 

depend upon their body-temperature preferences and the 

options available in their thermal environments. The 

ability of many squamate reptiles to maintain relatively 

high and constant body temperatures has received 

considerable attention (Cowles and Bogert 1944, Brattstrom 

1965, Huey 1982). Observations that reptiles will maintain 

body temperature wit in a narrow range has been cited as 

evidence for a narrow zone of temperatures that optimizes 

all physiological functions (Huey and Stevenson 1979, Huey 

1982). In many cases, however, limitations of the thermal 

environment may reduce thermoregulatory precision in 

reptiles (Huey 1982, Peterson 1987). Thermoregulatory 

behavior may also be affected by factors such as age, sex, 

reproductive condition, infection, and feeding, which alter 

the set point for a preferred body temperature (Kitchell 

1969, Gibson and Falls 1979, Kluger 1979, Sanders and Jacob 

1981, Huey 1982, Beuchat 1986, Lillywhite 1987). 

Food ingestion has been shown in many laboratory 

studies to result in preferences for increased body 

temperatures in snakes (Saint Girons 1975, 1978, Huey 1982, 

Lillywhite 1987, Slip and Shine 1988, Gibson et al. 1989, 
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Lutterschmidt and Reinert 1990) and in other cases to elicit 

no thermophilic response (Kitchell 1969, Hammerson 1979, 

1989; Lysenko and Gillis 1980). The degree to which this 

behavior actually occurs in nature has not been 

demonstrated. Many reptiles seek refuge after feeding, 

possibly to reduce risks associated with increased 

vulnerability to predation. In nature, this behavior might 

result in reduced body temperatures because of exposure to 

lower environmental temperatures of subsurface refugia. 

Free-ranging snapping turtles in Canada sought shelter after 

feeding and exhibited no thermophlic response (Brown and 

Brooks 1991). Other squamates that maintain high activity 

temperatures ("heliothermsll) show no post-feeding 

thermophilic responses, possibly because they already 

exhibit relatively high temperature preferences (Hammerson 

1989) . 

This study was undertaken to determine if free-ranging 

rattlesnakes exhibit preferences for elevated body 

temperatures after feeding. Body temperatures of snakes 

that had eaten were compared with controls (unfed snakes) 

and with environmental temperatures. 

six rattlesnakes implanted with temperature-sensing 

radiotransmitters were fed during October and early 

November, just before most rattlesnakes begin a period of 

reduced activity and feeding during winter (Chapter 4). 

Cooler environmental temperatures at this time might limit 
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the daily period suitable for a snake to maintain an 

elevated body temperature. When environmental temperatures 

decrease below the preferred body temperature range, thermal 

options available for use by a thermoregulating snake become 

fewer (Huey 1982, Peterson 1987). For a snake to maintain 

an elevated body temperature at such times, thermoregulatory 

behaviors such as sun basking and postural adjustments 

should be more pronounced. In addition, differences in body 

temperatures between thermoregulating and 

non-thermoregulating snakes might be easier to detect. Such 

conditions provide an opportunity to illustrate potential 

constraints on thermoregulation and changes in body 

temperature preferences of free-ranging snakes after 

feeding. 

METHODS 

Study Area 

The study site is located in southeastern Arizona along 

the eastern edge of the Sonoran Desert. Vegetation is 

typical Arizona Upland Sonoran desertscrub. Dominant plants 

include: sahuaros (Carnegia gigantea), palo-verde (Cercidium 

microphyllum), creosotebush (Larrea tridentata), bursage 

(Ambrosia deltoidea), acacias (Acacia constricta, ~. 

greggi), and mesquite Prosophis juliflora. 

The western edge of the study area abuts rocky slopes 

along the foothills of the Tucson mountains. These slopes 
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grade into rocky flats and eventually into creosote 

bush-bursage flats along the edges of a wash that bisects 

the study area approximately 1 km E of the rocky slopes. 

East of the wash the site is dominated by creosotebush 

flats. Elevation ranges from 689 m (2260 ft) to 756 m (2480 

ft) . 

During the summer and fall, rattlesnakes forage in 

lower areas along the wash and in the flats. The majority 

of snakes move onto the rocky slopes during early November 

and remain there for most of March (Chapter 4). The snakes 

use as shelters crevices and depressions under rocks (on the 

slopes and rocky flats) burrows (under shrubs, in the open, 

and along the wash), and packrat mounds (along the wash and 

Larrea flats, Chapter 4). 

study Procedures 

Eight snakes, ranging in mass from 193 to 571 g, were 

used in this study (Table 5.1). These animals were 

surgically implanted with temperature-sensitive 

radiotransmitters in July, August, and September 1990. The 

radios (CHP-2P and IMP 200-L, Telonics, Mesa, Arizona) were 

calibrated in a water bath before implantation. The 

transmitters had a transmission range of 30 - 450 m (CHP-2P) 

or 250 - 3 km (IMP-200-L) depending upon the orientation of 

the snake, shelter characteristics, and topography. They 

transmitted under field conditions for a duration of 6 - 8 

months (CHP-2P) or 10 - 15 months (IMP-200-L). 
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Table 5.1. Rattlesnake body sizes and prey quantities fed to 
snakes. 

Snake Sex SVL (rnm) Total Body Mass Quantity % of Body 
Number Length (grams) Eaten (g) Weight 

atrox 9 d 945 1025 550 240 43.6 
atrox 15 d 959 1031 571 185 32.5 
mol. 3 Q 975 1037 418 188 45.0 
atrox 10 Q 690 721 193 86.9 45.0 
atrox 14 Q 678 711 200 43.0 21.5 
tigris 5 Q 811 875 252 40.0 15.9 
atrox 16 Q 791 860 401 0.0 0.0 
mol. 4 d 838 900 382 0.0 0.0 
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Transmitters were surgically implanted by anesthetizing 

snakes with ketamine hydrochloride (dosage = 100 mg/100 g) 

and making an incision between the 1st and 2nd row of dorsal 

scales, approximately 1/3 of the body length anterior to the 

vent. The dermis was separated from underlying tissue, the 

peritonium carefully opened and the radio placed within the 

peritoneal cavity. The peritoneum and dermis were closed 

with gut suture. Snakes were released at their capture 

locations on the study site within 72 hrs after surgery. 

Transmitters were removed from the snakes in the spring of 

1991 and re-calibrated. They were found to be accurate to 

within ± o.soc. All snakes were returned in good health to 

areas where they were initially captured. 

Feeding experiments took place October 12 - 20, and 

November 1 - 9, 1990. Four snakes were fed between October 

16 and 18; the remaining four (unfed) snakes were used as 

controls. Two additional snakes were fed on November 1; the 

remaining six unfed snakes were used as controls. Snake 

body temperatures, air temperatures at 1.5 m above the 

surface, and soil temperatures 1 cm below the surface in the 

open and under cover were recorded at bihourly intervals (or 

more frequently) between 0600 and 2400 hrs. Environmental 

temperatures were determined with the use of temperature

sensing radiotransmitters (IMP-200-L, Telonics) and a quick 

reading mercury thermometer (Miller and Weber Co.). 

Temperatures were monitored for a minimum of 2 days prior 
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to, and 3 days after, feeding. Body temperatures of snakes 

before and after feeding were compared with controls and 

with environmental temperatures. 

Prey fed to snakes included Neotoma albigula, 

Perognathus intermedius and ~ musculus trapped near the 

study area. Each snake was presented with a live mouse or 

rat on a cotton tether. After the snake struck its prey, 

the tether was removed, the prey placed nearby, and the 

snake allowed to swallow it undisturbed. For snakes that 

ate more than one item, additional prey were euthanized with 

a blow to the head and placed near the snake. Snakes ate 

quantities comprising between 15.9 and 45.0 % of their body 

weights (Table 5.1). (Interestingly, adult Neotoma albigula 

did not die within 30 min of being struck and envenomated by 

C. atrox; Neotoma have considerable resistance to the venom 

of C. atrox [Perez et al. 1978]. Crotalus atrox commonly 

cohabit with Neotoma albigula on the study site.) 

Data Analysis 

Of the environmental temperatures monitored in this 

study, ground temperature 1 cm below the surface under cover 

(Ts shade) most closely approximated the body temperature 

(Tb) of a non-thermoregulating snake. Therefore, surface 

shade temperatures were subtracted from snake body 

temperatures (Tb-Ts shade) to represent the degree to which 

a snake was thermoregulating. For statistical analyses, 

these differences were compared in snakes that had recently 
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eaten and the unfed control group. The null hypothesis that 

Tb - Ts shade did not differ between the fed snakes and the 

controls was tested by analysis of variance (2-level nested 

ANOVA). Bartlett's test was used to verify homogeneity of 

variances. Welsch's step-up procedure was used to determine 

significant differences among multiple means (Sokal and Rolf 

1981) 0 Significance was judged at the p = 0.05 level. 

Results are presented as mean ± one standard deviation. 

RESULTS 

Snakes that were fed appeared to digest their prey 

normally; none was observed to regurgitate. All six snakes 

in this study responded to feeding with elevated body 

temperatures, but this response was variable (Figs. 

5.1-5.3). Individuals that had recently eaten exhibited 

body temperatures up to 11.6°C higher than unfed controls at 

midday (Fig 5.3, atrox 15). Thermoregulatory differences 

between fed and unfed snakes were greatest between 1200 and 

1800 hrs (Fig. 5.4). Snakes that had eaten maintained mean 

body temperatures 2.3, 4.2, 3.9, and 1.4°C higher at 1200, 

1400, 1600, and 1800 hrs, respectively, than snakes that had 

not eaten (Fig. 5.5). These differences were statistically 

significant only between 1300 and 1600 hrs (ANOVA). Body 

temperatures of snakes that had recently eaten (mean SD = 
4.31) were more variable than unfed snakes (mean SD = 2.84). 

While basking after feeding, snakes maintained mean body 
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snakes on the surface. I-" 

IJ1 

" 
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temperatures of 31.0oC (± 2.24, range = 26.4 - 36.1, n = 

32), which were significantly higher than body temperatures 

of the unfed controls (x = 25.1 ± 2.81, range = 19.2 - 28.4) 

during the same period. The Tb selected during basking was 

slightly higher than, but similar to, the mean activity 

temperature of 29.4°C for these rattlesnakes (Chapter 4). 

Snakes that fed had lower Tbs than unfed controls between 

0600 and 0800 (Figs. 5.4 and 5.5). However, these 

differences were not statistically significant. 

All snakes retreated to subsurface refugia immediately 

after feeding. Some snakes (3 of 6) showed a thermophilic 

response the day after feeding, while the others exhibited a 

lag period of 1 to 3 days, during which time they sought 

refuge in shelters. Three snakes that ate in October 

emerged on the first day after feeding and exibited 

increased body temperatures (Figs. 5.1 and 5.2). During the 

November feeding period, environmental temperatures averaged 

approximately 12.5°C lower than during the October period. 

The two snakes that were fed in November showed a lag period 

of 2 - 3 days before emerging on the surface and exhibiting 

elevated body temperatures (Fig. 5.3). Snakes that sought 

refuge after feeding had mean body temperatures (18.7°C ± 

2.46, range = 14.4 - 22.4, n = 27) significantly lower (t 

test, p = .002) than temperatures of unfed snakes during the 

same period (x = 20.8 ± 2.00, n = 27). 
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Fig. 5.4. Mean differences between snake body temperatures 
and shaded surface temperatures recorded between Oct. 12-20 
and Nov. 1-6. Closed circles represent means of six snakes 
that were fed; open circles are means of unfed snakes (4 
snakes between Oct. 12-20, 6 snakes bet\V'een Nov 1-6). See 
text (methods) for details. 
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Fig. 5.5. Mean body temperatures of 6 snakes fed between 
Oct 12 and Nov 1 in comparison to 4-6 unfed controls. See 
text for details. 
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The duration of the thermophilic response (the period 

that fed snakes maintained Tb above unfed controls) ranged 

from 1 to 4 days (mean = approx. 2 days, Figs. 5.1 - 5.3). 

There was no correlation between snake body mass or meal 

size and the degree or duration of the thermophilic response 

after feeding. 

DISCUSSION 

Snakes in this study showed some preference for 

elevated body temperature after feeding, but the degree, 

timing, and duration of this response varied considerably. 

Two factors may be important in determining the variablilty 

of the post-feeding thermophilic response exibited by 

free-ranging rattlesnakes in this study: 1) the tendency of 

snakes to seek refuge after feeding, and 2) thermal 

constraints in the snakes' environment. 

All snakes retreated to shelters immediately after 

feeding, at which time their body temperatures were below 

those of unfed controls. In addition, snakes showed a 

tendency to remain relatively stationary for several days 

after feeding. Snakes that fed moved an average of 8.5 

mjday (± 12.1, range = 0.6 - 32.2) after feeding. In 

contrast, unfed snakes traveled an average of 28.5 mjday (± 

23.2, range = 5.0 - 63.3) during the same period. (An 

exception was the g. tigris, which traveled 290 m to its 

overwintering rock outcrop during nine days after it fed. 
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This snake ate the smallest quantity, 15.9% of body mass, of 

the 6 snakes that were fed in this study). 

After feeding, most snakes (4 of 6) used shelters less 

than 5 m from where they fed. All snakes that fed basked on 

the surface, usually between 1200 and 1800 hrs, near shelter 

entrances after feeding. These snakes retreated to shelters 

in the early evening, but remained close to the surface 

where they were visible to an observer. In contrast, unfed 

snakes, possibly due to their greater mobility, selected 

shelters with more stable thermal environments; their body 

temperatures while in refugia were less variable than snakes 

that had recently eaten. This observation contrasts with 

results obtained from laboratory studies where the variance 

in Tb decreases after feeding (Slip and Shine 1988). 

Elevated body temperatures of unfed snakes during activity, 

the majority of which ocurred between 1200 and 1700 hrs, may 

have somewhat reduced differences between body temperatures 

of recently fed snakes and unfed controls. 

Thermoregulation involves risks as well as benefits 

(Huey and Slatkin 1976). Garter snakes, Thamnophis g. 

sirtalis, may not elevate body temperatures after feeding 

because of increased risks of predation incurred while 

basking at exposed sites (Lysenko and Gillis 1980). In 

addition, snakes show reduced mobility, and hence reduced 

abilities for escape, after feeding (Garland and Arnold 

1983). The tendency of snakes in this study to reduce 



activity and seek shelter after feeding suggests that the 

risks of exposure to predators may sometimes outweigh 

potential benefits from surface basking and increased body 

temperatures. 
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Snakes were unable to behaviorally thermoregulate to 

within their preferred body temperature (around 30 C) until 

surface temperatures rose above 28°C. These conditions were 

not met until after 0900 for the October sample, and nearly 

1200 hrs on most days that snakes were monitored in early 

November. Surface temperatures never exceeded 28°C on 

November 2; no snakes were observed thermoregulating on the 

surface that day. After 1800 hrs on most days, surface 

temperatures fell below 28°Ci snakes were prevented from 

achieving preferred body temperatures after this time, and 

Tbs of fed snakes were not different from unfed controls. 

Environmental constraints have important consequences 

for the thermal options and, consequently, the 

thermoregulatory behavior of other reptiles (Huey 1982, 

Peterson 1987, Huey et al. 1989). Free-ranging garter 

snakes in wet and semiarid temperate regions are usually 

unable to attain preferred body temperatures due to thermal 

limitations of the physical environment (Peterson 1987). My 

results indicate that environmental constraints may also 

influence post-feeding thermoregulatory behavior in Sonoran 

Desert rattlesnakes. 
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Several studies have shown that under laboratory 

conditions, snakes maintain higher body temperatures or 

select warmer thermal regimes after feeding (review in Lang 

1979, Lillywhite 1987, Slip and Shine 1988, Lutterschmidt 

and Reinert 1990). To my knowledge this study is the first 

to investigate this response in snakes under field 

conditions. In laboratory gradients, fed snakes have been 

observed to maintain body temperatures 2 to 5°C above unfed 

snakes (Lysenko and Gillis 1979, Slip and Shine 1988). 

These values are similar to the responses shown by fed 

rattlensakes in this study. Thermophilic responses of 

colubrid snakes occur immediately after feeding and usually 

last only 1 day (Lysenko and Gillis 1980, Gibson et al. 

1989). Larger-bodied snakes (boids and viperids) have been 

shown to exhibit elevated Tb for up to several days after 

feeding (Regal 1966, Saint Girons 1975, 1978, Slip and Shine 

1988); my field observations are in agreement with these 

findings. 

The lag periods (up to three days) between feeding and 

thermophilic response exhibited by snakes in my study have 

not been reported in laboratory studies. They may have been 

due to low environmental temperatures at the time, and 

consequent reduction in the rate of physiological response 

mechanisms (stomach stretch receptors, etc). In addition, 

if preferred temperatures cannot be obtained, reduced body 

temperatures could be advantageous for slowing putrification 



of food until the thermal environment allows more optimal 

body temperatures to be achieved. 
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The functional significance of elevated Tb after 

feeding in reptiles has been attributed to enhanced 

assimilation efficiency, rate of passage, procurement of 

energy, and reduced chance of putrification and 

regurgitation of food at higher body temperatures (Cowles 

and Bogert 1944, Greenwald and Kanter 1979, Lysenko and 

Gillis 1980, Slip and Shine 1988, Gibson et al. 1989). Some 

squamate reptiles do not exhibit a post-feeding thermophilic 

response (Kitchell 1969, Hammerson 1979, 1989; Lysenko and 

Gillis 1980). Two free-ranging Gila monsters equipped with 

temperature-sensing radiotransmitters and observed to ingest 

quantities of food equivalent to 33% of their body masses, 

retreated to shelters after feeding and remained there for 2 

to 3 weeks without exhibiting a post-feeding thermophilic 

response (D. Beck, unpubl). In the racer, Masticophis 

lateralis, the absence of a post-feeding thermophilic 

response has been attributed to its preference for high body 

temperatures during activity; a further elevated Tb 

following feeding "may not be necessary for efficient 

digestion" (Hammerson 1979,1989). 

The various physiological processes of an ectotherm may 

not necessarily function best at the same temperature (Huey 

and Stevenson 1979, Huey 1982). The idea of multiple 

physiological optimal temperatures in reptiles was in part 
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borne from observations that after feeding, some reptiles 

select higher body temperatures (Huey 1982). However, the 

elevated temperatures selected by some reptiles after 

feeding do not appear to be significantly different than 

other thermal optima, e.g. activity temperatures. Snakes in 

a laboratory gradient will select higher temperatures after 

feeding but will also select similar temperatures for 

activity (Hammerson 1989). Most studies demonstrating 

thermophilic responses in snakes have compared fed snakes 

with inactive, fasting snakes. During inactivity, many 

reptiles will select reduced body temperatures (Regal 1967). 

Rattlesnakes in this study exhibited thermophilic 

responses after feeding when compared with snakes that had 

not eaten, the majority of which were inactive. During 

activity, rattlesnake body temperatures on the study site 

averaged 29.4°C (± 2.31, Chapter 4), which was similar to 

the mean Tb (31.0, ± 2.24) maintained by rattlesnakes sun

basking after feeding. Had I attempted to test for a post

feeding thermophilic response during a warmer season (e.g in 

July or August, also the period of peak activity) a positive 

result would have been much more difficult to obtain. Since 

rattlesnakes have similar thermal preferences for both 

digestion and activity, this study does not provide support 

for the existence of different physiological optimal 

temperatures for these two processes. 
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Appendix 1.--Dates of sequential shelter use 
(day/month/yr) by R. horridum as shown in Figs. 1.2 and 1.3. 
Numbers preceding dates below correspond to shelter numbers. 

CBL1: 1 = 20/7/86, 2 = 25/7/86, 3 = 26/7/86, 4 = 
28/7/86, 5 = 30/7/86, 6 = 31/7/86, 7 = 1/8/86, 8 = 10/1/87, 
9 = 11/1/87, 10 = 5/5/87, 11 = 6/5/87, 12 = 7/5/87, 13 = 
10/5/87, 14 = 14/5/87, 15 = 16/5/87, 16 = 19/5/87, 17 = 
22/5/87, 18 = 25/5/87, 19 = 25/5/87, 20 = 4/6/87, 21 = 
8/6/87, 22 = 9/6/87, 23 = 12/6/87, 24 = 13/6/87, 25 = 
15/6/87, 26 = 18/6/87, 27 = 20/6/87, 28 = 23/6/87, 29 = 
8/7/87, 30 = 9/7/87, 31 = 11/7/87, 32 = 13/7/87, 33 = 
14/7/87, 34 = 16/7/87, 35 = 19/7/87, 36 = 22/7/87, 37 = 
13/10/87, 38 = 16/10/87, 39 = 18/10/87, 40 = 21/10/87. 

CBL6: 0 = 7/5/87, 1 = 8/5/87, 2 = 9/5/87, 3 = 10/5/87, 
4 = 14/5/87, 5 = 14/5/87, 6 = 15/5/87, 7 = 18/5/87, 8 = 
20/5/87, 9 = 21/5/87, 10 = 24/5/87, 11 = 24/5/87, 12 = 
25/5/87, 13 = 26/5/87, 14 = 30/5/87, 15 = 1/6/87, 16 = 
6/6/87, 17 = 7/6/87, 18 = 10/6/87, 19 = 14/6/87, 20 = 
16/6/87, 21 = 16/6/87, 22 = 18/6/87, 23 = 21/6/87, 24 = 
23/6/87, 25 = 8/7/87, 26 = 11/7/87, 27 = 12/7/87, 28 = 
13/7/87, 29 = 17/7/87, 30 = 19/7/87. 

CBL7: 0 = 10/5/87, 1 = 11/5/87, 2 = 15/5/87, 3 = 
17/5/87, 4 = 20/5/87, 5 = 22/5/87, 6 = 23/5/87, 7 = 25/5/87, 
8 = 29/5/87, 9 = 31/5/7, 10 = 1/6/87, 11 = 6/6/87, 12 = 
6/6/87, 13 = 7/6/87, 14 = 7/6/87, 15 = 8/6/87, 16 = 13/6/87, 
17 = 15/6/87, 18 = 18/6/87, 19 = 18/6/87, 20 = 19/6/87, 21 = 
7/7/87, 22 = 11/7/87, 23 = 14/7/87, 24 = 16/7/87, 25 = 
17/7/87, 26 = 21/7/87, 27 = 13/10/87, 28 = 15/10/87, 29 = 
18/10/87, 30 = 13/1/88, 31 = 18/1/88. 

CBL10: 1 = 19/5/87, 2 = 12/5/88, 3 = 14/5/88, 4 = 
29/8/88, 5 = 30/8/88, 6 = 31/8/88, 7 = 3/9/88, 8 = 7/9/88, 9 
= 8/9/88, 10 = 9/9/88, 11 = 10/9/88, 12 = 2/3/89, 13 = 
3/3/89, 14 = 5/3/89, 15 = 7/3/89. 

CBL14: 1 = 9/5/88, 2 = 12/5/88, 3 = 29/8/88, 4 = 
31/8/88, 5 = 3/9/88. 

CBL15: 1 = 11/5/88, 2 = 14/5/88, 3 = 17/5/88, 4 = 
18/5/88, 5 = 19/5/88, 6 = 29/8/88, 7 = 5/9/88, 8 = 10/9/88, 
9 = 30/12/88, 10 =3/3/89, 11 = 6/3/89, 12 = 7/3/89. 



Appendix 2. Results of treadmill performance of 12 Heloderma horridum and 78 lie suspectum (h = lie 
horridum and s = lie suspectum; c = captivity, w = wild; Tb)-Hit = body temperature at beginning of trial, 
Tb f - at = body temperature at end of trial). V02 at 0.4 km r was calculated only on animals that ran> 
20 WLn; the lowest 5 and 10 minute periods of ° consumption are shown. V02 max was interpreted as the 
highest 02 consumption over a 2 minute interval a~ 0.8-1.0 km/hr measured on either of 2 consecutive days. 
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