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ABSTRACT—Venomous reptilian predators may reach top-order predator status in warm desert ecosystems. While syntopic and sympatric reptiles typically partition resources such as habitat and prey species, few studies have been published on co-occurring species in the American deserts. Here, we examined the temporal and spatial ecology, habitat use, condition, and diet of four sympatric species of venomous reptiles at Tonto National Monument, Arizona, U.S.A.: three species of large-bodied rattlesnakes (Western Diamondback Crotalus atrox, Northern Blacktail C. molossus molossus, and Arizona Black C. cerberus), and a large-bodied lizard, the Gila Monster (Heloderma suspectum). The potential mechanism(s) for spatial and temporal co-existence of these taxa are largely unexplored. Activity ranges overlapped among species and differed only subtly in size at the home (activity) range and core-use (estimated by 50% probability kernel) scales. Activity season of all four species differed in length. The species were found to partition habitat at both the parkwide (landscape) and individual levels. Crotalus molossus appeared to be the most habitat restricted, C. cerberus focused activities in more mesic habitat types, and H. suspectum used the broadest range of vegetation associations. During the active season, C. atrox used habitats with less canopy cover, primarily in the lowland bajada areas, while C. molossus and C. cerberus were found in the densest habitats, primarily in the uplands. In all taxa, most hibernation locations were in upland habitats. Crotalus atrox was the most likely to be found within human-developed habitats, while C. cerberus was rarely found in those settings. There was no evidence of differences in body condition or female reproductive frequency between the species. There was little evidence of dietary partitioning between the rattlesnake species; however, field observations showed prey ontogeny differences between H. suspectum and the rattlesnakes. We conclude with management recommendations for each species. 

Introduction
The trophic roles and importance of terrestrial ectothermic vertebrates in warm ecosystems (primarily deserts and tropics) are well-documented (Fitch, 1948; Kotler et al., 1993; Dial and Roughgarden, 1995; Rodda et al., 1999; Schmitz et al., 2000; Shine and Bonnet, 2000; Brischoux et al., 2007). In such systems, ectothermic predators such as reptiles and amphibians can reach top-order status by virtue of their size, foraging strategies, and/or potential for achieving high densities (Losos and Greene, 1988; Spiller and Schoener, 1994; Lindell and Forsman, 1996; Madsen and Shine, 1996; Van Valkenburgh and Molnar, 2002; reviewed in Nowak et al., 2008). 

In systems where multiple ectothermic predators feeding at the same trophic level co-occur, there is the potential for competition between species that occupy similar niches (Hutchinson, 1978), particularly when the species are closely related or dietary overlap is high (Pianka, 1973; Huey and Pianka, 1981; Luiselli et al., 1999; Luiselli, 2006). Syntopic species (defined as two or more related species which occupy the same locality in a landscape; Rivas, 1964) are typically able to coexist through resource and/or temporal partitioning (Schoener, 1974; Kotler et al, 1992; Luiselli, 2007b). Coexistence for snake predators is typically structured by differences in prey use, habitat use, and/or seasonal or diel activity patterns (Madsen and Shine, 1996; Pearson et al., 2002; Luiselli, 2006 and references therein; Luiselli et al., 2007; Goodyear and Pianka, 2008). Also, lizard species are thought to coexist through differences in activity patterns and habitat use and, especially, foraging mode, prey size, and body size (Pianka, 1973; Huey and Pianka, 1981; Shine, 1991; Sears and Angilletta, 2003; Luiselli, 2007a).

Venomous reptilian predators represent unconventional models for the study of sympatry given their role in certain terrestrial ecosystems as top predators and their unique foraging modes, tendency to eat large meals, and physical capacity for energy storage (Greene, 1992; Beck, 2005; Nowak et al., 2008). In contrast to other snake species, which more commonly co-exist through dietary partitioning (Luiselli, 2006), syntopic viperid snakes (Viperidae) typically co-exist through habitat partitioning (Pough, 1966; Beck, 1995; Luiselli et al., 2007). Far less is known, however, about co-occurring vipers (rattlesnakes; Crotalus spp.) and their association with other venomous predators, such as the Gila Monster (Helodermatidae; Heloderma suspectum). Although Balderas-Valdivia and Ramírez-Bautista (2005) have intimated ecological relationships based on the defensive behavior of beaded lizards (Heloderma horridum) in response to sympatric snake species, there are only a few (all unpublished) studies that have examined the ecology of syntopic rattlesnakes and H. suspectum (unpublished data of D.F. DeNardo, M. Goode, R.A. Repp, and G.W. Schuett and colleagues). 

The ecological requirements of venomous squamates are of concern in the southwestern United States (U.S.A.) owing to the potential for dangerous bites to humans (Hardy, 1986; Greene and Campbell, 1992; Hardy et al., 2000; Clemann et al., 2004; McCrystal and Ivanyi, 2008 in press). In public areas such as national parks (Nowak et al., 2002; Kwiatkowski et al., 2008), where managers work to ensure the safety of visitors while at the same time protecting wildlife and other natural resources (Nowak and van Riper, 1999), venomous species management is of special concern. Translocation of these species is generally ineffective (Nowak et al., 2002; Sullivan et al., 2004; Brown et al., 2009); thus understanding resource partitioning in co-occurring venomous species, especially their use of human-developed habitats, is of particular importance. 

The purpose of this study was to examine the spatial and temporal ecology, macro- and microhabitat use, body condition and frequency of reproduction (in rattlesnakes only), and diet of four syntopic species of venomous reptilian predators at Tonto National Monument (Tonto NM), Arizona (U.S.A.). Our work was initiated following a grant from the National Park Service’s Natural Resource Preservation Program (NRPP, Small Parks Block) to study rare and/or sensitive venomous reptile species at Tonto NM. The subjects were three large-bodied rattlesnakes (western diamond-backed rattlesnake Crotalus atrox, black-tailed rattlesnake C. molossus, and Arizona black rattlesnake C. cerberus), and the Gila monster (Heloderma suspectum), a large-bodied lizard; only in limited regions of Arizona do these four top predators co-occur. Living within a relatively small area (< 5 km2) within a protected area at Tonto NM, these predators potentially compete with each other for resources, including foraging locations and shelter sites (e.g., as described for the species separately in Beck, 1995, 2005; Nowak and van Riper, 1999; Nowak, 2005a; Schofer, 2007) and possibly prey (e.g., in Klauber, 1972; Beavers, 1976; Schuett et al., 2002; Beck, 2005; Schofer, 2007). Importantly, we present data for one of the first two telemetric investigations of C. cerberus (see also Schofer, 2007), currently viewed as a full species and thus distinct from C. viridis (Douglas et al., 2002; Crother et al., 2008). We conclude with management implications for venomous reptiles at Tonto National Monument. 

Methods
Study Area— Tonto National Monument (Tonto NM) is located in western Gila County, Arizona (Figure 1), at 32 degrees latitude, is approximately 461 hectares (ha), and ranges from 695 m to 1,230 m in elevation. The topography of the south region (roughly half of the park) is dominated by rugged cliffs rising from steep, dry washes; one large wash (Cave Wash) contains a short (< 100m) section of spring-fed surface water. In the north half of the park, lowland (bajada) areas are characterized by rock-strewn (primarily cobble and boulder) floodplains and flatter washes. Developed areas (paved roads, visitor center, visitor trails, ancient ruins, and present-day residences) make up a minority of the protected acreage, although a state highway (SR 188) cuts through its northern boundary. The park is bordered by undeveloped U.S. Forest Service land. 

The main vegetation types are native associations within the Upland subdivision of the Sonoran Desert (Sonoran Desertscrub and Semidesert Grassland), with a minority of acreage covered by Interior Chaparral (Turner and Brown, 1994; Jenkins et al., 1995). Larger washes include Sonoran Riparian Woodland and Interior Southwest Riparian Deciduous Forest and Woodland communities (Minckley and Brown, 1994; Jenkins et al., 1995).
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Figure 1. Location of Tonto National Monument, Arizona, U.S.A. 

Co-occurring (resident) endothermic predators feeding at the same trophic level include the coyote (Canis latrans), grey fox (Urocyon cinereoagenteus), bobcat (Lynx rufus), badger (Taxidea taxus), ringtail (Bassariscus astutus), common black-hawk (Buteogallus anthracinus), red-tailed hawk (Buteo jamaicensis), and Cooper’s hawk (Accipiter cooperii) (see Albrecht et al., 2007). Co-occurring snakes feeding at the same trophic level include the gophersnake (Pituophis catenifer), common kingsnake (Lampropeltis getula), and coachwhip (Masticophis flagellum; see Albrecht et al., 2007).

Reptile Capture and Telemetry— Venomous reptiles were captured opportunistically by researchers and trained monument staff in 2003 (three rattlesnake species) and 2004-2007 (rattlesnakes and Gila Monsters). For subsequent identification, we injected a passive integrated transponder (PIT) tag into the ventral or lateral peritoneum of each animal using field-sterile procedures (after Jemison et al., 1995) and used non-toxic permanent markers to paint unique color combinations on the ventral surface of the three basal rattle segments in rattlesnakes (e.g., Nowak and van Riper, 1999). 

We held a subset of adult males and females for intra-coelomic implantation of radio-transmitters within 48 hours of capture, including five f (female) and 15 m (male) western diamond-backed rattlesnakes, 1 f and 2 m black-tailed rattlesnakes, 1 f and 6 m Arizona Black rattlesnakes, and 6 f and 7 m Gila Monsters (Table 1). We used temperature-sensing implantable radio transmitters from Holohil Systems, Ltd. (Ontario, Canada), ranging in weight from 9 to 20 grams (less than 5% of the subject’s body weight), with transmitting life averaging 24 months (range: 12-36 months). Procedures for anesthesia, preparation, and sterile surgery for rattlesnakes followed Hardy and Greene (1999), with the following modifications: surgeries were generally performed at veterinary hospitals, and anesthesia (isoflurane) was administered via tracheal entubation or a head-covering mask during surgery. Radio-transmitter implantation surgeries for H. suspectum followed Hardy and Greene (1999), with modifications by D. DeNardo (unpublished). After surgery, all animals were given saline infusions equal to 5% of the body weight to ensure replacement of any lost fluids, and reptile-specific doses of antibiotics (Baytril or Amikacin) to help prevent infection. We returned all animals to their original capture area after initial recovery, after which we attempted to determine their positions at least once per week during the active period (generally mid March to late October) and several times during the hibernation period. We used a global positioning system unit (GPS) to record animal positions in Universal Transverse Mercator (UTM) coordinates in the NAD 27 datum. 

Statistical Analyses— Our statistical methods followed Sokal and Rohlf (1981) and Neter et al. (1990) using JMP Version 7 (SAS Institute, 2007; Cary, North Carolina). We inspected all data for outliers, homogeneity of variance, and normality; where possible, non-normal data were transformed to normal or Poisson distributions. Statistical significance was determined using two-tailed tests, with the alpha-level set at 0.05. Means are reported as ± one standard error. For parametric data analyses, we verified homogeneity of variance, and where possible, non-normally distributed data were log-transformed. For each species, extra-experimental effects of year and sex were examined, and data were pooled where possible. We examined the effect of species and sex using repeated-measures ANOVA. Post-hoc tests were conducted using nonparametric Kruskal-Wallis ANOVA, Wilcoxon Rank-Sum t-tests, or contingency tests. Macrohabitat (vegetation association) use was compared to available habitat using Chi-square tests.

Activity Range Calculations— We estimated annual home range size (including active and hibernation periods) using the minimum convex polygon method (MCP; White and Garrott, 1990; Powell, 2000) by the Animal Movement (Hooge and Eichenlaub, 1999) and XTools (DeLaune, 2003) extensions in ArcView 3.3 (Environmental Systems Research Institute, 2002). Visual inspection of the telemetry data showed that home range size generally increased with the number of locations determined for an individual animal (White and Garrott, 1990), especially in male rattlesnakes. Inspection of the summer active season activity ranges for C. atrox showed a plateau in range size for males at 25 locations, for females at 20 locations, and for H. suspectum at 31 locations (unpublished data); these minimum number of locations were used as minimum values for subsequent home range comparisons. For animals during years with at least 30 locations (Seaman et al., 1999), we determined core use areas (estimated by 50% probability kernels). Probability kernel estimators were calculated through least-square cross validation (LSCV; Worton, 1989; Powell, 2000) by adjusting the smoothing parameter h until the 95% probability kernel equaled the 100% MCP estimate (Row and Blouin-Demers, 2006).

Using individual animals’ locations, we also visually estimated the distance to human-developed habitats (trails and buildings—i.e., visitor center and staff housing) in the field for each species during the active season.

Timing of Ingress and Egress— We determined ingress dates for each telemetered animal each year as the first date in which animals stopped moving in the fall at its presumed hibernation site; these were typically the latest dates of ingress, because animals were not tracked every day. In the spring, egress dates were determined as the first day during which an animal was seen active outside its hibernaculum and/or moved more than 7 m from the hibernation location; these are also the latest dates possible.

Habitat Use— We analyzed habitat use across years at two scales: i) extensive (park or landscape level); and ii) intensive (organismal level; Slobodkin, 1992). Initial inspection of macrohabitat data revealed that expected frequencies were too low to allow statistically valid analyses (e.g., Sokal and Rohlf, 1981) at the level of the vegetative subassociation; thus macrohabitat use was examined by overlaying animal locations on five vegetation associations (Jenkins et al., 1995). Within the jojoba (Simmondsia chinensis)-mixed scrub association, three subassociations were characteristic of upland habitats, while two (foothill paloverde Cercidium microphyllum -wolfberry Lycium fremontii-jojoba S. chinensis and jojoba-broom snakeweed Gutierrzia sarothrae-wolfberry, i.e., “jojoba-transition”) were characteristic of lowlands. The upland/lowland geographic difference is biologically relevant to venomous reptiles (e.g., Beck, 1995), thus subsequent macrohabitat analyses included five vegetation associations and the two lowland subassociations. We divided the upland jojoba-mixed scrub habitat into subassociations for analysis of a subset of animal species. The number of locations of telemetered animals in each vegetation association during the active and hibernation seasons was calculated in ArcGis 9.2 (Environmental Systems Research Institute, 2008). We determined available habitat by calculating the area of each vegetation association polygon within a “super-home range” defined by a 95% MCP of all animals’ locations within the park (Hooge and Eichenlaub, 1999). The observed number of telemetered animal locations falling within each vegetation association was compared to the number expected based on the proportion of available habitat during the active and hibernation seasons for each venomous species. To determine if habitat use by telemetered animals was representative of all venomous reptiles captured in the park, we compared the proportion of each species’ locations in each vegetation association during the active season between telemetered and PIT-tagged, nontelemetered animals.
We examined microhabitat use at the scale of individual animal at a subsample of ten telemetry locations during the active season for three species (C. atrox, C. cerberus, and C. molossus) in 2003 and again for three species (C. atrox, C. cerberus, and H. suspectum) in 2007, generally following the methods of Reinert (1984, 1993). Locations were selected using a stratified random procedure, and habitat and abiotic features were examined at a circular 2-m plot centered on the location after the animal had moved away (“animal use plot”). These were compared to random (reference) plots: in 2003 ten reference plots representing all three species were chosen at a random distance and a random bearing from the animal use plot; in 2007 each reference plot was located within 200 m of an animal use location to maximize the probability of pairs from similar vegetation associations. No plots were within the park housing area. At each location, we recorded seven specific variables based on field-observation-derived predictions that they would vary between species: (1) landform; 2) number of open burrows  (0-10 cm and >10 cm) in the plot (thought to be important to Gila Monsters); 3) if not in the plot, estimated distance class to the closest human developed area, free water, and rock outcrop (1-10, 10-50, 50-100, 100-250, > 250 m); 4) indices of humidity and temperature (shaded relative humidity or temperature at 1.5 m height minus the shaded reading on the ground; thought to be important for more mesic-adapted species); 5) height (< 10 cm, 10-30 cm, >30 cm-, 2 m, >2-5m, >5-10 m, >10-25 m, >25 m) and diameter at breast height (dbh) size classes of trees and shrubs; 6) cover of dead or nonvascular materials (sand/bare soil, gravel, rubble, boulder, outcrop/bedrock, lichen/moss and cryptobiotic soils, leaf litter, woody debris) or live vascular plant species below 1.5 m (“ground”) and above 1.5 m (canopy) height; and 7) relative amount of canopy cover out of a possible 100%. Cover of each abiotic category or plant species was estimated from the proportion of the two most visually conspicuous types or species over ten point-intercept densitometer readings (Geographic Resource Solutions, Arcata, CA) along two perpendicular plot transects (Stumpf, 1993). 

Reference plots were found to differ significantly for some microhabitat variables between and within years; thus we analyzed use versus availability separately for each year within species using paired t-tests or nonparametric tests. Because of these limitations of the data, we used univariate methods to assess differences in habitat use, rather than more preferred multivariate methods involving discriminant function analyses (e.g., Reinert, 1993). Habitat variables found to be significant for more than one species across years were used to compare habitat use among species, using logistic or linear regression under repeated measures ANOVA, with individuals nested within species (Reinert, 1984). 
Slope and Aspect— We determined slope and aspect (both in degrees) for each animal location using ArcGis 9.2 (Environmental Systems Research Institute, 2008). We compared mean slopes among species separately during the active and hibernation seasons. Following Dickson and Beier (2002), we reclassified aspect into four cardinal directions: north (315-44°), east (45-134°), south (135-224°), and west (225-314°), and compared direction among species within the active and hibernation seasons. 

Body Size and Condition— We hypothesized that some species might have lower body condition (be thinner) as a result of competition, or have more ectoparasites by virtue of habitat location, which might also influence condition (D. DeNardo, oral commun. 2007). We further hypothesized that telemetered animals might be in poorer condition because of unknown effects of carrying radio transmitters when compared to untelemetered animals. When possible, we recaptured, weighed, and measured telemetered animals just after egress from hibernation, once during mid-summer, and prior to ingress, to assess body condition. We compared body sizes for male and female rattlesnakes among species through regression of the natural log-transformed body mass (log mass) to snout-vent length (log SVL, e.g, Nowak et al., 2002; Neter et al., 1990). We used the logarithmic residuals of mass to SVL as an index of condition and compared condition among species, as well as telemetered and untelemetered captures within species. For gravid females, we also directly measured fitness as frequency of successful reproduction events and by estimation of litter or clutch size through gentle palpation of gravid individuals. We also counted deer or seed ticks (unknown species) on all animals captured as an index of ectoparasite load. 

Available Rodent Prey and Diet— We trapped small mammals at nine grids in 2003-2004 and two grids in 2005-2006. Grids were located in both upland (wash/ridge) and lowland (bajada) habitats, and each was at least 125 m from others to reduce the probability of rodents moving among grids. Each grid consisted of 25 trap stations arranged 15 m apart in a 5 X 5 square array. We used 7.6 x 8.9 x 22.9 cm Sherman live traps (H.B. Sherman Traps, Tallahassee, Florida) baited with a mixture of peanuts, sunflower seeds, and oats. Trapping was conducted over several five-day blocks during April to September, for a total of 15 trapping sessions and 6,550 trap-nights. Rodents were individually marked; for all analyses, animals which may have been previously captured or escaped were excluded. The proportion of unique individuals of each species trapped was used as an estimate of the relative availability of rodent prey species. The number of each prey species expected in the predators’ diets was calculated by multiplying the proportion of each prey species trapped by the total number of prey occurrences in each species’ scats. The total number of occurrences of prey species in the scats of each venomous species was compared to that expected using Chi-square tests.  
To determine if our trapping results for potential prey species corresponded to actual prey use, we collected venomous reptile scat samples opportunistically between 2003 and 2007 and stored these either dried or in 70% isopropyl alcohol or 95% ethanol. Hairs were pulled from trapped small mammals, lagomorph road kills, and/or specimens at the Northern Arizona Vertebrate Collections and used as reference samples. Mammalian guard hairs were cleaned with dish detergent, dried and separated out using Formula 83©, and mounted on slides using Flo-texx Mounting Medium (CBG Biotech, Ltd., Oakwood Village, Ohio; S. Puerarch, written commun. 2008). Microscopic comparison of cuticle scale patterns, medullary structure, and size of hairs in scat samples to that of the reference collections was used to identify diet samples to genus or species (e.g., Moore et al., 1974; summarized in Quick et al., 2005). Reptile scales were compared with museum collections for identification to genus. To determine rodent prey use versus availability, the proportion of species or genera in scat samples was compared to the proportion of captures during trapping. Prey species taken were compared across venomous species. 

Results
Venomous Reptile Captures— Venomous reptile species at Tonto were not equally likely to be detected or captured. There were a total of 88 captures of C. atrox representing 76 individuals (some animals were captured more than once), 29 captures of C. molossus (23 individuals), 10 captures of C. cerberus (10 individuals), and 42 captures of H. suspectum (27 individuals) (Table 1). 

Locations and Activity Range Size— Mean number of locations per animal per year were significantly higher during 2004 compared to other years for C. atrox (X2= 9.84, p= 0.02) and H. suspectum (X2= 12.15, p= 0.007), but not for the species with comparatively fewer individuals across years: C. molossus (X2= 4.41, p= 0.11) and C. cerberus (X2= 7.35, p= 0.06) (Appendix 1, Table A).  Point locations for all telemetered species during the active season and during the hibernation period are shown in Figure 2a-e. A total of 33 C. atrox locations, 28 C. cerberus locations, and 20 H. suspectum locations were located outside park boundaries; these were used for home range and core use area calculations but not included in habitat analyses. 

Of all the species, C. atrox was the most likely to have detections (nontelemetered animals) and locations (telemetered animals) in or near human-developed areas (i.e., staff housing area or visitor center), followed by H. suspectum. Telemetered C. molossus had some locations near the Lower Cliff Dwelling trail and the visitor center but were rarely found close to buildings, and both telemetered and nontelemetered C. cerberus were not found in any human-developed areas except along the Upper Cliff Dwelling trail in the riparian area (Arizona Sycamore vegetation association).

Table 1. Number of different individuals captured and total number of captures (including animals captured more than one time but excluding recaptures of telemetered animals) for western diamond-backed rattlesnake (Crotalus atrox), black-tailed rattlesnake (C. molossus), and Arizona Black rattlesnake (C. cerberus), between 2003 and 2007, and for Gila monster (H. suspectum) between 2004 and 2007, at Tonto National Monument, Gila County, Arizona. Captures for each species are broken out by age and sex. “F” indicates female, “M” indicates male, “U” indicates unverified; numbers in parentheses indicate number of adults telemetered. For C. atrox and C. molossus, “neonate” animals were < 350 mm long, and adults were > 600 mm; for C. cerberus neonate animals were < 350 mm, and adults were > 535 mm; and for Gila monsters, neonate animals were < 150 mm, and adults were > 277 mm. 
	Species
	Number of Neonates 
	Number of 

Juveniles
	Number of 

Adults
	Total Number of Captures

	
	F
	M
	U
	F
	M
	U
	F
	M
	U
	

	C. atrox

(2003-2007)
	3
	3
	5
	-
	3
	-
	24 

(5)
	36 

(15)
	-
	88

	C. molossus

(2003-2007)
	-
	-
	-
	-
	-
	-
	8 

(1)
	14 

(2)
	1
	29

	C. cerberus

(2003-2007)
	-
	1
	-
	-
	-
	-
	3 

(1)
	6 

(6)
	-
	10

	H. suspectum

(2004-2007)
	-
	-
	2
	2
	-
	6
	6 

(6)  
	9 

(7)  
	2
	42


a. Crotalus atrox 
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b. Crotalus molossus
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c. Crotalus cerberus
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 d. Heloderma suspectum
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e. All species hibernation locations
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Figure 2.  Locations of individual adult telemetered venomous reptiles at Tonto National Monument, Arizona, in 2003-2007 during the active season: (a) Crotalus atrox (n=20); (b) C. molossus (n=3); (c) C. cerberus (n=7); and (d) Heloderma suspectum (n=13). Individuals are represented by distinct colors. Also shown are hibernation locations (den sites) of individuals during the hibernation period, with 2003-2007 combined for all species (e). Stars indicate locations where one animal used the same site in multiple years; triangles indicate locations where two or individuals shared a site during the same year.

There was no significant effect of year on home range sizes for any species (C. atrox F= 1.59, p= 0.21; C. molossus X2= 0.43, p= 0.81 (X2 was used because of small sample sizes in this species); C. cerberus F= 0.57, p= 0.66; H. suspectum F= 1.59, p= 0.23); therefore, home range and core use data were pooled across years for subsequent analyses. There were significant effects of species (F=4.49, p= 0.02) and sex (F= 13.14, p< 0.0001) on home range size, as well as on 50% core use areas (species F= 3.51, p= 0.04; sex F= 55.58, p< 0.0001; Table 2). Among all species, H. suspectum had larger activity ranges than did rattlesnakes; among rattlesnakes, C. molossus (males) and C. cerberus (females) had the smallest ranges (Table 2). Males of C. cerberus had the largest variation in home range size. Nonpregnant females of all species had significantly smaller home ranges than did males (F= 5.69, p= 0.01); however pregnant rattlesnakes did not consistently have smaller home ranges (F= 2.68, p= 0.12) nor core use areas (F= 2.93, p= 0.11) than nonpregnant females (Table 2). Within males of all species, there was a trend for C. molossus to have the smallest ranges and core use areas and H. suspectum to have the largest ranges and core use areas, although there was no significant difference among species in male home range size (F= 1.91, p= 0.14) nor in core areas used (F= 1.36, p= 0.27). Annual core use areas are mapped for each species during 2003-2007 in Appendix 2 (Figure 10). 

Timing of Ingress and Egress— Median ingress (entry into sites for hibernation) and egress (emergence from hibernation sites in the spring) dates varied among species and years (Table 3). Animals were active for the longest time period in 2003 and the shortest period in 2006. Within years, H. suspectum and C. molossus typically had the longest active seasons, while C. cerberus had the shortest active season. Also within years, C. cerberus consistently had the earliest ingress dates while H. suspectum had the latest ingress dates in three out of four years. Crotalus molossus had the earliest egress dates in three of four years in which that species was tracked, while C. cerberus consistently had the latest egress dates. 

Heloderma suspectum tended to “stage” before hibernation, becoming inactive from late October to early December, and then moving to a presumed hibernaculum. This pattern was not typically seen in rattlesnakes; however, individuals of all species, with the exception of C. cerberus, occasionally moved between hibernation locations during late December to early March. Heloderma suspectum were documented to move during this period to sheltersites containing conspecifics.

Table 2. Mean number of telemetry locations per year, 95% MCP (home range) size, and 50% core use areas (in hectares, ha) for telemetered individual adult male and female C. atrox (n= 20), C. molossus (n= 3), C. cerberus (n= 7), and H. suspectum (n= 13), between 2003 and 2007 at Tonto National Monument, Arizona. Female rattlesnake values are broken out by gravid and nongravid years (H. suspectum females were never confirmed gravid). Under “N used,” home range size was estimated for male rattlesnakes with at least 25 locations per year, for females with at least 20 locations, and for H. suspectum with at least 31 locations per year; core use areas were estimated by 50% probability kernels for animals with at least 30 locations per year (see text). 

	Species
	N used
	Sex
	Mean # 

MCP Locations
	100% MCP (ha)
	Mean # Core Use Locations
	Core Use Area

(ha)

	C. atrox
	12
	Male
	39.86 + 1.77
	24.79 + 3.54
	41.05 + 1.73
	3.80 + 0.57

	
	3
	Female 
(nonpregnant)
	35.00 + 4.91
	5.93 + 1.05
	37.60 + 5.10
	1.02 + 0.28

	
	4
	Female (pregnant) 
	35.6 + 3.77
	4.87 + 1.39
	38.75 + 2.56
	0.58 + 0.22

	C. molossus
	2
	Male
	44.50 + 7.98 
	18.05 + 1.94
	44.50 + 7.98
	2.51 + 0.59

	
	1
	Female 
(nonpregnant)
	33
	6.33
	33
	0.56

	
	1
	Female (pregnant) 
	49
	2.81
	49
	0.27

	C. cerberus
	3
	Male
	40.83 + 4.50
	27.15 + 13.36
	40.83 + 4.50
	4.58 + 3.34

	
	1
	Female 
(nonpregnant)
	30
	2.63
	30
	0.20

	
	1
	Female (pregnant) 
	38 + 4.00
	1.99 + 0.29
	38 + 4.00
	0.22 + 0.06

	H. suspectum
	5
	Male
	38.14 + 2.08
	34.24 + 5.01
	38.14 + 2.08
	4.79 + 0.99

	
	3
	Female
	37.25 + 2.21 
	9.78 + 0.83
	37.25 + 2.21
	1.01 + 0.26


Table 3. Median latest dates of egress and ingress to hibernacula between 2003 and 2007, based on dates when individual telemetered adults became active (egress) or inactive (ingress) at Tonto National Monument, Arizona. Number of animals is given in parentheses if different at the end of the season (because of deaths or transmitter removal); overall totals are: adult C. atrox n= 20, C. molossus n= 3, C. cerberus n= 7, and H. suspectum n= 13.

	Year
	Species
	Number of Animals
	Median Latest Egress Date
	Range for Egress
	Median Latest Ingress Date
	Range for Ingress

	2003
	C. atrox
	6
	3/20
	3/6-4/26
	11/24

(n=4)
	11/10-12/19

	
	C. molossus
	2
	3/30
	3/20-4/10
	11/28
	11/27-11/29

	
	C. cerberus
	2
	-
	-
	11/11
	11/3-11/20

	2004
	C. atrox
	10
	3/24

(n=6)
	3/7-3/24
	11/13
	10/19/04-1/25/05

	
	C. molossus
	2
	3/15
	2/21-4/7
	11/24
	11/5-12/13

	
	C. cerberus
	3
	4/5

(n=2)
	3-26-4/16
	10/19
	10/18-11/5

	
	H. suspectum
	6
	-
	-
	12/6
	10/25-12/18

	2005
	C. atrox
	11
	3/11
	2/6-4/3
	11/11
	10/22-12/17

	
	C. molossus
	3
	3/4
	2/27-3/24
	1119

(n=2)
	10/22-12/18

	
	C. cerberus
	3
	4/13
	4/2-4/19
	10/16
	10/15-11/20

	
	H. suspectum
	7
	3/22

(n=5)
	2/28-3/26
	12/17
	10/22-12/18

	2006
	C. atrox
	10
	3/26
	2/25-4/4
	10/31

(n=4)
	10/24-11/16

	
	C. molossus
	2
	3/29
	3/29
	-
	-

	
	C. cerberus
	6
	4/16

(n=3)
	4/8-4/22
	10/17
	10/10-12/22

	
	H. suspectum
	10
	3/18

(n=7)
	3/1-3/25
	10/28
	10/22-12/1

	2007
	C. atrox
	3
	3/17
	3/16-4/4
	-
	-

	
	C. cerberus 
	5
	4/10/07
	3/17-4/25
	10/18
(n=1)
	10/18

	
	H. suspectum
	8
	3/17

(n=7)
	3/16-4/11
	12/23
	10/25-12/23


Macrohabitat Use— When the number of animal locations in each vegetation association was compared to the number expected based on available vegetation type for each species during the active season, no species used vegetation associations in the same proportions as they were available (C. atrox X2= 552.63, p<0.001; C. molossus X2= 185.52, p<0.001; C. cerberus X2= 502.78, p<0.001; H. suspectum X2= 654.69, p<0.001), Figure 3. Crotalus atrox overutilized the foothill paloverde-wolfberry-jojoba association compared to its availability; C. molossus overutilized jojoba-mixed scrub habitat and underutilized other associations; C. cerberus overutilized riparian habitats (Arizona sycamore Plantanus wrightii and desert riparian scrub) as well as jojoba-mixed scrub, but used almost no bajada habitats; and H. suspectum also overutilized P. wrightii and S. chinensis-mixed scrub habitats, but underutilized all other associations compared to available. The Mountain mahogany (Cercocarpus montanus) association was underutilized by all species. 
a. Active Season Locations: Crotalus atrox
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b. Active Season Locations: Crotalus molossus
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c. Active Season Locations: Crotalus cerberus
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d. Active Season Locations: Heloderma suspectum
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Figure 3. Number of locations of adult telemetered (a) C. atrox, (b) C. molossus, (c) C. cerberus and (d) H. suspectum during the active season (red) in five vegetation associations and two subassociations (foothill paloverde-wolfberry-jojoba and jojoba-broom snakeweed-wolfberry (“jojoba-transition”)) compared to the number expected based on available acreage (grey) at Tonto National Monument, Arizona, between 2003 and 2007. “>” indicates habitats that were overused relative to availability; “<” indicates underutilized habitats.

Within the S. chinensis-mixed scrub upland association, C. molossus, C. cerberus, and H. suspectum appeared to be partitioning the subassociations (Figure 4): C. molossus had a majority of locations in the jojoba-foothill paloverde-three-awn (S. chinensis-C. microphyllum-Aristida spp., i.e., rocky slope) habitat (X2=136.63, p <0.0001); C. cerberus had most locations in desert needlegrass-jojoba-side-oats grama (Stipa speciosa-S. chinensis- Bouteloua curtipendula) and in jojoba-foothill paloverde-three-awn habitats (X2=88.90, p <0.0001); and H. suspectum had most locations in jojoba-brittlebush-broom snakeweed (S. chinensis-Encelia farinosa-Gutierrzia sarothrae) and jojoba-foothill paloverde-three-awn (X2=38.16, p <0.0001). Both C. molossus and H. suspectum underutilized the desert needlegrass-jojoba-side-oats grama subassociation.

There was no difference in use of vegetation associations between telemetered and nontelemetered individuals of C. atrox (t= -1.42, p= 0.21), C. molossus (t= -0.67, p= 0.53), or H. suspectum (t= -0.47, p= 0.65). We had insufficient nontelemetered capture locations to test for differences for C. cerberus. Active and hibernation season use of vegetation associations also did not differ significantly within species (C. atrox t= 0.17, p= 0.87; C. molossus t= -0.41, p= 0.69; or H. suspectum t= -0.51, p= 0.63; C. cerberus t= 2.01, p= 0.09).
a. Active Season Locations in Jojoba-Mixed Scrub- C. molossus [image: image12.wmf]0
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b. Active Season Locations in Jojoba-Mixed Scrub- C. cerberus 
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c. Active Season Locations in Jojoba-Mixed Scrub- H. suspectum 
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Figure 4. Number of locations of adult telemetered (a) C. molossus, (b) C. cerberus, and (c) H. suspectum during the active season (red) in three upland jojoba-mixed scrub vegetation subassociations compared to the number expected based on available vegetation type (grey) at Tonto National Monument, Arizona, between 2003 and 2007. “>” indicates habitats that were overused relative to availability; “<” indicates underutilized habitats.

For C. molossus, C. cerberus, and H. suspectum, hibernation sites were typically in upland locations in jojoba-mixed scrub or mixed grass-mixed scrub vegetation types (Figure 5). For C. atrox, the majority of hibernation sites were in jojoba-mixed scrub, and none were in mixed grass-mixed scrub associations (Figure 5). No hibernation sites were located in Arizona sycamore or Mountain mahogany associations. 
a. Hibernation Season Locations: Crotalus atrox
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b. Hibernation Season Locations: Crotalus molossus
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c. Hibernation Season Locations: Crotalus cerberus
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d. Hibernation Season Locations: Heloderma suspectum
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Figure 5. Number of locations of adult telemetered (a) C. atrox, (b) C. molossus, (c) C. cerberus and (d) H. suspectum during the hibernation season (blue) in five vegetation associations and two vegetation subassociations in bajada habitats, compared to the number expected based on available vegetation type (grey) at Tonto National Monument, Arizona, between 2003 and 2007.  “>” indicates habitats that were overused relative to availability; “<” indicates underutilized habitats.

Microhabitat Use— Microhabitats used by rattlesnakes and H. suspectum typically differed from those in reference points (“available” microhabitats) in one or both years (Table 4). Some microhabitat cover variables were found only in location plots used by one species (Table 4), including: 1) C. atrox: burrows, Ambrosia spp., goldeneye Viguiera parishii, and wolfberry; 2) C. molossus: globemallow Sphaeralcea spp. and teddy-bear cholla Cholla bigelovii; 3) C. cerberus: Graythorn Ziziphus obtusifolia, elderberry Sambucus spp., net-leaf hackberry Celtis reticulata, Arizona Walnut Juglans major, and Fremont cottonwood Populus fremontii; and 4) H. suspectum: lovegrass Eragrostis spp. Other microhabitat cover variables were found in multiple species’ animal location plots but not in reference plots (Table 4), including: 1) boulder (C. atrox, C. molossus, and H. suspectum); 2) mesquite Prosopis veluntina (ground and canopy cover; C. atrox, C. molossus, C. cerberus; canopy cover only, H. suspectum); 3) crucifixion-thorn Canotia holocantha (C. molossus, C. cerberus); 4) saguaro Carnegiea gigantea (C. atrox, C. molossus); 5) jojoba (canopy only; C. atrox, C. molossus, C. cerberus); and 6) sotol Dasylirion wheeleri (C. atrox; C. cerberus). 

Likely because of differences in random plot selection methodology and the position on the landscape of individual animal activity ranges, there were interannual differences in microhabitat variables in animal location plots compared to reference plots for C. atrox and C. cerberus (Table 4). In 2007, C. cerberus locations had fewer tall trees and generally less canopy cover compared to random plots, with the opposite pattern occurring in 2003. Conversely, in 2007 C. atrox locations had higher cover compared to random plots, with the pattern reversed in 2003. 

When significant microhabitat variables for each species were compared across years, there were significant differences between individuals within species in temperature index (F= 1.94, p= 0.04), ground cover categories (X2= 2093.64, p< 0.0001), and in type but not distance to nearest developed area (X2= 352.56, p= 0.006) and nearest free water (X2= 203.88, p< 0.0001). There were no significant differences between individuals in the number of open burrows 0-10 cm in diameter (F= 1.08, p= 0.41), distance to nearest rock outcrop outside the plot (X2= 156.61, p= 0.22), nor in overall vegetative canopy cover (X2= 5.92, p= 0.97). 

There were significant differences between species in temperature index; H. suspectum locations had the smallest difference between ambient and ground temperatures, whereas C. molossus had the highest temperature differential (F= 3.20, p=0.03). There were also significant differences between species in nearest housing type (X2= 58.30, p= 0.01) and free water type (X2= 44.82, p< 0.0001); in both cases C. atrox was closest to features near the housing area, C. molossus and C. cerberus were closest to structures near the visitor center, and C. cerberus and H. suspectum were closest to free water in the riparian area. The distance to the nearest rock outcrop outside the plot was also significantly shorter for C. molossus and H. suspectum (X2= 55.17, p< 0.0001). There were no significant differences between species in number of open burrows 0-10 cm in diameter (F= 0.07, p= 0.97). 

Table 4. Significant microhabitat variables at ten animal locations compared to ten reference plots for telemetered individual adult male and female C. atrox, C. molossus, and C. cerberus in 2003 and C. atrox, C. cerberus, and H. suspectum in 2007, at Tonto National Monument, Arizona. Data were collected at 2-m diameter plots; see text for a description of all variables examined. Values for t-tests or chi-square are given, along with direction of difference for animal locations compared to reference plots and whether the variable was species-specific or, if found within multiple species, not found in random plots for a given species. Significance at the p=0.05 level is indicated by *; at p=0.01 by **, and significance at p<0.0001 by ***.  

	Species
	Year 
	Microhabitat Variable
	t-ratio or 

X2 Value
	Difference Compared to Random

	C. atrox
	2007
	Temperature Index (|Ta-Ts|)
	t= -2.56**
	lower difference between ambient and substrate

	
	2003
	Burrow
	Only in C. atrox plots

	
	2003
	Trail
	Not in random plots

	
	2007
	Sand/bare soil
	X2= 20.49***
	lower cover

	
	2003
	Gravel
	X2= 16.59***
	lower cover

	
	2007
	Rubble
	X2= 14.65**
	higher cover

	
	2003

2007
	Boulder
	Not in random plots

	
	2007
	Leaf litter
	X2= 9.79**
	higher cover

	
	2003

2007
	Woody debris
	X2= 11.52**

X2= 6.05**
	higher cover

lower cover

	
	2007
	Ferns/fern allies 
	Not in random plots

	
	2003
	Ambrosia spp.
	Only in C. atrox plots

	
	2003
	Bromus spp.
	X2= 22.50***
	higher cover

	
	2003

2007
	Brittlebush Encelia spp.
	X2= 34.40***
X2= 24.00***
	lower cover

higher cover

	
	2003
	Goldeneye Viguiera parishii
	Only in C. atrox plots

	
	2003
	Wolfberry Lycium fremontii
	Only in C. atrox plots

	
	2007
	Sotol Dasylirion wheeleri
	Not in random plots

	
	2003

2007
	Jojoba Simmondsia chinensis (ground)
	X2= 31.49***

X2= 23.37***
	lower cover

higher cover


	Species
	Year 
	Microhabitat Variable
	t-ratio or 

X2 Value

	
	2003

2007
	Jojoba (canopy)
	Not in random plots

	
	2007
	Catclaw (Acacia spp.)
	X2= 5.62*
	higher cover

	
	2007
	Saguaro Carnegiea gigantea
	Not in random plots

	
	2003

2007
	Velvet mesquite Prosopis velutina (canopy)
	Not in random plots

	
	2007
	Paloverde Cercidium spp. (ground)
	X2= 24.00**
	higher cover

	
	2003

2007
	Paloverde species (canopy)
	X2= 74.58***

X2= 26.75***
	lower cover

	
	2003

2007
	Overall canopy cover
	X2= 16.72***
X2= 16.57***
	less canopy cover (2003)

more canopy cover (2007)

	C. molossus
	2003
	Landform
	X2= 9.30*
	more cliff/hill/wash

	
	2003
	Number of burrows 0-10 cm
	t= -2.71*
	more burrows

	
	2003
	Nearest human structure type
	X2= 16.00*
	closer to visitor center & trails

	
	2003
	Nearest free water type
	X2= 18.00**
	closer to visitor center & picnic area

	
	2003
	Distance to rock outcrop
	X2= 15.20**
	closer (1-10 m)

	
	2003
	Gravel
	X2= 11.47**
	lower cover

	
	2003
	Boulder
	Not in random plots

	
	2003
	Outcrop
	Not in random plots

	
	2003
	Lichen/mosses/cryptobiotic soil
	Not in random plots

	
	2003
	Leaf litter
	X2= 13.00**
	lower cover

	
	2003
	Globemallow Sphaeralcea spp.
	Only in C. molossus plots

	
	2003
	Encelia spp.
	X2= 24.00***
	higher cover

	
	2003
	Buckwheat Eriogonum spp.
	X2= 24.00***
	higher cover

	
	2003
	Teddy-bear cholla Cholla bigelovii
	Only in C. molossus plots

	
	2003
	Jojoba (canopy)
	Not in random plots

	
	2003
	Velvet mesquite (ground and canopy)
	Not in random plots

	
	2003
	Crucifixion-thorn Canotia holocantha
	Not in random plots

	Species
	Year 
	Microhabitat Variable
	t-ratio or 

X2 Value
	Difference Compared to Random

	
	2003 
	Paloverde species (ground)
	X2= 8.00**
	lower cover

	
	2003 
	Paloverde species (canopy)
	X2= 74.58***
	lower cover

	C. cerberus
	2007
	Number of burrows 0-10 cm
	t= -2.97*
	more burrows

	
	2003
	Nearest free water type
	X2= 10.75*
	closer to Cave Wash riparian area

	
	2007
	Sand/bare soil
	X2= 47.26***
	lower cover

	
	2007
	Gravel
	X2= 22.56***
	lower cover

	
	2003
	Rubble
	X2= 12.92**
	lower cover

	
	2003

2007
	Boulder
	-

X2= 7.94**
	Not in random plots 

higher cover

	
	2003
	Outcrop
	Not in random plots

	
	2003
	Leaf litter
	X2= 42.87***
	higher cover

	
	2007
	Woody debris
	X2= 59.95***
	higher cover

	
	2003
	Lichen/mosses/cryptobiotic soil
	Not in random plots

	
	2007
	Brome grasses
	X2= 12.74**
	lower cover

	
	2003
	Arizona dewberry Rubus arizonensis
	X2= 28.67***
	higher cover

	
	2007
	Sotol
	Not in random plots

	
	2007
	Jojoba (ground)
	X2= 8.06**
	higher cover

	
	2003
	Jojoba (canopy)
	Not in random plots

	
	2007 
	Catclaw species
	Not in random plots

	
	2003

2007
	Velvet mesquite (ground)
	-

X2= 8.00**
	Not in random plots 

more cover

	
	2003

2007
	Velvet mesquite (canopy)
	Not in random plots

	
	2003

2007
	Crucifixion-thorn Canotia holocantha
	Not in random plots

	
	2003

2007
	Graythorn Ziziphus obtusifolia
	Only in C. cerberus plots

	
	2003
	Elderberry Sambucus spp.
	Only in C. cerberus plots

	
	2003

2007
	Net-leaf hackberry Celtis reticulata
	Only in C. cerberus plots

	Species
	Year 
	Microhabitat Variable
	t-ratio or 

X2 Value

	
	2003
	Arizona walnut Juglans major
	Only in C. cerberus plots

	
	2003
	Fremont cottonwood Populus fremontii
	Only in C. cerberus plots

	
	2003

2007
	Overall canopy cover
	X2= 7.72**

X2= 55.94***
	more canopy cover (2003)

less canopy cover (2007)

	H. suspectum
	2007
	Temperature Index (|Ta-Ts|)
	t= -2.74*
	lower difference between ambient and substrate

	
	2007
	Trail 
	Not in random plots

	
	2007
	Sand/bare soil
	X2= 15.48**
	lower cover

	
	2007
	Rubble
	X2= 4.22*
	lower cover

	
	2007
	Lichen/moss/cryptobiotic soil
	X2= 24.00***
	lower cover

	
	2007
	Leaf litter
	X2= 45.18***
	lower cover

	
	2007
	Woody debris
	X2= 5.30*
	 lower cover

	
	2007
	Lovegrass Eragrostis spp.
	Only in H. suspectum plots

	
	2007
	Buckwheat species
	X2= 4.78*
	higher cover

	
	2007
	Jojoba (ground)
	X2= 11.57**
	higher cover

	
	2007
	Velvet mesquite (canopy)
	Not in random plots

	
	2007
	Paloverde species (ground and canopy)
	Not in random plots

	
	2007
	Overall canopy cover
	Not in random plots


Cover categories were significantly different among species at both ground level (X2= 1226.14, p< 0.0001) and at canopy height (X2= 819.81, p< 0.0001). The mean percent of the cover categories significantly over- or underutilized relative to that available for animal species is shown in Figure 6a-d (ground cover of abiotic features and nonvascular plants) and Figure 7a-d (ground and canopy cover of vegetative species). Crotalus atrox had the strongest associations with rock outcrop/bedrock, rubble, brome grasses, catclaw Acacia spp., velvet mesquite (ground cover), and sotol compared to the other species; C. molossus had the strongest associations with boulder, sand/bare soil, and velvet mesquite (canopy cover); C. cerberus had the strongest associations with leaf litter, woody debris, and jojoba (canopy cover); and H. suspectum had the strongest associations with gravel and paloverde (ground and canopy cover). There were no significant differences between species in ground cover of jojoba (F= 1.58, p= 0.19), but canopy cover of jojoba was significantly higher for C. cerberus compared to the other rattlesnakes and nonexistent for H. suspectum (F= 249.16, p< 0.0001; Table 4). There was a significant difference in the overall canopy cover used by each species: C. cerberus locations had the highest cover, followed by C. molossus and H. suspectum; C. atrox locations had the lowest cover (F= 47.77, p< 0.001). 

 a. C. atrox Percent Use of Abiotic and Nonvascular Vegetation
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b. C. molossus Percent Use of Abiotic and Nonvascular Vegetation 
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c. C. cerberus Percent Use of Abiotic and Nonvascular Vegetation 
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d. H. suspectum Percent Use of Abiotic and Nonvascular Vegetation
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Figure 6. Mean percent significant microhabitat ground cover of abiotic and nonvascular vegetative variables as determined by densitometer readings (see text) at a subset of locations used by telemetered adult (a) C. atrox, (b) C. molossus, (c) C. cerberus, and (d) H. suspectum at Tonto National Monument, Arizona, in 2003 and 2007. 
a. C. atrox Percent Use of Vegetative Cover
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b. C. molossus Percent Use of Vegetative Cover
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c. C. cerberus Percent Use of Vegetative Cover
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d. H. suspectum Percent Use of Vegetative Cover
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Figure 7. Mean percent significant microhabitat ground cover (top) and canopy cover above 1.5 m (bottom) of vegetative cover variables as determined by densitometer readings (see text), within a subset of locations used by telemetered adult (a) C. atrox, (b) C. molossus, (c) C. cerberus, and (d) H. suspectum at Tonto National Monument, Arizona, in 2003 and 2007. 
Slope and Aspect— The mean slope of animal locations differed among species during the active season (F= 481.81, p <0.0001) as well as during the hibernation season (F= 3.54, p = 0.02). During the active season, C. atrox locations had the lowest (flattest) slopes, and C. cerberus and H. suspectum locations had the highest (steepest) slopes (Figure 8a). During the hibernation season, C. atrox and C. cerberus locations were on the flattest slopes, whereas H. suspectum locations were on the steepest slopes (Figure 8b). 

The aspect of animal locations, as measured by cardinal direction, differed between species in both the active (X2= 44.62; p< 0.0001) and hibernation seasons (X2= 20.81; p= 0.01). During the active season, animal locations were relatively equally distributed between the cardinal directions for C. atrox and H. suspectum, but relatively more locations of C. cerberus faced east and fewer faced south, while for C. molossus, more locations faced south and east (Figure 9a). During hibernation, for C. atrox the majority of locations faced east, for C. molossus the majority faced south and there were no locations facing north, for C. cerberus the majority of locations faced north or west and none faced east, and for H. suspectum the majority of locations faced south (Figure 9b).  

a. Mean Slope of Active Season Locations
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b. Mean Slope of Hibernation Locations
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Figure 8. Mean slope of locations used by telemetered adult C. atrox, C. molossus, C. cerberus, and H. suspectum at Tonto National Monument, Arizona, from 2003 to 2007 during the (a) active season and (b) hibernation season. 
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b. Hibernation
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Figure 9. Relative number of aspects in cardinal directions (N, E, S, W) of locations used by telemetered adult C. atrox, C. molossus, C. cerberus, and H. suspectum at Tonto National Monument, Arizona, from 2003 to 2007 during: (a) active season and (b) hibernation season. 

Condition— Overall, there was no difference in body condition (residuals of logmass to log SVL) among the three telemetered rattlesnake species (C. atrox= -0.009 + 0.02, C. molossus= 0.007 + 0.04, C. cerberus= 0.02 + 0.02; F= 0.32, p= 0.72). When adults were separated by telemetry status, sex, and by pregnant versus nonpregnant status, for C. atrox telemetered nonpregnant females were in significantly poorer body condition than nontelemetered females (F= 28.79, p< 0.0001), but there was no difference in condition between telemetered and nontelemetered pregnant females (F= 0.58, p= 0.46), nor for males (F= 0.38, p= 0.54). For C. molossus, there was no difference in condition between telemetered and nontelemetered individuals for either nonpregnant females (F= 0.46, p= 0.51) or for males (F= 1.27, p= 0.27). Telemetered adult H. suspectum were in slightly better condition than nontelemetered adults (F= 4.23, p= 0.04, n= 3). Sample sizes were insufficient to test differences in condition among nontelemetered (pregnant) C. molossus and for all categories of C. cerberus . Sample sizes for neonates and immature animals were also too small to permit analysis of body condition between species or sexes.

Four of five C. atrox telemetered females were pregnant in 2003 or 2005 (only one of five was pregnant both years), while the telemetered C. molossus and C. cerberus females were each pregnant in 2004 and again in 2006 (Table A, Appendix 1). There appeared to be an alternating pattern of annual reproduction between C. atrox and C. molossus /C. cerberus in 2003-2005; this pattern did not hold in 2006-2007, although proportionally more C. atrox were pregnant than the other species in 2006 (Table 5). Embryo counts for two C. atrox and one C. cerberus were estimated at 4-5; no newborn litters were seen. We did not observe any gravid H. suspectum. 

There was a tendency for C. cerberus (16.50 + 13.50, n= 2 animals) and C. molossus (4.50 + 2.02, n= 4) to have a higher number of ticks compared to C. atrox (1.67 + 0.67, n= 3) and H. suspectum (1.50 + 0.50, n= 2), but sample sizes were too small to permit statistical analyses. 

Table 5. Frequency of reproduction (number of individuals pregnant/total number of individuals captured and/or previously telemetered) among female Crotalus atrox, C. molossus, and C. cerberus at Tonto National Monument, 2003-2007. A dash (“-”) indicates no females of that species were captured that year. 

	Species
	2003
	2004
	2005
	2006
	2007

	C. atrox
	1/7
	0/6
	2/6
	4/9
	0/5

	C. molossus
	0/1
	1/3
	0/3
	1/3
	-

	C. cerberus
	-
	1/2
	0/1
	1/1
	0/1


Available Prey Base and Diet— Five species of small mammals were trapped at Tonto, including (in order of abundance): 1) Bailey’s pocket mouse (C. baylei; 57.1% of all individuals captured in 2003-2004 and 79.7% of individuals in 2005-2006); 2) cactus mouse (Peromyscus eremicus, 31.0% in 2003-2004 and 12.8% in 2005-2006); 3) white-throated woodrat (Neotoma albigula; 10.7% in 2003-2004 and 6.1% in 2005-2006); 4) cliff chipmunk (Eutamias dorsalis; 0.9% in 2003-2004 and 1.2% in 2005-2006); and 5) Harris’ antelope ground squirrel (Ammospermophilus harrisii; 0.3% in both trapping periods). 

A small number of scat samples (15) were examined from five individual C. atrox (five samples from four adults and one sample from a subadult); one adult C. molossus (two samples); two adult C. cerberus (three samples); and three H. suspectum (two samples from two adults and two samples from one subadult; Table 6). Whereas taxonomic diversity was similar in the diets of C. atrox, C. cerberus, and H. suspectum (C. molossus scats contained only birds), even with a small sample size, frequency of prey species in scats was significantly different among the four predator species (X2= 45.00, p= 0.0004). 

Table 6. Number of occurrences of prey taxa found in the feces of venomous reptiles out of a total of 15 samples at Tonto National Monument, Arizona, between 2003 and 2007, for C. atrox (n= six samples); C. molossus (two samples); C. cerberus (three samples); and H. suspectum (four samples). Also given are the age class of the individuals from which the fecal samples were obtained, and the average mass (in g) of the adult prey species. Average adult male mass of each prey species is based on trapping or published records, including the species selected as representative for unidentified taxa. Subadult weights are given for lagomorphs (**). Samples that could not be identified to genus are listed as “unidentified.” Some samples contained multiple prey species; prey items that came from the same scat are labeled with the same letter: (a), (b), etc..
	Predator Species
	Taxon
	Prey Species
	# Occurrences/

# Samples
	Age Class of Predator
	Prey Mass

(g)

	C. atrox
	Squamata
	Whiptail lizard Aspidoscelis sp.
	1/6
	Subadult female (a)


	16.0

(Tiger whiptail

A. tigris)

	
	Aves
	Unidentified
	1/6
	Adult male
	21.0

(House finch Carpodacus mexicanus1)

	
	Rodentia
	Bailey’s pocket mouse 

Chaetodipus baylei
	1/6
	Unknown age female (c)
	33.7

	
	
	Cactus mouse Peromyscus eremicus
	2/6
	Adult male (b); adult male
	20.5

	
	Lagomorpha
	Black-tailed jackrabbit 

Lepus californicus
	1/6
	Adult male (b)
	147.52**

	
	
	Unidentified lagomorph
	2/6
	Subadult female (a);

Unknown age female (c)
	250.0** 



	C. molossus
	Aves
	Black-throated Sparrow 

Amphispizella bilineatus
	2/2
	Adult male
	13.0

	C. cerberus
	Squamata
	Spiny lizard

Sceloporus sp.
	1/3
	Adult male (d)
	44.0

(Desert spiny lizard 

S. magister, both sexes)


	Predator Species
	Taxon
	Prey Species
	# Occurrences/

# Samples
	Age of Predator Species
	Prey Mass

(g)

	C. cerberus
	Aves
	Unidentified
	1/3
	Adult male 
	21.0

(C. mexicanus1)

	
	Rodentia
	P. eremicus
	1/3
	adult male (d)
	20.6



	
	
	Harris’ antelope ground squirrel Ammospermophilus harrisii
	1/3
	Adult male
	132.0

	H. suspectum
	Squamata
	Aspidoscelis sp.
	1/4
	Adult female (e)
	16.0

(A. tigris)

	
	Aves
	Unidentified, likely eggs in nest


	1/4
	Adult male (f)
	11.13
(Gambel quail Callipepla gambelii, egg)

	
	Rodentia
	Cliff chipmunk Eutamias dorsalis
	2/4
	2 subadults unknown sex 
	50.3**



	
	
	P. eremicus
	1/4
	Adult male (f)
	20.6

	
	Lagomorpha
	Desert cottontail 

Sylvilagus audubonii
	1/4
	Adult female (e)
	1140.04


1 Partin, 1933 (specimens from Los Angeles, California)

2 Lechleitner, 1959 (specimens from Arizona)

3 Bergtold, 1929 (specimens from Colorado [?])

4 Hoffmeister, 1986 (specimens from Arizona)

The proportion of rodent species found in the scats of venomous species was significantly different from that expected on the basis of the relative proportions of rodent species trapped for C. cerberus (X2= 111.63, p< 0.0001) and H. suspectum (X2= 94.38, p< 0.0001), but not for C. atrox X2= 3.24, p> 0.10). As well, C. molossus scats contained no rodents, although likely this was an artifact of small sample size. Overall, there were fewer occurrences of Bailey’s pocket mouse (Chaetodipus baylei, n= 1) and white-throated woodrat (Neotoma albigula, n= 0) in rattlesnake scats than expected on the basis of rodent trap abundance, and more cliff chipmunks (Eutamis dorsalis, n=2) in H. suspectum scats.
Results from direct observations of prey items being eaten by venomous species at Tonto were similar to results obtained from scat analysis. Two adult C. atrox were observed to consume (respectively) an adult Gambel’s Quail (Callipepla gambelii; C. Ewing and D. Hubbard, personal observation) and a House finch (Carpodacus mexicanus; J. Harper, photo voucher),whereas an adult C. cerberus was observed consuming one ash-throated flycatcher (Myiarchus cinerascens, A. Madara-Yagla, photo voucher) and another regurgitated a Neotoma albigula (J. Schofer, personal observation). One subadult H. suspectum was observed consuming a nest of desert cottontail (Sylvilagus audubonii) pups and an adult regurgitated three to four rabbit pups (P. Yagla-Madara and M. Hamilton, personal observations); a third adult regurgitated a clutch of unbroken C. gambelli eggs (J. Schofer, personal observation). 
Discussion


To determine broad patterns of habitat use and diet in reptiles and other species, the majority of historical studies have relied on field surveys and collection of specimens (e.g., Fitch, 1999; Goodyear and Pianka, 2008; Capizzi and Luiselli, 1996). In contrast, our use of multiannual focal animal telemetry provides a perspective based on individual use of the environment (Slobodkin, 1992; Bolnick et al., 2003; Réale et al., 2007; Stamps, 2007). Specifically, we provide evidence that the co-occurring venomous reptiles at Tonto NM may reduce competition for resources through spatial and temporal partitioning of habitats. Responses of these taxa at the landscape level largely appear proximally based on geographic, slope, and/or aspect differences tied to vegetation association location, and ultimately are perhaps due to the phylogeographic histories of the species (e.g., Beck, 2005; Castoe et al., 2007). Responses to microhabitat features appear based on physiognomy. Results from Tonto NM thus are consistent with other studies of syntopic or sympatric reptiles that found temporal partitioning (e.g., Pianka, 1973), and/or habitat partitioning (e.g., Reinert 1984, 1993; Luiselli 2006, 2007a, b; Luiselli et al. 2007).

There was little support for competitive exclusion effects through partitioning of home ranges, with the possible exception of C. molossus having more restricted ranges, a finding similar to Beck’s (1995) study of rattlesnakes near Tucson, Arizona. In fact, given similar phylogenetic histories, niche partitioning may only apply for C. atrox and H. suspectum. These two species have long coexisted in similar desert or dry grassland habitats (Beck, 2005; Castoe et al., 2007). Crotalus molossus likely evolved in tropical dry forests (Klauber, 1972) whereas C. cerberus (probably the evolutionary newcomer of the group) likely evolved in high-elevation pine-oak woodlands (G. W. Schuett and M. Douglas, unpublished data); thus C. cerberus and C. molossus have had relatively less opportunity to develop niche partitioning relationships. Perhaps supporting this view, whereas C. atrox and H. suspectum both use similar kinds of habitats, with lower canopy cover and little ambient-ground temperature differential compared to the other species, the rattlesnake forages primarily in bajada habitats during the active season whereas the lizard forages primarily in upland habitats.

Although our sample sizes were small, there was little support for concluding that dietary partitioning exists among the rattlesnakes, which is an expected outcome for viperids (Luiselli, 2006). Differences in foraging mode within overlapping home ranges between H. suspectum and the rattlesnakes may increase dietary partitioning (Huey and Pianka, 1981). Unlike rattlesnakes, which typically ambush mobile adult or out-of-nest prey animals via sit-and-wait strategies (Greene, 1992), actively foraging H. suspectum are typically predators of small, relatively immobile vertebrates in nests or in burrows (Beck, 2005; Gienger and Tracy, 2008; Repp and Schuett, under review). Our dietary analyses and feeding observations support this dichotomy. Within the rattlesnakes, differences in temporal and spatial use of habitats might serve to decrease the competition that an apparent lack of dietary partitioning could otherwise foster (Hardin, 1960; Schoener, 1974; Beck, 1995; Luiselli, 2006; Clark, 2007). Future studies could consider focusing on the competitive interactions between Sonoran desert reptilian predators and sympatric bird and mammal mesopredators (e.g., Kotler et al., 1992; Capizzi and Luiselli, 1996; Brown et al., 1997).

As expected, some individuals of species that spent more time in mesic environments (C. molossus, C. cerberus) had slightly higher numbers of ticks compared to H. suspectum and C. atrox, which tended to use drier, warmer microhabitats. Given this observation, and that the species appeared to partition available habitat and had differing active season lengths, it is possible these differences taken in sum could affect their condition. Further research is needed to address this hypothesis.

There appeared to be potential negative effects of radio transmitters only in some nonpregnant female C. atrox, yet limited data in other species suggests that telemetered individuals may have been in better condition than nontelemetered conspecifics. Mixed effects are not uncommon in telemetry implant studies of ectotherms (e.g., Weatherhead and Blouin-Demers, 2004; Nowak, 2006b; M. Goode, unpublished data). Telemetered animals may be in better condition than nontelemetered conspecifics because of differing use of habitat, including increased behavioral tolerances for human disturbance, and thus have an ability to exploit comparatively prey-rich and predator-free habitats (e.g., Prange and Gehrt, 2004; Karieva et al., 2007, Nowak et al., 2008 in preparation). In most cases researchers and public agencies have concluded that the potential negative effects of telemetry research are outweighed by the benefits of having a more complete understanding of the study species’ resource use, movements, behavior—and by extension, its management needs (White and Garrott, 1990, Weatherhead and Blouin-Demers, 2004). 

Female rattlesnakes are capital breeders, and most individuals typically do not breed every year (reviewed in Nowak et al., 2008). However, telemetered C. atrox females were gravid during different years than were C. cerberus and C. molossus at Tonto, at least in 2003-2006. Although sample sizes were small, other syntopic taxa are known to partition the timing of birthing or egg-laying within years, e.g., anurans (Donnelly and Guyer, 1994) and fish (Larson, 1991). Moreover, rattlesnakes (C. atrox, C. molossus) also are known to partition mating seasons within years (Schuett et al., 2005); thus the hypothesis of interannual partitioning of reproduction in syntopic rattlesnakes may warrant further testing. We did not have sufficient data to evaluate sexual size dimorphism (SSD) as a mechanism for dietary partitioning (e.g., Shine, 1991; Pearson et al., 2002; Luiselli et al., 2007). However, within populations adult male C. atrox are clearly larger than adult females (M. Amarello, unpublished data), and SSD might be an additional mechanism of dietary portioning operating within the species at Tonto NM. 

No venomous species in the present study used habitat features or prey species in proportion to their availability; thus animals may have been selecting for or against certain features of locations or prey (Johnson, 1980). For example, the importance of canopy cover during the active season was clear: all species had higher canopy cover of jojoba and other trees at their observed locations than at the reference locations. It is likely that each species selected active-season locations on the basis of a combination of preferred thermal qualities, cover, and presence or absence of prey chemosensory cues (e.g., Theodoratus and Chiszar, 2000; Davis et al., 2008). Also, it is possible that individuals were not selecting any particular vegetation species, but rather the general thermal and cover properties of the plants or substrates (e.g., Rotenberry, 1985; Reinert, 1993). A low differential between the ambient and substrate temperatures of locations used by H. suspectum and C. atrox may indicate a higher thermal tolerance (e.g., Beck, 1995, 2005; Davis et al., 2008) in these reptiles compared to C. cerberus and C. molossus; however, this view was not supported for rattlesnakes by Beck (1995). 

The use of velvet mesquite as cover by all four species might be related to the importance of its seeds as food for small mammals (Martin et al., 1951; Hoffmeister, 1986). Locations under these trees would be good foraging sites for all venomous species, but especially for ambushing predators like rattlesnakes because of a higher probability of encountering prey repeatedly foraging on dropped seeds (e.g., Nowak et al., 2008). The importance of velvet mesquite as a “ground cover” feature in rattlesnake species but not in H. suspectum locations lends some support to this view, yet H. suspectum locations strongly associated with taller mesquite canopy are also expected, given the tendency of this species to be found in the desert riparian scrub vegetative association along the entrance road to Tonto NM during short periods in the spring (Nowak, 2005b).  


Another example of individual selection of, and even preference for, certain habitat features (Bolnick et al., 2003; Stamps, 2006; Réale et al., 2007) involved individuals repeatedly using a single hibernaculum in successive years, although the trend was more variable in H. suspectum and C. atrox. Given this, it is possible that there is competition for suitable shelter sites among the venomous species at Tonto NM (e.g., Beck and Jennings, 2003); this view is supported by several observations of H. suspectum sharing winter (and active season) shelter sites with C. molossus or C. atrox. A strong pattern of annual fidelity to winter hibernacula was seen in more northerly populations of C. atrox (Nowak and van Riper, 1999; Nowak, 2005a). Beck and Jennings (2003) also found that H. suspectum showed strong fidelity to shelter sites, whose selection had important effects on energy and water conservation. As in our study, those shelter sites of H. suspectum tended to be in rockier, south-facing (warmer) microhabitats during the winter and in soil burrows (more humid locations) in drier parts of the summer (Beck and Jennings, 2003). These results were similar to those for C. cerberus in this study, with cooler, shadier sites being used in the summer and more exposed, warmer sites used in the winter (however, the winter hibernacula of C. cerberus still tended to face west, which may have important implications for the physiology and body temperatures of this species compared to its congeners). Heloderma suspectum were more likely to move (between shelter sites) during months when rattlesnakes were inactive: at least one telemetered male H. suspectum moved to the shelter site of a telemetered female during January, a social behavior perhaps suggesting strategic placement for spring courtship (Beck, 2005).

The Venomous Species: Crotalus atrox— Crotalus atrox was the most common venomous species at the park, had the largest home ranges of the three rattlesnake species, and was the most likely of the four species to be found close to or within human-developed areas (e.g., staff housing area and visitor center). For most individuals, the majority of active season locations were in flatter bajada (lowland) areas, whereas the majority of winter locations were in upland habitats, as noted for southern Arizona populations of C. atrox by Beck (1995). However, hibernation site use by C. atrox at Tonto NM appears more variable than for other Arizona populations (Hamilton and Nowak, in press); some individuals consistently hibernated in the bajada in washes or in human-created structures (e.g., the talus/boulder area at the southwest end of the leach field). As with populations studied by Beck (1995) and Pough (1966), Tonto NM C. atrox used relatively few vegetation association types, was the most likely among all species studied to be found within bajada habitats, and was never found in the forested Arizona sycamore vegetation association. Active-season locations for this species tended to have the lowest overall canopy cover, as well as a low proportion of cover by each vegetative species. Crotalus atrox appeared to be a dietary generalist as well as a habitat generalist, taking lizards, birds, rodents, and (presumably juvenile) lagomorphs; the abundance of different rodent species in its diet was not significantly different from that expected based on trapping results. 

Heloderma suspectum— Heloderma suspectum was the second most common venomous species at the park, used all of the available habitats, had the largest home ranges and core use areas of all species, and typically had longer active seasons than the other species. Heloderma suspectum were similar to C. atrox in having a tendency to use human-developed areas (see also Nowak, 2005b; Kwiatkowski et al., 2008), although H. suspectum was found less often near buildings. Individuals of H. suspectum were habitat generalists within upland habitats, but were only rarely found in the bajada; locations for this species had among the steepest slopes during both active and winter seasons. Telemetry observations and Nowak (2005b) indicated that Heloderma suspectum were likely to be found near rock outcrops and under boulders in both summer and winter. The apparent lack of significance of rock outcrop or boulder cover in differentiating H. suspectum locations from reference locations may be due to methodology (autocorrelation between reference plots and animal location plots), rather than a biologically significant lack of importance (e.g., Beck and Jennings, 2003; Jenkins et al., 1995; C. Drost, oral commun. 2008). The locations of H. suspectum had a higher percent of paloverde cover than the other venomous species, perhaps because this tree species was ubiquitous in both bajada and upland rocky habitats, or perhaps because it provided less dense cover than other plant species during the active season, thus creating more favorable thermal microclimates (e.g., Davis et al., 2008). 


In addition to documenting typical nestling prey species, we also documented prey items that were atypical for H. suspectum (Beck, 2005; D. Beck and J. Davis, oral commun. 2008), including an adult whiptail lizard (Aspidoscelis sp.) and two Eutamias doraslis (cliff chipmunk). The occurrence of E. dorsalis in the diet is perhaps not unexpected given that this species commonly occurs in upland habitat near rock outcrops at Tonto NM (Nowak et al., 2008 in preparation).

Crotalus molossus— Crotalus molossus was the third most common of the venomous species at Tonto NM. This species had the smallest home ranges and used relatively few habitat types, yet was active longer than the other rattlesnakes. Crotalus molossus occurred near rock outcrops or within rocky washes (e.g., Cholla Wash and the unnamed wash north of the visitor center and east of the Lower Cliff Dwelling ruins), and hibernation locations for this species had particularly steep slopes. By virtue of the home ranges of telemetered individuals occurring in washes near the visitor center, this species’ locations were significantly closer to visitor center features than were locations of other species; however, individuals were rarely located near buildings. Microhabitat variables associated with rocky habitats were significant for C. molossus, including boulders, outcrops, lichens and mosses, teddy-bear cholla, and crucifixion-thorn. This species was more likely to be found in microsites with denser canopy cover provided by velvet mesquite and jojoba rather than the sparser cover offered by paloverde, and its locations had the coolest substrate temperatures compared to ambient temperatures (i.e., the highest temperature differential). 

There were only two prey samples from C. molossus, both from the same individual, and containing only black-throated sparrow (Amphispizella bilineatus) remains. It is likely that Tonto NM C. molossus also take rodents. Other prey items documented for this species include H. suspectum (Funk, 1964) and a variety of small mammals, including N. albigula, Peromyscus spp., and Perognathus [Chaetodipus] spp. (Klauber, 1972; Reynolds and Scott, 1982). 

Crotalus cerberus— Crotalus cerberus was the least common of the venomous reptile species at Tonto NM. Although individuals used all available vegetation associations, they focused activities on upland and more mesic habitats. Typically this species had small home ranges (with the exception of one male in one year) and the shortest active periods. This species was never found in human-developed areas other than along the trail in Cave Wash; in fact, it was the only species routinely found under the tall forested canopy of Arizona Sycamore vegetation. Other microhabitat features associated with dense canopy were important to this species during the active season (especially in 2003), including high percentages of leaf litter and woody debris, mosses/cryptobiotic soil, and higher canopy cover of jojoba compared to other species. Telemetered C. cerberus were often found in washes (e.g., Cave, Deadman, or Cholla Wash); thus slopes for their locations in the active season were among the steepest, and individuals had a strong association with boulders. Locations of winter hibernacula for this species were in the bottom of upland washes (thus having low slopes in the hibernation season) or in talus slides, with a mean aspect facing southwest, and with the same vegetative species but less canopy cover than at active locations (Nowak, 2006a). Crotalus cerberus at Tonto NM exhibited the same strong associations with active and winter habitat features (i.e., woody debris, leaf litter, rock outcrops, talus, and boulders) as those shown for a northern Arizona population of C. cerberus (Schofer, 2007).

Crotalus cerberus at Tonto NM had the earliest ingress dates of all venomous species, often as much as a month earlier than the other species, and egress dates typically two to three weeks later than the others. In conjunction with use of denser habitats, a relatively high temperature differential for active locations, and apparent selection of non-south facing hibernacula in likely cooler microclimates, it would appear that C. cerberus is at the limits of its thermal tolerance at Tonto NM compared to syntopic rattlesnake species, a view potentially supported by this species having cooler mean body temperatures during hibernation than those of C. atrox during 2003-2006 (E. Nowak, unpublished data). It is possible that the occurrence of this species at the park is a relict distribution from previous cooler, moister conditions (e.g., Pook et al., 2000; Schuett et al., 2002, Douglas et al., 2006; Nowak and Schofer, 2006; Schofer, 2007), or that it is an opportunistic invader from nearby suitable habitat in the Mazatal Mountains. 

Crotalus cerberus exhibited nearly as wide a dietary breadth as C. atrox, taking lizards, birds, and rodents. These results are similar to other dietary records for the species in northern Arizona, in which spiny lizards (Sceloporus tristichus; Schuett et al., 2002), birds, and possibly small mammals were taken (Schofer, 2007, unpublished data). 

Management Implications
Evidence for habitat partitioning among the venomous species at Tonto NM suggests that management actions may affect the species differently. For example, if the current policy of short-distance translocation of animals seen in human-developed areas or on trails is changed to distances farther than a few meters, the restricted habitats for C. molossus, and differing seasonal use of habitats by many C. atrox individuals should be taken into account if impacts on translocated individuals are to be minimized. The recommendations of Nowak and van Riper (1999) for short-distance rattlesnake translocation (< 100 m, and preferably only a few meters) could be followed to ensure that these species are not removed from preferred habitats.
Although the future existence of C. atrox and H. suspectum at the park seems secure, it is possible that predictions of hotter and drier conditions for the southwestern U.S.A. (Barnett et al., 2008) will have negative consequences for the persistence of C. cerberus in particular, and for C. molossus as well, because of their reliance on cooler, moister habitats and cooler body temperatures. Scientifically rigorous and repeatable monitoring of C. cerberus at Tonto NM could contribute to the growing body of research on the organismal effects of global climate change. At least three surveys of the riparian area in summer and three surveys of known hibernacula in the spring (late March to early April) or fall (mid-October) each year would be necessary to meet minimum standards for species detection programs such as Presence (MacKenzie et al., 2002). However, given statistical limitations of small sample sizes (Sokal and Rohlf, 1981), five or more surveys per area per year would yield more defensible results. 

Threats to these species in the park may come also from persecution by humans, either directly in the form of intentional killing (E. Colyott, personal observation) or illegal poaching, or indirectly from roadkill. Multiple road signs could be posted between the housing area and visitor center parking lot, when H. suspectum are known to cross the roads (Nowak, 2005b), to warn motorists to slow down for “animal crossings” during the last week in March and first two weeks in April. Although it is tempting to use a picture of a H. suspectum on the sign, because of the potential for illegal poaching of this species in national parks (R. Babb, oral commun. 2007), this advertisement is not recommended unless the road can be consistently patrolled during warm hours. The park interpretive programs at the visitor center could also raise awareness and foster protection of these important reptilian predators in the park, and, by extension, in the greater southwestern U.S.A. desert region.

Acknowledgements
We are especially grateful for the support and ready assistance of the staff of Tonto National Monument. Rattlesnake diet analyses were conducted by R. Parker and C. Loughran. The manuscript was improved by communications with D. Beck, M. Cardwell, J. Davis, D. DeNardo, R. Repp, and B. Sullivan; drafts were reviewed by T. Theimer, G. Schuett, D. Mattson, K. Kendall, and a USGS VPN editor. Research was supported financially by the National Park Service, the Desert Southwest Cooperative Ecosystems Study Unit at the University of Arizona, the Western National Parks Association, the U.S. Geological Survey, and the late M. Nowak and V. Bray. Animal research was conducted under National Park Service and Arizona Game and Fish Department permits and Northern Arizona University IACUC permit #05-010. Surgeries were performed by D. DeNardo, PhD DVM, and J. Davis, PhD, at Arizona State University, and by veterinarians J. Smith and D. MacKenzie at Alpine Animal Hospital, Flagstaff, and M. Walker and B. Weber at Verde Valley Veterinary Hospital, Cottonwood, Arizona. Fieldwork and data compilation were conducted in collaboration with research assistants J. Bortle, L. Gilmore, M. Hamilton, A. Madara-Yagla, A.J. Monatesti, R. Parker, and J. Schofer. The work was improved by the help of many other volunteers, most notably T. Baker, R. Choi, E. Colyott, J. Davis, M. Feldner, J. Harper, S. Hoh, D. Jex, C. Loughran, P.Yagla-Madara, R. Repp, S. Stumpf, H. Sweet, E. Taylor, and B. Valentine. Logistical support was provided by the US Forest Service Tonto Ranger District. 

selected references
Albrecht, E.W., B.F. Powell, W.L. Halvorson, and C.A. Schmidt. 2007. Vascular Plant and Vertebrate Inventory of Tonto National Monument. OFR 2007-1295. U.S. Geological Survey, Southwest Biological Science Center, Sonoran Desert Research Station, University of Arizona, Tucson, Arizona.

Balderas-Valdivia, C.J. and A. Ramírez-Bautista. 2005. Aversive behavior of beaded lizard, Heloderma horridum, to sympatric and allopatric predator snakes. The Southwest Naturalist 50:24-31. 

Barnett, T.P., D.W. Pierce, H.G. Hidalgo, C. Bonfils, B.D. Santer, T. Das, G. Bala, A.W. Wood, T. Nozawa, A.A. Mirin, D.R. Cayan, and M.D. Dettinger. 2008. Human-induced changes in the hydrology of the western United States. Science 22 February 2008 319:1080-1083.

Beavers, R.A. 1976. Food habits of the western diamondback rattlesnake, Crotalus atrox, in Texas. The Southwestern Naturalist 20:503-515. 

Beck, D.D. 1995. Ecology and energetics of three sympatric rattlesnake species in the Sonoran Desert. Journal of Herpetology 29:211-223.

Beck, D.D. 2005. Biology of Gila monsters and beaded lizards. University of California Press, Los Angeles and Berkeley. 

Beck, D.D., and R.D. Jennings. 2003. Habitat use by gila monsters: the importance of shelters. Herpetological Monographs 17:111–129. 
Bergtold, W.H. 1929. Egg weights from egg measurements. Auk 46:466-473. 

Bolnick, D.I., R. Svanbäck, J.A. Fordyce, L.H. Yang, J.M. Davis, C.D. Hulsey, and M.L. Forister. 2003. The ecology of individuals: incidence and implications of individual 
Brischoux, F., Bonnet, X. and Shine, R. 2007. Foraging ecology of sea kraits Laticauda spp. in the Neo-Caledonian Lagoon. Marine Ecology Progress Series 350:145–151.
Brown, J. R., C. A. Bishop, and R. J. Brooks. 2009. An evaluation of the effectiveness of short-distance translocation as a snake management tool and its effects on western rattlesnakes. Journal of Wildlife Management 73:419-425. 
Brown, J.S., B.P. Kotler, and W. A. Mitchell. 1997. Competition between birds and mammals: a comparison of giving-up densities between crested larks and gerbils. Evolutionary Ecology 11:757-771.

Capizzi, D. and L. Luiselli. 1996. Feeding relationships and competitive interactions between phylogenetically unrelated predators (owls and snakes). Acta Oecologica 17:265-284.
Castoe, T.A., C.L. Spencer, and C.L. Parkinson. 2007. Phylogeographic structure and historical demography of the western diamondback rattlesnake (Crotalus atrox): A perspective on North American desert biogeography. Molecular Phylogenetics and Evolution 42:193–212.

Clark, R.W. 2007. Public information for solitary foragers: timber rattlesnakes use conspecific chemical cues to select ambush sites. Behavioral Ecology 18:487-490.  

 Clemman, N., T. McGee, and J. Odgers. 2004. Snake management on private properties in Melbourne, Australia. Human Dimensions of Wildlife 9: 133-142. 

Crother, B.I., J. Boundy, F.T. Burbrink, and J.A. Campbell. 2008. Squamata: Snakes. In B.I. Crother (ed.), Scientific and standard English names of amphibians and reptiles of North America north of Mexico, pp. 46–65. SSAR Herpetological Circular 37.
Davis, J.R., E.N. Taylor, and D.F. DeNardo. 2008. An automated temperature-based option for estimating surface activity and refuge use patterns in free-ranging animals. Journal of Arid Environments 72:1414-1422.

DeLaune, M.G. 2003. XTools ArcView Extension (Version 9/15/2003). Oregon Department of Forestry, Oregon.

Dial, R. and J. Roughgarden. 1995. Experimental removal of insectivores from rain forest canopy: direct and indirect effects. Ecology 76:1821-1834.

Dickson, B. G. and P. Beier. 2002. Home-range and habitat selection by adult cougars in southern California. Journal of Wildlife Management 66:1235-1245. 

Donnelly, M.A., and C. Guyer. 1994. Patterns of reproduction and habitat use in an assemblage of Neotropical hylid frogs. Oecologia 98:291-302.
Douglas, M.E., M.R. Douglas, G.W. Schuett, and L.W. Porras. 2006. Evolution of rattlesnakes (Viperidae; Crotalus) in the warm deserts of western North America shaped by Neogene vicariance and Quaternary climate change. Molecular Ecology 15: 3353-3374.
Douglas, M.E., M.R. Douglas, G.W. Schuett, L.W. Porras, and A.T. Holycross. 2002. Phylogeny of the western rattlesnake (Crotalus viridis) complex, with emphasis on the Colorado Plateau. pp. 11-50 In G.W. Schuett, M. Höggren, M.E. Douglas, and H.W. Greene, eds. Biology of the Vipers. Eagle Mountain Publishing LC, Eagle Mountain, Utah.  

Environmental Systems Research Institute. 2002. ArcView GIS 3.3. Redlands, California.
Environmental Systems Research Institute. 2008. ArcGIS 9.2. Redlands, California.
Fitch, H.S. 1948. Ecology of the California ground squirrel on grazing lands. American Midland Naturalist 39:513-596. 

Fitch, H.S. 1999. A Kansas snake community: Composition and change over 50 years. Krieger Publishing Company, Malabar, Florida.

Funk, R.S. 1964. On the food of Crotalus m. molossus. Herpetologica 20:134. 

Gienger, C.M. and C. R. Tracy. 2008. Ecological interactions between Gila Monsters (Heloderma suspectum) and Desert Tortoise (Gopherus agassizi). The Southwest Naturalist 53: 265-268.
Goodyear, S.E., and E.R. Pianka. 2008. Sympatric ecology of five species of fossorial snakes (Elapidae) in Western Australia. Journal of Herpetology 422:279-285.

Greene, H.W. 1992. The ecological and behavioral context for pitviper evolution. pp. 107-117 In J.A. Campbell and E.D. Brodie, eds. Biology of the Pitvipers. Selva Press, Tyler, Texas.
Greene, H.W. 1997. Snakes: The evolution of mystery in nature. University of California Press, Berkeley, California.
Greene, H.W., and J.A. Campbell. 1992. The future of pitvipers. pp. 421-427 In J.A. Campbell and E.D. Brodie, eds. Biology of the Pitvipers. Selva Press, Tyler, Texas.

Hamilton, B.H., and E.M. Nowak. In press. Relationships between insolation and hibernacula for three species of Crotalus. The Southwest Naturalist. 2009. 
Hardin, G. 1960. The competitive exclusion principle. Science 131:1292-1297. 

Hardy, D.L. 1986. Fatal rattlesnake envenomation in Arizona: 1969-1984. Journal of Toxicology, Clinical Toxicology 24:1-10.

Hardy, D.L. Sr., and H.W. Greene. 1999. Surgery on rattlesnakes in the field for implantation of transmitters. Sonoran Herpetologist 12:26-28.

Hoffmeister, D.F. 1986. Mammals of Arizona. University of Arizona Press, Tucson, AZ.

Hooge, P.N., W. Eichenlaub, and E.K. Solomon. 1999. The Animal Movement program. US Geological Survey, Alaska Biological Science Center.

Huey, R.B. and E.R. Pianka. 1981. Ecological consequences of foraging mode. Ecology 62:991-999. 

Hutchinson, G.E. 1978. An introduction to population ecology. Yale University Press, New Haven, CT.

Jemison, S.C., L.A. Bishop, P.G. May, and T.M. Farrell. 1995. The impact of PIT-tags on growth and movement of the rattlesnake, Sistrurus miliarius. Journal of Herpetology 29:129-132.

Jenkins, P.D., F.W. Reichenbecher, K. Johnson, and A.E. Gondor. 1995. Vegetation inventory, classification, and monitoring for Tonto National Monument, Arizona. USDI National Biological Service Cooperative Park Studies Unit, University of Arizona Technical Report No. 50, Tucson, Arizona.

Johnson, D.H. 1980. The comparison of usage and availability measurements for evaluating resource preference. Ecology 61:65-71.
Kareiva, P., S. Watts, R. McDonald, and T. Boucher. 2007. Domesticated nature: shaping landscapes and ecosystems for human welfare. Science 316:1866-1869.

Klauber, L. M. 1972. Rattlesnakes: Their habits, life histories, and influence on mankind. Second edition, University of California Press, Berkeley, California.  
Kotler, B.P., L. Blaustein, and J.S. Brown. 1992. Predator facilitation: the combined effect of snakes and owls on the foraging behavior of gerbils. Annals of Zoology Fennici 29:199-206.

Kotler, B.P., L. Blaustein, and H. Dednam. 1993. The specter of predation: the effects of vipers on the foraging behavior of two gerbilline rodents. Israel Journal of Zoology 39:11-21. 

Kwiatkowski, M.A., G.W. Schuett, R.A. Repp, E.M. Nowak, and B.K. Sullivan. 2008.   SEQ CHAPTER \h \r 1Does urbanization influence the spatial ecology of Gila monsters in the Sonoran Desert? Journal of Zoology (London): doi:10.1111/J.1469-7998.2W8.00495.x.

Larson, R.J. 1991. Seasonal cycles of reserves in relation to reproduction in Sebastes. Environmental Biology of Fishes 30:57-70.
Lechleitner, R.R. 1959. Sex ratio, age classes and reproduction of the black-tailed jack rabbit. Journal of Mammalogy 40:63-81. 
Lindell, L.E., and A. Forsman. 1996. Density effects and snake predation: prey limitation and reduced growth rate of adders at high density of conspecifics. Canadian Journal of Zoology 74: 1000-1007.

Losos, J.B. and H.W. Greene. 1988. Ecological and evolutionary implications of diet in monitor lizards. Biological Journal of the Linnean Society 35:379-407. 
Luiselli, L. 2006. Resource partitioning and interspecific competition in snakes: the search for general geographical and guild patterns. Oikos 114:193-211.

Luiselli, L. 2007a. Nonrandom co-occurrence patterns of rainforest chameleons. African Journal of Ecology 46:336-346.
Luiselli, L. 2007b. Community ecology of African reptiles: historical perspective and a meta-analysis using null models. African Journal of Ecology 46:384-394. 

Luiselli, L., G.C. Akani, and D. Capizzi. 1999. Is there any interspecific competition between dwarf crocodiles (Osteolaemus tetraspis) and Nile monitors (Varanus niloticus ornatus) in the swamps of central Africa? A study from south-eastern Nigeria. Journal of Zoology 247:127-131. 

Luiselli, L., E. Filippi, and E. Di Lena. 2007. Ecological relationships between sympatric Vipera aspis and Vipera ursinii in high-altitude habitats of central Italy. Journal of Herpetology 41:378-384.

MacKenzie, D. I., J. D. Nichols, G. B. Lachman, S. Droege, J. A. Royle and C. A. Langtimm. 2002. Estimating site occupancy rates when detection probabilities are less than one. Ecology 83:2248-2255.

Madsen, T., and R. Shine. 1996. Seasonal migration of predators and prey-a study of pythons and rats in tropical Australia. Ecology 77: 149-156.

Martin, A.C., H.S. Zim, and A.L. Nelson. 1951. American wildlife and plants: A guide to wildlife food habits. Dover Publications, New York, New York.
McCrystal, H.K. and C.S. Ivanyi. 2008 in press. Translocation of venomous reptiles in the southwest: A solution – or part of the problem? In W.K. Hayes, K.R. Beaman, M.D. Cardwell, and S.P. Bush (eds.), The Biology of rattlesnakes. Loma Linda University Press, Loma Linda, California.
Minckley, W.L., and D.E. Brown. 1994. Tropical-subtropical wetlands. pp. 268-287 in D.E. Brown, ed. Biotic communities of the southwestern United States and Mexico. University of Utah Press, Salt Lake City, Utah. 
Moore, T.D., L.E. Spence, C.E. Dugnolle, and W.P. Hepworth. 1974. Identification of the dorsal guard hairs of some mammals of Wyoming. Wyoming Game and Fish Department Bulletin 14, Laramie, Wyoming.
Neter, J., W. Wasserman, and M.K. Kutner. 1990. Applied linear statistical methods. Third Edition. Richard D. Irwin, Inc., Burr Ridge, Illinois.
Nowak, E.M. 2005a. Movement Patterns and Life History of Western Diamond-backed Rattlesnakes (Crotalus atrox) at Tuzigoot National Monument, Arizona. Chapter 17, pp. 253-274 In C. van Riper III and D. Mattson, Eds. Proceedings of the 7th Biennial Conference of Research on the Colorado Plateau. University of Arizona Press, Tucson, Arizona.
Nowak, E.M. 2005b. Why did the Gila Monster Cross The Road? Results from a study at Tonto National Monument, Arizona. Sonoran Herpetologist 18:98-101.
Nowak, E.M. 2006a. Ecology of the Arizona Black rattlesnake (Crotalus [viridis] cerberus) at Tonto National Monument, Arizona. Final report to Desert Southwest Cooperative Ecosystem Studies Unit. USGS Southwest Biological Science Center Colorado Plateau Research Station, Flagstaff, Arizona. 
Nowak, E.M. 2006b. Monitoring Surveys and Radio-telemetry of Narrow-headed Gartersnakes (Thamnophis rufipunctatus) in Oak Creek, Arizona. Final report to Arizona Game and Fish Department. USGS Southwest Biological Science Center Colorado Plateau Research Station, Flagstaff, Arizona.   
Nowak, E.M., T. Hare, and J. McNally. 2002. Management of "nuisance" vipers: effects of translocation on western diamondback rattlesnakes (Crotalus atrox). pp. 533-560 In G.W. Schuett, M. Höggren, M.E. Douglas, and H.W. Greene, editors. Biology of the Vipers. Eagle Mountain Publishing LC, Eagle Mountain, Utah.
Nowak, E.M. and J.X. Schofer. 2006. Initial surveys to locate Arizona Black rattlesnakes (Crotalus viridis cerberus) in Arizona National Parks and Monuments. Final Report to Western National Parks Association (Grant # 04-14). USGS Southwest Biological Science Center Colorado Plateau Research Station, Flagstaff, Arizona.  

Nowak, E.M., T.C. Theimer, and G.W. Schuett. 2008. Functional and numerical responses of predators: where do vipers fit in the traditional paradigms? Biological Reviews 83:601-620. 
Nowak, E.M., T.C. Theimer, G.W. Schuett, S.L. Durst, and T. Sisk. In preparation. Does resource supplementation influence the spatial ecology and population dynamics of a predator-prey system? 
Nowak, E.M., and C. van Riper III. 1999. Effects and effectiveness of rattlesnake relocation at Montezuma Castle National Monument. U.S. Geological Survey/FRESC Report Series USGS/FRESC/COPL/1999/17. 

Partin, J.L. 1933.  A year’s study of house finch weights. Condor 35:60-63.

Pearson, D., R. Shine, and R. How. 2002. Sex-specific niche partitioning and sexual size dimorphism in Australian pythons (Morelia spilota imbricata). Biological Journal of the Linnean Society 77:113-125. 

Pianka, E.R. 1973. The structure of lizard communities. Annual Review of Ecology and Systematics 4:53-74.
Pook, C.E., W. Wüster, and R.S. Thorpe. 2000. Historical biogeography of the Western Rattlesnake (Serpentes: Viperidae: Crotalus viridis), inferred from mitochondrial DNA sequence information. Molecular Phylogenetics and Evolution 15:269-282.
Pough, F.H. 1966. Ecological relationships of rattlesnakes in southeastern Arizona with notes of other species. Copeia 1966:676-683. 

Pough, F.H., and J.D. Groves. 1983. Specializations of the body form and food habits of snakes. American Zoologist 23:443-454.
Powell, R.A. 2000. Animal home ranges and territories and home range estimators, in L. Boitani and T. Fuller (eds.), Research techniques in animal ecology: controversies and consequences, pp. 65-110. Columbia University Press, New York.
Prange, S., and S.D. Gehrt. 2004. Changes to mesopredator-community structure in response to urbanization. Canadian Journal of Zoology 82:1804-1817. 

Quick, J.S., H.K. Reinert, E.R. DeCuba, and R.A. Odum. 2005. Recent occurrence and dietary habits of Boa constrictor on Aruba, West Indies. Journal of Herpetology 39:304-307.

Réale, D., S.M. Reader, D. Sol, P.T. McDougall, and N.J. Dingemanse. 2007. Integrating animal temperament within ecology and evolution. Biological Reviews 82:291–318. 

Reinert, H.K. 1984. Habitat separation between sympatric snake populations. Ecology 65:478-486. 

Reinert, H.K. 1993. Habitat selection in snakes, p. 201-240. In R. A. Seigel and J. T. Collins (eds). Snakes: Ecology and Behavior. McGraw-Hill, Inc., New York.
Repp, R. and G.W. Schuett. Under review. Heloderma suspectum (Gila Monster). Diet and predatory behavior. Herpetological Review (Natural History Notes). 2009.   

Reynolds, R.P., and N.J. Scott, Jr. 1982. Use of mammalian resource by a Chihuahuan snake community. pp. 99-118 in N.J. Scott, Jr. (ed). Herpetological communities: a symposium of the Society for the Study of Amphibians and Reptiles and the Herpetologist’s League, August 1977. US Fish and Wildlife Service, Wildlife Research Report No. 13. 

Rivas, L.R. 1964. A reinterpretation of the concepts "sympatric" and "allopatric" with proposal of the additional terms "syntopic" and "allotopic". Systematic Zoology 13:42-43.

Rodda, G. H., Y. Sawai, D. Chiszar, and H. Tanaka. 1999. Problem snake management: the habu and the brown treesnake. Cornell University Press, Ithaca, New York.
Rotenberry, J.T. 1985. The role of habitat in avian community composition: Physiognomy or floristics? Oecologia 67:213-217.
Row, R.R. and G. Blouin-Demers. 2006. Kernels are not accurate estimators of home-range size for herpetofauna. Copeia 2006:797-802.
SAS Institute. 2007. JMP Version 7.0.1. Cary, North Carolina.

Savidge, J.A. 1987. Extinction of an island forest avifauna by an introduced snake. Ecology 68:660–668.

Schmitz, O.J., P.A. Hambäck, and A.P. Beckerman. 2000. Trophic cascades in terrestrial systems: A review of the effects of carnivore removals on plants. The American Naturalist 155:141-153. 

Schofer, J.X. 2007. Habitat use, thermal biology, and natural history of the Arizona Black rattlesnake, Crotalus cerberus. Unpublished Master’s thesis, Northern Arizona University, Flagstaff, Arizona. 

Schoener, T.W. 1974. Resource partitioning in ecological communities. Science 185 5 July 1974:27-38.

Schofer, J.X. 2007. Movements, thermal biology, habitat use, and natural history of Crotalus cerberus in Northern Arizona. Unpublished Master’s thesis, Northern Arizona University, Flagstaff, Arizona.
Schuett, G.W., D.L., Hardy Sr., H.W. Greene, R.L. Earley, M.S. Grober, E.A. Van Kirk, and W.J. Murdoch. 2005. Sympatric rattlesnakes with contrasting mating systems show differences in seasonal patterns of plasma sex steroids. Animal Behaviour 70:257-266.

Schuett, G.W., E.M. Nowak, and R.A. Repp. 2002. Crotalus cerberus: diet and prey size. Herpetological Review 33:210-211.

Seaman, D.E., J.J. Millspaugh, B.J. Kernohan, G.C. Brundige, K.J. Raedeke, and R.A. Gitzen. 1999. Effects of sample size on kernel home range estimates. Journal of Wildlife Management 63:739-747.

Sears, M.W., and M. J. Angilletta, Jr. 2003. Life-history variation in the sagebrush lizard: phenotypic plasticity or local adaptation? Ecology 84:1624-1634.

Shine, R. 1991. Intersexual dietary divergence and the evolution of sexual size dimorphism in snakes. The American Naturalist 138: 103-122.

Shine, R., and X. Bonnet. 2000. Snakes: a new ‘model organism’ in ecological research? Trends in Ecology & Evolution 15:221-222.
Slobodkin, L.B. 1992. A summary of the special feature and comments on its theoretical context and importance. Ecology 73:1564-1566.
Sokal, R. R., and F. J. Rohlf. 1981. Biometry, second edition. W. H. Freeman and Company, New York, New York.

Spiller, D.A. and T.W. Schoener. 1994. Effects of top and intermediate predators in a terrestrial food web. Ecology 75:182-196.
Stamps, J.A. 2006. The silver spoon effect and habitat selection by natal dispersers. Ecology Letters 9:1179–1185.

Stamps, J.A. 2007. Growth-mortality tradeoffs and ‘personality traits’ in animals. Ecology Letters 10:355-363.

Stumpf, K.A. 1993. The estimation of forest vegetation cover descriptions using a vertical densitometer. Proceedings of the 1993 Society of American Foresters national convention, pp 163–169. Bethesda, Maryland. 

Sullivan, B.K., M.A. Kwiatkowski, and G.W. Schuett. 2004. Translocation of urban Gila monsters: a problematic conservation tool. Biological Conservation 117:235-242.

Theodoratus, D.H. and D. Chiszar. 2000. Habitat selection and prey odor in the foraging behavior of western rattlesnakes (Crotalus viridis). Behaviour 137:119-135. 
Turner, R.M., and D.E. Brown. 1994. Tropical-subtropical desertland. pp. 180-221 in D.E. Brown, ed. Biotic communities of the southwestern United States and Mexico. University of Utah Press, Salt Lake City, Utah.

Van Valkenburgh, B. and R.E. Molnar. 2002. Dinosaurian and mammalian predators compared. Paleobiology 28:527-543.

Weatherhead, P.J. and G. Blouin-Demers. 2004. Long-term effects of radiotelemetry on black ratsnakes. Wildlife Society Bulletin 32:900–906.
White, G.C. and R.A. Garrott. 1990. Analysis of wildlife radio-tracking data. Academic Press, Inc., San Diego, California.

Worton, B.J. 1989. Kernel methods for estimating the utilization distribution in home-range studies. Ecology 70:164-168.
Appendix 1

Table A. Number of telemetry locations per year, number of months tracked per year, annual home range size including hibernation site, and 50% core use area (in hectares, ha) for telemetered individual adult western diamond-backed rattlesnakes (C. atrox), black-tailed rattlesnakes (C. molossus), Arizona Black rattlesnakes (C. cerberus), and Gila monsters (H. suspectum) between 2002 and 2007 at Tonto National Monument, Arizona. An “*” next to the year indicates a female was confirmed pregnant, a “*?” means likely pregnant (Gila monsters were not confirmed gravid), and an “x” indicates the animal died that year. Home range was estimated by the minimum convex polygon method (MCP), core use areas by 50% probability kernels under least-square cross validation with the 95% kernel standardized to the 100% MCP (Row and Blouin-Demers, 2006). The value of the adjusted smoothing factor h used to estimate 50% kernels is given. An “-” indicates there were too few points to calculate a MCP; home ranges in parentheses ( ) had too few locations for comparisons.. 
	Species
	Individ.#
	Sex
	Year
	# Months active or tracked
	# Locations
	100% MCP (ha)
	adjusted smoothing factor h
	50% core use
(ha)

	C. atrox
	4
	M
	2003
	2
	10
	(5.54)
	-
	-

	C. atrox
	4
	M
	2004
	8
	52
	15.92
	74
	3.01

	C. atrox
	4
	M
	2005
	4
	18
	(5.59)
	-
	-

	C. atrox
	8
	M
	2003
	7
	35
	7.1
	27
	1.3

	C. atrox
	8
	M
	2004
	6
	42
	24.84
	67
	2.67

	C. atrox
	9
	M
	2003
	5
	18
	(6.46)
	-
	-

	C. atrox
	9
	M
	2004
	9
	59
	22.65
	56
	4.06

	C. atrox
	9
	M
	2005
	9
	36
	22.98
	67
	7.2

	C. atrox
	9
	M
	2006
	7
	38
	9.8
	39
	1.53

	C. atrox
	10
	M
	2003
	9
	41
	14.25
	41
	2.81

	C. atrox
	10
	M
	2004
	8
	57
	41.41
	142
	9.46

	C. atrox
	10
	M
	2005
	8
	40
	27.95
	82
	4.27

	C. atrox
	10
	M
	2006
	9
	37
	24.08
	71
	3.16

	C. atrox
	10
	M
	2007
	3
	12
	(6.73)
	-
	-

	C. atrox
	12
	M
	2003
	8
	44
	42.62
	63
	7.15

	C. atrox
	12
	M
	2004
	7
	50
	76.63
	118
	8.56

	C. atrox
	12
	M
	2005x

car?
	2
	7
	(22.47)
	-
	-

	C. atrox
	24
	F
	2003
	9
	31
	5.91
	27
	0.56

	C. atrox
	24
	F
	2004
	9
	50
	2.53
	16
	0.36

	C. atrox
	24
	F
	2005
*?
	5
	22
	5.94
	-
	-


	Species
	Animal
	Sex
	Year
	# Months active or tracked
	# Locations
	100% MCP (ha)
	adjusted smoothing factor h
	50% core use
(ha)

	C. atrox
	28
	F
	2003
	9
	30
	5.75
	28
	1.49

	C. atrox
	28
	F
	2004
	5
	27
	5.02
	28
	0.84

	C. atrox
	28
	F
	2005*x died in hib.
	9
	44
	4.43
	34
	0.77

	C. atrox
	29
	F
	2003*
	5
	23
	5.94
	-
	-

	C. atrox
	29
	F
	2004
	8
	50
	10.46
	57
	1.85

	C. atrox
	29
	F
	2005*
	8
	41
	9.65
	43
	1.12

	C. atrox
	29
	F
	2006x unknown 
	5
	9
	(0.03)
	-
	-

	C. atrox
	30
	F
	2003x

unknown disease
	5
	23
	(30.52)
	-
	-

	C. atrox
	32
	F
	2003*
	5
	32
	2.06
	24
	0.23

	C. atrox
	37
	F
	2004
*?
	5
	38
	2.27
	17
	0.19

	C. atrox
	37
	F
	2005x coyote
	4
	15
	(1.07)
	-
	-

	C. atrox
	43
	M
	2004
	3
	17
	(5.42)
	-
	-

	C. atrox
	43
	M
	2005
	9
	41
	20.31
	52
	2.85

	C. atrox
	43
	M
	2006
	5
	19
	(11.94)
	-
	-

	C. atrox
	44
	M
	2005
	3
	11
	(5.25)
	-
	-

	C. atrox
	44
	M
	2006
	8
	37
	21.77
	49
	2.55

	C. atrox
	44
	M
	2007
	5
	13
	(8.75)
	-
	-

	C. atrox
	49
	M
	2005
	8
	35
	9.54
	32
	0.52

	C. atrox
	49
	M
	2006
	7
	29
	25.47
	-
	-

	C. atrox
	50
	M
	2005
	6
	31
	5.39
	31
	0.73

	C. atrox
	50
	M
	2006
	7
	37
	13.36
	44
	1.9

	C. atrox
	53
	M
	2005
	3
	10
	(13.84)
	-
	-

	C. atrox
	53
	M
	2006
	8
	39
	25.16
	67
	4.86

	C. atrox
	53
	M
	2007
	5
	13
	(14.14)
	-
	-

	C. atrox
	64
	M
	2005
	5
	27
	22.24
	-
	-

	C. atrox
	64
	M
	2006
	8
	32
	55.27
	101
	5.13


	Species
	Animal
	Sex
	Year
	# Months active or tracked
	# Locations
	100% MCP (ha)
	adjusted smoothing factor h
	50% core use
(ha)

	C. atrox
	68
	M
	2005
	2
	9
	(3.71)
	-
	-

	C. atrox
	68
	M
	2006
	8
	38
	16.63
	49
	2.33

	C. atrox
	68
	M
	2007
	3
	10
	(5.39)
	-
	-

	C. atrox
	12new
	M
	2004x


	1
	6
	(7.06)
	-
	-

	C. atrox
	22A
	M
	2003x car
	2
	4
	-
	-
	-

	C. molossus
	34
	M
	2003
	2
	13
	(0.69)
	-
	-

	C. molossus
	34
	M
	2004
	8
	51
	19.49
	73
	2.43

	C. molossus
	34
	M
	2005x

old age?
	7
	24
	(12.32)
	-
	-

	C. molossus
	38
	F
	2004*
	7
	49
	2.81
	25
	0.27

	C. molossus
	38
	F
	2005
	7
	33
	6.33
	37
	0.56

	C. molossus
	38
	F
	2006*
	3
	17
	(0.1)
	-
	-

	C. molossus
	20M
	M
	2003
	8
	30
	12.44
	37
	1.05

	C. molossus
	20M
	M
	2004
	9
	64
	21.30
	50
	2.63

	C. molossus
	20M
	M
	2005
	9
	33
	18.98
	59
	3.93

	C. molossus
	20M
	M
	2006x

unknown
	6
	23
	(31.33)
	-
	-

	C. cerberus
	3
	M
	2003
	4
	20
	(7.21)
	-
	-

	C. cerberus
	3
	M
	2004
	7
	55
	91.19
	188
	21.19

	C. cerberus
	3
	M
	2005
	6
	32
	7.29
	38
	0.54

	C. cerberus
	3
	M
	2006
	7
	35
	22.47
	78
	2.44

	C. cerberus
	3
	M
	2007
	8
	34
	12.75
	44
	0.84

	C. cerberus
	40
	F
	2004*
	7
	42
	2.28
	25
	0.29

	C. cerberus
	40
	F
	2005
	7
	30
	2.63
	18
	0.2

	C. cerberus
	40
	F
	2006*
	7
	34
	1.7
	18
	0.16

	C. cerberus
	40
	F
	2007
	2
	11
	(3.38)
	-
	-

	C. cerberus
	61
	M
	2006
	2
	9
	(0.54)
	-
	-

	C. cerberus
	61
	M
	2007
	5
	18
	(8.29)
	-
	-

	C. cerberus
	65
	M
	2005
	5
	19
	(16.81)
	-
	-

	C. cerberus
	65
	M
	2006
	7
	34
	2.1
	26
	0.6

	C. cerberus
	65
	M
	2007
	4
	18
	(0.43)
	-
	-


	Species
	Animal
	Sex
	Year
	# Months active or tracked
	# Locations
	100% MCP (ha)
	adjusted smoothing factor h
	50% core use
(ha)

	C. cerberus
	81
	M
	2006
	3
	15
	(1.35)
	-
	-

	C. cerberus
	81
	M
	2007
	3
	11
	(3.35)
	-
	-

	C. cerberus
	83
	M
	2006
	3
	11
	(0.59)
	-
	-

	C. cerberus
	83
	M
	2007
	1
	3
	-
	-
	-

	C. cerberus
	22C
	M
	2003
	3
	14
	(14.71)
	-
	-

	C. cerberus
	22C
	M
	2004
	8
	55
	27.1
	63
	1.87

	C. cerberus
	22C
	M
	2005
	3
	11
	(0.46)
	-
	-

	H. suspectum
	00
	M
	2004x
	2
	11
	(18.11)
	-
	-

	H. suspectum
	1
	M
	2004
	8
	53
	43.11
	83
	4.77

	H. suspectum
	1
	M
	2005
	9
	33
	33.18
	86
	3.05

	H. suspectum
	15
	M
	2004
	8
	45
	39.3
	67
	3.11

	H. suspectum
	15
	M
	2005
	9
	33
	22.27
	47
	5.03

	H. suspectum
	15
	M
	2006
	9
	33
	42.28
	61
	5.44

	H. suspectum
	15
	M
	2007
	10
	31
	86.66
	137
	12.45

	H. suspectum
	17
	F
	2006
	7
	26
	(10.02)
	-
	-

	H. suspectum
	17
	F
	2007
	5
	22
	(3.56)
	-
	-

	H. suspectum
	27
	M
	2006
	4
	18
	(14.49)
	-
	-

	H. suspectum
	27
	M
	2007
	8
	36
	34.27
	72
	2.43

	H. suspectum
	36
	F
	2004
	7
	52
	11.75
	31
	0.6

	H. suspectum
	36
	F
	2005
	8
	38
	8.51
	28
	0.47

	H. suspectum
	36
	F
	2006
	8
	37
	11.96
	38
	0.7

	H. suspectum
	36
	F
	2007
	8
	34
	9.65
	33
	0.84

	H. suspectum
	39
	M
	2004
	8
	54
	52.33
	165
	13.58

	H. suspectum
	39
	M
	2005
	8
	38
	15.03
	39
	1.98

	H. suspectum
	39
	M
	2006
	8
	33
	20.37
	63
	1.72

	H. suspectum
	39
	M
	2007
	9
	31
	24.12
	69
	3.29

	H. suspectum
	41
	M
	2004
	7
	44
	20
	96
	4.69

	H. suspectum
	41
	M
	2005
	9
	35
	16.95
	42
	1.01

	H. suspectum
	41
	M
	2006
	9
	35
	29.45
	55
	4.48

	H. suspectum
	41
	M
	2007
	9
	30
	(10.92)
	37
	1.37

	H. suspectum
	51
	F
	2005
	8
	35
	13.1
	38
	1.52

	H. suspectum
	51
	F
	2006
	8
	36
	7.61
	35
	0.56


	Species
	Animal
	Sex
	Year
	# Months active or tracked
	# Locations
	100% MCP (ha)
	adjusted smoothing factor h
	50% core use
(ha)

	H. suspectum
	52
	M
	2005
	7
	15
	(65.79)
	-
	-

	H. suspectum
	52
	M
	2006x
	4
	16
	(11.78)
	-
	-

	H. suspectum
	63
	F
	2007
	6
	27
	(5.67)
	-
	-

	H. suspectum 
	74
	F
	2006
	9
	27
	(10.52)
	-
	-

	H. suspectum
	74
	F
	2007
	9
	30
	(8.76)
	32
	0.51

	H. suspectum
	20H
	F
	2005
	8
	32
	6.28
	30
	0.76

	H. suspectum
	20H
	F
	2006
	9
	34
	9.41
	81
	2.66

	H. suspectum
	20H
	F
	2007
	9
	28
	(9.79)
	-
	-


Appendix 2

a. 2003 Core Use Ranges for Crotalus atrox and C. molossus
[image: image41.jpg]Crotalus atrox

@D Channel 24 (female)
@D Channel 32 (female)
@D Channel 28 (female)
O Channel 08 (male)
“_ Channel 10 (male)
> Channel 12 (male)

Cultural Features

‘ Housing area

Picnic area

.- Pump house
0 Visitor center
Trails
Roads




 [image: image42.jpg]Crotalus molossus

O Channel 20M (male)

Cultural Features

‘ Housing area

Picnic area

.- Pump house
0 Visitor center
Trails
Roads





b. 2004 Core Use Ranges for C. atrox, C. molossus/C. cerberus, and H. suspectum
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c. 2005 Core Use Ranges for C. atrox, C. molossus/C. cerberus, and H. suspectum
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d. 2006 Core Use Ranges for C. atrox, C. cerberus, and H. suspectum
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e. 2007 Core Use Ranges for C. cerberus and H. suspectum
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Figure 10. Location of core use ranges (estimated by 50% probability kernels) of telemetered adult Crotalus atrox, C. molossus, C. cerberus, and H. suspectum in (a) 2003 (C. atrox and C. molossus); (b) 2004 (all four species); (c) 2005 (all four species); (d) 2006 (C. atrox, C. cerberus, and H. suspectum); and (e) 2007 (C. cerberus and H. suspectum).  
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