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(ABSTRACT) 

Within the Sceloporus scalaris species group, some 

species are oviparous while others are viviparous, 

suggesting the origin of viviparity is relatively recent. 

This interpopulation comparison focused on Sceloporus 

scalaris in Arizona because low elevation (1500 m) and high 

elevation (2500-2900 m) populations exhibit short and long 

periods of egg retention, respectively, and increased 

periods of egg retention are presumably an intermediate step 

in the evolution of viviparity. Low elevation populations 

had life histories typical of lowland Sceloporus: eggs are 

laid at embryonic stages 32-33, clutch sizes are relatively 

large, hatchlings are relatively small, and more than one 

clutch is produced per season. In contrast, montane 

populations retain eggs to embryonic stages 36-38, clutch 

sizes are relatively small, hatchlings are relatively large, 

and only one clutch is produced per season. In accord with 

their lengthy retention, eggshells of montane populations



were thinner than those of lowland populations. The 

assumption that prolonged egg retention is mechanistically 

associated with relatively thin eggshells was tested by 

comparing the development of embryos in eggs retained in 

utero with that of control embryos in eggs incubated in 

Simulated nests where water and gases were presumably not 

limited. For the low elevation population, growth rates of 

embryos retained in utero as long as stage 39 were identical 

to those of control eggs at the same stages. However, water 

uptake by retained eggs was confined to the embryo whereas 

water uptake of control eggs was associated with both the 

embryo and extraembryonic tissues. These results suggest 

that the length of egg retention by S. scalaris is not 

constrained by eggshell thickness, and that the capacity to 

regulate the water balance of eggs may be an important 

component of the evolution of viviparity.
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Chapter I. 

General Introduction 

Evaluations of the evolution of viviparity in squamate 

reptiles have typically utilized the comparative approach 

wherein the morphology, physiology, and ecology of 

viviparous species is contrasted with that of oviparous 

species. This approach has yielded many insights into the 

possible morphological and physiological modifications 

necessary during the transition as well as ecological 

conditions that might favor the evolution of viviparity. 

There is a potential problem, however, with these types of 

comparisons in that the transition from oviparity to 

viviparity is presumed to have occurred gradually and this 

method focuses on the reproductive end points of an 

evolutionary continuum. Hence, such comparisons cannot 

distinguish between changes that may have occurred during 

the interim period and changes that occurred after attaining 

Viviparity. In much the same way, analyses of present day 

geographical distributions of viviparous and oviparous 

species cannot unequivocally identify the ecological 

conditions under which viviparity might evolve. This is 

because certain habitats are likely to favor species that 

are already viviparous but not the evolution of viviparity 

per se.



I avoided this methodological problem by comparing 

different populations of an oviparous species under 

ecological conditions that presumably favor the evolution of 

viviparity. My studies utilized high and low elevation 

populations an oviparous lizard, Sceloporus scalaris; 

viviparity in the genus Sceloporus is thought to evolve at 

high elevations, i.e., in cold climates. My studies have 

primarily concerned the cornerstone of most models for the 

evolution of viviparity; viviparity evolves from oviparity 

via increasingly longer periods of egg retention, and 

morphological and physiological changes must occur 

concurrently with each increase in the duration of egg 

retention. These assumptions and the above hypothesis were 

examined by comparing aspects of reproduction, thermal 

biology, physiology, and eggshell morphology, between high 

and low elevation populations. The expectation was that 

high elevation populations would exhibit characteristics 

more Similar to those of viviparous species whereas low 

elevation populations should exhibit characteristics typical 

of most species of small, oviparous lizards. 

Chapter II concerns field and laboratory studies 

conducted during 1992 which detail the thermal and 

reproductive biology of high and low elevation populations 

of Sceloporus scalaris. The findings from this initial 

study supported the above hypothesis and assumptions.



Chapter III concerns laboratory studies conducted in 

1993 that built on the findings of the 1992 study. This 

research explicitly tested the assumption that increases in 

the duration of egg retention require reductions in eggshell 

thickness in order for embryonic development to proceed 

normally. This research also evaluated the effects of egg 

retention on female metabolism and detailed a pattern of egg 

water uptake associated with successful embryonic 

development in utero.



Chapter II. Reproductive and Thermal Biology 

Introduction 

The scalaris group of the lizard genus Sceloporus is a 

monophyletic assemblage of gramminicolus, primarily high 

altitude species whose distribution is centered on the 

Mexican plateau (Mink and Sites, 1992). The group contains 

both oviparous and viviparous members which suggests that 1) 

viviparous members are recently evolved, and 2) oviparous 

members are not evolutionarily constrained to that mode of 

reproduction (Shine and Bull, 1979: Shine, 1983). 

Most current models for the evolution of viviparity, 

assume that viviparity evolves via a series of incremental 

increases in the time eggs are retained in utero. This 

leads to an increasing degree of embryonic development at 

oviposition and therefore a reduction in the subsequent 

incubation period (Packard et al. 1977; Guillette, 1993). 

A reduction in the time eggs spend in the nest is an 

important component of the cold climate model (Shine, 1985). 

In this model, females occupying colder environments can 

behaviorally thermoregulate and thus provide embryos with 

relatively high temperatures during gestation whereas low 

incubation temperatures in the nest may slow or preclude 

embryonic development (Packard et al, 1977; Shine, 1985). 

The distribution and reproductive characteristics of at 

least two oviparous members of the scalaris group, S.



scalaris and S. aeneus, are consistent with this assumption; 

both species occur at high elevations, retain eggs within 

the oviducts for a prolonged period, and embryonic 

development is relatively advanced at oviposition (Newlin, 

1976; Guillette, 1982b). These observations suggest that 

the scalaris group iS an appropriate subject for the study 

the evolution of viviparity. 

The focus of this research is on S. scalaris, whose 

distribution extends from the neovolcanic axis in central 

Mexico northwards to southeastern Arizona and southwestern 

New Mexico (Smith and Hall, 1974). Despite the apparent 

restriction of S. scalaris to montane habitats, some 

populations occur at low elevations (1220-1560 m) on remnant 

semidesert grasslands (Dixon, 1965; Stebbins, 1966; Bock et 

al., 1990). At the time this study was initiated, the 

reproductive biology of these low elevation populations was 

essentially unknown (Smith et al., 1990). I suspected that 

populations of S. scalaris inhabiting lower, warmer 

elevations would exhibit reproductive characteristics more 

typical of oviparous lizards. For example, most oviparous 

species typically retain eggs until embryos are at 

approximately stage 30 (Shine, 1983), and often produce 

multiple clutches during a reproductive season. Thus, the 

occurrence of both high and low elevation populations of S. 

scalaris in close proximity to one another affords an



excellent opportunity to gain insights into the proximate 

effects of temperature on lizard reproductive strategies and 

the evolution of viviparity. 

My objectives were twofold: (1) to compare thermal and 

reproductive biology of female S. scalaris from montane and 

lowland populations, and (2) to examine some of the putative 

ecological, physiological, and reproductive characteristics 

necessary for the evolution of viviparity. 

Materials and Methods 

Study sites 

The high elevation (HE) study area was located in the 

Chiricahua Mountains, Cochise County, Arizona. The dominant 

vegetation of the area is Fir-Pine forest. Observations 

were made at two sites in the vicinity of Rustler Park (2664 

m) and at a third site 14 km southwest of Rustler Park at 

the summit of Monte Vista Peak (2852 m). All sites were on 

exposed, southeast facing slopes with moderate to abundant 

coverage of bunch grasses. Because of their close proximity 

to one another and their similar vegetation, altitude, and 

slope, data for the three HE sites were pooled. 

The low elevation (LE) study area was located between 

the Huachuca and Santa Rita mountains at the National 

Audubon Society Appleton-Whittell Research Ranch Sanctuary 

(1463 m) and its immediate vicinity in Santa Cruz County,



Arizona. The dominant vegetation of this area is bunch 

grass-oak savannah. 

Reproductive condition of females 

HE and LE females were collected from 26 June to 5 

August and from 6 June to 2 August 1992, respectively. At 

the time of capture, females were weighed to 0.1 g and 

snout-vent length (SVL) measured to 0.5 mm. They were 

killed within 24 h of capture with nembutal and dissected. 

The presence or absence of yolked ovarian follicles was 

noted and oviductal eggs were counted. Eggs were removed 

from one randomly selected oviduct and weighed to 0.001 g. 

Embryos were dissected free from their extraembryonic 

membranes and developmental stages > 30 were characterized 

to the nearest 0.5 stage according to Dufaure and Hubert 

(1961). Embryonic stages < 30 were characterized to the 

nearest stage. The remaining oviduct was removed intact 

with its eggs and fixed in Bouins solution for 24 hr and 

then stored in 70% EtOH. Eggs from these oviducts were 

later used to determine the thickness of eggshells (below). 

Embryonic stage was invariant within clutches in most cases; 

no two embryos within a clutch ever differed by more than 

0.5 stage (also see DeMarco, 1992). Thus, for naturally 

Oviposited eggs (see below), only 1-3 eggs per clutch were 

staged.



Approximate dates for the initiation and duration of 

oviposition in the field were determined by the number of 

reproductive and non-gravid females seen on each visit to a 

Site. All females, including the smallest individuals 

observed, appeared to be reproductive. 

Additional reproductive data for the HE population were 

taken from Newlin (1976). An approximate hatch date of eggs 

for the LE population comes from Smith et al. (1990). These 

observations were made on the same populations I studied. 

Eggshell Thickness and Morphology 

Fragments of shells were examined by scanning electron 

microscopy. To insure that all eggshells were fully formed, 

only eggs containing embryos at developmental stage 29, or 

greater, were used. The analysis of eggshell thickness is 

based on examinations of one shell fragment from each of 12 

HE clutches and 8 LE. For all specimens, the section of 

eggshell at the embryonic pole directly adjacent to embryos 

was removed, pinned lightly to a flat surface covered by 

absorbent paper, and allowed to air dry for 24 hr. Each 

section was then freeze-fractured by dipping it briefly into 

liquid nitrogen and then snapping it in half. This method 

minimized compression and distortion of the shell edge. One 

shell fragment from each egg was mounted on an aluminum 

stub, coated with gold (920 A), and the fractured edge 

photographed at 260-1200 X. Shell thickness was measured to



O.1 um by taking five evenly spaced, but randomly placed, 

measurements from the Polaroid prints of each specimen. 

Means of the five measurements were used to represent the 

thickness of each shell. Measurements include the 

calcareous and fibril layers; it was not possible to measure 

the thickness of these two layers separately because of 

their interdigitation. 

The low pH of the fixative used in 1992 visibly altered 

the morphology of the calcareous layer of the shell. 

Therefore, 7 eggs from 7 clutches (2 HE, 5 LE) were obtained 

in 1993 to determine if the fixative altered the thickness 

of eggshells examined in 1992. To do so, shell halves from 

the embryonic pole of each egg were cut into two sections. 

One shell section was fixed for 24 hr in the same fixative 

used in 1992. The other shell section was stored for 24 hr 

in distilled water. The thickness of these shell fragments 

was determined using the methods described above. The 

thickness of fixed and unfixed shell fragments did not 

differ (S = 8, P > 0.05, Wilcoxon Signed Rank test). 

Morphology of the calcareous layer of the eggshells is 

described from the unfixed shell fragments. 

Embryonic stage at oviposition 

To determine the developmental stages of embryos at 

oviposition, gravid females were placed individually in wire 

screen enclosures (44 cm in diameter, 39 cm high) and



observed daily until they laid eggs. Enclosures were 

provided with clumps of bunch grass, exposed soil, shade, 

and a subsurface retreat. This arrangement allowed females 

a choice of nest sites. Because of the logistic problem of 

monitoring enclosures at the LE site, enclosures for LE 

females were located at Southwestern Research Station 

(SWRS), Portal, AZ, rather than at the LE site. The 

elevation at the LE site is approximately 130 m lower than 

at SWRS, thus, LE females within enclosures at SWRS may have 

experienced somewhat cooler temperatures than normal. 

Thirteen HE females were placed in enclosures at one of the 

HE study sites during the second week in July. Seventeen LE 

females were placed in enclosures during the third week of 

June. Both sets of enclosures were placed in the open, and 

females were fed crickets dusted with a vitamin powder at 

least every other day to supplement natural prey. 

All study sites (HE and LE) received the first heavy 

summer rain on 7 July. Only one HE female oviposited 

naturally within an enclosure (3 August). Oviposition was 

probably inhibited by the extremely wet soils in the 

enclosures following the onset of the summer rains. 

Therefore, when approximately 80% of the females in the 

field at the HE enclosure site had oviposited (1 -4 August), 

HE females were moved from the enclosures to terraria at 

10



SWRS and oviposition induced with an interperitoneal 

injection of 0.5 cc oxytocin on 7 August. 

LE females began nest construction and egg laying 

within enclosures at SWRS on 10 July. However, oviposition 

in the enclosures occurred over a much longer time period 

than was observed in the field. Oviposition in the 

enclosures occurred from 10 July - 8 August and from 

approximately 7 - 13 July in the field. Therefore, only 

those LE females from enclosures that had oviposited by 14 

July (N = 5) were used to determine embryonic stage and egg 

mass at oviposition. 

Eggs were weighed to 0.01 g with an electric balance 

immediately after oviposition and then staged. At least 1 

and 3 egg(s) per clutch from HE and LE clutches, 

respectfully, were examined to determine embryonic stage. 

Procurement and maintenance of hatchlings 

Eggs from HE and LE populations were incubated to 

determine average hatchling mass and snout-vent length 

(SVL), selected body temperature, and Critical Thermal 

Maximum for each population. For this purpose, eggs from 13 

HE and 13 LE clutches were packed in moistened vermiculite 

and mailed within two days of the date they were obtained to 

the laboratory in Blacksburg, VA. Upon arrival, eggs were 

placed into environmental chambers whose light and 

temperature cycles approximated conditions of Sceloporus 
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nests at SWRS (mean temperature of 25.0 °C, daily range from 

19.0 to 34.0 °C. Eggs were incubated separately in cups 

containing vermiculite to which distilled water was added to 

the mass of dry vermiculite at 0.7-0.8 to 1.0 (-100 to -50 

kPa). Cups were checked twice a day and hatchlings were 

weighed to 0.01 g within 12 h of hatching. 

After eclosion, small groups of hatchlings were housed 

in plastic tubs containing sand and a clump of bunch grass. 

Windows and fluorescent bulbs provided ambient light and a 

heat gradient for thermoregulation was provided by a 75 watt 

flood lamp suspended at one end of the tub. Lizards were 

fed crickets, Tenebrio larvae, and wax worm larvae daily and 

cage vegetation was sprayed with water twice a day. 

Field Sampling of Body and Environmental Temperatures 

Observations were made at the HE site on 10 din June, 

11 din July, and on 1d iin August and made at the LE study 

sites on 11 din June and 5 d in July, 1992. Sampling 

effort at each visit generally spanned the entire period of 

lizard activity. Lizards were captured by hand or noose. 

Immediately after capture, body temperature (TB), shaded air 

temperature 1 cm above perch (TAj¢Gy), and shaded air 

temperature 1 m above perch (TA,;,) were measured to the 

nearest 0.19C with a calibrated thermocouple thermometer, 

and time of day noted. I measured the TB only for those 
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lizards caught in less than 45 s of pursuit. Only data for 

reproductive females are reported here. 

Body temperatures exhibited by lizards were typically 

low upon morning emergence and just before retreating in the 

evenings (Fig. 1A,B). However, females in both populations 

generally spent most of their time each day at higher body 

and air temperatures. Inclusion of observations from the 

extreme ends of the daily activity periods in calculations 

of median body and air temperatures would give an 

inaccurately low estimate of the temperatures females 

generally experience. Therefore, some observations at the 

extremes of the activity periods were excluded from the 

analyses. To do so, I first partitioned the data for each 

population into those observations taken before and after 

1200 h. Then, for each data set (2 for each population, 4 

total) I sequentially deleted all observations within 0.5 hr 

time intervals starting at the extreme ends of each activity 

period until linear regressions of TB on time of day were 

not significant (P’s > 0.05). This resulted in the 

exclusion of all observations for the HE population taken 

before 0800 and exclusion of all observations for the LE 

population taken before 0900 and after 1830. 

Thermoregulatory precision was estimated from the 

regression statistics for the linear regressions of TB on 

13



TAiom and TB on TA,, (Huey, 1982). These analyses utilized 

all observations of body and air temperatures. 

Minimum body temperatures of nonactive females were 

estimated from daily minimum soil temperatures approximately 

3.5 cm below the soil surface beneath clumps of bunch grass, 

a presumed nightime retreat for lizards. Temperatures were 

measured using calibrated thermocouple thermometers and 

stored in a data logger. Observations were made at the HE 

Site on 5 days between 22 and 28 June, and at the LE site on 

five days between 18 and 30 June, 1993. No two observations 

were made at the same location within a site. 

selected Body Temperatures and Responses to Extreme 

Temperatures 

Lab-reared juveniles (29.0-36.0 mm SVL) from the HE and 

LE sites were used to determine selected body (Tg,)) and 

Critical Thermal Maximum (CTMax) temperatures. Tg,) was 

measured for 32 HE juveniles from 13 clutches and 35 LE 

juveniles from 13 clutches. Because Tse] (and CTMax, below) 

did not vary significantly between sexes, all results using 

juveniles are based on combined samples. Lizards were 

fasted for 24 hr before measuring T Tse) for lizards in sel: 

rearing tubs was measured at approximately midday during 

their normal hours of activity. Lizards were removed 

quickly from their tubs using a noose and their cloacal 

temperature measured with a calibrated thermocouple probe. 

14



The range of body temperatures that lizards could have 

selected in the gradient was determined at a later time than 

those for T but under similar gradient conditions. A sel: 

carcass of another species of bunch grass lizard, Sceloporus 

aeneus, was used as a model. S. aeneus and S. scalaris are 

Similar in body shape and the mass of the model was similar 

to that of the S. scalaris juveniles. The maximum TB of the 

model when placed directly under the lamp on the tub 

substrate was 49.1 °c. The minimum TB of the model placed 

on the tub substrate at the extreme opposite end of the 

gradient from the lamp was 26.2 °c. 

The Critical Thermal Maximum (CTMax), the temperature 

at which lizards lost their righting response (Lowe and 

Vance, 1955), was determined using 11 HE juveniles from 8 

clutches and 10 LE juveniles from 6 clutches. Lizards were 

warmed individually in an insulated can over a hot plate 

while continuously monitoring their behavior and core 

temperature (thermocouple probe inserted 0.5 cm into their 

cloaca and taped in place). The heating rates of juveniles 

were not determined. However, the average rate of increase 

in body temperature for similar sized juvenile Sceloporus 

virgatus (n = 12) using the same methods and testing 

apparatus was 4.9 (+ 0.60) °C/min (Andrews, unpub.). The 

Critical Thermal Minimum was not determined formally, but 

15



all of the lizards used to determinate CTMax were able to 

right themselves at a body temperature of 0 °C. 

Statistical Analyses 

The field body temperatures of HE females were not 

normally distributed. Therefore, all data on body and air 

temperature are described with nonparametric measures of 

central tendency (median) and dispersion (interquartile 

distance, Q3-1)- Wilcoxon Rank Sum tests for two groups 

were used to compare body and air temperatures. A Wilcoxon 

Rank Sum test was used to compare embryonic stages at 

oviposition because of the not truly numeric condition of 

such stages. 

All analyses involving eggs, and hatchlings, are based 

on clutch means. Means are presented plus or minus their 

standard errors. Analysis of covariance (ANCOVA) was used 

to test for differences between regression equations. A 

Significance criterion of P < 0.05 is used throughout. 

Statistical analyses were conducted using SAS software (SAS 

Institute Inc. 1985). 

Results 

Female Activity Periods 

Females at the HE and LE sites were first observed at 

approximately 0730 hr, however, HE females generally 

exhibited lower body temperatures than LE females at this 

time (Fig. 1 A,B). Body temperatures of most HE females did 

16



not reach 30 °C until approximately 0800 hr whereas body 

temperatures of LE females were always 30 °C or more when 

first observed. HE and LE females remained active until 

about 1600 and 1800 hr, respectively. Thus, the daily 

activity period of HE females was about two hours shorter 

than that of LE females. 

Field Body and Environmental Temperatures 

Median field TB, TA,,, and TA;,¢, Of HE females were 

Significantly lower than LE females (Wilcoxon Rank Sum 

tests, Z’s = 5.7, 8.8, 7.1, respectively, P’s < 0.001; 

Table 1). A difference in median TA), of nearly 9 Sc 

between HE and LE sites indicates that HE females inhabit a 

colder environment (at least during daylight hours). HE 

females also exhibited greater dispersions (Q3_,) in field 

TB, TAim, and TA,,, than LE females. TB - TA, as well as 

TB - TA,jGom were greater for HE females compared to LE 

females (Z’s = 7.9, 5.5, P’s < 0.001, Table 1). Thus, 

during the reproductive period HE females tended to have 

body temperatures that were more elevated above 

environmental temperatures than LE females even though HE 

females had a lower median TB. 

The median minimum soil temperatures at the HE and LE 

sites during June were 15.0 (Q3-, = 2.9, n = 5) and 20.4 

(Q3., = 1.6, n = 5) °C, respectively. 

17



Selected Body Temperatures and Responses to Extreme 

Temperatures 

The median T.g,] for captive raised HE and LE juveniles 

were 35.6 (Q3_;, = 0.5, n = 15) and 35.8 (Q3_;, = 0.6, n= 

13}, respectively (Wilcoxon Rank Sum test, Z = 1.61, P > 

0.05). 

Comparisons of field body temperatures with selected 

body temperatures can give an indication of the ability of 

individuals within populations to maintain preferred body 

temperatures. Tg.) Of HE and LE juveniles was higher than 

the field TB of females in their respective parent 

populations (2’s = 3.3, 5.3, P’s < 0.05). However, the 

difference between median Tsel and TB was larger for the HE 

population (3.5 °C) compared to the HE population (1.8 °C). 

The median Critical Thermal Maxima for HE and LE 

juveniles were 44.6 (Q3_, = 1.0, n = 6) and 44.8 (Q3._) = 

0.75, n = 8), respectively (Wilcoxon Rank Sum test, Z = 

0.39, P > 0.05). 

Relationship Between Body and Air Temperature 

Precision of thermoregulation can be estimated by the 

Slope of the regression of TB on environmental temperatures. 

For example, a slope of 0 indicates that TB is independent 

of environmental temperature whereas a slope of 1 indicates 

a nearly complete dependence of TB on environmental 

temperature (Huey, 1982). The slopes of the linear 

18



regressions of TB on TA), and of TB on TAjay, (0-4 - 0.5) 

indicate that HE and LE females exhibit an intermediate 

level of precision of thermoregulation (Table 1). The 

linear regressions for TB on TAjm for LE and HE populations 

did not differ in either slope (Fi,133 = 0, P > 0.05; Fig 

2A), or intercept (F,,134 = 1-7, P > 0.05). Likewise, the 

linear regressions for TB on TA,,, for LE and HE populations 

did not differ in either slope (F,,125 = 2-7, P > 0.05; Fig. 

2B), or intercept (Fi,126 = 0-2, P > 0.05). However, 

visual inspection of the plots of TB on air temperatures 

show that HE females are active at lower air temperatures 

than LE females and tend to incur lower body temperatures as 

a consequence of such activity (Fig. 2A,B). 

Female Reproduction 

The reproductive condition of HE and LE females and the 

developmental stages of embryos from early June to early 

August are given in Table 2. The reproductive patterns of 

the HE and LE populations from April to September are 

summarized in Figure 3. 

High Elevation Population - Enlarged, yolked follicles were 

present in 3 females examined during 7 - 21 June. Newlin 

(1976) considered that vitellogenesis in most females begins 

in late April. 

The first oviductal eggs were observed in two females 

collected on 8 June. Embryos within these eggs were too 
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undeveloped to determine embryonic stages. Newlin (1976) 

first observed oviductal eggs on 4 June also without any 

measurable embryonic development. Oviductal eggs were 

present in 13 HE females examined during 8 June to 2 August. 

Unlike LE females (below), HE females did not begin 

ovipositing with the arrival of the first rain on 7 July. 

All females observed during the period 8 - 16 July (n=8), 

were reproductive. The first nongravid HE females were not 

observed until 19 July. The last reproductive female was 

observed on 2 August. Thus, oviposition began approximately 

12 ad after the first rain and continued into early August. 

Similarly, Newlin (1976) first observed non-gravid females 

24 July while some females were still gravid in mid-August. — 

HE females retained eggs for approximately 40 days based on 

the estimated date of first ovulation (4 June) and 

oviposition (19 July). 

Low Elevation Population - Enlarged, yolked follicles were 

present in 3 females examined on 11 June. Initiation of 

vitellogenesis occurred before this study was initiated and 

therefore could not be determined. The last female observed 

with enlarged follicles was collected on 3 July. 

Oviductal eggs (stage 26) were first observed in one 

female collected on 26 June. However, the stage of this 

clutch and females which contained large follicles on 11 

June suggests that ovulation occurred between 11 June and 26 

20



June. Oviductal eggs were last observed in one female 

collected on 16 July which contained embryos at stage 30.0. 

Initiation of oviposition coincided with the arrival of 

the first summer rains on 7 July. All females observed 

during the period 29 - 30 June (n=11) were reproductive. In 

contrast, 15 of 17 females observed during the period 9 - 16 

July were non-gravid and showed signs of recent oviposition 

(l.e., dirt-caked front feet, folds of loose skin in the 

abdominal region). LE females retained eggs for 

approximately 20 days based on the estimated date of first 

ovulation (17 June) and oviposition (7 July). 

At least some females produce a second clutch 

immediately following oviposition of the first clutch (Table 

1; Fig. 1). Two females collected 30 - 31 July contained 

oviductal eggs; one with embryos at stage 28, the other with 

embryos too undeveloped to accurately determine stage. 

Moreover, four remaining females from the enclosures at SWRS 

(below) examined on 8 August contained large yolked 

follicles in addition to their first clutch. Smith et al. 

(1990) observed gravid females as late as 20 August, but 

assumed (presumably erroneously) that these females were 

still carrying their first clutch. 

Embryonic Stages at Oviposition 

Stage at oviposition ranged from 35.5 - 37.0 and 31.0 - 

33.5 in HE and LE populations, respectively, and differed 
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between populations (Wilcoxon Rank Sum test, Z = 3.38, P < 

0.001). The median embryonic stages at oviposition for HE 

and LE were 33.0 (n II 13) and 36.0 ({n = 5), respectively 

(Fig. 4). 

Embryonic stages at oviposition from the enclosures 

corresponded to field data. Clutches from HE females 

collected on 26, 28 July and 2 August (one each date) were 

at embryonic stages 37.0, 35.5, and 36.0, respectively. One 

LE female collected on 10 July contained embryos at stage 

32.5. and the first clutch oviposited in the LE enclosures 

was at stage 33.0. 

Egg Mass at Oviposition and Hatchling Mass 

Egg mass at oviposition differed between HE and LE 

populations (two-sample t-test, t = 5.64, P < 0.001). The 

mean egg mass at oviposition for HE and LE females was 0.37 

(+ 0.008), n= 13) and 0.29 (+ 0.012), n= 5) g, 

respectively. Some of this difference was due to water 

uptake in utero (Newlin, 1976; Ch. III). However, the 

larger mean egg mass of HE eggs was also reflected by a 

larger hatchling mass (t = 5.35, P < 0.001). Mean body 

masses of HE and LE hatchlings were 0.33 (+ 0.009, n = 13) 

and 0.28 (+ 0.004, n = 13) g, respectively. 

Reproductive Potential 

Clutch size was positively related to female size in 

both HE (F; 45 = 22.0, n= 16, R? = 0.61, P < 0.001) and LE 
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(Fy 95 = 20.8, n = 27, R2 = 0.55, P < 0.001; Fig. 5) 

populations and the slopes of these regressions do not 

differ (F,,39 < 0.1, P > 0.05). However, clutch size 

differed between populations (Fj,49 = 11.3, P < 0.01, SVL 

used as the covariate). At the grand covariate mean (53.3 

mm), the adjusted clutch sizes were 9.4 (+ 0.42) and 11.2 (+ 

0.32) for HE and LE females, respectively. Given that HE 

females produce about 2 less eggs per clutch than LE females 

irrespective of body size and that all HE females produce a 

Single clutch, it is clear that reproductive potential in HE 

females is less than that of HE females. 

Comparisons of Eggshell Morphology and Thickness 

Eggshells from the HE (n = 12) population were 

significantly thinner than those from the LE (n = 8) 

population (t = 4.0, P < 0.001, Fig. 6). The mean shell 

thicknesses of HE and LE eggs were 19.3 (+ 1.36) and 26.6 (+ 

0.92) um, respectively. The relative thinness of HE shells 

appeared to be attributable to a reduced thickness of the 

fibril layer; the thickness of the presumed calcareous layer 

appeared to be similar in both populations. All other 

aspects of shell morphology were similar between 

populations. Fibrils underlying the calcareous layer are 

loosely packed appear similar in diameter. The presumed 

calcareous layer is composed of a loosely packed 

conglomerate of nodules; open spaces between the nodules are 
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relatively large and appear to interconnect (Fig.6 ). There 

are no obvious "pores" or fissures, however, on the 

outermost surface of shells. For a view of the outer 

surface of an HE eggshell, see Fig 5.8 in Packard and 

DeMarco (1991). 

Discussion 

Thermal Biology 

Environmental temperatures at the HE study sites were 

relatively colder than temperatures at the LE site as judged 

by daytime temperatures (Table 1). The lower air 

temperatures HE females experience are reflected by a median 

TB that is 2.7 °C lower than that of LE females. The slopes 

and intercepts of the regressions of TB on air temperatures 

for HE and LE females indicate that females in both 

populations are able to maintain body temperatures that are 

fairly independent of environmental temperatures, and that 

the relationship between TB and air temperatures is similar 

in both populations. However, HE females were often active 

at lower air temperatures than LE females and exhibited 

accordingly lower TBs (Fig 2A,B). Moreover, the length of 

the activity period at the HE sites was approximately 2 

hours less than at the LE site (Fig. 1A). Thus, HE females 

maintained TBs that were somewhat lower than LE females and 

the cumulative time spent at activity temperatures must be 

less. 
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It should be noted that the median TB of active females 

reported here are conservative estimates of overall TB and 

temperatures of oviducal eggs because HE and LE are 

nonactive for approximately 15.5 and 13.5 hrs, respectively, 

during each 24 hr period. The median minimum body 

temperatures of nonactive HE females was 5.4 °C lower than 

that of nonactive LE females as judged by daily minimum soil 

temperatures in presumed nightime refuges. Thus, 

differences in overall TB between HE and LE females may be 

greater than suggested by comparisons of median activity TB. 

Are the observed differences in TB between HE and LE 

females a result of female choice, or differences in thermal 

environment? Observations on juvenile S. scalaris suggest 

that given the same thermal opportunities, HE and LE females 

would have the same activity temperatures. Juveniles raised 

in the laboratory had virtually identical Tsel and CTMax. 

Because HE and LE juveniles were incubated and raised under 

the same conditions, their similar thermal behavior and 

physiology presumably reflects genetically determined 

responses. 

Reproductive Biology 

Females at high and low elevations exhibited marked 

differences in their reproductive patterns (Fig. 2) and life 

history characteristics. HE females retained eggs for at 

least 40 days (Fig. 2). This estimate is not too different 
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from the estimate of 50 days given by Newlin (1976). [In 

contrast, LE females retained eggs for only about 20 days, 

or half the duration that HE eggs were retained. Such short 

periods of egg retention appear typical of oviparous lizards 

at low elevations. For example, Sceloporus woodi retains 

eggs for an estimated 15 - 20 days (DeMarco, 1992) and Uta 

stansburiana retain eggs on average for 13 days (Tinkle, 

1967). 

Embryonic development at the time of oviposition in HE 

clutches was considerably advanced compared to LE clutches 

(Fig 4). Stages of embryonic development within clutches 

oviposited by LE females were in the range of stages typical 

for most oviparous squamates at oviposition (Shine, 1983). 

The more advanced embryonic stages at oviposition of HE 

clutches than LE clutches is consistent with the hypotheses 

that viviparity evolves in cold climates and that increases 

in the duration of egg retention occur gradually. Such a 

relationship between degree of embryonic development at 

Oviposition and altitude has been observed in other 

OViparous lizard species: Brana et al. (1991) noted a 

positive correlation between embryonic stage at oviposition 

and the upper limit of a species’ altitudinal range in 

Lacertid lizards. Longer durations of egg retention are 

presumably not possible without reductions in the thickness 

of the eggshell (Guillette, 1993). Reductions in eggshell 
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thickness may be necessary to permit normal rates of gas and 

water exchange between the developing embryo and the female 

during development. This may be especially true at high 

altitudes where the partial pressure of O5 in the arterial 

blood of HE females would be lower than that of LE females 

(Guillette et al., 1980). In accord with this hypothesis, 

the average eggshell thickness produced by HE females was 

7.3 um thinner than shells from LE females. 

Life history characteristics may be affected by egg 

retention per se. One potential disadvantage of egg 

retention to the female involves the increase in mass and 

volume of the clutch during incubation, primarily as a 

result of egg water uptake (Vleck, 1991; Ch. III). A 

reduction in clutch size or neonate size would reduce 

negative aspects of increased clutch mass and volume. 

Indeed, a reduction in clutch size is the general rule among 

viviparous species of Sceloporus (Ballinger, 1983). My data 

for clutch sizes of HE and LE females is consistent with 

this pattern: HE females produce approximately 2 less eggs 

per clutch compared to LE females of the same size (Fig. 5). 

However, HE females do not produce smaller eggs than LE 

females; HE females provision more material into each egg 

than LE females as indicated the larger mass of HE 

hatchlings. Other members of the scalaris group exhibit 

this pattern: the viviparous Sceloporus bicanthalis has a 
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smaller clutch size but larger hatchlings than its oviparous 

Sibling species, Sceloporus aeneus (Guillette, 1982b). 

Environmental temperatures may directly affect life 

history characteristics (Adolph and Porter, 1993). For 

example, one consequence of reproduction in relatively 

cooler climates is that the rate of embryonic development is 

reduced (Vial and Stewart, 1985), and longer developmental 

periods reduce the number of clutches that can be produced 

in one activity season (Packard, et al., 1977). The total 

developmental time of HE clutches based on my estimate for 

date of first ovulation (7 June) and the first appearance of 

hatchlings in early September (Newlin 1976) would be at 

least 85 days. Given the relatively short activity period 

and low body temperatures of HE females, it is not 

surprising that the total embryonic developmental time is 

comparatively long and that HE females are restricted to one 

clutch per activity season (Newlin, 1976). Populations of 

S. scalaris at high elevations (2480 m) in central Mexico 

occupy a Similar altitude as HE populations in Arizona, but 

produce two clutches per season (Ortega and Barbault, 1986), 

presumably because of a longer activity season. In contrast 

to HE populations in Arizona, the total developmental time 

of LE clutches based my estimate for date of ovulation (18 

June) and an approximate hatch date of 6 August (Smith et 

al. 1990) would be about 50 days (Fig. 3). In accord with 

28



their relatively short period of embryonic development, some 

or all LE females produced at least two clutches. 

Why do HE females initiate reproduction earlier in the 

season and retain eggs longer than LE females? Temperature 

typically serves as a proximate cue for initiating 

reproduction in temperate zone lizards (Marion, 1982); 

populations in warm environments often initiate reproduction 

at an earlier date than populations in cooler environments. 

Thus, it seems anomalous that HE S. scalaris females begin 

ovulating approximately two weeks before LE females. 

One possible explanation for the HE pattern, given the 

relatively slow developmental rate of HE embryos, is that 

embryonic development might not be sufficiently advanced at 

oviposition to complete development before the arrival of 

colder fall temperatures if reproduction were to begin later 

in the season. Moreover, HE females females must retain 

eggs at least until the arrival of the first heavy rains. 

Prior to the onset of the rains, rainfall and hence, soil 

moisture are typically low in all of southeastern Arizona 

which preclude successful hatching of clutches laid before 

this time (Rose, 1992). Thus, even if nest temperatures 

were high enough to support development, nest moisture is 

insufficient. However, in 1992 HE females did not begin 

Oovipositing until approximately 12 days after the first rain 

which suggests that soil moisture is not always the limiting 
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factor for oviposition. The critical period of egg 

incubation is after the onset of the rains as nest 

temperatures are lower at this time. HE eggs are presumably 

able to complete development at relatively cold nest 

temperatures because of their advanced embryonic stages at 

oviposition. 

If LE females ovulated at the same time as HE females, 

the resultant long period of egg retention at relatively 

high body temperatures would mean that females would be 

encumbered with a large clutch mass and volume until the 

arrival of the rains. Reduced mobility of females might be 

particularly disadvantageous (Shine, 1980) at low elevations 

where potential predators for S. scalaris appear to be more 

common than at high elevations (Mathies per. obs). 

30



 
 

99 
99 

9g 
9g 

9¢ 
9g 

9g 
N 

€6- 
G2 

061-91 
pOe-691 

p0e-6rl 
zoe-e02 

xew-ulw 

- 
- 

0g 
oF 

0S 
oF 

Lz 
“O 

LOOFSO 
OOF 

FO 
2b 

9°6 
vl2 

g'22 
Z2e 

UeIpay| 

N
O
I
L
W
A
I
1
3
 

HOIH 

6S 
19 

Sp 
| 

2S 
SP 

2g 
zg 

N 

- 
- 

LG - 
bp: 

QZ-2l- 
L4e-092 

e2ge-792 
E2e-e82 

xewW-ulW 

- 
- 

Sz 
Le 

62 
Ze 

O72 
“oO 

900Fr0 
L00Fr0 

£0 
Ze 

see 
Ole 

O've 
ueIpey 

N
O
I
L
W
A
A
 

1
4
 
MO71 

 
 

Worl 
wi 

“
w
i
e
a
i
:
q
 

“
w
r
e
g
i
:
q
 

“
'
 

whe- aL 
“WL- 

Al 
WL 

WL 
ql 

 
 

‘SUesEIS 
STUOdOJaIS 

40 
Suoijeindod 

UoHeAs|a 
MO] 

Pue 
YBiy 

Ul 
SayeLa} 

BAl}ONpodal 
JO} 

Sesnyesediua} 
we 

UO 
Seunyesadwe} 

Apog 
jo 

suorsseibes 
ey} 

JO 
(4S 

F 
q) 

sedojs 
pue 

‘
(
y
y
 

- gi) 
yosad 

BAoge 
WO} 

Seunjesodwia} 
ae 

pue 
sesnjesediua} 

Apog 
usemjaq 

eouaiayip 
‘
(
v
1
 

- GL) 
yosed 

eAoge 
wW 

1 
Se:nyesedw9} 

se 
pue 

Seunjesodww9e} 
Apog 

usemieq 

soudsayip 
‘
(
”
 

wt) 
youed 

saoge 
wo 

4 
seumpesodwa) 

sie 
‘("w1) 

youed 
eaoge 

w 
1 
Seunyesedwa} 

ste 
‘(q]) 

seunyesoduay 
Apog 

“| 
a
g
e
 

31



 
 

 
 

 
 

- 
| 

0'9€ 
6/L 

t 
- 

y- 
4 

isniny 
- 

L 
GSE 

1/0 
L 

- 
82 

- 
| 

O°ZE 
L/L 

L 
- 

9¢ 
- 

- 
- 

Lv 
- 

- 
€2 

S9€ 
- OSE 

9 
L
S
 

LI€ 
9 

61 

- 
- 

- 
oes 

- 
- 

gi-8 
= 

Aine 
- 

- 
OLE 

wee 
L 

- 
SZ 

° 
° 

* 
nee 

* 
b 

Lo 

- 
| 

0°0€ 
ave 

| 
L 

6!- 
8I 

- 
* 

‘ 
* 

aes 
c 

b 
8
-
2
 

e
u
n
r
 

uo}ene|3 
YBiH 

S'8c-. 
. 

G82 
> 

one 
wal 

wal 
Le 

- 0€ 
- 

- 
- 

c/é 
- 

- 
Sl 

- 
| 

0°0€ 
OL/6 

L 
- 

El 
- 

L 
GCE 

S/E 
L 

- 
Ol-6 

6c- 
Lk 

€ 
v2 

wee 
€ 

L 
€-2 

- 
L 

0'0€ 
ess 

L 
- 

L 
= 

Aine 
- 

- 
- 

ove 
- 

- 
O€ 

- 62 
. 

iL 
9
c
"
 

nae 
1 

° 
9
2
 

- 
- 

- 
ane 

- 
€ 

bh 
= 

eunr 

UO}}BAe| 
MO} 

ebuey 
N 

Xx 
eAlonpoidey/piaeib-uoN 

s663 
jeonpiaQ 

= 
S@|D1]04 

peBuejug 
eyeq 

abeis 
o1uoAuquig 

pevlesqyo 
sejewe-s 

jo 
JEqUINN 

peulwexy 
sejewe- 

jo 
JeqUNN 

 
 

BAONPOide! 
J
O
M
 
PEAIESGO 

SEjewes} 
jie 

,,, 

YyoNjO 
pucces 

,, 
efejs 

0} 
pedojenepun 

00} 
sofique 

, 

‘2664 
‘IsnGny 

Ayes 
0} 

aunr¢ 
Aves 

ul 
suejeos 

sruodojaas 
jo 

suoiyeindod 
uOoleAgja 

MoO] 
pue 

YUBiy 
ul 

soAuqWA 
jo 

Ssebels 
jejUeWUdOjaAap 

puke 
S
e
e
d
]
 

JO 
UDIIPUOD 

BAIONpOId|aY 
“zg 

aIqeL 

32



B
O
D
Y
 
T
E
M
P
E
R
A
T
U
R
E
 

(°
C)

 
B
O
D
Y
 
T
E
M
P
E
R
A
T
U
R
E
 

(°
C)

 

    

J A 0 Oo HE 

oO 34 - 0°, Of Po 
A Oo Qo Oo o% 8 Oo 

7 e°8o 00° Oo 31- 9° oO Q 9 

1 °o 8 

08 Oo 00 Oo Oo 

= o Oo 

25 ~ Oo o 

Z oO oO 

22 - 

’ ° 

19 T T T T T l 
600 800 1000 1200 1400 1600 1800 

39 - B LE 

e e . 

e e 
36 e e ° 

eg e ® 

e° ° @ o® e 

e é ° 
33. »6 Se °** -? © 

° e 
*. e 

} ee ° 
30 + 

J 

e 
@ 

27     i ' t I | 1 | 

600 800 1000 1200 1400 1600 1800 2000 

TIME OF DAY 

Figure 1. Body temperatures of (A) high elevation (HE) and (B) 

low elevation (LE) reproductive femaleSceloporus scalaris 
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Chapter III. Evolution of Viviparity: Tests of Assumptions 

Introduction 

Viviparity has evolved numerous times in squamates 

(Blackburn, 1982), and a continuum of egg retention 

durations from relatively brief to viviparity has been well 

documented (Shine, 1985; Guillette, 1993). For the majority 

of oviparous squamates approximately one quarter of total 

embryonic development time is completed in utero (DeMarco 

1993), and eggs are laid when embryos are at about stage 30 

(Shine, 1983); development to hatching at stage 40 is 

completed in a nest. In contrast, all embryonic development 

of viviparous species is completed in utero. 

Viviparity is presumed to evolve via selection for 

increasingly longer durations of egg retention. Selection 

for longer durations of egg retention, however, is presumed 

to require physiological and morphological modifications 

that enable the shift from the incubation conditions in the 

nest to those within the uterus (Shine and Guillette, 1988, 

Shine, 1991). Because embryonic growth can be inhibited by 

inadequate exchange of gases (Ackerman, 1985), considerable 

attention has been given to the idea that selection for 

longer retention occurs concurrently with modifications that 

increase rates of gas exchange (i.e., Oj and CO») between 

maternal and fetal systems (Packard et al., 1977; Guillette, 

1993). One such modification is the reduction in the 
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thickness of the eggshell (Guillette, 1993}. Reductions in 

shell thickness would increase rates of gas exchange by 

reducing the diffusion distance between maternal and fetal 

vascular systems. Indeed, comparisons of egg shell 

thickness between populations of the same species that 

exhibit different modes of parity provide compelling 

evidence for the idea that reductions in eggshell thickness 

are necessary for viviparity to evolve (Heulin, 1990). Such 

comparisons, however, cannot 1) determine whether reductions 

in eggshell thickness occur before, or subsequent to 

attaining viviparity or, 2) identify other possible 

constraints that may have to be overcome during the 

transition. 

In addition to selection for morphological and 

physiological modifications that would enhance gas exchange, 

extended egg retention may have a direct affect on females 

by imposing a metabolic cost to supporting embryos, 

particularly during the later stages of development when 

embryonic oxygen needs and the mass of the clutch are the 

greatest. This additional metabolic cost could comprise a 

substantial fraction of the reproductive effort of 

viviparous species (Guillette, 1982a; Birchard et. al 1984; 

Beuchat and Vleck, 1990). However, subsequent work using 

direct measurements of embryonic VO, suggests that these 

studies may have overestimated the maternal cost of 

40



supporting embryonic development (DeMarco and Guillette, 

1992). 

Mechanistic insights into the evolution of viviparity 

are possible because both modes of reproduction are 

exhibited by close relatives in some lizard taxa (Shine, 

1985). The Sceloporus scalaris group is a good example; at 

least 2 independent origins of viviparity have been 

documented within this group (Mink and Sites, 1993). 

Moreover, life history attributes of members of the S. 

scalaris group are in accord with the "cold-climate" model 

for the evolution of viviparity in squamates. According to 

Shine (1983, 1991), viviparity is favored in cold climates 

(e.g., high altitudes and latitudes) if embryos experience a 

warmer thermal environment within the female (and thus 

faster rates of development) than they would in a nest. 

Thus, in the S. scalaris group, viviparous species are found 

at higher elevations than are oviparous species. 

A key assumption of the cold-climate model is that 

extended egg retention is an intermediate step in the 

evolution of viviparity. This is reasonable because even 

short periods of extended retention would provide thermal 

benefits to embryos. This assumption is consistent with the 

reproductive biology of Sceloporus scalaris in Arizona. 

Females from montane populations retain eggs for a prolonged 

period of time (Newlin, 1976; DeMarco, 1992; Ch. II); 
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developmental stages at oviposition are considerably 

advanced compared to those of most other squamates (Shine, 

1983). In contrast, females inhabiting semi-desert 

grasslands at lower elevations retain eggs for a relatively 

brief period (Ch. II); developmental stages at oviposition 

are within the range typical of most oviparous squamates 

(Shine, 1983). And, in agreement with predictions of the 

model with regard to morphological correlates of extended 

egg retention, montane females produce eggshells that are 

thinner than those of low elevation females (Ch. ITI). 

The major objective of this study was to test the 

assumption that the capacity of the eggshell as a mediator 

of gas exchange matches the gas exchange requirements of 

embryos up to, but not beyond the normal range of 

developmental stages at oviposition. If this assumption is 

true, then retention of eggs beyond the normal embryonic 

stages at oviposition should depress rates of embryonic 

development and metabolism relative to those incubated in 

nests. Thus, embryonic developmental and metabolic rates 

for low elevation females should be lower than those for 

montane females when eggs are retained to similar embryonic 

stages. 

A secondary objective was to determine if extended egg 

retention is associated with increased metabolic cost to 

females to support embryonic development. 
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Materials and Methods 

Gravid female Sceloporus scalaris were collected at 

high elevations in the Huachuca and Chiricahua Mountains 

(2360-2850 m, N=11) and at relatively low elevations at the 

Appleton-Whittell Research Ranch Sanctuary (1460 m, N=31) on 

the Sonoita Plain, Arizona in late June and early July, 

1993. Females were housed temporarily in terraria at the 

Southwestern Research Station at Portal, Arizona. On 3 July 

1993, these females were transported to Blacksburg, VA. 

Groups of no more than five females were housed in tubs (60 

X 38 X 22 cm) containing sand and clumps of bunch grass. On 

July 4, tubs were placed within three controlled temperature 

and light cabinets (Percival model no. I-30BL with Bl 

option) at 13.5:10.5 L:D and 34:19 °c (Fig. 1). This regime 

approximated the light and field body temperatures 

experienced by low elevation (LE) and high elevation 

populations (HE) in mid-July in Arizona (Ch. 2). Mean 

chamber temperatures during the times LE females were active 

and inactive averaged 0.8 and 1.2 Sc lower, respectively, 

than body temperatures in the field and mean chamber 

temperatures during the times HE females were active and 

inactive were approximately 1.8 and 4.9 °c higher, 

respectively, than body temperatures in the field. Tubs 

were rotated between cabinets and cabinet levels every 3 

days to control for location effects. Females were fed 

crickets, wax moth larvae, mealworms daily and adequate 
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drinking water was provided by sprinkling water on the grass 

once or twice a day. 

Experimental Design: Control Versus Experimental Clutches. 

Females from both populations facultatively retain eggs 

in the field until summer rains provide adequate soil 

moisture to construct nests. This capacity to retain eggs 

enabled me to extend the duration of egg retention beyond 

the normal period of oviposition by maintaining experimental 

females on a ary substrate. 

The effects of extended egg retention on maternal/fetal 

physiology were investigated by incubating eggs under two 

different conditions: 1) control clutches obtained from 

females at the normal time of oviposition and incubated 

under simulated nest conditions (gas and water exchange not 

limited) and 2) experimental clutches retained and 

incubated within females beyond the time of normal 

oviposition. Clutches were sampled at 1-4 day intervals 

within each group beginning on 10 July (day 2) and ending on 

7 August (day 30) (Fig. 2A). On days when only experimental 

clutches were sampled, the metabolism of a gravid female was 

measured, then eggs were surgically removed and the 

metabolism of the clutch was measured. On days where both 

control and experimental clutches were sampled, experimental 

clutches were sampled first. All clutches were selected 

randomly from their group and sampled only once. 
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Clutches from the LE site were randomly assigned to 

control (N=15) and experimental (N=16) groups. Because of 

the small sample size (N=11), all females from the HE sites 

were assigned to the experimental treatment and thus did not 

have a within site control. 

Date of oviposition in the field is fairly synchronous 

among LE females and coincides with the first heavy summer 

rain (Ch. 2). In 1992, the LE population experienced the 

first heavy summer rain on 7 July. Embryonic stages of LE 

clutches oviposited over the following 6 days ranged from 

31.0-33.5 (N=5) (Ch. II). In 1993, the first heavy rain 

occurred on 8 July. Control clutches were surgically 

removed (see below) from females on 6 and 7 July. Because 

embryonic stage does not vary within clutches (DeMarco, 

1992; Mathies and Andrews, unpublished data), only one 

embryo per control clutch was staged. Embryonic stages of 

control clutches (N=15) ranged from 27.0-34.0 which 

encompassed the range of stages oviposited in the field in 

1992. 

Because there was no in site control for the HE group, 

we could not be certain whether HE females carried embryos 

at stages suitable for oviposition on 8 July. However, the 

range of stages at oviposition in the field in 1992 was 

35.5-37.0 (Ch. II). In this study, embryos from the first 

two HE females sampled (11, 13 July) were advanced (38.5) 
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with respect to the range of stages at oviposition observed 

in 1992. Thus, HE females also were ready to oviposit on 8 

July. 

Female VO2 

Experimental females were acclimated in the Percival 

cabinets for at least 6 days prior to data collection and 

fasted for 1 day prior to measurement of oxygen consumption 

(VOz). Resting rates of VOz were measured when females were 

gravid and non-gravid. Non-gravid VO, was measured 14-19 

days post surgery to reduce the possibility that healing 

processes might affect metabolism. 

Females were placed in metabolic chambers constructed 

from cylinders of clear Plexiglass 7.5 cm high and 9.0 cm in 

diameter that were sealed with rubber stoppers. Metabolic 

chambers were covered with tinfoil to reduce disturbance of 

the females. At approximately 1600 h MST, metabolic 

chambers with females were placed in a constant temperature 

cabinet (Percival model no. I-30 BL) at 30 °C (+ 0.5 °C). 

Oxygen content of the sample and reference air from which 

water vapor and COy had been absorbed by Drierite and 

Ascarite II were measured with an Applied Electrochemistry 

S-3A/II oxygen analyzer and were recorded on a strip chart 

recorder. Flow rates of saturated air (48-52 ml‘min71t) were 

measured by Omega FMA series (model no. 5604) flowmeters. 

Measurements of VO5 were taken between 2000 and 0200 h, MST. 
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VOy was measured from the section on the strip chart where 

metabolism was lowest and had remained constant for at least 

15 minutes. Female mass was recorded following measurement 

of VO5. Hourly rates of oxygen consumption (VO5 = ml O5°h™ 

1) were calculated from equation 2 of Hill (1972). All gas 

volumes are reported at STP. 

Surgical Procedures. 

Clutches were surgically removed from females. Prior 

to surgery, females were anesthetized by placing them into a 

small plastic chamber into which a mixture of halothane 

(Halothane U.S.P.)(4%), nitrous oxide (47.5%) and oxygen 

(48.5%) was delivered at 3 l/min. by a Fraser-Harlike 

anesthetic machine with a calibrated vaporizer. When 

females lost their righting response they were removed from 

the anesthesia chamber and fitted with a nose cone that 

continued to deliver anesthetic during surgery. The skin in 

the posterior region of the abdomen was pinched with forceps 

and a small incision made just to the right of the midline 

to avoid cutting the ventral abdominal vein. Scissors were 

used to extend the incision anteriorly and posteriorly to a 

total length of about 18 mm. The level of Halothane in the 

gas mixture delivered was reduced from 4% to 3% at this 

time. Each oviduct was then gently palped out of the body 

cavity through the incision and the sections of the oviducts 

that contained eggs were excised. Hemostats were applied 
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briefly, as needed, to the larger oviductal blood vessels to 

control excess bleeding. Immediately following removal of 

both oviducts, anesthetic delivery to the females was ceased 

and two sutures (4-0 DERMALON 8) were used to bring the 

opposing incision edges together. Total exposure time of 

females to halothane averaged 12 minutes and most were alert 

and would take water within 15 minutes after surgery. 

Incisions appeared to be well healed within 14 days of 

surgery. 

Of 42 lizards, only 4, all LE individuals (2 

experimental, 2 control), died as a result of surgery. 

Thus, the sample size for measurements of VO, for LE females 

was reduced by 2; measurements of clutch VO, for these two 

females were included in the analyses of embryonic VO. 

Embryo VO> 

Clutch VO5 was measured in the same manner as reported 

for females exception that a small (15.5 cm long, 1.5 cm 

diameter) metabolic chamber was used for early stage control 

and experimental clutches and a larger (18.0 cm long, 3.2 cm 

diameter) metabolic chamber was used for late stage control 

clutches. Eggs were arranged approximately 2 mm apart along 

an inner plastic mesh sleeve covered with cheesecloth 

moistened slightly with 0.9% NaCl Irrigation solution, 

U.S.P. This arrangement prevented drying of the eggshells; 

the external appearance of eggs in chambers remained similar 
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to those of eggs observed in utero. Chambers were placed in 

the constant temperature cabinet and given 40 min to 2 hours 

to equilibrate to 30 °C. Clutch VO5 was measured over a 1 

to 2 hour period between 0700 and 1500 h MST. Rates of 

saturated air flow (5-15 ml-min™!) varied with the predicted 

Stage of embryos. 

All eggs from control clutches, except the one egg used 

to determine stage at oviposition, were used to measure 

clutch VO5. All eggs from experimental clutches, except one 

egg from each of seven clutches that was used to examine 

eggshell morphology (Ch. II), were used to measure VO>5. 

Immediately after removal from females, each egg was weighed 

and the experimental eggs were individually marked. 

Experimental eggs were immediately placed in the constant 

temperature cabinet for acclimation prior to measuring 

clutch VO» (above). Control clutches were placed in plastic 

boxes with loose fitting lids and incubated in vermiculite 

to which distilled water had been added to maintain the 

ratio of the mass of distilled water to the mass of dry 

vermiculite at 0.8. The moistened vermiculite was replaced 

weekly. Control clutches were incubated in the same 

controlled light and temperature cabinets as were the 

experimental gravid females. Control eggs were individually 

marked just prior to measuring their clutch VO>. 
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To determine the original egg water content and the % 

change in mass during the observation period each egg was 

weighed to 0.0001 g using a Mettler AE240 qual range balance 

before and after measurements of VOz. The % change in egg 

mass was calculated as (final mass - initial mass) divided 

by the initial mass x 100. After measurement of VO5, shells 

from approximately half of the eggs from each clutch were 

removed and the wet and dry masses of the egg contents 

determined. Embryos from the remaining eggs in each clutch 

were dissected free of their yolk and extraembryonic 

membranes, their wet and dry masses determined, and stage 

noted. Embryonic stages were determined according to 

Dufaure and Hubert (1961). All eggs included in 

measurements of VO, were examined for the presence of viable 

embryos. Infertile eggs (n = 5) were not included in 

calculations of embryo VO5. All masses involving eggs or 

the components thereof, are given as means, or partial 

means, respectively, for a clutch. Water content of the 

extraembryonic fraction of the egg was calculated by 

subtracting the mean embryo water content from the mean 

total egg water content for each clutch. This calculation 

assumes that the mass of embryos did not increase while in 

the metabolic chambers. Data from the first control clutch 

examined (day 2) was not included in the analyses (except 

RCM, below) because these eggs had not had sufficient time 
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to take up water commensurate with their developmental 

stage. Thus, the sample size for the LE control group was 

reduced by 1. 

Relative clutch mass (RCM) was calculated as the mass 

of the fresh clutch divided by the mass of the non-gravid 

female (Shine, 1980, 1992). 

Estimating Maintenance Cost of Eqq Retention 

Estimates of the maintenance cost of egg retention 

(MCER) were calculated for experimental females. The 

expected VO», for each gravid female was calculated as the 

sum of clutch VO, and the VO, of the nongravid female. 

Embryonic VO5 was calculated by dividing the measured clutch 

VO by the number of viable embryos and clutch VO, was 

adjusted for the sacrificed eggs by multiplying embryonic 

VO» by the number of viable embryos per clutch. MCER was 

calculated for each female by subtracting the expected VO, 

of the gravid female from the observed VO, of the gravid 

female. The expected and observed values of gravid female 

VO» should be equal if egg retention has no metabolic cost. 

Thus, a difference between the observed and expected value 

of gravid female VO. greater than zero constitutes evidence 

for a MCER. 

Statistical Analyses 

When appropriate, analyses are based on clutch means 

for each sampling unit. Means + 1 SE are given. 
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Statistical differences among regression lines were 

determined by analysis of covariance (ANCOVA) following a 

homogeneity of slopes test. The covariate is the number of 

days beyond 8 July unless indicated otherwise. A 

Significance criterion of P < 0.05 was used throughout. All 

statistical analyses were conducted using SAS software (SAS 

Institute Inc. 1985) except for power of the test which is 

described in Zar (1984). 

Results 

Capacity of Females to Retain Eggs 

Eggs were retained by experimental LE and HE females 

for as long as 32 and 25 days, respectively, beyond the 

normal date of oviposition (8 July). Embryonic development 

within groups proceeded to stages 38.0, 39.5, and 40.0 in 

the LE control, LE retained, and HE retained groups, 

respectively (Fig. 2A). Extended egg retention did not 

appear to affect the health of the experimental females; all 

individuals except the two that died during surgery remained 

in good health for at least one month past the sampling date 

of the last clutch. 

I did not determine whether females with late stage 

embryos could have successfully oviposited eggs or given 

birth to live young. 
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Embryonic Development: Embryonic Stage and Dry Masses of 

Embryos and Egqq Contents 

Developmental stage of embryos increased linearly over 

time in all groups (Fig. 2A) and differed among groups 

(F5,37 = 27, P < 0.001, ANCOVA). At the grand covariate 

mean (15 days), the adjusted mean embryo stages were 36.3 (+ 

0.28, n=14), 36.3 (+ 0.26, n=16), and 39.1 (+ 0.32, n=11) 

for the LE control, LE retained, and HE retained groups, 

respectively. Embryonic stage did not differ between the LE 

control and the LE retained groups (P > 0.05) whereas the 

stage of HE embryos was greater than both LE groups (P < 

0.05, Least Squares Means probabilities). 

The dry mass of embryos increased linearly over time 

for all groups (Fig. 2B). A linear rather than an 

exponential or sigmoidal relationship between embryonic mass 

and time reflects the narrow range of stages (32 - 40) 

observed. Dry mass of embryos differed among groups (F5,37 

= 57, P < 0.001, ANCOVA). At the grand covariate mean (15 

days), the adjusted mean dry masses of embryos were, 8.3 (+ 

0.58, n=14), 7.6 (+ 0.55, n=16), 16.1 (+ 0.67, n=11) mg for 

the LE control, LE retained, and HE retained groups, 

respectively. Dry mass of embryos did not differ between 

the LE control and the LE retained groups (P > 0.05) whereas 

the dry mass of HE embryos was greater than both LE groups 

(P < 0.05, Least Squares Means probabilities). 
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The dry mass of the egg contents did not vary as a 

function of time in any group (P >> 0.05, linear 

regressions) although all slopes were negative as expected 

from material losses through catabolism. Dry masses 

differed among groups (F5,3g = 29, P < 0.001, one-way ANOVA) 

with means of 62.5 (+ 1.7, n=14), 63.3 (+ 1.2, n=16), and 

78.4 (+ 1.9, n=11) mg for the LE control, LE retained, and 

HE retained groups, respectively. Dry mass of the egg 

contents was greater in the HE retained group than either of 

the LE groups (P < 0.05, Tukey’s HSD test). HE hatchlings 

are also significantly heavier than LE hatchlings (Ch. II). 

Embryonic Development: Hydration of Embryos and Egg Contents 

The total water content of eggs increased over time for 

all groups (P’s < 0.05, linear regressions), albeit at very 

different rates (Fig. 3). Water content of eggs increased 

faster for the LE control than the LE (F1,26 = 28, P < 

0.001) and the HE (Fy,9, = 13, P < 0.01) retained groups. 

Water content of eggs differed between the LE and HE 

retained groups (Fj,94 = 85, P < 0.001, ANCOVA). The 

adjusted mean water contents of eggs at the grand covariate 

mean (15 days) were 154.1 (+ 3.84, n=16) and 210.4 (+ 4.66, 

n=11) mg for the LE and HE retained groups, respectively. 

Water content of embryos increased linearly with time 

for all groups (Fig. 4B), and differed among groups (F 5,37, 

= 43, P < 0.001, ANCOVA). The adjusted mean water contents 
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of embryos at the grand covariate mean (15 days) were 72.8 

(+ 4.10, n=14), 70.5 (+ 3.85, n=16), and 122.6 (+ 4.66, 

n=11) mg for the LE control, LE retained, and HE retained 

groups, respectively. Water contents of embryos did not 

differ between the LE groups (P > 0.05) whereas water 

contents of HE embryos were greater than both LE groups (P < 

0.05, Least Squares Means probabilities). 

Partitioning the total egg water content into the 

embryonic and extraembryonic egg water content revealed that 

the increase in water content of experimental eggs was 

entirely attributable to water uptake by embryos. The 

extraembryonic water content of eggs increased only for the 

LE control group (Fig. 4A, F = 23, R@ = 0.65, P < 0.001, 

linear regression). In contrast, extraembryonic water 

content of experimental eggs did not vary as a function of 

time (P’s > 0.05). 

An examination of the flux of the total water content 

of eggs for the period eggs were in metabolic chambers 

revealed that the mass of eggs from LE and HE experimental 

clutches increased while the mass of LE control eggs 

decreased. The percent change in egg water content during 

the time eggs were in metabolic chambers differed among 

groups (F5,3g = 28, P < 0.001, one-way ANOVA). The water 

content of LE and HE retained eggs increased 11.4 (4 1.6, 

n=16), and 9.1 (+ 1.1, n=11) %, respectively. In contrast, 
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the water content of control eggs decreased by 0.6 (+ 0.5, 

n=14) %. Differences between the LE control and both LE and 

HE retained groups were significant (P < 0.05), but the 

experimental groups did not differ (P > 0.05, Tukey’s HSD 

test). 

Water uptake by eggs retained within experimental LE 

females, was reflected by increases in Relative Clutch Mass 

(RCM) (Fig. 5). RCM of LE females increased linearly as 

development proceeded (linear regression, df = 1, 29, re = 

0.52, P < 0.001). A similar increase in RCM for HE females 

was not detectable, presumably due to the relatively small 

range of stages observed, although RCM was greater for HE 

than LE females (Fig. 5). 

Embryo Metabolism 

Embryo VO5 increased linearly with dry embryo mass 

(Fig. 6) and differed among groups (F5,37 = 10.0, P < 0.001, 

ANCOVA). At the grand covariate mean (10.1 mg), the 

adjusted embryonic VO5 was 0.044 (+ 0.0012, n=14), 0.037 (+ 

0.0011, n=16), and 0.038 (+ 0.0016, n=11) ml O5°h -1 for the 

LE control, LE retained and HE retained groups, 

respectively. Embryo VO2 did not differ between the LE and 

HE experimental groups (P > 0.05) whereas embryo VO2 was 

greater for the control than both experimental groups (P < 

0.05, Least Squares Means probabilities). 
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Maintenance Cost of Egg Retention 

The maintenance cost of egg retention (MCER) was not 

related to dry embryo mass in either LE (df = 1,12, R2 = 

0.26, P > 0.05) or HE females (df = 1, 9, R* = 0.005, P > 

0.05). Mean values of MCER for LE and HE females are -0.01 

(+ 0.15) and 0.02 (+ 0.12) mi 05°78, respectively. Mean 

MCER were not different from 0 for either LE or HE females 

(t’s > 0.25, P’s > 0.05, one-tailed t-tests). The 

probabilities of detecting a true difference between the 

mean MCER and at least 15% of the mean gravid female VO5y for 

LE and HE females were 0.93 (tp (1)°13 = 1.47, power of one- 

sample test) and 0.89 (tp, (1)/10 = 1.24), respectively. 

Discussion 

Capacity of Females to Retain Eggs 

Females from both the LE and HE populations 

facultatively retained eggs until embryos were close to 

hatching (Fig 2A); no experimental females oviposited 

"prematurely" on their dry, housing substrate. These 

results are important because they suggest that there is 

little variance between populations in the ability of 

females to retain eggs. Moreover, LE females are able to 

Oviposit successfully after egg extended retention; three LE 

females observed in 1992 retained eggs to embryonic stages 

36.0, 37.0, and 38.0, respectfully, then constructed nests 

and oviposited complete clutches - the eggs from these 
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clutches all produced hatchlings (Mathies, unpublished 

data). 

The capacity in LE females to retain eggs nearly to 

term is inconsistent with the observation that oviposition 

in this population typically occurs when embryos are 

relatively undeveloped. However, facultative egg retention 

by LE females may be related, in part, to the unpredictable 

nature of the summer rains in Arizona and would facilitate 

successful reproduction during times when rainfall is 

delayed. Egg retention as a response to inadequate soil 

moisture has been documented in other lizards (Gehlbach, 

1965; Stamps, 1976; Rose, 1981) and may be more common than 

previously thought. More importantly, the ability to retain 

eggs nearly to term would enable LE females to colonize cold 

montane habitats because selection for morphological and 

physiological modifications necessary to support prolonged 

egg retention are already in place. 

Development of Control Versus Experimental Eggs 

A question central to the evolution of viviparity 

involves the timing of the reduction in the thickness of the 

eggshell. That is, is reduction in shell thickness 

concurrent with longer egg retention times (Packard, et al., 

1977; Guillette, 1993), or, does complete egg retention 

evolve first, followed by selection for egg shell loss (see 

Yaron, 1985). Eggshells of HE populations (19.3 + 1.4 um) 
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are significantly thinner than those of the LE population 

(26.6 + 0.9 um) which supports the view that longer 

durations of egg retention and thinner eggshells evolve 

concurrently. 

However, embryonic developmental rates within LE 

females did not differ significantly from those of LE 

control eggs incubated under conditions of unrestricted gas 

exchange (Fig. 2A,B). Moreover, rates of embryonic 

development and metabolism within experimental LE and HE 

females were not significantly different (Figs. 2A,B, 6B). 

These findings indicate that the environment of the uterus 

is favorable for supporting advanced embryonic development 

and that the eggshell did not prevent embryos from obtaining 

sufficient oxygen for continued normal development. Thus, 

selection for longer egg retention times would not 

necessarily provide a strong selective basis for concurrent 

reductions in eggshell thickness. Reductions in eggshell 

thickness may occur simply because thicker shells are not 

necessary at higher elevations where soil (nest) moisture 

may be greater than at lower elevations. 

However, it is difficult to interpret the differences 

in metabolic rates we observed between LE control and LE 

retained groups. It is unlikely that the lower metabolic 

rates of experimental clutches were due to a residual effect 

of the anesthetic used during surgery because: 1) recovery 
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of females was rapid due to halothane’s relative 

insolubility in body fluids and rapid dissociation from 

tissues once exposure has ceased (Frye, 1991). Exposure 

time of the females to the anesthetic was brief and recovery 

was rapid. Moreover, embryonic VO5 was measured 1-2 hours 

after cessation of anesthetic delivery to females. 2) 

Clutch VO5 did not increase over the measurement periods (up 

to 2 hr long) as would be expected if embryos were initially 

affected by the anesthetic. 

Water Relations of Control Versus Experimental Eggs 

Eggs retained by S. scalaris increased in water content 

during the incubation period and developmental rates of all 

embryos were apparently normal (Figs. 2A,B, 3). In 

contrast, experimental increases in egg retention time for 

Sceloporus virgatus, resulted in retarded rates of 

intrauterine embryonic development relative to eggs 

incubated under simulated nest conditions (Andrews and Rose, 

1994). Because water uptake by flexible-shelled eggs of 

squamates appears obligate for normal development (Packard, 

1991; Vleck, 1991), the proximate cause of this reduction 

was attributed to failure of the eggs to take up water in 

utero. These combined results suggest that in order for 

development within retained eggs to progress normally, 

females must provide eggs with water in excess of the 

initial amount provisioned at ovulation. Water uptake by 
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eggs and embryos in the viviparous form of the 

reproductively bimodal lizard, Lacerta vivipara show a 

Similar relationship with developmental stage as reported 

here (Xavier, 1986). 

Flexible-shelled eggs of small lizards often increase 

dramatically in size and mass after oviposition as a result 

of water uptake (Vleck, 1991, Packard, et al., 1985). 

However, not all of the water absorbed from the environment 

is necessarily incorporated into embryonic tissue. The 

adaptive significance of water storage by eggs may be to 

provide a buffer against potential desiccation (Badhan, 

1971). In populations undergoing selection for prolongation 

of egg retention, however, the ability to regulate water 

uptake would have obvious selective advantages. For 

example, eggs of the small, oviparous iguanid, Uta 

stansburiana that are experimentally enlarged often rupture 

during oviposition (Sinervo and Licht, 1991). Eggs of 

Cnemidophorus uniparens that are retained past the normal 

time of oviposition continue to absorb water and their 

increase in size eventually results in death of the female 

(Cuellar, 1984). 

In this study, water did not accumulate in the 

extraembryonic compartment of retained eggs (Fig. 3) whereas 

the extraembryonic water content of LE control eggs 

increased considerably (Fig. 3). Therefore, all water 
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uptake by experimental eggs was accounted for by increases 

in the water content of the embryos. Furthermore, unlike 

control eggs, experimental eggs absorbed water immediately 

after eggs were removed from oviducts and placed in the 

metabolic chambers. However, the similar hydration states 

of embryos in the LE control and LE and HE experimental 

groups indicates that water uptake by experimental eggs 

accumulated only in the extraembryonic compartment of the 

egg. Together, these results indicate that embryos retained 

in utero must gain access to water to continue developing 

normally, and that the typical pattern of water accumulation 

in the extraembryonic compartment of the egg must be 

prevented. Increases in duration of egg retention and the 

evolution of viviparity might therefore be precluded in 

those lineages that 1) cannot regulate egg water uptake in 

utero, or 2) completely inhibit egg water uptake in utero. 

Relative Clutch Size (RCM) 

Uptake of water by eggs during gestation was associated 

with increased RCM by LE females (Fig. 5). Predicted RCMs 

for LE females at stages 30.5 (the mean stage at oviposition 

of the LE Control clutches) and 39.5 are 0.61 and 0.92, 

respectfully. This represents a substantial increase in 

RCM. Moreover, it is important to recall that only the 

embryonic compartment of the egg increased in water content 

during development. RCMs of LE experimental females were 
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comparatively high even for females containing embryos 

within the normal range at oviposition: whereas the RCM of 

most iguanid lizards rarely exceeds 0.67 and averages about 

half this amount (Vitt and Congdon, 1982; conversions 

between different measures of RCM followed Shine, 1992), the 

clutch mass of LE females containing embryos at stage 39.5 

would comprise over 90% of the nongravid body mass. Such 

increases in RCM may also constrain the duration of egg 

retention. Increases in RCM may physically burden females 

thereby increasing their vulnerability to predators (Tinkle 

and Gibbons, 1977; Shine, 1980). Thus, selection for 

longer periods of egg retention may be advantageous only 

when female survival is not compromised by additional 

increases in RCM. 

Maintenance Cost of Eqg Retention (MCER) 

The maintenance cost of supporting egg retention in §S. 

scalaris is 0 for both LE and HE populations supporting the 

view that the metabolic cost of supporting a litter is 

minimal (DeMarco and Guillette 1992). Embryonic VO, 

increased as gestation progressed, although this increase 

was not reflected by an increase in MCER as might be 

expected. This finding is particularly important in view of 

the fact that LE females do not normally retain eggs to 

advanced stages of embryonic development. From an 

evolutionary perspective, these results are important 
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because they demonstrate that increases in the duration of 

egg retention are not selectively opposed by an additional 

energetic cost to females even in a population that does not 

normally exhibit prolonged egg retention. 
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Figure 1. Representitive average temperature profile of the three environmental 
chambers used for holding lizards (means + 1 SE). 
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Figure 2. Developmental stage (A) and dry mass (B) of Sceloporus scalaris 
embryos in LE control, LE experimental, and HE experimental groups as a 
function of days beyond time of normal oviposition. Values are clutch means. 
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