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ELEVATIONAL COVARIATION IN ENVIRONMENTAL
CONSTRAINTS AND LIFE HISTORIES OF THE
DESERT LIZARD SCELOPORUS MERRIAMI'
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ARTHUR E. DUNHAM
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Abstract. We examine environmental constraints on life history characters among
three elevationally distinct populations of the desert lizard Sceloporus merriami in west
Texas. We show how environmental gradients in temperature and food abundance interact
to constrain body temperatures, daily activity times, growth rates, and age-specific body
size. We suggest that these differences resulted in opposite responses from males and females
with respect to their size and age at first reproduction.

The highest elevation site, Maple Canyon (1609 m), has more rainfall, higher food
availability, and cooler temperatures compared with the lower elevation sites, Grapevine
(1036 m) and Boquillas (560 m). Lizards were active throughout the day at Maple Canyon,
but were restricted to midday inactivity at the lower sites. Body temperatures (7,) were
higher during inactivity and late-afternoon activity at the lower sites. We suggest that low
food availability, fewer hours to forage, and higher 7, constrained the energy budgets of
lizards at Boquillas. Consequently, these lizards had low activity rates and low daily growth
rates. Paradoxically, lizards at Maple Canyon, the most food-rich site, also exhibited low
daily growth rates. This may have resulted from high daily activity expenditure (longer
activity period) and lower food processing rate (low inactive T,). Grapevine lizards had
the highest individual activity and growth rates.

On a seasonal basis, the pattern of activity time was reversed, and Maple Canyon lizards
had a shorter annual active season by =1 mo compared with Grapevine and 2 mo compared
with Boquillas. Despite low growth rates at Boquillas, a 2-mo longer activity season proxi-
mally resulted in the largest yearlings by May-June. Maple Canyon yearlings grew at a
similar rate, but over a shorter time period and were the smallest. At Grapevine, high
summer growth rates resulted in large yearlings by late summer and the largest adults,
whereas low summer growth rates at Boquillas and Maple Canyon led to smaller adults.

The resulting difference in body size between yearling and older age classes was great
at Maple Canyon and at Grapevine, which forced yearling males to delay reproduction
until they had grown to a size to compete successfully for breeding territories. However,
Boquillas yearlings and age >1 yr lizards were much more similar in size, and many
yearlings were able to acquire breeding territories. This suggests that male age of first
reproduction was lowest at the low elevation site.

In contrast, more yearling females reproduced earlier at the highest elevation site than
at other sites. At Grapevine and Boquillas, females similar in size to breeding females at
Maple Canyon did not breed in May-June and instead grew and were reproductively active
in July-August. We hypothesize that the brief growing season at Maple Canyon may have
constrained females to breed early to allow sufficient time for themselves, as well as for
their offspring, to amass winter stores. Also, this would increase the likelihood that their
offspring were large enough to breed as yearlings.

Results suggest an interaction between resource levels and biophysical constraints that
may greatly influence differences among populations in important life history character-
istics. Although these responses are hypothesized to be proximally induced by environ-
mental constraints, the resulting life history differences in age-specific resource allocation
to growth, storage, and reproduction may significantly affect fitness.

Key words: activity, age at maturity; biophysical constraint; body size; body temperature; desert;
elevational gradient; environmental constraint; growth rate; growth season; life history; lizard; repro-
duction; Sceloporus merriami; thermal biology.
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2 Present address: Savannah River Ecology Laboratory, Drawer E, Aiken, South Carolina 29801 USA.
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INTRODUCTION

Correlated variation in life history characters and
environmental factors, such as resource abundance or
length of the growing season, has been documented in
numerous reptilian systems (e.g., Tinkle 19724, b, Tin-
kle and Ballinger 1972, Derickson 1974, 1976a, b,
Dunham 1978, 1981, Ballinger 1979, Ballinger and
Congdon 1980). Patterns of covariation in life histories
and environmental gradients have been referred to as
“proximal” in origin or “environmentally induced”
(Dunham 1978, Ballinger 1983). But this does not ne-
cessitate that such variation is entirely nongenetic and
thereby irrelevant to selection on life history pheno-
types. Environment—genotype interactions exist and can
lead to adaptive plasticity in variable and unpredict-
able environments (Resnick 1985, Stearns 1986, Lynch
etal. 1988, Newman 1988). Although comparative data
cannot reveal genetic mechanisms leading to such an
interaction, in some cases life history phenotypic re-
sponses (sensu Dunham et al. 1989) to specific envi-
ronmental constraints are likely to be adaptive (Wil-
liams 1966, Tinkle 1972a, b).

For example, in an extensive study of life history
variation in Sceloporus merriami in the Grapevine Hills,
Dunham (1978, 1981) found that during wet years more
arthropod prey were available, more were consumed,
individual growth rates were higher, reproducing fe-
males were larger in size, prehibernation lipid levels
were greater, and females exhibited greater size-specific
fecundity than for the same population during dry years.

D. W. Tinkle showed in Uta that northern popula-
tions were active over a shorter growing season than
were southern conspecifics (Tinkle 1967, 1969a, b,
1972a), and postbrumation lipids were critical to vi-
tellogenesis for the first clutch within the short season
populations (Hahn and Tinkle 1965). Offspring from
this clutch emerged early in the summer, and had suf-
ficient time to grow to a minimum size for maturity
(if male) and to amass minimum lipid stores for vi-
tellogenesis (if female) by the next spring. In contrast,
offspring from the later clutches did not attain mini-
mum mature size until much later. This was inter-
preted as an adaptive shift in resource allocation (from
storage to reproduction) in response to a proximate
environmental constraint (a short growth season). To
suggest that the timing of lipid mobilization exhibited
by short season lizards is purely “environmentally in-
duced’ misses the point that as a result of this response
a female cannot only produce an additional clutch per
year, but may also guarantee the production of ““grand-
children” within 1 yr. There are few clearer instances
of adaptive responses by life history phenotypes to
environmentally imposed constraints.

This paper shows how the resource and biophysical
environments constrain daily and seasonal activity, age-
specific growth and body size, and size and age of first
reproduction among three populations of the desert
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lizard Sceloporus merriami (Iguanidae) along an ele-
vational gradient in Big Bend National Park, Texas.
Character data we present illustrate the coupling of
operative environments (sensu Mason and Langen-
heim 1957, Spomer 1973) and life history phenotypes
(sensu Congdon 1989, Dunham et al. 1989). Many life
history characters of S. merriami showed reversed
trends, inversions, and/or site-by-sex interactions
among localities. These patterns cannot be accounted
for by current life history theory, which was formulated
to explain correlations between single character and
environmental gradient pairs (Wilbur et al. 1974,
Stearns 1976, Dunham et al. 1989). We hypothesize
that a combination of operative gradients in resource
abundance, and daily and seasonal environmental tem-
perature, may explain many of the observed differences
in life history phenotypic responses among these pop-
ulations.

MATERIALS AND METHODS

Site descriptions. —Study populations occur at three
ecologically distinct localities in Big Bend National Park,
Texas, along an elevational gradient (Maple Canyon:
1609 m, Grapevine Hills: 1036 m, and Boquillas Can-
yon: 560 m). Investigations of life history variation
have been ongoing since 1981 at Boquillas and Maple
Canyon, and since 1974 at Grapevine. These studies
have monitored long-term variation in population sizes,
age-specific survivorships, growth rates, reproductive
tactics, fecundities, home range dynamics, social struc-
ture, thermal biology, and other demographic char-
acters (Dunham 1978, 1980, 1981, 1982, 1983, Cong-
don et al. 1982, Huey and Dunham 1987, Ruby and
Dunham 1987, Grant 1988, Grant and Dunham 1988,
Dunham et al. 1989).

The study localities represent a wide range of envi-
ronmental types (Table 1). Boquillas is near the lower
elevation limit for S. merriami and is hotter, drier,
least vegetated, and least food rich. Maple Canyon is
near the upper elevation limit and is much cooler,
receives about twice the annual and summer precipi-
tation, is relatively thickly vegetated, and has the most
food. Grapevine is intermediate in these characteris-
tics.

Active season length was estimated as the number
of days with an average air temperature = 18°C. This
value was selected based on observations at Boquillas
in fall 1985 and spring 1986 (B. W. Grant and S. R.
Waldschmidt, personal observations), and observa-
tions at Grapevine reported in Dunham (1981).

Body size and growth data. —Lizards on each study
site were captured by noosing, and individual mass
(£0.05 g), snout—vent length (=SVL, 0.5 mm), and
tail length (0.5 mm, including any regeneration) were
measured. For the first capture, each lizard was as-
signed a unique toe-clip and a small paint mark was
applied to its dorsum. After these measurements were
taken, each lizard was released at the exact point of
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TABLE 1. Among-site differences.*
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Maple Canyon

Grapevine Hills Boquillas Canyon

Elevation (m) 1609 1036 560
Annual rainfall (cm)
Mean + 2 s 43.6 + 4.5 337 + 3.8 24.1 + 2.1
No. data years 28 27 28
May-August rainfall (cm)
Mean + 2 SE 26.5+ 29 18.6 £ 2.0 13.5 £ 2.0
No. data years 24 25 25
July average (7,) (°C) 23.5 27.1 31.0
July deep crevice temp. (°C) 24.4 30.3 31.5
Vegetation cover (%) 32.8 23.2 15.1
Food abundance (items per trap hour) 0.290 0.137 0.086

* Climate data were obtained from United States Weather Bureau stations in the Chisos Basin (1640 m, 3.4 km southwest
of Maple Canyon), Panther Junction (1140 m, 9.3 km south-southeast of Grapevine), and Rio Grande Village (562 m, 3.3
km southwest of Boquillas). Deep crevice temperatures are 24-h averages of thermocouple readings taken > 1.5 m into crevices
on lizard home ranges. Vegetation cover was the fraction of sample points beneath vegetation at 1-m intervals along line
transects. Food availability estimates used 8-cm (3-inch) tape squares coated with Tanglefoot sticky resin trap (Ruby and

Dunham 1987).

capture. Age assignments were made using standard
methods (Tinkle 19724, Dunham 1981).

Individual growth rates during summer activity were
calculated as the change in SVL, or mass, divided by
the number of days between successive captures (min-
imum of 10 d). These linearizations are adequate bases
for comparison in this case because the intercapture
interval was much less than the lifetime of a lizard,
thus growth rates are approximately linear.

Reproductive data. —Reproductive condition for fe-
males was inferred at the time of each capture by pal-
pation (Tinkle 1967). Females covered with mud had
recently oviposited (Dunham 1981). The presence of
follicles. oviductal eggs, or mud was sufficient to score
a female as reproductively active. Frequencies of re-
productive activity were calculated for yearling and age
>1 yr females for May-June and July-August, and
analyzed using a general log-linear model (procedure
CATMOD, SAS 1982).

Social status and reproductive activity for males were
determined by field observations of individual behav-
ior during natural encounters with other lizards and
by spatial proximity with females (Ruby and Dunham
1987). During the summer, many adult males were
highly territorial and aggressively displaced other males,
whenever detected, from areas occupied by females.
Males who were winners of territorial encounters or
males whose home ranges did not overlap other males
and overlapped the home ranges of one or more adult
females were assigned socially dominant status. Con-
sistent losers of territorial encounters, isolated males,
and males who did notappear to have permanent home
ranges were assigned socially subordinate status (a more
detailed description appears in Ruby and Dunham
1987). Due to spatial exclusion by dominants, subor-
dinate males had very limited opportunity to court and
inseminate resident females. Although many subor-
dinates were sexually mature (Dunham 1981), their

first opportunity to reproduce probably did not occur
until they were socially dominant (Ruby and Dunham
1987). In most cases, dominant males were physically
larger than subordinates (see Results: Male size and
age of first reproduction), however, body size was not
a criterion for social status assignment. Observations
of social behavior were much more intensive at Grape-
vine and Boquillas, and our confidence in social status
assignment is highest at these sites. At Maple Canyon,
home range overlap with at least one adult female was
sufficient to be scored as a dominant.

Body temperatures exhibited and thermal microcli-
mates selected. —Body temperatures (7)) were record-
ed by noosing lizards and inserting the bulb of a fast-
reading thermometer into the individual’s cloaca with-
in 10 s of capture. The operative environmental tem-
peratures (7,, Bakken and Gates 1975) of thermal mi-
croclimates selected by lizards were recorded by locating
a perching lizard and placing a painted, hollow-body,
copper model of S. merriami in the location and ori-
entation of the lizard when it was first seen. These
models accurately estimate microclimate temperatures
for these lizards (Grant 1988).

Lizard activity.—Rates of lizard movements, for-
aging, social displays, and the number of 5-min periods
during which none of the above occurred were esti-
mated for active male lizards during continuous 30-
min observations using methods in Grant and Dun-
ham (1988). Observations occurred during the morn-
ing activity period on sunny dates in the summer of
1984. A MANOVA was used to assess differences in
activity rates among sites because the estimated rates
of specific behaviors were correlated. Each 30-min ob-
servation contributed one datum to the MANOVA.

Thermal microclimate availability and daily activity
time.—Time and space constraints on lizard activity
were estimated by the relative availability of thermal
microclimates using an array of randomly placed and
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sites estimated at nearby National Park Service weather sta-
tions (BOQ = Boquillas Canyon, GVH = Grapevine Hills,
MC = Maple Canyon; see Table 1). The line at 18°C represents
the estimated lower cutoff for seasonal activity. Arrows point
to the beginning or end of active season for each site. X-axis
tick marks are positioned at the 15th of each month.

oriented painted copper models of S. merriami (Grant
1988). Upper and lower body temperatures for activity
were chosen to bracket 95% of all body temperature
recordings during the summer for cloudless weather
(see Results: Thermal microclimate availability and
daily activity time). Activity was defined to be possible
ata particular time of day ifat least 10% of the available
microclimates (copper lizards scanned) exhibited a T,
within this 7, interval. This cutoff value is conserva-
tive, based upon field observations of lizard emergence
and retreat times (Ruby and Dunham 1987, Grant
1988, Grant and Dunham 1988).

RESULTS

Active season length. —Monthly estimates of average
daily air temperature among sites appear in Fig. 1.
Using a value of 18°C as the lower average air tem-
perature cutoff for seasonal activity, lizard activity sea-
sons were 232 d at Boquillas, 203 d at Grapevine, and
173 d at Maple Canyon. Changing the 18° cutoff by

°-2° changes the total season length for each site, but
does not change the relative difference in season length
among sites. We estimate that lizards at Boquillas were
active for =2 mo longer per year than were lizards at
Maple Canyon. Grapevine active season length was
almost exactly intermediate.

Activity body temperatures and microclimate tem-
peratures. — Average body temperatures and operative
environmental temperatures of microclimates used by
lizards (copper models placed where lizards were seen
perching) appear in Fig. 2. The averages among sites
in the morning differed at most by 1.8°. However, in
the afternoon, 7, and perch 7, averages at the lower
two sites were almost 5° higher than at Maple Canyon.
According to a two-way ANOVA, the effects of site
and time block of day, morning vs. afternoon, on body
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temperatures interact (F, 50 = 11.66, P < .001). A
similar interaction occurs for the perch environmental
temperature data (F, 053 = 9.58, P < .001). Note in
Fig. 2 that for each site and time block, 7, and perch
T, averages were fairly similar, indicating that the tem-
peratures of these lizards reflected thermal microcli-
mate use.

Thermal microclimate availability and daily activity
time. —Body temperatures of 26.9° and 37.8° enclose
95% of 1170 T, measurements on active lizards for all
sites on sunny cloudless dates during the summers of
1982-1986. These upper and lower body temperatures
are a measure of the range of acceptable 7, exhibited
by S. merriami among these populations in Big Bend.
When a large fraction of the available microclimates
was within the interval 26.9°-37.8° lizard activity was
relatively unconstrained.

Total daily activity time was much lower at the lower
elevation sites (Fig. 3A, B). At Maple Canyon, lizards
were active throughout the day (13.2 h), whereas liz-
ards at Grapevine and Boquillas were inactive at mid-
day (7.3 h at Grapevine, and 6.4 and 5.0 h for the east
and west sides at Boquillas).

Lizard activity. — Average rates of specific behaviors
relating to feeding and social biology differed among
sites (Table 2). Lizards at Grapevine moved at the
highest average rate and had the highest display rate.
Although food was more than twice as plentiful at Ma-
ple Canyon as at Grapevine (Table 1), feeding strike
rates were about the same at these sites. These rates
tended to exceed the rate at Boquillas (P = .067), where
much less food was available (Table 1). The numbers
of 5-min blocks per 30 min during which no movement
or behavior occurred did not differ among sites, al-
though there was a trend for lizards at Grapevine to
have spent less time immobile.

Body size. — Average body lengths (SVL) for yearling
and age >1 yr males and females for May-June and

387 AM PM
-~ 361
(&)
<
& 341
I
o
[
&~ 321 —o- Te
- Tb
30
MC GVH BOQ MC GVH BOQ
Site
FiG. 2. Body temperatures (7, ®) and microclimate tem-

peratures where lizards were seen perching (7,, O), means =+
2 sk, for active lizards on cloudless dates during the summers
of 1982-1986 at Maple Canyon (MC), Grapevine Hills (GVH),
and Boquillas (BOQ). Symbols at left are averages for the
morning (AM) between sunrise and 1400. Symbols at right
are averages for afternoon (PM) after 1400.
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July—August arc presented in Fig. 4. In May-June,
yearlings were largest at Boquillas and smallest at Ma-
ple Canyon (MANOVA on log,-transformed SVL and
mass, Table 3). However, later in the summer (July-
August). yearlings were similar in size at Grapevine
and Boquillas, and smallest at Maple Canyon.

The pattern of body size variation for age >1 yr
lizards differs from the pattern for yearlings. Both sexes
of Grapevine age >1 yr lizards were larger than same-
sexed lizards at Boquillas. Maple Canyon males were
slightly smaller than Boquillas males, but females were
the same size at these sites (Fig. 4, Table 3).

Individual growth rate. —The pattern of growth dur-
ing the summer among sites and sexes is complex, and
heterogeneous slopes (growth rate vs. initial size) pre-
cluded covariance analyses. Instead, we calculated av-
erage growth rates in SVL and mass for 5 mm length
classes and 1 g mass classes, respectively (Fig. 5). In
every trio of connected points in Fig. 5 (same sex and
size class, n = 14), the growth rate for Grapevine ranked
highest. This has a 37'* chance of occurring at random
and is significant (binomial test, P < .001). The rate
for Boquillas ranked second 9/14 times and for Maple
Canyon 5/14 times, neither of which differs from 0.5
(binomial test, P > .05).

Male size and age of first reproduction. — The average
size of socially dominant male lizards at Grapevine in
May-June was 54.4 + 0.54 mm SVL (X + 2 sg, n =
127), and <1% of yearling males had attained this size
by this time. However, at Boquillas many more year-
lings had attained the average size of socially dominant
males at Boquillas, 52.4 = 0.92 mm SVL (n = 55), in
May-June than had attained 54.4 mm SVL at Grape-
vine (x2 = 10.804, P < .01, n = 517). Grapevine male
yearlings who were known to have obtained a territory
and become socially dominant (see Materials and
methods: Reproductive data) averaged 50.5 = 0.95 mm
SVL (n = 34) in May-June, and =~38% of all male
yearlings were this size or greater. However, at Bo-
quillas a much higher number (= 58%) of yearlings had
attained the average size of known socially dominant
yearlings, 49.7 + 1.30 mm SVL (n = 24), than were
>50.5 mm SVL at Grapevine (x> = 18.831, P < .01,
n=>517).

Data at Maple Canyon suggest that the size- and age-
specific attainment of social dominance is more similar
to the pattern at Grapevine than to the pattern at Bo-
quillas. The average size of known dominants was 49.7
+ 0.78 mm SVL (n = 113) and only =2% of the males
had attained this size by their yearling summer (the
comparable estimate was 1% at Grapevine). Maple
Canyon male yearlings who were socially dominant
averaged 44.4 = 1.17 mm SVL (n = 35) in May-June,
and ~37% of all yearlings were this size or greater. The
numbers of yearlings larger and smaller than 44.4 mm
SVL at Maple Canyon did not differ from the com-
parable numbers at Grapevine who were larger and
smaller than 50.5 mm SVL (x> = 0.01, P > .05, n =
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327). However, these numbers at Maple Canyon dif-
fered from the comparable numbers of yearlings at
Boquillas (x> = 11.03, P < .01, n = 380), which is
similar to the relation between Grapevine and Bo-
quillas. Thus, at Boquillas more male yearlings were
large enough to become social dominants, which is a
prerequisite to breeding (Ruby and Dunham 1987),
than were large enough to attain dominance at Maple
Canyon and Grapevine.

Female size and age of first reproduction.—Size fre-
quency histograms by site for all yearling females and
for the fraction that was reproductively active in May-
June appear in Fig. 6. Note that only relatively large
yearling females were breeding within each site. How-
ever, a high fraction of smaller yearling females (43—
47 mm SVL) at Grapevine and Boquillas were not
reproductively active, despite the fact that same-sized
yearling females were breeding at Maple Canyon (x? =
22.73,df = 2, P < .001, n = 256).

Frequency estimates of reproductive activity by age
and season are summarized in Fig. 7 (only yearlings
with SVL =43 mm in May—June, and SVL =42 mm
in July—August were included since these were the min-
imal sizes observed to breed). According to a log-linear
analysis (CATMOD procedure, SAS 1982), the effects
of site and season interact (x2 = 30.82, df = 2, P <
.001), and the effects of site and age interact (x> = 8.78,
df =2, P < .05). To disentangle these interactions, we
performed separate analyses for each age and site (Ta-
ble 4). In May-June, a higher fraction of yearling fe-
males was reproductively active at Maple Canyon than
at Boquillas and Grapevine. However, in July—August,
the ranking was reversed with the most yearlings breed-
ing at Grapevine and the least at Maple Canyon (sig-
nificant site X season interaction for yearlings, and
significant season effects at both sites, Table 4). The
fraction of reproductively active age >1 yr females at
Maple Canyon exhibited a similar decline as did year-
lings during the summer. At Grapevine, many age > 1
yr females were reproductive in both halves of the
summer. Among halves of the summer, the fractions
of breeding Boquillas yearling and age >1 yr females
were relatively low and constant and only the effect of
age was significant at Boquillas (Table 4, Fig. 7). These
data suggest that many yearling females delayed re-
production at Grapevine and Boquillas, especially for
smaller yearlings in May-June.

DisCcUSSION

Our data demonstrate that environmental con-
straints vary among elevationally distinct populations
of the lizard Sceloporus merriami in Big Bend, Texas.
These constraints stem from decreased rainfall and food
availability and from increased environmental tem-
perature with decreased elevation (Fig. 8) and are “op-
erative” on life history phenotypes (Mason and Lan-
genheim 1957, Spomer 1973). Paradoxically, few life
history differences among populations were correlated
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Top row A and B. The distribution of environmental temperatures (7,) available on S. merriami home ranges for

typical sunny and dry days for Maple Canyon (MC) and Grapevine (GVH) in A, and for the west (BOQ-W) and east (BOQ-
E) sides of the Boquillas site in B. The upper and lower curves represent the range of available 7, the middle curve is the
average available 7, and the shaded region encloses +1 sp. Dashed lines at 26.9° and 37.8°C bracket 95% of all 7, data.
Bottom row A and B. The fraction of environmental temperatures (7,) within the interval 26.9°-37.8° for the same sampling
dates plotted above. High fractions indicate that lizard activity was unconstrained by 7., availability. Dashed lines at 0.1
represent the minimum frequency of favorable thermal microclimates for activity. Since these lizards were not active at night,

2130 was the latest time for activity for all sites.

with these operative gradients (Fig. 9). Although
Grapevine is intermediate in environmental charac-
ters, it is often at an extreme with respect to life history
phenotypic responses. We first hypothesize how several
of the simpler correlations between life history char-
acters and single gradients are mechanistically gener-
ated (7, daily and seasonal activity times), and then
invoke combinations of operative gradients (Fig. 8) to
explain scveral of the principal inverted and transposed
phenotypic responses in Fig. 9, such as activity rates,
daily growth rate, age-specific body size, and size and
age of first reproduction.

Body temperatures for active lizards in the morning
were very similar among sites. However, during after-
noon activity, body temperatures at the lower elevation
sites were higher than at Maple Canyon. This difference
is driven by differences in the distributions of envi-
ronmental temperatures (7,). At the lower elevation
sites, higher T, forced lizards to be active at higher 7T,
in late afternoon or remain inactive (DeWitt 1967,

Grant 1988). Similarly, 6°-7°C lower inactivity T, at
Maple Canyon relative to the other sites is driven by
lower crevice 7. Inactive lizards had no option but to
be cooler at Maple Canyon.

Although lizards at the lower elevation sites exhib-
ited a higher 7, and extended daily activity in the
afternoon, the daily total time for activity declined
dramatically with elevation. The cooler thermal en-
vironment at Maple Canyon allowed lizards to remain
activeata 7, of 32°allday (=13 h) during which lizards
moved about, fed, and engaged in social interactions
for 4-6 h at midday when animals at other populations
were inactive to avoid lethal environmental temper-
atures. This decline in summer daily activity time with
elevation was ultimately caused by higher 7. Similarly,
higher environmental temperatures during the fall and
spring allowed a longer active season by =1 mo at
Grapevine and 2 mo at Boquillas relative to Maple
Canyon. In sum, among-site variation in body tem-
peratures and in daily and seasonal activity time were
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positively correlated and mechanistically linked to
variation in environmental temperature availability,
but these do not correlate with life historical allocation
of time and resource to activity (rates of movements,
feeding, and displays, or home range size, Fig. 9).
Similarly, individual growth rates among sites do
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not correlate with either environmental temperature
or food availability. Despite the highest food avail-
ability and greatest time available for feeding, Maple
Canyon lizards of all sizes exhibited growth rates more
like those at Boquillas, and Grapevine lizards had the
highest daily growth rates. At Boquillas, low food avail-

Grapevine (n = 98) Boquillas (n = 103)

TABLE 2. Rates of behaviors from 30-min observations.* Data are means * 2 SE.
Measure Maple Canyon (n = 76)
Discrete moves 13.91 + 3.05
Total distance 5.28 £ 1.26
Feeding strikes 3.29 = 1.18
Displays 4.30 = 1.49
5 min immobile 1.94 = 0.33

16.23 + 2.92 11.77 = 1.99
7.71 = 1.57 5.07 = 1.04
3.03 = 1.14 1.82 + 0.54
7.51 = 1.80 5.00 + 1.21
1.61 + 0.33 1.98 + 0.32

MANOVA for comparing behavioral data by sites

Univariate tests F, 24 P
Discrete moves 3,126 .045*
Total distance 5.186 .006**
Feeding strikes 2.727 .067
Displays 4.825 .009**
5 min immobile 1.609 .202
Multivariate test Flos40 = 2.194 P=.017*

* All rates have units of number per 30 min except total distance which has units of metres per 30 min. The term **5 min
immobile” refers to the number of complete 5-min periods per 30-min observation during which no movement or behavior

occurred. (* P < .05, ** P < .01.)
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FiG. 4. Average snout-vent lengths (SVL) for yearling and

age >1 males and females for May-June and July—-August.
Each trio of connected points represents the average (+2 SE)
for Maple Canyon (MC), Grapevine Hills (GVH), and Bo-
quillas (BOQ), for each age group and month interval.

ability and higher 7, could have led to low ingestion
rates and higher metabolic expenditure, respectively,
cither of which could limit growth rate.

Several hypotheses can explain why high food avail-
ability and consumption at Maple Canyon did not re-
sult in higher growth rates. First, low nighttime 7,
(crevice T, = 24.4°, Table 1) may have adversely af-

TaBLe 3. MANOVAs for log,(SVL) and log(mass) by sea-
son, age, and sex.*

Sex  Wilks’ lambda SVL contrast Mass contrast
May-June yearlings
3 Fii2,=46.27 B> G > Mt B>G>M
Q Fii30=2655 B>G>M B>G>M
May-June age > 1
3 Foos=7572 G >B>M G>B>M
Q Fi6:-=2027 G>B=M G>B>M
July—August yearlings
8 Fy,=3120 G=B>M G=B>M
Q Fi,2--,=3196 G=B>M G>B>M
July—-August age > 1
8 Fii0ia=8435 G>B>M G>B>M
Q F,es=3132 G>B=M G>B=M

* Significant two-, three-, and four-way interactions neces-
sitated separate MANOVAs to test differences among sites
for each level of sex, age, and season (each trio of connected
points in Fig. 4). For all eight tests above P < .001.

1 B = Boquillas site, G = Grapevine Hills site, and M =
Maple Canyon site.
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fected their digestion. Data from another insectivorous
iguanid, Uta stansburiana (Waldschmidt et al. 1986),
indicate that food required 3-6 d to pass through the
gut at 24°, depending on the feeding regime. Similar
data were found by these authors in Sceloporous un-
dulatus (S. R. Waldschmidt, personal communication).
If this occurs in S. merriami, then it is conceivable that
Maple Canyon lizards were unable to process all of the
food they ate and may have had a lower total amount
of assimilated resource to allocate to growth. This is a
form of resource limitation. However, rather than being
ingestion limited (hypothesized for Boquillas), Maple
Canyon lizards may have been limited by their capacity
to process ingested food (see Congdon 1989).

Second, low growth rates at Maple Canyon may have
resulted from higher daily energy expenditure on ac-
tivity, since these lizards were active for =13 h/d (Fig.
3A, B). Simple calculations based on the energetics
model in Bennett and Dawson (1976) corroborate this
speculation (see Grant 1988); however, the effects of
depressed individual movement rates and home range
size at Maple Canyon relative to Grapevine (Table 2)
could counteract the effect of a longer period of daily
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FiG. 5. Change in SVL for S mm length classes (above),

and change in mass for 1 g mass classes (below). As in Fig. 4
each trio of connected points represents the average (+2 SE)
from Maple Canyon, Grapevine Hills, and Boquillas from left
to right, for each sex and size class. Averages are plotted only
if =4 measurements occurred for all three sites for each sex
and class.
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FiG. 6. Frequency histograms of SVL for yearling females
for May-June at the three sites. The shaded portions indicate
the sizes of females that were reproductively active (enlarged
follicles, oviductal eggs, or recently oviposited) when captured,
for Maple Canyon (MC), Grapevine Hills (GVH), and Bo-
quillas (BOQ).

activity time to an unknown extent (a site-specific es-
timate of the energy cost of activity is needed).

It is possible that character similarities between Ma-
ple Canyon and Boquillas (Fig. 9) reflect hidden sim-
ilarities in resource allocation (production vs. activity)
due to the common problem of a smaller total assim-
ilated resource near the elevational extremes of this
species. We suggest that Boquillas lizards had low
ingestion rates and high inactive expenditure, whereas
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FiG. 7. Frequency estimates of female reproductive activ-

ity (enlarged follicles, oviductal eggs, or recently oviposited
when captured) among sites, month intervals, and age classes.
At right are fractions for all age >1 females, and at left are
fractions for yearling females with SVL = 43 mm in May-
June (MJ), and SVL = 42 in July—August (JA), which were
the minimum observed sizes for female reproductive activity.
MC = Maple Canyon, GVH = Grapevine Hills, BOQ = Bo-
quillas.

Maple Canyon lizards had low processing rates and
high activity expenditure. These are alternate mecha-
nisms for resource limitation.

Since body size is the proximate result of daily growth
rate times the number of days growing, among-site
variation in adult body size is driven to a large extent
by daily processes influencing growth rate, and month-
ly processes influencing growth season length (seasonal
temperature variation). The long growing season at
Boquillas may have compensated for low daily growth
rates to produce the largest yearlings in May-June.
Maple Canyon yearlings grew slowly, over the shortest
season, and were the smallest. Grapevine yearlings in
May-June were intermediate in size, but by July—Au-
gust, high growth rates resulted in yearlings as large as
Boquillas yearlings. Maple Canyon yearlings grew slowly
and did not catch up. By May-June of the following
summer, Grapevine age > 1 yr lizards were the largest.
Boquillas age >1 yr males were intermediate in size,
and females were the same size as Maple Canyon fe-
male age >1 yr lizards. This pattern of age-specific
body size does not separately correlate with either the
amount of food available or the length of the growing
season, and we suggest that the interaction of these two
simple environmental gradients drives this pattern.

Ballinger and Congdon (1981) suggested that in en-
vironments characterized by shorter growing seasons,
selection should favor a prolonged period of juvenile
growth and delayed reproduction. Male S. merriami
in Big Bend conform to this prediction. At Boquillas,
where yearlings were large (long hatchling growing sea-
son) and adults were small (low food availability and
low growth rates), many yearlings were relatively large
enough to successfully compete with age >1 yr lizards
for access to females, which is necessary for breeding
(Ruby and Dunham 1987). In contrast, at Grapevine
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TaBLE 4. ANOVA on frequency counts of female reproductive activity by age class and by site.*

Effects of site and season by age

Yearling females

Age >1 females

Source df x> df x2 P
Site 2 2.23 NS 2 12.95 <.001
Season 1 0.02 NS 1 2.00 NS
Site x season 2 24.60 <.001 2 8.85 <.05

Effects of age and season by site

Maple Canyon Grapevine Hills Boquillas
Source df x2 P df x2 P df x2 P
Season 1 14.01 <.001 1 18.25 <.001 1 0.00 NS
Age | 2.16 NS 1 35.47 <.001 1 6.03 <.015
Season x age 1 0.14 NS 1 3.33 NS 1 2.01 NS

* Only yearlings with SVL =43 mm in May-June, and SVL =42 mm in July—August were included in these analyses, since
these are the minimum sizes observed to be reproductive. Analyses are from the general log-linear ANOVA by the CATMOD

procedure (SAS 1982).

and Maple Canyon, older lizards were relatively much
larger than yearlings (on average by 7-10 mm SVL),
few yearlings became socially dominant, and most
yearlings spent their first summer as social subordi-
nates and/or in marginal areas. Smaller males did not
engage in prolonged territorial encounters, and instead
they fed and grew at high rates (at least at Grapevine,
Fig. 5), and by the beginning of their 2nd yr they were
much larger, and could socially dominate, the upcom-
ing cohort of yearlings.

Although males were sexually mature if they were
larger than =43 mm SVL (A. E. Dunham 1981, un-
published manuscript), we suggest that the size and age
of first reproduction for males differed greatly among
sites, and were driven by environmental factors influ-
encing body size ratios among successive cohorts. When
larger males were locally common, smaller yearlings
were constrained to delay reproduction until they had
attained a larger relative size. This does not mean that
the social behavioral response of yearling males was a
passive effect of proximate environmental differences.
Instead we view the set of behaviors associated with a
social status, and the concomitant age of first repro-

Operative Gradients
Environmental Temperature
high Length of Active Season
Rainfall
low Food Availability
MC GVH BOQ
FiG. 8. Summary schematic of environmental gradients

(in rainfall, food availability, environmental temperature, and
active season length) that differ among sites and operate on
the life history phenotypes of individuals.

duction, as a potentially adaptive response by yearling
males to their social/demographic environment (Dun-
ham et al. 1989). The fitness consequences of this re-
sponse are obvious.

The onset of reproduction for females was very dif-
ferent from that of males. Although females that re-
produced in early summer of their 1st yr were relatively
large for their age class (probably from earlier clutches
of the previous summer), their absolute sizes differed
among sites. Fewer weeks of fall and spring growth at
Maple Canyon produced different size-frequency dis-
tributions for juvenile females compared with the other
sites (Fig. 6). Nonetheless, females at Grapevine and
Boquillas that were as large as breeding females at Ma-
ple Canyon delayed reproduction and instead grew to
a larger body size (Figs. 5 and 6). In fact, many more
Grapevine yearlings bred in late summer than in early
summer, which is consistent with the result in Dunham
(1981) that the average body size of females producing
clutch I was greater than for females producing clutch
II. Small females at Grapevine had high daily growth
rates, and by the second half of the summer, at the
time of breeding, they had attained the body size of
Boquillas yearling females.

Several hypotheses can account for earlier repro-
duction by Maple Canyon females (yearlings and age
>1 yr). For example, the shorter postreproductive sea-
son at Maple Canyon may have forced females to breed
early to allow sufficient time to amass lipid stores for
winter brumation (Tinkle 1969a). Additionally, lower
soil temperatures (Table 1) may have prolonged egg
development time, necessitating an earlier date of ovi-
position and fewer late-summer clutches (Ballinger and
Congdon 1981). Finally, the shorter hatchling growing
season at Maple Canyon may have placed a high pre-
mium on breeding early in the summer to allow hatch-
lings longer time to deposit stores for brumation (in-
creased juvenile survivorship) and/or attain a size large
enough to breed during the following spring (increased



October 1990
Ranking of Life History Responses

size ratio age > 1 yr
feeding rate
male age at first reproduction

yearling size July - August
female age of first reproduction

individual growth rates
female age > 1 size

active and inactive Tb
yearling size May - June
population density

daily activity time

male age > 1 size

PV,

I O O

home range size
rates of moves and displays

MC GVH BOQ

FiG. 9. Summary schematic of rankings of life history
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Variation in the shapes of these gradients represents an un-
known contribution of genetic and nongenetic responses of
life history phenotypes to the gradients in Fig. 8 (see Discus-
sion). Population densities and home range size estimates are
from Ruby and Dunham (1987).

reproductive rate) (Hahn and Tinkle 1965, Tinkle
19694, Ballinger 1979). Breeding at a smaller body size
potentially affects population replacement rate, since
clutch size increases with body size in S. merriami (A.
E. Dunham 1981, unpublished manuscript). Lower
population densities at Maple Canyon could be the
result of smaller females only breeding in the first half
of the summer, all else being equal.

In sum, male S. merriami conform to the predicted
delayed reproduction at higher elevation by Ballinger
and Congdon (1981); however, females exhibited the
opposite pattern. We suggest that these delays were the
indirect result of environmental gradients (Fig. 8) op-
crating on individual growth rate, growth season length,
and body size ratios among successive cohorts.

Our results suggest that major life history differences
in this system are influenced by variation in environ-
mental constraints on time and energy budgets. The
net effect of these environmental differences is hy-
pothesized to cause differences in the total amount of
resource available, as well as in the pattern of resource
allocation to growth, maintenance, storage, and repro-
duction in a life history (Congdon 1989, Dunham et
al. 1989). But this does not mean that life history dif-
ferences we report are purely phenotypic, environ-
mentally induced, and nongenetic. This is an extremely
oversimplified view of the interaction of organisms and
their environments to which we do not subscribe. An
unknown component of the life history variation re-
ported may be due to ecotypic variation among re-
source and time allocation phenotypes (Congdon 1989,
Dunham etal. 1989). This component can be estimated
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by controlled field and laboratory experiments and
should be interpreted in the context of the available
data on unmanipulated life history variations.

We view these environmental differences as poten-
tial sources of selection for life history characteristics
including daily growth rate, the temperature depen-
dence of physiological performance (locomotion and
resource processing capacity), and the intensities of
activities such as movements, foraging, and social in-
teractions (Dunham et al. 1989). All of these poten-
tially affect home range size, social biology, age-specific
survivorship and fecundity, population density and
regulation. The pattern of covariation in environmen-
tal constraints and phenotypic responses in body size,
growth, and reproduction in this system may be typical
of the pattern in many intra- or interspecific compar-
isons along elevational or latitudinal gradients. This
argues for increasing the intensity and resolution of
such studies in the elucidaticn of life history variation
in response to environmental variation as a prereq-
uisite to modeling the evolution of life histories.
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