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Abstract

Physiological and biophysical processes interact with a suite of environmental fac-
tors to produce important patterns in the population ecology of terrestrial vertebrate
ectotherms. We develop a mechanistic approach to understanding the relative con-
tributions of these interactions. Our approach requires a distinction between a life
bistory and a life-bistory phenotype and allows the incorporation of system-specific
trade-offs and constraints in a manner that facilitates the generation of testable
predictions for specific populations or sets of populations. We define operant sources
of selection and the effects of these averaged over the lifetime of individuals exposed
to different environmental factors (available foraging microbabitats, mate avail-
ability, preferred egg sites), and synthesize a probabilitistic definition of a life bis-
tory. We apply this approach to understanding geographic variation in several life-
history characters in the saxicolous, iguanid lizard Sceloporus merriami.

Introduction

Mechanistic population ecology seeks to elucidate the dynamics of the pre-
cise mechanisms that couple the biophysical and physiological ecology of
individuals with population-level processes and patterns. The mechanisms
of interest are those that influence four fundamental rates: (@) the birth rate,
(b) the death rate, (c) the emigration rate, and () the immigration rate.
These rates emerge as the summation over the individuals in the population
of the effects of different environmental factors on expected fecundity and
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on probabilities of death, immigration, and emigration of individuals. Pro-
cesses altering any one of these rates can act as a source of selection on
the population of interest. If we understand the mechanisms that couple
variation in the resource environment, the biophysical environment, the so-
cial/demographic environment, and population densities at higher trophic
levels to these four rates, then we can predict the dynamic behavior of the
population in response to variation in the resource, biophysical, and social
environments, as well as the interactions between them. Viewed from this
perspective, mechanisms are hypotheses to be tested and two types of tests
are possible. To the extent that our understanding of the mechanisms cou-
pling environmental variation to these rates is correct, we can (1) explain
the behavior of the system as a consequence of the known short-term history
of environmental variation, and (2) predict the results of environmental per-
turbation experiments. Such experiments might include manipulation of re-
sources, of biophysical environments, and of the social environment.

The set of interactions whereby variation in environmental factors is trans-
duced into age- or size-specific birth rates and probabilities of mortality and
migration is what we refer to as a life history (fig. 1). In this view, a life
history can be viewed as a set of rules that specifies three classes of alloca-
tion: (1) the allocation of “available” time into that used for activities such
as mate and resource acquisition; this determines social status and net re-
sources available for future allocation; (2) the allocation of assimilated re-
sources (water, energy, trace elements, proteins, etc.) into the competing
functions of growth, storage, maintenance, and reproduction (Congdon,
Dunham, and Tinkle 1982); and (3) the packaging of reproductive alloca-
tion into individual offspring; this, in part, determines clutch size, clutch
frequency, and provisioning of individual offspring. These allocations are
specified given the physiological state of the organism, the trade-offs and
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Fig. 2. Summary of the factors influencing daily activity budgets of ecto-
therms. Four operative environmental types that potentially influence time
available for allocation to the competing functions of social interaction
and foraging. This allocation results in the daily time-activity budget and
incurs a risk of mortality. Foraging success and assimilation rates deter-
mine the net assimilated resource (energy, water, nutrients, etc.) available
for allocation to the competing functions of growth (G ), maintenance (M),
storage (S), and reproduction (R). This allocation results in the seasonal
energy-mass budget and incurs a risk of mortality as well as determining
the age-specific growth rates and allocation to reproduction (reproductive
effort and fecundity).

constraints imposed by its physiology (e.g., the requirement that heat and
mass budgets be balanced), and its environmental constraints (biophysical,
demographic, social, and predation) and resource limitations. In this ap-
proach a life history may be viewed as a time-ordered sequence of age-spe-
cific allocation decisions that are subject to the above-mentioned trade-offs,
constraints, and environmental influences. Selection should favor those life
histories (heritable sets of allocation rules) that result in greatest expected
lifetime reproductive success (fitness) over the spectrum of environmental
variation experienced by individuals in the population in question. Under
this view, life-history variation and evolution can be modeled using the
methods of optimal control theory (Intrilligator 1971; Leitmann 1981), and
some progress has recently been made in modeling life-history patterns us-
ing this approach (Chiarello and Roughgarden 1984; Hom 1987, 1988). De-
tails of this view of a life history are summarized in figure 2.
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The above definition of a life history contradicts the common perception
that equates a life history with a set of observed life-history phenotypes.
Elements of a life-history phenotype include demographic data such as age
and size at first reproduction, age- and size-specific clutch size and fre-
quency, age- and size-specific probability of death, individual growth rates,
mode of reproduction (oviparity, viviparity), nature and amount of parental
care, and data commonly collected for testing theories of reproductive effort
such as clutch mass/body mass ratios (reviews in Congdon etal. 1982; Dun-
ham, Miles, and Reznick 1988). Most formulations of life-history theory have
concentrated on one or very few putative selective factors to explain patterns
of variation and covariation in life-history phenotypes both within and
among populations (reviews in Stearns 1977; Dunham et al. 1988). These
formulations have generally proved untestable because they have not incor-
porated system-specific trade-offs and constraints in a manner that allows
epistemologically sufficient predictions to be generated for any particular
population or set of populations.

In this article, we review studies attempting to mechanistically couple
variation in physical and resource environments to variation in life-history
characters and demographic variation of terrestrial vertebrate ectotherms.
We also present an approach that attempts to make explicit the interaction of
environmental variation with the set of important trade-offs and constraints
acting within any system to produce variation within and among populations
in life-history phenotypes, demography, and emergent population proper-
ties (e.g., density). Finally, we use this approach to examine the nature of
these constraints and generate mechanistic hypotheses to explain patterns
of variation in individual growth rates and body sizes among three popula-
tions of the desert lizard Sceloporus merriamifor which we have extensive
data on demography, resource availability and utilization, temperature regu-
lation, biophysical ecology, and physiological performance (e.g., Dunham
1978, 1980, 1981, 1983, unpublished; Huey and Dunham 1987, unpub-
lished; Ruby and Dunham 1987, unpublished; Grant and Dunham 1988, un-
published; Dunham and Overall, unpublished).

A Model

In this section, we present a model to describe mechanistic relationships
between an organism’s life history and potential sources of selection from
its biophysical, resource, and social/demographic environments. These are
relevant because, to survive and reproduce, an ectotherm must feed, avoid
predation, and acquire one, or more, mates, while maintaining the tempera-
ture of its body within viable limits. Individual responses to biophysical,
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Fig. 3. Summary of constraints on an ectotherm’s bebavior. Ectotherms
must acquire and assimilate resources, acquire mates, and avoid preda-
tion while simultaneously regulating body temperature so as to maintain
appropriate levels of physiological performance for each activity. f (T,) in-
dicates performance is dependent on body temperature.

resource, and social/demographic environments occur and can be modeled
within daily or seasonal time frames. The former involves constraints and
limitations on daily activities related to acquiring, assimilating, and allocat-
ing resources to activity or production budgets (Congdon etal. 1982), avoid-
ing predators and other sources of mortality, and obtaining mates. The latter
involves the integration of these daily processes over an active season, or
other meaningful time period, and the cumulative allocation of net assimi-
lated resources to growth, maintenance, storage, and reproduction as de-
scribed by Congdon et al. (1982).

Time-Activity Budgets

On a short-term basis, ectotherms face a variety of constraints (fig. 3). First,
heat and mass (e.g., water, energy, and essential nutrients) budgets must be
balanced. Mass intake occurs by foraging, and an understanding of foraging
biology must include foraging mode, foraging site selection, and a set of
criteria for the acceptance of available prey items. Note that short-term im-
balances in these budgets (e.g., owing to a single day of poor foraging suc-
cess) will generally be of little immediate consequence for individuals (es-
pecially ectotherms) that are not resource stressed (e.g., those that are not
on the verge of starvation or dehydration).

Second, sexually reproducing organisms must acquire one, Or more,
mates. For many ectotherms (e.g., many lizards), this involves attaining lo-
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cally dominant social status through a territory acquisition “‘strategy.” For
many species, this applies to both sexes, although the intensity of territorial
behavior may vary among sexes over a breeding season. To maintain social
dominance, individuals must patrol their territory, remain conspicuous
throughout activity periods, challenge and attempt to evict intruders, engage
in courtship, and attempt copulation with potential mates. Although detri-
mental to lifetime reproductive success, reduced performance in these ac-
tivities will not, in general, have serious immediate detrimental conse-
quences.

Third, ectotherms must avoid decreased short-term physiological perfor-
mance due to excessively high or low body temperature. Locomotor perfor-
mance has recently received a great deal of attention in this regard (review
in Huey 1982). Locomotor performance is potentially adaptive for predator
avoidance and resource and mate acquisition. Additionally, there are several
well-known biochemical and cellular changes directly in response to tem-
perature over a very short term that may lead to nervous or gastrointestinal
dysfunction and/or gamete destruction (review in Huey 1982).

Vertebrate ectotherms control body temperature by selection of appropri-
ate activity times, thermal microclimates, bodily posturing and orientation,
core-shell heat conductance changes, and evaporative cooling (Avery 1982;
Tracy 1982). Unlike the first two categories, the consequences of failing to
meet the requirements of temperature regulation may be immediate and
significant. Thus, the requirements of temperature regulation will usually
take precedence over the requirements of foraging and maintaining social
status, especially in small ectotherms that can feed and socially interact only
in thermally tolerable microclimates. This results in a problem of behavioral
optimization of time and energy to foraging and social interactions subject
to the constraint that 7;, be regulated (Grant and Dunham 1988). In this
view, costs of thermoregulation may be incurred if “preferred” tempera-
tures are of low frequency in a given environment and the organism is con-
strained to reduce or abandon some biologically necessary activity, such as
foraging or social interactions. The term ‘“cost” is used here in a sense
different from the energetic cost of thermoregulation modeled by Huey and
Slatkin (1976). In our approach, costs must be considered in units of fitness
(decrement in expected lifetime reproductive success). A missed mating
opportunity may have no energetic cost, but it may result in a considerable
decrease in lifetime reproductive success.

Proximate objectives of biophysical ecology include quantifying the path-
ways of heat flow between an organism and its immediate environment
through its surface, and predicting the steady-state body temperature that
results from the magnitudes of these flows (Gates 1980). This temperature
is the “‘operative environmental temperature, 7¢” (Bakken and Gates 1975).
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Efforts of many researchers have resulted in the development of a set of
coupled equations to describe biophysical, physiological, and behavioral
interactions among heat budgets, energy/mass (energy, water, nutrients,
etc.) budgets, and time-activity budgets (Bakken and Gates 1975; Bennett
and Nagy 1977; Muth 1977; Porter and James 1979; Tracy 1982; Christian,
Tracy, and Porter 1983; Porter and Tracy 1983; Waldschmidt and Tracy
1983). Implications of environmentally imposed thermal constraints for
components of fitness of individuals have been addressed in studies of rep-
tiles (Porter and James 1979; Christian and Tracy 1981; Roughgarden, Por-
ter, and Heckel 1981; Congdon et al. 1982; Christian et al. 1983; Hertz, Huey,
and Nevo 1983; Porter and Tracy 1983; Waldschmidt and Tracy 1983), other
vertebrates (Ohmart and Lasiewski 1971; Buttermer 1981), and other ecto-
therms (Heath, Wilkin, and Heath 1972; May 1977; Kingsolver 1983; Chap-
pell 1984).

We recognize three classes of implications of thermal biophysical con-
straints for life histories: (1) direct implications for individual daily time
budgets, (2) direct implications for individual spatial utilization patterns,
and (3) indirect implications for individual seasonal combined energy-
mass-water budgets. All three are potentially important proximate causes of
life-history variation and possible sources of selection on life-history and
behavioral phenotypes; therefore, all are potentially important in the trans-
duction of environmental variation into population dynamics.

Thermoregulating ectotherms are constrained to occupy appropriate ther-
mal microclimates to be active and satisfy other behavioral requirements
such as foraging and social interactions. Environmental temperature has
been viewed as a resource (Magnuson, Crowder, and Medvick 1979; Rough-
garden et al. 1981; Tracy and Christian 1986); however, environmental tem-
perature cannot be limiting and competed for, or acquired and allocated, in
the same ways as can true resources such as energy and water. Operative
temperature, T, is defined by an environment-organism interaction for each
point in a lizard’s home range. Although there can be no competition for
any particular ambient temperature, the space in which an organism can
attain optimal heat exchange at a given time can be an object of competition,
provided that these spaces are in limited supply (Tracy and Christian 1986;
Grant and Dunham 1988). Additionally, differences in T, use could poten-
tially correlate with differences in resource use, for example, if different
resources may be found in different thermal microclimates. However, T.
should not be uncritically designated as a “niche axis” without demonstrat-
ing such a correlation.

Viewing the thermal environment as a source of constraints on activity,
rather than as a resource, is consistent with a broader view that the behav-
ioral phenotype of an individual responds to a variety of potentially conflict-
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ing constraints as it attempts to satisfy simultaneously requirements of tem-
perature regulation and acquisition of resources and mates. Further, true
resources must be able to be acquired, in many cases exclusively used, and
allocated. Resources have units such as joules, grams, or square meters (e.g.,
for sessile animals or plants). Temperature can be neither exclusively ac-
quired nor allocated. Yet 7, is known to influence activity, instantaneous
physiological performance, and seasonal energy budgets. The exact spaces
where optimal temperatures can be found can be acquired and defended,
but, for this case, the resource is space and the objective involves satisfying
whatever requirement necessitates that a particular 7;, should be exhibited.

Tracy and Christian (1986) presented a view that the distribution of T,
available to a lizard in its home range may be associated with a “‘quality”
estimate for that home range. According to their view, a particular home
range is of relatively high quality if the double integral over time (0-24 h)
and temperature (CTMin-CTMax) of the product of the area of a home range
offering a particular 7, and the lizard sprint performance at the equivalent
T, is relatively high. Thus, if a home range includes a large area of thermally
appropriate microclimates for the individual over a day, the home range will
be of high “quality.”

A similar view was proposed by Grant and Dunham (1988), who showed
that the distribution of thermal microclimates in home ranges of the helio-
thermic lizard Sceloporus merriami imposes a constraint on activity at any
particular time. Unlike Tracy and Christian (1986), they do not advocate
integrating over a day. The magnitude of the thermally imposed constraint
on activity is proportional to the fraction of available home range that is
thermally acceptable, and it thus varies with time of day. Integrating over
time obscures the important point that, as demonstrated for S. merriami,
individuals behaviorally respond to this constraint as it changes in magni-
tude within a single day. In these lizards, activity levels and rates of home
range use varied inversely with the magnitude of this constraint.

A schematic of the factors influencing a time-activity budget appears in
figure 2. At left are four types of environments that potentially influence the
behavioral phenotype. As explained above, individual activity can only oc-
cur under conditions of favorable operative environmental temperature;
therefore, the spatial-temporal availability of favorable 7¢ will determine the
total amount of time and space available for foraging, social interactions,
and other activities. The allocation of this available time to potentially com-
peting functions such as foraging and social interaction, subject to the con-
straints imposed by requirements of temperature regulation and of resource
and mate acquisition, represents the first allocation in our model of how a
life history transduces environmental variation into population dynamics.

The finite daily availability of thermally favorable microclimates will de-
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Fig. 4. The integration of daily processes identified in fig. 2 over a biologi-
cally meaningful time period constrains allocation of net assimilated re-
sources. Allocation of net assimilated resources results in observed life-bis-
tory phenotypes (e.g., age-specific fecundity and risk of mortality). When
summed over the individuals in a population, these allocations result in
population-level rates (birth, death, immigration, and emigration rates)
and may result in density-dependent feedback to daily processes through
changes to the operative resource, demogmpbz’c/socz’al, and predation en-
vironments.

termine the total time of activity of an ectotherm in a given environment. If
time becomes limiting (as demonstrated by Grant and Dunham [1988]), a
potential conflict in behavioral time allocation may arise in which individu-
als must “decide” between spending time acquiring food to maintain daily
energy and/or water balance or engaging in social interactions such as court-
ships and territorial defense to maintain social status.

Coupled Seasonal Budgets

Our model of the allocation “decisions” resulting in a particular life-history
phenotype (fig. 4) follows largely from the integration of daily processes
described in figure 2 over a “‘biologically meaningful time period” (Cong-
don et al. 1982), such as a breeding season. Time spent foraging interacts
with environmental resource availability to determine foraging success. An
individual’s physiological state will interact with the biophysical environ-
ment, through temperature effects on food-processing capacity, to deter-
mine the total amount of resource (energy, water, nutrients, etc.) available
for allocation to the competing functions of growth, maintenance, storage,
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and reproduction (net assimilated resource). Time spent in social interac-
tions, as well as current physiological state, will interact with population
parameters (e.g., local density of reproductive-age individuals) to deter-
mine encounter and courtship rates, mating success, social status, territory
size, and other factors relating to mating opportunities and the conversion
of energy allocated to reproduction into offspring. Allocation of resources
to growth and storage influences future physiological state. Additionally, be-
cause metabolic rates are temperature dependent (see, e.g., Bennett and
Dawson 1976), the body temperatures selected from the available range will
directly influence allocation of resources to maintenance. These physiologi-
cal interrelationships may result in modification of thermal microhabitat
preferences and force concomitant changes in the realized fraction of the
habitat available for activity on a daily and seasonal basis, thereby producing
changes in all subsequent allocation decisions. Energy and/or water status
of individuals is thought to influence thermal “preferences” in numerous
systems, and our model is consistent with these observations.

It must be realized that a risk is associated with each allocation “‘decision”
(both allocation of available time and allocation of net assimilated re-
source). We define the risk associated with a particular allocation decision,
x, to be the conditional probability of mortality given that an individual,
which is in a particular physiological state and set of operative (Spomer
1973) environments (social/demographic, resource, biophysical, and pre-
dation), makes allocation decision x. The allocation of available time to re-
productive activities coupled with the allocation of net assimilated re-
sources to reproduction determines age-specific fecundity. The cumulative
risk due to an individual’s age-specific allocation decisions defines the age-
specific expectation of death of the set of individuals with the same (herita-
ble) life history. This age-specific probability of death defines the age-spe-
cific survival schedule for a population of individuals with the same life
history. Lifetime reproductive success of individuals with age-specific survi-
vorship /(x) (= the probability of surviving from birth to age x) and age-
specific fecundity m(x) (= expected number of offspring born to an individ-
ual of age x) is given by

R = fwo 1(x) m(x) dx.

Selection will favor life histories (heritable set of rules for making allocation
decisions) that result in higher expected lifetime reproductive success than
do competing life histories.

Finally, it must be recognized that all ontogenetic stages, not just adults,
must be included in applying this approach to explaining variation in ob-
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served life-history phenotypes and/or population dynamics. For example,
in oviparous organisms the physiological requirements of eggs must be eval-
uated in terms of the effects of variation in soil water potential, temperature
profiles, and the availability of suitable oviposition sites (Muth 1980; Tracy
1980; Porter and Tracy 1983; Packard and Packard 1988; Tracy and Snell
1985). Parental allocation of nutrients and water to eggs, as well as the water
potential and temperature during incubation, affect egg mortality, incuba-
tion time, and hatchling size (Packard and Packard 1988; Overall, unpub-
lished). Hatchling size is known to affect probability of survival to age 1 yr
in some lizards (e.g., Ferguson and Fox 1984). Egg mortality and its causes
remain a largely unknown factor in explaining the population dynamics of
many ectotherms (Dunham 1981).

Trade-offs and Constraints

To apply the approach described here and in figures 2 and 4 to understand-
ing the potential sources of selection acting on life histories in a particular
population, or to understanding the emergent dynamics of a particular pop-
ulation, one must have a clear understanding of the trade-offs and constraints
imposed by the operative environments in which the population occurs and
those imposed by the physiology of individuals constituting the population.

Trade-offs result when some quantity, such as time available for activity or
net assimilated resource, must be allocated to activities or functions that are
mutually exclusive. For example, when time available for activity is limited,
as demonstrated by Grant and Dunham (1988), an increase in the allocation
to one activity such as social interaction must result in a reduction in that
allocated to other activities such as foraging. Net assimilated resource must
be allocated to one of the competing functions of growth, maintenance, stor-
age, and reproduction (Congdon et al. 1982). Therefore, an increase in the
allocation to one function must be accompanied by a corresponding reduc-
tion in at least one of the remaining functions. These two allocations (time
and resource) both involve trade-offs, and both are central to determination
of the particular life-history phenotypes observed in a particular population
at any time. The net resource available for allocation depends on (1) time
available for foraging, (2) the allocation of available time to foraging, (3)
foraging success, which depends on resource availability in thermally favor-
able microhabitats, (4) digestive physiological performance, and (5) previ-
ous allocation of net assimilated resource to storage.

Constraints may arise from any of the operative environments discussed
above, from the individual’s physiology, and from the requirement that indi-
vidual heat and mass budgets be balanced. For the reasons discussed above,
constraints imposed by the thermal environment are likely to be of impor-
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tance in determining the life-history phenotypes of terrestrial ectotherms
and their emergent population dynamics. We will consider this category of
constraint in some detail.

The thermal biophysical environment is 2 spatial-temporal distribution of
available operative temperatures that constrains thermoregulating ecto-
therms to be active only when microclimates with acceptable 7.'s are com-
mon. The fraction of the available thermal microclimates within a particular
range of acceptable 7.'s is a measure of the instantaneous constraint on activ-
ity (Grant and Dunham 1988; see also Huey 1974; Huey and Slatkin 1976).

In this view, thermoregulation is significant to an ectotherm because costs
may be incurred if acceptable T.'s are of low frequency in a given environ-
ment and an individual is constrained to abandon essential activities such as
foraging or social interactions. On the other hand, if an ectotherm elects to
extend time available for activity by accepting a “‘sub-optimal” 7j,, costs may
be incurred owing to reduced physiological performance (Huey and Slatkin
1976). Metabolic and water-loss rates and digestive performance are tem-
perature dependent in ectotherms (review in Huey 1982), and the conse-
quences of these relationships constrain the thermoregulatory options avail-
able to a particular ectotherm. Currently, a comprehensive body of theory
to predict the body temperature preferenda that are expected to evolve in
particular organisms in particular environments does not exist. It has been
suggested (Hueyand Slatkin 1976) that body temperature-specific costs and
benefits will be involved. These costs and benefits have been hypothesized
to arise from temperature-dependent physiological constraints on locomo-
tion, digestion, and other processes (Licht 1967; Dawson 1975; Heinrich
1977, Huey and Stevenson 1979) and from considerations of how regulating
a particular 7, influences daily time-activity budgets (Christian et al. 1983;
Kingsolver 1983), which in turn influence coupled seasonal energy-mass-
water budgets (Porter and James 1979; Tracy 1982; Porter and Tracy 1983).

Cost-benefit analyses of the association between selected body tempera-
tures and food abundance suggest that when food abundance decreases, net
energy intake is maximized when the organism selects a lower body temper-
ature (reviews by Huey 1982; Crowder and Magnuson 1983). When living
in thermally heterogeneous environments, many ectotherms select lower
body temperatures as food availability declines. Although the rates of many
physiological functions decline with body temperature (Brett 1971), fish on
reduced ration had a greater growth rate at lower body temperatures (Brett
1971; Crowder and Magnuson 1983). Greater growth rates are possible be-
cause, owing to lower maintenance Costs, the fish may have had increased
net energy available for allocation to growth at lower body temperatures
even at reduced resource levels than at higher body temperatures and food
levels.
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Recent studies of terrestrial vertebrate ectotherms have concentrated on
the mechanisms whereby rates of birth, mortality, and migration are poten-
tially influenced by the physical environment (e.g., Porter and Tracy 1974,
1983; Pough 1983; Spotila and Standora 1985; Grant and Dunham 1988, un-
published), on proximate effects of resource availability on selected life-
history variables such as individual growth rates, reproductive output, and
lipid storage (e.g., Ballinger 1973, 1977, 1983; Stamps 1977; Dunham 1978,
1980, 1981, 1983; Stamps and Tanaka 1981; Ferguson, Hughes, and Brown
1983; Waldschmidt 1983), and on allocation of assimilated resources in the
context of reproductive effort theory (review in Congdon et al. 1982).

Many studies of ectotherms have identified food as a proximate source
of variation in home range size (Simon 1975), growth rate (Dunham 1978;
Ballinger and Congdon 1980), and reproductive output (Dunham 1981;
Rose 1982). However, food abundance as a single factor has often failed to
account for the variation in the same characteristics (Stamps and Tanaka
1981; Rose 1982; Waldschmidt 1983; Christian and Tracy 1985; Jones, Bal-
linger, and Porter 1987; Jones et al. 1987). Such results have led the authors
of those studies to invoke the prevailing social environment and ambient
thermal environment as potentially important constraints shaping the re-
sponse of the experimental organism.

However, to date, no study has implemented all aspects of the approach
outlined here on a single system. Until that is accomplished, the precise
mechanisms of action of variation in environmentally and physiologically
imposed trade-offs and constraints in influencing life-history phenotypes,
life-history evolution, and emergent-population dynamics will remain
largely unknown.

Interpretation of Patterns of Covariation

For the past 14 yr, one of us (A.E.D.) and colleagues have been investigating
long-term variation in the population ecology and demography of natural
populations of the saxicolous iguanid lizard Sceloporus merriami in Big
Bend National Park, Texas. The distribution of S. merriami spans an eleva-
tional gradient ranging from 560 m to 1,609 m, along which we have estab-
lished three permanent study areas (Maple Canyon, Grapevine Hills, and
Boquillas Canyon). Basic environmental differences among these sites are
shown in table 1. This investigation has documented major temporal and
geographic patterns of life-history variation in individual growth rates, age-
specific survivorship and reproductive effort, size and age at sexual maturity,
mating system, and home range size. In addition, we have quantified varia-
tion in important environmental variables such as food abundance, social
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TABLE 1
Summary of site differences for the three local populations
discussed in this paper

Maple Grapevine Boquillas

Canyon Hills Canyon
Elevation (m) .................... 1,609 1,036 560
Annual rainfall (cm) .............. 44.2 34.9 24.8
2SE, VI wiee 47,38 3931 2.2,32
April-September rainfall (cm) .. ... 33.0 24.6 17.6
2B Y .ie comsmemad semamEnis 03 3.3,38 2.9, 31 1.8, 32
Active season length (d) .......... 173 203 232
July average air temperature
(°C) 23.5 271 31.0
July deep crevice temperature
(O 24.4 30.3 31.5
Vegetation cover (%)* ............ 32.8 23.2 15.1
Prey availability” (Prey/trap*h) ... 29 14 .09
Population density (no./ha)® ...... 51.5 80.4 150.0
Average male home range size
€110 R 198.3 266.6 138.2
Average female home range size
(M) 93.8 103.2 53.7

Note. All demographic data are from a long-term study of Sceloporus merriami by Dunham
(1978, 1980, 1981, 1983, unpublished).

2 Data from Grant and Dunham (unpublished).

b Data from Ruby and Dunham (1987).

dynamics, and the availability of thermally favorable biophysical microcli-
mates for foraging and social interaction {Dunham 1978, 1980, 1981, 1983,
unpublished; Congdon et al. 1982; Huey and Dunham 1987; Ruby and Dun-
ham 1987; Grant and Dunham 1988, unpublished; Dunham and Overall,
unpublished). A discussion of the detailed results of this ongoing study is
beyond the scope of this paper. Instead, we use the approach outlined above
to interpret observed patterns of geographic variation and covariation in life-
history phenotypes.

Patterns of covariation in life-history traits in this system suggest the possi-
bility that simple linear combinations of environmental gradients can pro-
vide hypotheses to explain paradoxical patterns of life-history variation and
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Ranking of Life History Responses

C Individual growth rates

3
)

Yearling size

Active and inactive Tp
Population density

Daily activity time
MGB All daily integrals of activity

C Adult body size

Home range size
Rates of moves and displays

1 1 1
MC GV BQ

Fig. 5. Summary of selected life-bistory differences among the populations
of Sceloporus merriami in Big Bend National Park, Texas. M = Maple Can-
yon, G = Grapevine Hills, B = Boquillas. Differences in individual growth
rates between Maple Canyon and Boquillas are not significant. All other
comparisons are significant (P < .05). Data on which this summary is based
come from long-term, ongoing demographic study of this species by Dun-
ham (e.g., Dunbam 1978, 1980, 1981, 1983, unpublished).

population dynamics. As an example, consider variation in individual
growth rates and body size in the S. merriami system. Data summarizing
geographic patterns of variation in these life-history characters are summa-
rized in figure 5.

Our data indicate that environmental constraints in this system vary with
elevation. These constraints result from increased rainfall and food availabil-
ity and decreased environmental temperature with increasing elevation (ta-
ble 1; fig. 6). The net effect of these differences is that populations of .
merriami differ significantly in almost every life-history character measured
(fig. 5; Grant and Dunham, unpublished; Dunham and Overall, unpub-
lished).

Paradoxically, the Grapevine Hills population is intermediate in operative
environmental characters (table 1) but is often at an extreme with respect
to life-history characters such as individual growth rate and body size (fig. 5).
The population with the highest absolute food availability (Maple Canyon)
exhibits the lowest adult body size and low growth rates. The growth rates
and body-size distributions characteristic of the population at the least pro-
ductive site (Boquillas) are similar to those at the most productive site
(Maple Canyon). The paradox arises from the lack of correlation between
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Operative Gradlents Flg 6. Summary oftbe Op'
Environmental temperature erative en vz’ronmental
gradients in the Scelo-
Length of active season : .
porus merriami system.
See table 1 for a summary
of the differences among

these localities.
Rainfall

Food availability

1 t 1
Maple Canyon Grapevine Boquillas

Site

these life-history characters and any single environmental gradient among
these sites.

Hypotheses combining several of these simple gradients are adequate to
resolve this paradox. Differences among these populations may be ex-
plained if net assimilated resources available for allocation to growth, main-
tenance, storage, and reproduction are lower at Maple Canyon and Boquillas
than at Grapevine Hills, or, if net assimilated resources are similar, individu-
als in these populations allocate a smaller fraction to growth.

Body temperatures for active lizards in the morning are very similar
among all sites. However, body temperatures during afternoon activity peri-
ods are higher at the lower elevation sites than at Maple Canyon, where
lizards are active throughout the day with little variation in 7, (Grant and
Dunham, unpublished). This difference results from differences in distribu-
tions of available T.’s. At lower elevations higher afternoon environmental
temperatures force lizards to be active at higher 7,’s or remain inactive.
Higher 7;, results in increased energy expenditure and concomitant respira-
tory water loss (Bennett and Dawson 1976; Huey 1982) and decreased sprint
performance (Huey and Dunham 1987).

In contrast to the observed similarity in 7;, during activity, Maple Canyon
animals exhibit a 6-7°C lower T, when inactive as a passive response to
lower crevice T. (Grant and Dunham, unpublished). Lizards at this site have
no option but to be cooler when inactive. Data from other sceloporine igua-
nids indicate that digestive passage time increases by as much as 50%-100%,
with a decrease in 7;, from 30°C to 24°C (Waldschmidt, Jones, and Porter
1986). If this occurs in S. merriami, we hypothesize that more undigested
food from the preceding day remains in the gut of Maple Canyon lizards and
that these lizards process ingested food at lower rates than do lizards at
lower elevations. The net result may be that lizards from the Maple Canyon
population have lower total assimilated resources to allocate to growth, stor-
age, maintenance, and reproduction, despite higher apparent resource avail-
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ability. This form of resource limitation has been termed “‘process limita-
tion” (J. Congdon, personal communication). Data to test this hypothesis
are currently being taken.

This example illustrates the application of the approach described above
to generate testable hypotheses to explain proximal causes of variation in
life histories and population dynamics both among and within populations.

Conclusions

In summary, the connection we hypothesize between biophysical con-
straints and fitness is complex and indirect, operates through coupled daily
time budgets and integrated seasonal energy-mass budgets, and is a critically
unexplored link in understanding life-history variation and the adaptation
of organisms to specific environments. Variation in all environments and
mechanistic coupling between environmental variation and observed life-
history phenotypes must be elucidated if either local and geographic varia-
tions in population processes and dynamics or sources of selection operat-
ing on life histories are to be understood. We suggest that the ideal systems
in which to apply the approach outlined here are those long-term studies
for which variation in social biology, demography, and resource dynamics
is well understood.

Acknowiedgments

Order of authorship is alphabetical; all authors contributed equally to the
preparation of this paper. Discussions with J. Bernardo, J. Congdon, R. New-
man, P. Niewiarowski, W. Porter, and S. Waldschmidt were central to the
ideas presented in this paper. The research on which this paper is based
was supported, in part, by grants from Sigma Xi, the Theodore Roosevelt
Memorial Fund, and the Shell Foundation (to B.W.G.), grants from Sigma
Xi and the Davis Fund (to K.L.O.), and NSF grant DEB 81-04690, National
Geographic Society grant 2877-84, and University of Pennsylvania Research
grants 3-70575 and 3-71071 (to A.ED)).

Literature Cited

AVERY, R. A. 1982. Field studies of body temperatures and thermoregulation. Pages
93-166 in C. Gans and F. H. POUGH, eds. Biology of the Reptilia. Vol. 12. Academic
Press, New York.

BAKKEN, G. S., and D. M. GaTEs. 1975. Heat transfer analysis of animals: some impli-



352 A.E.Dunham, B. W. Grant, and K. L. Overall

cations for field ecology, physiology, and evolution. Pages 255-290 in D. M. GATES
and R. B. SCHMERL, eds. Perspectives of biophysical ecology. Springer-Verlag, New
York.

BALLINGER, R. E. 1973. Comparative demography of two viviparous iguanid lizards
(Sceloporus jarroviand Sceloporus poinsetti). Ecology 54:269-283.

.1977. Reproductive strategies: food availability as a source of proximal varia-

tion in a lizard. Ecology 58:628-635.

. 1983. Life history variations. Pages 241-260 in R. B. HUEY, E. R. P1aNKa, and
T.W.SCHOENER, eds. Lizard ecology: studies of a model organism. Harvard Univer-
sity Press, Cambridge, Mass.

BALLINGER, R. E., and J. D. CONGDON. 1980. Food resource limitation of body growth
rates in Sceloporus scalaris (Sauria: Iguanidae). Copeia 1980:921-923.

BENNETT, A. F., and W. R. DAwWsON. 1976. Metabolism. Pages 127-224 in C. Gans and
W. R. Dawson, eds. Biology of the Reptilia. Vol. 5. Academic Press, New York.

BENNETT, A. F., and K. A. NaGy. 1977. Energy expenditure in free-ranging lizards.
Ecology 58:697-700.

BRETT, J. R. 1971. Energetic responses of salmon to temperature: a study of some
thermal relations in the physiology and freshwater ecology of sockeye salmon
(Onchorbynchus nerka). Am. Zool. 11:99-113.

BUTTERMER, W. A. 1981. The thermal significance of winter roost-site selection by
American goldfinches (Carduelis tristis). Ph.D. diss. University of Michigan, Ann
Arbor.

CHAPPELL, M. A. 1984. Temperature regulation and energetics of the solitary bee Cen-
tris pallida during foraging and intermale mate competition. Physiol. Zool. 57:
215-225.

CHIARELLO, N., and J. ROUGHGARDEN. 1984. Storage allocation in seasonal races ofan
annual plant: optimal versus actual allocation. Ecology 65:1290-1301.

CHRISTIAN, K. A., and C. R. Tracy. 1981. The effect of the thermal environment on
the ability of hatchling Galapagos land iguanas to avoid predation during dispersal.
Qecologica 49:218-223.

. 1985. Physical and biotic determinants of space utilization by Galapagos
land iguanas ( Conolophus pallidus). Oecologica 66:132-140.

CHRISTIAN, K. A., C. R. TRACY, and W. P. PORTER. 1983. Seasonal shifts in body temper-
ature and use of microhabitats by Galapagos land iguanas (Conolopbus pallidus).
Ecology 64:463-468.

CONGDON, J. D., A. E. DUNHAM, and D. W. TiNkLE. 1982. Energy budgets and life
histories of reptiles. Pages 233-271 in C. Gans and F. H. POUGH, eds. Biology of
the Reptilia. Vol. 13. Academic Press, New York.

CROWDER, L. B., and J. J. MAGNUSON. 1983. Cost-benefit analysis of temperature and
food resource use: a synthesis with examples from the fishes. Pages 189-221 in
W. P. AspEY and S. I. LusTIck, eds. Behavioral energetics. Ohio State University
Press, Columbus.

DawsoN, W. R. 1975. On the physiological significance of the preferred body temper-
atures of reptiles. Pages 443-473 in D. M. GaTEs and R. B. SCHMERL, eds. Perspec-
tives of biophysical ecology. Springer-Verlag, New York.

DUNHAM, A. E. 1978. Food availability as a proximate factor influencing individual
growth rates in the iguanid lizard Sceloporus merriami. Ecology 59:770-778.

. 1980. An experimental study of interspecific competition between the igua-




Interfaces of Biophysical, Physiological, and Population Ecology 353

nid lizards Sceloporus merriami and Urosaurus ornatus. Ecol. Monogr. 50:309-
330.

. 1981. Populations in a fluctuating environment: the comparative population
ecology of the iguanid lizards Sceloporus merriamiand Urosaurus ornatus. Misc.
Publ. Univ. Mich. Mus. Zool. no. 158, pp. 1-62.

.1983. Realized niche overlap, resource abundance, and the intensity of inter-
specific competition. Pages 261-280 in R. B. HuEy, E. R. PiaNka, and T. W.
SCHOENER, eds. Lizard ecology: studies on a model organism. Harvard University
Press, Cambridge, Mass.

DuNHAM, A. E., D. B. MiLes, and D. N. REznick. 1988. Life history patterns in squamate
reptiles. Pages 441-522 in C. Gans and R. B. HUEY, eds. Biology of the Reptilia.
Vol. 16. Ecology B: defense and life history. Liss, New York.

FERGUSON, G. W., and S. F. Fox. 1984. Annual variation of survival advantage of large
side-blotched lizards, Uta stansburiana: its causes and evolutionary significance.
Evolution 38:342-349.

FERGUSON, G. W., J. L. HUGHES, and K. L. BROowN. 1983. Food availability and territo-
rial establishment of juvenile Sceloporus undulatus. Pages 134-148 in R. B. HUEY,
E. R. P1anka, and T. W. SCHOENER, eds. Lizard ecology: studies on a model organ-
ism. Harvard University Press, Cambridge, Mass.

GAaTES, D. M. 1980. Biophysical ecology. Springer-Verlag, New York. 611 pp.

GRaNT, B. W., and A. E. DuNHAM. 1988. Biophysically imposed time constraints on
the activity of a desert lizard, Sceloporus merriami. Ecology 69:167-176.

. Unpublished. Elevational variation in environmental constraints on life his-
tories of the desert lizard, Sceloporus merrianii.

HEATH, J. E., P.J. WiLKIN, and M. S. HEATH. 1972. Temperature responses of the cactus
dodger, Cacama valvata (Homoptera, Cicadidae). Physiol. Zool. 45:238-246.

HEINRICH, B. 1977. Why have some animals evolved to regulate a high body tempera-
ture? Am. Nat. 111:623-640.

HEerTz, P. E., R. B. HUEY, and E. NEvo. 1983. Homage to Santa Anita: thermal sensitiv-
ity of sprint-speed in agamid lizards. Evolution 37:1075-1084.

Howm, C. L. 1987. Control theory predictions of reproductive allocation in female
dusky salamanders. J. Math. Biol. 25:289-306.

. 1988. Optimal reproductive allocation in female dusky salamanders: a quan-
titative test. Am. Nat. 131:71-90.

HuEY, R. B. 1974. Behavioral thermoregulation in lizards: importance of associated
costs. Science 184:1001-1003.

. 1982. Temperature, physiology, and the ecology of reptiles. Pages 25-91 in
C. Gans and F. H. PoucGH, eds. Biology of the Reptilia. Vol. 12. Academic Press,
New York.

HUEY, R. B., and A. E. DuNHAM. 1987. Repeatability of locomotor performance in
natural populations of the lizard Sceloporus merriami. Evolution 41:1116-1120.
HuEgy, R. B., and M. SLATKIN. 1976. Costs and benefits of lizard thermoregulation. Q.

Rev. Biol. 51:363-384.

HUEY, R. B., and R. D. STEVENSON. 1979. Integrating thermal physiology and ecology
of ectotherms: a discussion of approaches. Am. Zool. 19:357-366.

INTRILLIGATOR, M. D. 1971. Mathematical optimization and economic theory. Pren-
tice-Hall, Englewood Cliffs, N.J.

JONES, S. M., R. E. BALLINGER, and W. P. PORTER. 1987. Physiological and environmen-




354 A.E.Dunham, B. W. Grant, and K. L. Overall

tal sources of variation in reproduction: prairie lizards in a food rich environment.
Oikos 48:325-335.

KINGSOLVER, J. G. 1983. Ecological significance flight activity in Colias butterflies:
implications for reproductive activity and population structure. Ecology 64:546—
551.

LEITMANN, G. 1981. The calculus of variations and optimal control. Plenum, New
York.

LicHT, P. 1967. Thermal adaptation in the enzymes of lizards in relation to preferred
body temperatures. In C. L. PROssER, ed. Molecular mechanisms of temperature
adaptation. Am. Assoc. Adv. Sci. Washington, D.C. 84:131-145.

MAGNUSON, J.J., L. B. CROWDER, and P. A. MEDVICK. 1979. Temperature as an ecologi-
cal resource. Am. Zool. 19:331-343.

Mavy, M. L. 1977. Thermoregulation and reproductive activity in tropical dragonflies
of the genus Micrathyria. Ecology 58:787-798.

MUTH, A. 1977. Thermoregulatory postures and orientation to the sun: a mechanistic
evaluation for the zebra-tailed lizard, Callisaurus draconoides. Copeia 1977:710—
720.

. 1980. Physiological ecology of the desert iguana (Dipsosaurus dorsalis)
eggs: temperature and water relations. Ecology 61:1335-1343.

OHMART, R. D., and R. C. LAsIEWsKI1. 1971. Roadrunners: energy conservation by hypo-
thermia and absorption of sunlight. Science 172:67-69.

PACKARD, G. C., and M. J. PACKARD. 1988. The physiological ecology of reptilian eggs
and embryos. Pages 523-605 in C. Gans and R. B. HUgy, eds. Biology of the Rep-
tilia. Vol. 16. Ecology B: defense and life history. Liss, New York.

PORTER, W. P., and F. C. JaMEs. 1979. Behavioral implications of mechanistic ecology
I1: the African rainbow lizard, Agama agama. Copeia 1979:594-619.

PORTER, W. P., and C. R. Tracy. 1974. Modeling the effects of temperature changes
on the ecology of the garter snake and leopard frog. Pages 594-609 in J. W. G1B-
Bons and R. SHARITZ, eds. Thermal ecology symposium. U.S. Atomic Energy Com-
mission Conference 730505. National Technical Information Service, Springfield,
Va.

. 1983. Biophysical analyses of energetics, time-space utilization, and distri-
butional limits. Pages 55-83 in R. B. HUEY, E. R. PIANKA, and T. W. SCHOENER, eds.
Lizard ecology: studies of a model organism. Harvard University Press, Cambridge,
Mass.

PoucH, F. H. 1983. Amphibians and reptiles as low-energy systems. Pages 141-188
in W. P. AspEy and S. 1. LUSTICK, eds. Behavioral energetics. Ohio State University
Press, Columbus.

RosE, B. 1982. Food intake and reproduction in Arolis acutus. Copeia 1982:322-330.

ROUGHGARDEN, J., W. PORTER, and D. HECKEL. 1981. Resource partitioning of space
and its relationship to body temperatures in Azolis lizard populations. Oecologia
50:256-264.

RUBY, D. E., and A. E. DUNHAM. 1987. Ecological factors affecting home range size in
a desert lizard, Sceloporus merriami. Oecologia 71:473-480.

SiMoN, C. A. 1975. The influence of food abundance on territory size in the iguanid
lizard Sceloporus jarrovi. Ecology 56:993-998.

SPOMER, G. G. 1973. The concepts of “interaction” and “‘operational environment”’
in environmental analysis. Ecology 54:200-204.



Interfaces of Biophysical, Physiological, and Population Ecology 355

SPOTILA, J. R., and E. A. STANDORA. Energy budgets of ectothermic vertebrates. Am.
Zool. 25:973-986.

STaMPS, J. A. 1977. Rainfall, moisture and dry season growth rates in Anolis aeneus.
Copeia 1977:415-419.

STaMmPs, J. A., and S. Tanaka. 1981. The influence of food and water on growth rates
in a tropical lizard (Anolis aeneus). Ecology 62:1079-1092.

STEARNS, S. C. 1977. The evolution of life history traits. Annu. Rev. Ecol. Syst. 8:145-
172.

TRACY, C. R. 1980. Water relations of parchment-shelled lizard (Sceloporus undula-
tus) eggs. Copeia 1980:478-482.

.1982. Biophysical modeling in reptilian physiology and ecology. Pages 275~
321 in C. Gans and F. H. POUGH, eds. Biology of the Reptilia. Vol. 12. Academic
Press, New York.

Tracy, C. R., and K. A. CHRISTIAN. 1986. Ecological relations among space, time, and
thermal niche axes. Ecology 67:609-615.

TracCyY, C. R., and H. L. SNELL. 1985. Interrelations among water and energy relations
of reptilian eggs, embryos, and hatchlings. Am. Zool. 25:999-1008.

WALDSCHMIDT, S. 1983. The effect of supplemental feeding on home range size and
activity patterns in the lizard Uta stansburiana. Oecologia 57:1-5.

WALDSCHMIDT, S. R., S. M. JONEs, and W. P. PORTER. 1986. The effect of body tempera-
ture and feeding regime on activity, passage time, and digestive coefficient in the
lizard Uta stansburiana. Physiol. Zool. 59:376-383.

WALDSCHMIDT, S., and C. R. TRACY. 1983. Interactions between a lizard and its thermal
environment: implications for sprint performance and space utilization in the liz-
ard Uta stansburiana. Ecology 64:476-484.




	Dunham etal 1988 _0335.jpg
	Dunham etal 1988 _0336.jpg
	Dunham etal 1988 _0337.jpg
	Dunham etal 1988 _0338.jpg
	Dunham etal 1988 _0339.jpg
	Dunham etal 1988 _0340.jpg
	Dunham etal 1988 _0341.jpg
	Dunham etal 1988 _0342.jpg
	Dunham etal 1988 _0343.jpg
	Dunham etal 1988 _0344.jpg
	Dunham etal 1988 _0345.jpg
	Dunham etal 1988 _0346.jpg
	Dunham etal 1988 _0347.jpg
	Dunham etal 1988 _0348.jpg
	Dunham etal 1988 _0349.jpg
	Dunham etal 1988 _0350.jpg
	Dunham etal 1988 _0351.jpg
	Dunham etal 1988 _0352.jpg
	Dunham etal 1988 _0353.jpg
	Dunham etal 1988 _0354.jpg
	Dunham etal 1988 _0355.jpg

