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PHYSIOLOGICAL CONSEQUENCES OF HABITAT SELECTION 

Department of Zoology NJ-15, University of Washington, Seattle, Washington 98195 

Abstract-By determining the microclimates that an animal experiences, habitats influence an 
animal's physiological capacities and ultimately its demographic and ecological performance. 
As a result, the ecology of organisms-especially of ectotherms-can be profoundly affected 
by the physiological consequences of habitat selection. Early ecologists such as Shelford and 
Chapman appreciated these issues, but most later ones tended to ignore physiology and instead 
focused on biotic interactions (e.g., competition). Recent technical and conceptual developments 
are now fostering a reintroduction of physiology into ecology. For issues relevant to thermal 
physiology, three steps are involved. First, the microclimates available in a habitat must be 
mapped. For ectotherms, this involves determining the operative environmental temperatures 
(TJ-that is, the potential body temperatures available in a habitat. Biophysical techniques can 
now generate T, maps with considerable accuracy. Second, the physiological effects of body 
temperature must be quantified. This requires laboratory studies of the effect of temperature on 
key performance traits. Third, the physiological suitability of habitats can be predicted by 
integrating the above environmental and physiological data. Analyses of the physiological conse- 
quences of habitat selection are exemplified in several case studies, and the importance of 
considering food and other factors in the analyses is stressed. An extension to endotherms is 
briefly discussed. 

The study of how and why organisms select particular habitats has long been 
central to ecology. In fact, the early literature of ecology was often dominated 
by discussions of habitat associations. Of special interest in the early days of 
ecology was the concept of limiting factors: which physical factors (e.g., tempera- 
ture, pH, salinity) limit the occurrence of organisms to particular habitats. Not 
surprisingly, early discussions often focused on interactions between physiology 
and the physical environment. Indeed, for many early ecologists, ecology and 
physiology were more or less synonomous concepts. Shelford, for example, de- 
fined ecology as "that branch of general physiology which deals with the organism 
as a whole . . . and which also considers the organism with particular reference 
to its usual environment" (1913, p. 1). Similarly, Chapman argued: "The inter- 
relations of organisms in nature may be considered under the subject matter of 
ecology which is closely related to physiology, and in the minds of some biologists 
should be a subdivision of it" (1931, p. 3). Clearly, physiology was central to 
ecology at this time. In fact, physiological issues dominated nearly the first half 
of Chapman's (1931) book (Animal Ecology). 

Beginning with Elton (1927), however, ecological studies began to shift their 
focus from analyses of physiologically mediated interactions between organisms 
and their physical environments to analyses of interactions between individuals 
or between species, in other words, to analyses of population and community 
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phenomena. Elton himself knew that physiology should not be excluded from 
discussions of population and community issues; he nevertheless wrote: "Ani- 
mals usually have appropriate psychological reactions by which they find a suit- 
able habitat, so that . . . the ecologist does not need to concern himself very 
much with the physiological limits which animals can endure" (1927, p. 33). For 
the next half century or so, ecologists seem to have taken Elton's advice literally, 
for they did not in fact concern themselves much with physiology. 

In recent years, however, many ecologists have seen the need to reincorporate 
physiology into ecology. Indeed, powerful mechanistic models have already clari- 
fied how dynamic fluctuations in the physical environment, via complex interac- 
tions with physiology (Porter et al. 1973; Christian et al. 1983; Kingsolver and 
Watt 1983; Porter and Tracy 1983; Christian and Tracy 1985) and morphology 
(Palumbi 1984; Denny et al. 1985), can dominate the behavior, life history, demog- 
raphy, and competitive interactions of animals (Levins 1968; Casey 1981; Hein- 
rich 1981; Parsons 1983; Porter et al. 1983; Roughgarden et al. 1983; Stevenson 
1983; Walsberg 1985; Beuchat and Ellner 1987; Dunham et al. 1989; Kingsolver 
1989; Porter 1989; Spotila et al. 1989). For some organisms-particularly, small 
ectotherms (Stevenson 1985)-such environmental and physiological interactions 
can sometimes have a dramatic impact on population and community interac- 
tions. 

My goal here is to expand on the argument that the physiological consequences 
of habitat selection are real and are ecologically important. Specifically, I argue 
that the habitat occupied by an animal, by determining microclimates that the 
animal experiences, influences the animal's physiological capacities and ulti- 
mately its ecological performance. I then build on this assumption by describing 
methods to quantify or map microclimates from an organism's perspective, to 
quantify the effects of microclimates on physiological performance, and to com- 
pare the physiological suitability of habitats by integrating the above environmen- 
tal and physiological information. I then review a few case studies that document 
some ecological and demographic consequences of the interaction between habi- 
tat and physiology. 

I largely restrict my remarks to the role of thermal biology in habitat selection 
by ectotherms (e.g., most insects, reptiles). Temperature is a key environmental 
variable, one that is physiologically significant as well as easily measured and 
manipulated. Relative to endotherms (birds, mammals, some insects), ectotherms 
are especially sensitive to environmental temperature (Porter and Gates 1969), 
and the thermal consequences of their habitat selection thus may be relatively 
conspicuous. Nevertheless, many of my remarks can be generalized to other 
"operational environmental" factors (e.g., water, nutrients; Mason and Langen- 
heim 1957; Spomer 1973) and to other types of organisms. Therefore I conclude 
with a few general remarks about the physiological importance of habitat selection 
to endotherms. 

Several recent papers have developed closely related themes. Grant (1988), 
Dunham et al. (1989), Kingsolver (1989), and Porter (1989) presented complemen- 
tary perspectives of the physiologically mediated effects of the physical environ- 
ment on growth, life history, and demography. Walsberg (1985) examined some 
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FIG. 1 .-Influence of habitat selection on performance and fitness of ectotherms. By modi- 
fying the thermal regime of an organism, habitat selection influences an organism's fitness 
via its influences on Tb and thus on short-term physiological performance. 

physiological (largely energetic) consequences of microhabitat selection in birds, 
and his comments are obviously relevant to mammals as well. 

A CONCEPTUAL FRAMEWORK 

A conceptual overview of how habitat selection influences physiological and 
ecological performance of ectotherms is shown in figure 1 (based on Huey 1982; 
Kingsolver and Watt 1983; Spotila and Standora 1985; Dunham et al. 1989). The 
macrohabitat selected by an animal determines the environmental thermal regime 
it experiences. However, most macrohabitats are thermally heterogeneous, and 
the actual body temperature (T,) an animal achieves depends on its behavior 
(e.g., choice of microhabitat, activity level, posturing), its morphology (e.g., size, 
color), its physiology (e.g., metabolic rate, water loss), and sometimes even its 
manipulation of the environment (e.g., tent-making by caterpillars; Knapp and 
Casey 1986). Thus the organism's behavior, morphology, and physiology can be 
viewed as a filter that transduces the environmental thermal regime into a particu- 
lar Tb (Kingsolver 1979; Tracy 1982; Kingsolver and Watt 1983). This Tb interacts 
with the ectotherm's physiology and morphology to influence its immediate ability 
to perform important behaviors (food gathering, social dominance, predator 
avoidance), which ultimately integrate to affect its long-term ability to grow, to 
survive, and to reproduce (Huey and Stevenson 1979; Heinrich 1981; Huey 1982; 
Knapp and Casey 1986; Dunham et al. 1989). Two feedback loops are important 
here: one short-term, the other long-term. The particular effect of Tb on the 
performance of an individual is modifiable by acclimatization (not shown in fig. 
1; Levins 1968; Prosser 1986), and all organismal components are of course sub- 
ject to evolutionary change (Levins 1968; Heinrich 1981; Huey and Kingsolver 
1989). 

An alternative but complementary perspective on the relationship between 



THE AMERICAN NATURALIST 

Body temperature 

FIG. 2.-Physiological consequences of habitat selection for a hypothetical ectotherm. The 
top panels depict three habitats, each with four patches that differ in T, ("C); the rightmost 
habitat is the warmest. The lower curve shows the effects of T, on relative physiological 
performance (the dashed line at Tb = 30°C represents the optimal temperature). Judged by 
only thermal considerations, the average performance of this ectotherm will be best if it 
selects habitat B. 

physiology and habitat selection views the thermal regime of a habitat or micro- 
habitat as an environmental resource (see Magnuson et al. 1979; Mushinsky et 
al. 1980; Roughgarden et al. 1981 ; Tracy and Christian 1986). Thus, animals might 
compete for habitats with suitable basking sites or thermal refugia (Regal 1971; 
Beitinger and Fitzpatrick 1979) much the way they might compete for habitats 
with suitable food. If such sites are in short supply, competition for them could 
be intense, and nearby food resources could be depleted. 

QUANTIFYING THE THERMAL QUALITY OF A HABITAT 

The framework developed above can be made concrete by developing a quanti- 
tative index of the physiological quality (with respect to temperature) of a habitat. 
Two basic steps are involved (Porter et al. 1973; Huey and Slatkin 1976). One 
must first quantify the distribution of potential body temperatures available in a 
given habitat and then understand how those body temperatures influence relative 
physiological and ecological performance. A hypothetical example demonstrates 
the process (fig. 2). 

Assume that the potential body temperatures of a given ectotherm are known 
for all points in the habitat. Then consider the three hypothetical habitats depicted 
in figure 2. Each habitat consists of four patches in which the ectotherm achieves 
a particular body temperature. An ectotherm in the leftmost habitat will be rela- 
tively cold, whereas one in the rightmost habitat will be relatively warm. 
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What does it mean ecologically for an animal to be "relatively cold" or "rela- 
tively warm"? Different species of ectotherms may differ greatly in their thermal 
optima and sensitivity (Bennett 1980); thus, different species may have quite 
different views of the relative thermal quality of a habitat. Accordingly, we need 
to develop methods that transduce the effect of particular body temperatures on 
ecologically relevant indices of organismal performance or (ultimately) fitness for 
each species (Huey and Stevenson 1979; Huey 1982, 1983; Hailey and Davies 
1988). A start toward this goal can be accomplished by gathering data on the 
thermal dependence of whole-animal traits ("thermal performance curves") such 
as locomotor capacity, digestion rate, social dominance, feeding success, growth 
rate, or reproductive rate. For the hypothetical ectotherm in figure 2, 30°C is the 
"optimal" temperature. 

By integrating these environmental and physiological data, one can rank habi- 
tats in terms of their physiological suitability. If one assumes that thermal physiol- 
ogy is the only relevant issue, then the middle habitat appears physiologically 
optimal. (Some complications will be evaluated below.) 

IMPLEMENTING THE MODELS 

Developing n Thermal Map oj ' the Habitat 

In applying this conceptual framework to specific systems, we need practical 
techniques of mapping the thermal environment from a given organism's perspec- 
tive (Bakken and Gates 1975; Chappell 1983; Stevenson 1983; Grant 1988). As a 
first approximation, this can be done by specifying the potential equilibrium body 
temperature that an animal will achieve at every spot in its habitat. Such equilib- 
rium body temperatures are usually called operative environmental temperatrrres 
and are abbreviated Te (Bakken and Gates 1975; Robinson et al. 1976; Campbell 
1977; Mahoney and King 1977; Roughgarden et al. 1981; Tracy 1982; Bakken 
1989, 1991). These potential body temperatures provide a powerful way of con- 
ceptualizing a relevant thermal map of an animal's habitat (Roughgarden et al. 
1983; Stevenson 1983; Waldschmidt and Tracy 1983; Grant and Dunham 1988; 
Grant 1990). 

How can T, be estimated? Unfortunately, Te is usually poorly predicted from 
standard meteorological measures (e.g., shaded air temperatures at a height of 
1 m). Indeed, T, is a complex function of many factors, not just shaded air 
temperature. Equilibrium body temperatures depend not only on local environ- 
mental characteristics (e.g., wind speed, radiation load) but also on the particular 
heat-transfer properties (modified by color, shape, behavior; Casey 1981) and the 
activity of the organism itself. At any given spot at any given time, therefore, a 
single individual may have several T,'s, depending on its orientation, color, and 
activity level. Moreover, different animals in the same spot may have very differ- 
ent Te7s. For example, equilibrium body temperatures of a 1-g and of a 100-g 
ectotherm that have been exposed to identical environments can differ by as 
much as 10°C (Stevenson 1985). 

In developing techniques to estimate the potential body temperatures of ecto- 
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therms, biophysical ecologists have made a major contribution to the study of 
habitat selection. They have developed two complementary techniques: 

1. Detailed measures of key microclimate variables (e.g., solar radiation, wind 
speed, air temperature) can be taken over time and space, and these are combined 
with measures of relevant organismal properties (size, color, shape) in complex 
mathematical models that predict equilibrium and even transient body tempera- 
tures (Porter et al. 1973; Spotila et al. 1973; Gates 1980; Roughgarden et al. 1981, 
1983; Tracy 1982; Waldschmidt and Tracy 1983). 

2. Alternatively, one constructs hollow-body models (usually of copper) and 
then distributes these in the habitat (Bakken and Gates 1975; Stevenson 1983; 
Grant and Dunham 1988; Grant 1990; Bakken 1991). As long as the model approx- 
imates the size, shape, and spectral reflectivity of the organism, the model's 
internal temperature accurately estimates the equilibrium temperature of the ecto- 
therm itself (assuming that evaporative cooling balances metabolic heat produc- 
tion). In effect these models physically integrate the heat-balance dynamics de- 
scribed by the formal mathematical models (Bakken and Gates 1975). (With some 
modifications, models can be used to predict environmental heat loads on endo- 
therms; see below.) 

These two approaches are complementary. The former approach enables one 
to understand the dynamics of heat flux as well as to predict Te under hypothetical 
organismal or environmental conditions; however, it requires expensive microme- 
teorological equipment, and Te must be computed. The latter approach requires 
relatively limited equipment and effort (exclusive of building models), provides 
instantaneous estimates of T,, and yields superior spatial resolution (many models 
can be monitored simultaneously if a data logger is available). However, this 
"black-box" approach provides limited insight into the dynamics underlying T,. 

By sampling Te at many randomly selected points, one can develop a thermal 
topographic map of a habitat (fig. 3), even in heterogeneous habitats (Christian 
et al. 1983; Roughgarden et al. 1983; Stevenson 1983; Waldschmidt and Tracy 
1983; Christian and Tracy 1985; Grant and Dunham 1988; Huey et al. 1989; Grant 
1990). This thermal map may change rapidly, of course, depending, for example, 
on clouds, wind, and incident radiation. Indeed, meteorological variation on a 
time scale of only 30-60 s can have important effects on T, and flight activity of 
Colias butterflies (Kingsolver and Watt 1983; see also Dobkin 1985; below). 

Quantifying the Thermal Dependence of Physiological Performance 

The second step (fig. 2) in deriving a measure of the physiological quality of a 
habitat involves measuring the effect of particular body temperatures on physio- 
logical performance. Yet, what aspect(s) of physiological performance does one 
select? For organisms (e.g., bacteria) with fast generation times, population 
growth rate is probably the most ecologically relevant measure of physiological 
performance (see Charlesworth 1980). For most organisms, however, the thermal 
dependence of population growth rate cannot be measured. Alternatively, as em- 
phasized by several workers (Bartholomew 1966; Huey and Stevenson 1979; 
Huey 1982; Arnold 1983), one should examine the effect of T, on organismal-level 
performance (e.g., locomotor capacity, feeding success, sensory acuity, net en- 
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FIG. 3.-Operative temperatures available to the lizard Sceloporus merriarni in the Grape- 
vine Hills, Big Bend National Park, Tex. Sun hits this west face at about 1000 hours. Solid 
clrrve, mean T, (from 45 models); dotted lines, maximum and minimum available T,; hori- 
zontal line, CT,,, (42.3"C). At midday, most of the ground surface is above the lethal temper- 
ature of the lizards. Unpublished data courtesy of B. W. Grant. 

ergy availability) rather than on tissue or cellular-level processes (e.g., muscle- 
twitch velocity, enzyme activity). Of course, studies of lower-level physiological 
capacities are necessary for explaining the mechanisiic bases of organismal per- 
formance, but such lower-level capacities are usually too removed from ecology 
to be direct predictors of ecological performance (Bartholomew 1966; Huey and 
Stevenson 1979; Pough 1989; but for counterexamples of lower-level indices accu- 
rately predicting organismal performance, see Garland 1984; Watt 1985; Koehn 
1987; Powers 1987). 

Once a relevant whole-organism function is selected, its thermal sensitivity can 
be measured. Then, after fitting a curve to the data (Huey 1982; Kingsolver 1989), 
one can specify relative performance (scaled 0-1) at any body temperature, the 
"optimal" temperature, or the "performance breadth" (the range over which an 
animal performs well; Levins 1968; Huey and Stevenson 1979). An example of 
the effect of T,, on various performance functions of a garter snake (Thamnophis 
elegans) is shown in figure 4 (from Stevenson et al. 1985; see also below). 

This approach provides insight into the effects of temperature on the perfor- 
mance of ectotherms, but at the cost of physiological realism. In many species, 
the performance curve is not fixed but might shift with ontogenetic stage (Brett 
1970), with acclimation (Levins 1968; Brett 1970; Prosser 1986) or physiological 
state (Pough 1989), or among individuals (Bennett 1987; Lynch and Gabriel 1987; 
Huey and Kingsolver 1989). Moreover, different physiological functions some- 
times vary in their thermal sensitivities (see, e.g., fig. 4), and different physiologi- 
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FIG. 4.-Relative performance (crawling speed, swimming speed, digestion rate) of the 
garter snake (Thamnophis elegans) as a function of body temperature. Redrawn from Steven- 
son et al. 1985. 

cal activities may have fundamentally unique currencies and may operate and 
produce feedback over different time scales (B. W. Grant, personal communica- 
tion). These considerations obviously complicate the evaluation of the physiologi- 
cal significance of particular T, (Huey 1982), but some progress has been made 
to deal with these complications (McFarland 1976; Crowder and Magnuson 1983; 
Beuchat and Ellner 1987; see below). 

The ecological context also influences organismal performance. For example, 
the physical structure of the habitat alters locomotor performance (Huey and 
Hertz 1984; Losos and Sinervo 1989), and behavior in the laboratory may differ 
from that in the field (Huey 1982; Webb 1986; Pough 1989). Predators or competi- 
tors can affect performance and habitat quality (Huey 1982; Roughgarden et al. 
1983). Moreover, both environmental (resource) productivity and environmental 
thermal regimes interactively affect performance in nature. Brett's (1971) study 
of the thermal dependence of growth in fish provides an instructive example. On 
unlimited rations, fish grew fastest at about 15°C; but at progressively reduced 
food rations, fish grew fastest at progressively lower temperatures. (The shift in 
the optimum for growth reflects an interaction between the effects of Tb on pro- 
cessing and on metabolism [recall that resting metabolic rate increases exponen- 
tially with Tb]. When Tb is high but food ration is low, the net energy available 
for growth is low.) Obviously, growth rate-a performance measure-depends 
in nature not only on the potential body temperatures available but also on envi- 
ronmental resources and on interactions with other organisms (Stevenson 1983; 
Dunham et al. 1989). I return to this important issue below. 
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Predicting Habitat Quality 

We can now combine our data about the distribution of potential body tempera- 
tures with our data about the thermal dependence of performance to develop 
explicit indices of the physiological suitability of various habitats. To date these 
indices are rather crude, but they are a start. 

Huey and Slatkin (1976) developed a model that explored the energetic costs 
and benefits of various degrees of thermoregulation by ectotherms. Their model 
is relevant to general discussions of habitat selection because it identifies two 
important ways in which habitat influences net physiological benefits. (1) By 
determining the frequency distribution of potential body temperatures and envi- 
ronmental productivity, a habitat influences the potential energy gain of an ecto- 
therm. (2) By determining the spatial distribution of those potential body tempera- 
tures, a habitat influences the energetic costs associated with thermoregulatory 
movements: A habitat in which thermoregulation is difficult should reduce its 
physiological suitability. This hypothesis is supported by field observations (Huey 
1974; Lee 1980) and especially by a clever experiment (Withers and Campbell 
1985). By altering the duration of thermal reinforcement in a thermal shuttle box, 
Withers and Campbell (1985) modified the costs of thermoregulation to desert 
iguanas (Dipsosaurus). When the thermal reinforcements were reduced, thereby 
increasing the habitat-induced cost of thermoregulating, the iguanas regulated at 
a lower and less precise T,. 

Tracy and Christian (1986) developed an index of home-range quality, whereby 
quality is influenced both by the availability of various body temperatures and by 
the physiological effects of temperature on performance. Formally, their index is 

where I, the product of area (m2) and time (h), is a "spatiotemporal index of the 
benefit derived from a home range" (Tracy and Christian 1986, p. 611); P(T,) is 
the performance (0 to 1) of an animal at a given Tb relative to the animal's perfor- 
mance at its optimal Tb; A(Tb, t), which is measured in square meters, is the total 
area in the home range in which the animal can achieve a particular T, at a 
particular time t; and CT,,,,, and CT,,, are the critical thermal maximum and 
minimum, respectively. 

These two models have limitations. The model of Huey and Slatkin (1976) 
incorporates information on physiology, resource productivity, and the cost of 
thermoregulation, but its terms are not readily measurable. Thus, the model is 
only conceptual, and its predictions are qualitative at best. The Tracy and Chris- 
tian (1986) model does not have this limitation, yet it ignores thermoregulatory 
costs (i.e., the spatial distribution of Te) and environmental productivity, and it 
assumes that only a single Te is associated with each spot at a given time (Bakken 
1991). An additional weakness of the index is that it is a function of area (home- 
range size): Because I increases with home-range size (A), different-sized lizards 
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(which may have different-sized home ranges) will have different values of I, 
even if the thermal qualities of their home ranges are identical (B. W. Grant, 
personal communication). Moreover, 24 h (see eq. [I]) may be an inappropriate 
time frame for analysis (Dunham et al. 1989). 

Grant (1988, personal communication) solved some spatial problems of the 
model of Tracy and Christian (1986) by making the index of home-range quality 
unitless. This can be done by randomly placing an array of models in an animal's 
home range andcthen calculating the fraction of the available home range (percent- 
age of models) with Te that is within some ecologically relevant interval of T, 
(e.g., optimal temperature range, above-lethal temperatures). Grant explicitly did 
not integrate over time and thus developed an instantaneous index of habitat 
quality. Grant's approach enables one to quantify at each instant both thermal 
constraints (e.g., the fraction of the home range too hot or too cold for survival) 
and the thermal opportunities (e.g., what fraction of the home range is thermally 
optimal for a specified physiological process) of a habitat. Nevertheless, this 
approach still assumes that the spatial pattern of Te is relatively unimportant, 
which is probably valid in habitats where thermal heterogeneity is fine-scaled 
relative to home-range size but is inappropriate for habitats with coarse-grained 
thermal heterogeneity (van Berkum et al. 1986). It also ignores resource levels. 

Despite these limitations, the models discussed above have provided some 
insight into the physiological consequences of habitat selection in ectotherms. 
Refinement of these models (see also Bakken 1991) requires the inclusion of 
stochastic and risk elements (Kingsolver and Watt 1983), the explicit treatment 
of (1) how habitat quality is influenced by the spatial and temporal distribution of 
Te (Withers and Campbell 1985; Dunham et al. 1989) as well as by environmental 
productivity (see below) and of (2) the difficult issues of multiple physiological 
optima and of conflicting physiological goals (McFarland 1976; Crowder and Mag- 
nuson 1983; Beuchat and Ellner 1987; Huey et al. 1989). Ultimately, the models 
must be expanded to predict how demography is influenced by the physiological 
consequences of habitat selection. Progress has already been made in this direc- 
tion (Riechert and Tracy 1975; Beuchat and Ellner 1987; Dunham et al. 1989; 
Kingsolver 1989; Porter 1989). 

CASE STUDIES 

I now describe several case studies that demonstrate various physiological or 
ecological consequences to ectotherms of habitat selection. Several of these stud- 
ies predict aspects of the fitness of organisms in various thermal habitats. 

Oviposition-Site Selection in Drosophila 

Most adult organisms are mobile and can thus readily change habitats or micro- 
habitats if local microclimate conditions are physiologically unsuitable. Some 
developmental stages (eggs in particular) do not have this option. Therefore, 
females looking for suitable oviposition sites should pay careful attention to physi- 
cal conditions, especially given that animals early in development are notoriously 
intolerant of extreme temperatures (Brett 1970; Muth 1980). 
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An example of a thermally governed shift in habitat selection comes from a 
recent study of Drosophila melanogaster (Jones et al. 1987). Because develop- 
ment of D. melanogaster is optimal over only a narrow range of body tempera- 
tures, eggs developing at low elevation might overheat, whereas those developing 
at high elevation might not get hot enough. The impact of altitudinal variation in 
microclimate on developing flies could, however, be ameliorated if females par- 
tially based their oviposition-site selection on the thermal properties of those 
sites. For example, females should oviposit in relatively warm sites at high ele- 
vation. 

Because locating oviposition sites of Drosophila is notoriously difficult, Jones 
et al. (1987) used an indirect approach to determine whether oviposition-site (hab- 
itat) selection might reflect thermoregulatory considerations. They exploited a 
temperature-sensitive eye mutation in which adult eye color of Drosophila de- 
pends on developmental temperatures experienced by early pupae (e.g., cold- 
reared pupae have dark eyes as adults). They introduced mutant adults at a low- 
and at a high-altitude site, and they later captured offspring and scored their 
presumed pupal-thermal regime. 

After calibrating the eye-color index against known thermal regimes of labora- 
tory flies, Jones et al. (1987) found that the (estimated) developmental tempera- 
tures for pupae from the two populations were rather similar given the differences 
in average air temperatures for the two altitudes. Consequently, females appear 
to oviposit in relatively warm microenvironments, especially in the montane site. 
Jones et al. (1987) argued that the flies may use thermoregulatory cues to select 
oviposition sites and that they do so because of physiological considerations. 
Further work will be necessary to determine whether the thermal environment 
at time of oviposition is a good predictor of future thermal environments and 
whether females are in fact ovipositing nonrandomly with respect to available 
oviposition sites. 

Oviposition-Site Selection in Mosquitoes 

In a pioneering study, Kingsolver (1979) examined the physiological, develop- 
mental, and demographic consequences of oviposition-site selection by female 
pitcher plant mosquitoes (Wyeomyia smithii). He was particularly interested in 
the demographic consequences of ovipositing on pitcher plants in sun versus 
those in shade. 

Wyeomyia spend their egg, larval, and pupal stages in the fluid-filled pitchers 
of the northern pitcher plant (Sarracenia purpurea). Developing mosquitoes ex- 
perience very different thermal environments (and hence have different develop- 
ment rates), depending on whether the pitcher plant selected by their mother is 
in shade or in sun. 

Kingsolver (1979) used energy balance equations and field microclimate mea- 
surements to predict temporal patterns of T, in both shaded and sunny pitcher 
plants. (His model predicted pitcher temperatures to within 2"-3°C.) He also 
monitored the effects of temperature on developmental rates in the laboratory. 

Using simulation analyses, Kingsolver (1979) predicted that oviposition-site 
selection should have profound demographic consequences. Eggs and larvae de- 
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velop slowly in shaded pitcher plants, such that most larvae will be forced to 
diapause after only one generation. In contrast, eggs and larvae develop rapidly 
in pitcher plants in sun, such that two generations can be completed before 
diapause is required. Interestingly, the obvious demographic advantage of ovi- 
positing in pitcher plants in sun is partially offset: Because pitcher plants in sun 
sometimes desiccate, the probability of larval death there is relatively high and 
variable. 

Habitat Selection in Hummingbird Flower Mites 

Dobkin (1985) analyzed the consequences of habitat selection by hummingbird 
flower mites in Trinidad. These nectarivorous mites inhabit and breed in fluid- 
containing inflorescences of Heliconia. If the microclimate of a given inflores- 
cence is unsuitable, the mites are able to disperse only by climbing onto the bill 
of a visiting hummingbird and then hitching a ride in the bird's nares to another 
inflorescence. 

Bract temperatures increase rapidly when a sun fleck illuminates the bract, 
even if only for a few minutes. Such transient overheating reduces reproductive 
success and probably the survival of mites introduced experimentally into sunny 
inflorescences. Not surprisingly, the distribution of mites suggests that mites 
seem to avoid poorly shaded inflorescences. 

This is an interesting problem of habitat selection, for a mite arriving at an 
inflorescence has only seconds to evaluate the suitability of the inflorescence. 
Because the bracts are shaded most of the time, immediate thermal cues are 
unreliable cues of daily insolation patterns, except in rare instances when the 
mite arrives at an illuminated bract. A mite making an incorrect decision may not 
survive unless another hummingbird soon provides an escape route. Conspecific 
cuing (Kiester 1979)-that is, using the presence and absence of conspecifics as 
an indicator of the long-term thermal suitability of a bract-might help. 

Retreat-Site Selection in Garter Snakes 

Many active ectotherms carefully regulate body temperatures by moving be- 
tween warm and cold microenvironments. Nevertheless, no ectotherm is always 
active, and most actually spend very long periods in retreats (Huey 1982). Ecto- 
therms in retreats may find that thermoregulatory opportunities are very different 
from those available when they are exposed on the ground surface. Consequently, 
retreat-site selection may have a profound impact on an ectotherm's thermal 
physiology and ecology. 

My colleagues and I (Huey et al. 1989) recently completed a study of the 
physiological consequences of retreat-site selection in garter snakes near Eagle 
Lake, California. Garter snakes (Thamnophis elegans) spend long periods- 
sometimes several consecutive days, even in good weather-in retreats (usually 
under rocks). The rocks available to garter snakes vary from small rock flakes to 
huge boulders. 

To determine whether garter snakes select rocks with respect to the thermal 
properties of the rocks, we monitored the T, under a series of rocks differing in 
size and shape for 24 h during midsummer. The rocks were distributed in a 
geometric grid (called "Snakehenge") on a south-facing and open slope. 
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Representative plots of the range of Te available to snakes under rocks are 
shown in figure 5. Also indicated are the critical thermal limits (upper and lower 
T, at which the righting response is lost) of the snakes as well as the preferred 
temperature range (28"-3YC, the body temperature selected in laboratory ther- 
mal gradients) of the snakes. The critical thermal limits set approximate bounds 
on the range of temperatures in which snakes survive, whereas the preferred 
temperature range often specifies temperatures that maximize physiological per- 
formance (fig. 4; Huey 1982). 

The magnitude of the daily thermal cycles beneath the rocks are strongly influ- 
enced by rock thickness. Thermal cycles were most variable under thin rocks 
(fig. 5a): T, exceeded the critical thermal maximum of snakes by day and dropped 
to near the critical thermal minimum at night. Thermal cycles were least variable 
under thick rocks (fig. 5a),  but available Te's were low and in fact never reached 
the preferred range of the snakes. Thermal cycles were moderately variable under 
medium-thickness rocks (20-40 cm; fig. 5b),  and available T,'s were often within 
the preferred range. 

To evaluate the physiological consequences of selecting rocks of different 
thicknesses, we analyzed retreat-site selection with respect to several possible 
thermoregulatory needs, four of which are summarized here as examples. Our 
calculations are based on one constraint: the snakes were not allowed to change 
(or leave) retreat sites. 

I .  Using the Te data, we calculated whether a snake staying under a given rock 
would overheat at some time during the 24-h day. During the afternoon at Eagle 
Lake, snakes selecting thin rocks (i.e., less than 20 cm) in sun would overheat 
and die (fig. 6a) .  Indeed, to avoid experiencing T, above their voluntary maximum 
(36"C), snakes would have to select rocks at least 22 cm thick. Because almost 
a third of the rocks at Eagle Lake are small (< 20 cm), the risk of overheating 
would be substantial if snakes selected rocks at random with respect to size. 

2. We estimated the cumulative time during the 24-h day that snakes could 
achieve T, within the preferred range. As noted above, a variety of physiological 
functions of garter snakes (fig. 4) are maximal within or near the preferred temper- 
ature range (28"-32"C), and thus overall ecological performance might be max- 
imized by spending long periods within this range. Our calculations suggest that 
snakes can maximize time in this range (in midsummer) by retreating under rocks 
around 30 cm thick. In fact, a snake spending all day under a 30-cm rock can 
probably maintain T, within the preferred range for nearly 20 h. This is nearly as 
well (22.2 h) as a snake (a "Panglossy"snake, not shown) able to move at will to 
any available microhabitat. 

3. We estimated the net energy availability to a snake that was digesting food 
(see below), as well as the energy losses of a fasting snake. A snake that is 
maximizing net energy availability should seek temperatures near 29"C, whereas 
one attempting to minimize energy losses should select temperatures as low as 
possible. Accordingly, one would expect snakes exemplifying these two extremes 
to use quite different retreat sites. 

Snakes with food could maximize net energy availability by retreating under 
rocks 25-30 cm or by moving within a burrow at least 15 cm deep (fig. 6c).  
Surprisingly, fasting snakes could minimize energy expenditures in many of the 
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FIG. 5.-Daily cycles of temperatures available to garter snakes at Snakehenge, Eagle. 
Lake, Calif. Also plotted are the CT,,,,, and CT,,,,, (upper and lower temperatures at which the 
righting response is lost), VT,,,,, (voluntary maximum temperature), and Tp range (preferred 
temperature range). a,  Temperatures available under a thick and thin rock. Edge and center 
temperatures, which delimit the range of available temperatures, are shown. Snakes would 
die of heat stress at midday under thin rocks but would never reach Tp levels under thick 
rocks. b, Temperatures under a rock of intermediate thickness. Snakes could achieve Tp for 
much of the day. Redrawn from Huey et al. 1989. 
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FIG. 6.-Consequences of retreat-site selection to garter snakes. a, Cumulative time (over 
24 h) during which temperatures under rocks of different heights or in burrows at different 
depths exceed the snake's CT,,,,, (43°C). Asterisk, value for the rock shown in fig. 5b; square, 
value for a snake on the open ground; Jilled circle at 0 rock thickness, value for a snake on 
shaded ground. b, Cumulative time when at least part of the thermal gradient under a rock 
(or down a burrow) in which a snake could achieve preferred temperatures (28"-32°C). c ,  
Estimated energy consequences of retreat-site selection. Open symbols, minimum daily rest- 
ing metabolic flux (kJId) for a 100-g snake as a function of retreat site. Solid symbols, 
maximum net energy available. Excluded are retreats that exceeded the snake's CT,,,,, at 
some time of day. Redrawn from Huey et al. 1989. 
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same places (rocks > 25 cm thick, fig. 6c). However, snakes could have even 
lower metabolic rates if they used thin rocks at night and thick ones by day. 

The marked thermal differences among rocks obviously present garter snakes 
with varied themoregulatory opportunities, and in general rocks around 30 cm 
thick seem to be optimal for several physiological functions (Stevenson et al. 
1985; fig. 4), even ones that a priori might seem in conflict (e.g., maximizing 
net energy availability vs. minimizing energetic expenditures). Do snakes select 
microhabitats with respect to those opportunities? Descriptive field evidence sug- 
gests that they do. Indeed, snakes usually use rocks 20-40 cm in diameter and 
conspicuously avoid small rocks, which are abundant but which get very hot 
by day. 

This study shows that retreat-site selection can have a profound effect on a 
snake's potential body temperatures and in turn on its thermal physiology. Many 
retreat sites are lethal to the snakes at least at some times of day, whereas other 
sites enable snakes to achieve temperatures in the preferred range or to maximize 
net energy availability for long periods. Retreat-site selection is only one aspect 
of habitat selection by garter snakes. However, because these snakes spend far 
more time in retreats than in aboveground activity, physiological consequences 
associated with various retreat sites may be key factors in overall habitat selection 
by snakes. 

MULTIPLE DIMENSIONS OF HABITATS 

The above examples illustrate some physiological consequences of habitat se- 
lection based solely on a single dimension, the thermal environment. I have tried 
to show examples of how considering this single niche dimension can often help 
us predict the temporal and spatial patterns of habitat use in animals. However, 
the ecological performance of an animal depends on many factors in the environ- 
ment, not just on operative temperatures and not just on its thermal physiology. 
Environmental productivity, parasites, predators, competitors, and irritants all 
potentially interact with physiology; models of habitat selection need to incorpo- 
rate these complex interactions (Huey 1982; Stevenson 1983; Dunham et al. 1989). 
However, some progress has already been made with respect to interactions 
between food and temperature. 

The joint importance of food and environmental temperature is clearly shown 
in a classic study by Riechert and Tracy (1975) on a web-building spider (Agele- 
nopsis). They studied the energy budgets of spiders in several microhabitats that 
differed in thermal regimes and in food availability. Three of these microhabitats 
are compared in table 1. Spiders in the two grassland microhabitats (one with full 
shade, one with partial shade) had slightly higher food-capture rates (per hour of 
activity) than did spiders in a nearby lava-bed surface habitat (no shade). How- 
ever, spiders in the grassland microhabitats that afforded full shade could be 
active for much longer than could spiders in either of the other two microhabitats. 
As a consequence, predicted offspring production was greatest for spiders at the 
shaded grassland sites. 

In subsequent studies, Riechert has shown that spider densities are highest in 
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TABLE 1 

Available prey dry mass (mglh)" 
Prey capture rate (mglh) * 
Activity period (h) 
Total prey consumed (mgld) 
Predicted offspring 

Grassland 
(Full Shade) 
- 

4.7 
2.8 

12.7 
23.8 

415 

Grassland 
(Partial Shade) 

4.5 
2.7 
8.7 

15.7 
273 

Lava 
(No Shade) 

NOTE.-Data from Riechert and Tracy 1975. 
* Per hour of spider activity. 

the shaded areas (Riechert 1981), that spiders select habitats (in part) on the basis 
of thermal properties (Riechert 1985), and that spiders will fight for sites with 
optimal thermal qualities (Hammerstein and Riechert 1988). The thermal factors 
of a habitat, by determining activity times, have a major impact on the behavior 
and ecology of these spiders. 

Habitat selection can sometimes reflect a conflict between food availability and 
thermal stress. Swingland (1983) reviewed a dramatic example from his collabora- 
tive work on the giant Aldabra tortoise (Geochelone gigantea). Some individual 
tortoises migrate near the beginning of the rainy season from habitats in the 
interior of the island to those near the coast (Swingland and Lessells 1979). These 
migrating tortoises gain access to extra food, and such females have relatively 
high reproductive output. However, because little shade is available during the 
journey to the coast, some tortoises die of heat stress during migration. The 
advantages and risks of habitat selection in these tortoises are obviously complex 
(Swingland 1983). 

Crowder and Magnuson (1983) modeled how habitat selection by fish relates 
to temperature and to food resources. They were particularly interested in the 
bioenergetic interactions between temperature and food on potential growth 
rates. Using a bioenergetic model developed by Kitchell et al. (1977), Crowder 
and Magnuson (1983) simulated potential growth rates of fishes among habitats 
in which temperature and food availability varied individually and then in concert. 
Fishes selecting habitat on the basis of bioenergetic interactions between food 
and temperature should grow faster than those selecting habitat on the basis of 
food alone or on temperature alone. 

Many aquatic animals make daily vertical migrations into warm shallow waters 
at night. Such daily habitat shifts maximize net energy gain in a larval sculpin 
(Wurtsbaugh and Neverman 1988). 

The insights of Brett (1970), Riechert and Tracy (1975), Swingland and Lessells 
(1979), Crowder and Magnuson (1983), and Dunham et al. (1989) have significant 
implications for models of habitat selection based strictly on optimal-foraging 
considerations. Net energy gain (and hence growth and reproduction) and even 
survival depend not only on food levels but also on the thermal environment. An 
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\ intake 

Operative environmental temperature 

FIG. 7.-Effects of operative environmental temperatures on energetics of endotherms. 
Maintenance metabolic expenses and energy gained from food intake are plotted. Net energy 
gain, the difference between energy gain and loss, is maximal at temperatures within the 
thermal neutral zone (delimited by dashed lines). Redrawn from Ames 1980. 

inevitable and important consequence is simply this: net energy gain is sometimes 
maximized by selecting patches that are "suboptimal" with respect to food 
density. 

EXTENSION TO ENDOTHERMS 

The concepts developed here must be modified for endotherms (e.g., birds, 
mammals, some insects). For example, the concept of a thermal performance 
curve (fig. 2) is obviously inapplicable to most endotherms because these animals 
usually maintain a relatively constant body temperature. Nevertheless, environ- 
mental thermal regimes may still have profound impacts on the behavior, ecology, 
and even distributions (Root 1989) of endotherms. Extreme temperatures in some 
habitats can cause stress and even death (Salzman 1982). Moreover, metabolic 
expenditures of endotherms are high and are strongly influenced by environmen- 
tal temperature: resting metabolic rates are lowest at ambient temperatures within 
the animal's thermal neutral zone and increase with temperatures outside that 
zone. Because food intake of endotherms is often inversely related to environ- 
mental temperatures, net energy gain-the discretionary energy available for ac- 
tivities such as behavior, growth, and reproduction-is often maximal at interme- 
diate environmental temperatures (Ames 1980; fig. 7). Accordingly, studies of the 
physiological consequences of thermal habitat selection to endotherms focus on 
how thermal regimes influence energy budgets (Ames 1980; Walsberg 1985) or 
survival (Austin 1976; Salzman 1982). Numerous studies have documented impor- 
tant effects of the thermal environment on behavior, time budgets, and energetics 
of endotherms (Ricklefs and Hainsworth 1968; Moen 1973; DeWoskin 1980; 
Chappell and Bartholomew 1981; Avery and Krebs 1984; Bennett et al. 1984; 
Belovsky and Slade 1986). Studies of the physiological consequences of micro- 
habitat selection in birds have recently been reviewed by Walsberg (1985). 
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Before giving some brief examples of the physiological consequences to endo- 
therms of habitat selection, I must first mention how the concept of an operative 
environmental temperature (T,) must be modified for endotherms. Two special 
traits .of endotherms have important influences on heat transfer (Bakken 1976, 
1980; Robinson et al. 1976; Mahoney and King 1977). First, their insulation (fur, 
feathers) significantly complicates analyses of heat transfer (Walsberg et al. 1978; 
Walsberg 1988a, 1988b). Second, their high body temperature means that their 
energy budgets are strongly influenced by wind chill in a cold environment 
(Buttemer et al. 1986). Consider a bird in a cold, windy habitat versus the same 
bird in a cold, windless habitat. The T, might be the same in either habitat, 
especially if radiant heating is minimal (e.g., if there are cloudy skies), but the 
bird in the windy habitat will need to expend much more energy in maintaining 
a normal body temperature. 

To modify the concept of operative temperature so that it indexes heat flux, 
biophysical ecologists refer to "standard operative temperature" (T,,; Bakken et 
al. 1985; Bakken 1991). This thermal index permits direct comparisons of the 
thermal stress to endotherms imposed by their microenvironments (Bakken 1976). 
The T,, can be estimated from calibrated, heated taxidermic mounts (heat produc- 
tion can be inferred by monitoring the electrical power necessary to maintain a 
mount temperature equivalent to that of the endotherm under study; Bakken et 
al. 1985), where the copper mounts are covered with the animal's integument, or 
from simultaneous measurements of T, and wind speed (Chappell and Bartholo- 
mew 1981; Bakken et al. 1985; Greek et al. 1989). (Note that for some studies, 
however, simple painted spheres may be adequate [Walsberg and Weathers 
19861 .) 

Because the primary focus of this paper is ectotherms, I cite only a few exam- 
ples dealing with endotherms (see also Bakken 1991). Some of the most conspicu- 
ous examples of the physiological consequences of habitat selection come from 
studies during winter. This can be an energetically stressful time for endotherms: 
short photoperiods restrict foraging times, and cold days and nights increase 
metabolic requirements (fig. 7). Many small (< 35 g) passerines begin their noctur- 
nal fasts with fat reserves adequate to keep them alive only for one night plus 
part of the following day (King 1972; Buttemer 1985). 

Selection of roost sites often reflects thermoregulatory considerations, espe- 
cially for small birds in winter (Buttemer 1985; Walsberg 1985). Birds roosting in 
sheltered sites (cavities or domed nests) can reduce nocturnal power expenditures 
by nearly one-half (Walsberg 1985, table 3; Buttemer et al. 1987), primarily be- 
cause convective heat loss is greatly reduced (Walsberg 1985). American gold- 
finches in Michigan save considerable energy by restricting their midwinter roost 
sites to the leeward side of trees with especially dense needles (Buttemer 1985). 
An Andean hummingbird shifts from exposed roost sites in summer to more 
protected ones in winter (Carpenter 1976). 

Low temperatures and short days in winter also influence foraging intensity 
and social interactions of birds. In particular, small birds must forage intensively 
just to meet maintenance and thermostatic requirements (Gibb 1954). For exam- 
ple, chipping sparrows in midwinter spend 95% of the day foraging, and they find 
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and consume a seed every 1-2 s (Pulliam and Parker 1979). Yellow-eyed juncos 
(Caraco 1979) during winter spend much more time feeding (75%) on cold days 
(Ta < 9°C) than on warm days (55%; Ta > 19°C). Interestingly, juncos spend less 
time in aggression (laboratory and field experiments) on cold days (Pulliam et 
al. 1974), presumably because the low ambient temperatures increase metabolic 
demands such that feeding takes priority over aggression. When Caraco (1979) 
supplemented food supplies on cold days, the birds increased aggressive levels. 

Microclimates also influence selection of nesting sites. Hummingbirds in the 
Rocky Mountains use nest sites that reduce heat loss at night and in the early 
morning (Calder 1973). Warbling vireos in Arizona select nest sites that are 
shielded from the hot afternoon sun, thereby reducing heat stress (Walsberg 
1981). 

The major effects of environmental temperatures on the energy budgets of 
endotherms can potentially be exploited in behavioral experiments (see, e.g., 
Caraco 1979). Consider a laboratory behavioral study (e.g., optimal foraging) in 
which it is important to manipulate costs and benefits associated with a particular 
behavior, food, or "habitat." One way to manipulate "costs" is simply to manip- 
ulate environmental temperatures in the laboratory (T,,, fig. 7). The elegance of 
this manipulation is that "all else" (e.g., food quality, spatial distribution of food) 
can be kept constant across trials. Caraco et al. (1990) have recently implemented 
this manipulation in studies of foraging choice in birds. 

CONCLUDING REMARKS 

My intent has been to show that physiological considerations should play a 
significant role in analyses of habitat selection (or of many areas of behavioral, 
population, and community ecology). To me, the attraction of this field is the 
opportunity to explore mechanistic and physiological links between the physical 
environment and ecology. The field is at a formative stage, and much remains 
unexplored. Nevertheless, the central questions at issue are important: How and 
to what extent do the physical environment and physiology jointly influence be- 
havior, predation, competition, social dominance, life history, demography, and 
population regulation? 
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