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any organisms regulate the temperature of part of,
if not their entire, body. For example, at least one
plant of the arctic tundra regulates the temperature
of its reproductive structures. Peter Kevan, of the University of
Guelph, went to Ellesmere Island to study sun-tracking behaviour by arctic flowers. It was summer, there was little wind, and
at 82° N latitude, the sun stayed above the horizon 24 hours
each day. As the sun’s position in the arctic sky changed, one of
the common tundra flowers, Dryas integrifolia (fig. 5.1), tracked
its movement across the sky.
Kevan found that by following the sun, Dryas increased
the temperature of its flowers. Though the air temperature hovered around 15°C, the temperature of the Dryas flowers was
nearly 25°C. Kevan discovered that the flowers act like small
solar reflectors, concentrating solar energy on the reproductive
structures. He also observed that many species of small insects,
attracted by their warmth, basked in the sun-tracking Dryas
flowers, elevating their body temperatures as a consequence
(fig. 5.1). Dryas depends on these insects to pollinate its flowers.
How do Dryas and its insect visitors benefit from their basking behaviours? How does cloud cover affect the temperature and
sun-tracking behaviour of Dryas flowers? These are the kinds of
questions addressed by Kevan (1975) and other ecologists who
study the ecology of temperature relations, a fundamental aspect
of ecology. Temperature is a major factor influencing the growth
of individuals and the distributions of species.
Why are ecologists so concerned about how temperatures
influence ecological interactions? Small differences in temperature can be associated with greatly altered performances
of enzymes and organisms. Extreme temperatures can cause

Sunlight reflected inward
by parabolic-shaped Dryas
flowers heats interior of
flowers.

Dryas integrifolia
Air temperature = 15°C

Flower temperature = 25°C

Basking insect
temperature = 25°C
Sun tracking by
Dryas flowers keeps
flowers facing the
sun for several
hours each day.

Figure 5.1 Sun-tracking behaviour of the arctic plant
Dryas integrifolia heats the reproductive parts of its flowers,
making them attractive to pollinating insects. This species
is found in many Canadian arctic and alpine habitats.
© All Canada Photos/Alamy.
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discomfort, reduced fitness, and even death. Long-term changes
in temperature have set entire floras and faunas marching across
continents, with some species thriving, some holding on in small
refuges, and others becoming extinct. Areas now supporting
temperate species were at times tropical and at other times the
frigid homes of reindeer and woolly mammoths. The dynamic
environmental history of the earth has become more significant
as we face the reality of rapidly rising global temperatures.
We defined ecology as the study of the relationships between
organisms and their environments. In this chapter, we examine
the relationship between organisms and temperature, particularly relevant in the face of today’s rapidly changing climate.

5.1

Microclimates

Macroclimate interacts with the local landscape to produce microclimatic variation in temperature. As we saw in
chapter 2, temperatures are extremely variable across the planet
in both space and time. For instance, which is warmer: Regina,
Saskatchewan; or Tofino, British Columbia? The answer depends
on “When?” Tofino is generally warmer than Regina in the winter but is cooler in the summer. But the answer is also going to
depend on “Where?” Is someone standing on the open coastline
of Tofino while another is under an aspen stand in Regina? As
you will see in this section, the actual temperatures that an individual encounters will be strongly influenced by the fine details
of the local environment and by the behaviour of the individual.
Microclimate is a fundamental aspect of environmental
variation. What do we mean by macroclimate and microclimate?
Macroclimate is not the weather today but, rather, the prevailing, typical weather for an area. Your weather report may say
that today is 2° below normal. “Normal” is based on years of data
that tell you what the typical weather conditions are in your area
at this time of year. That is your macroclimate. Macroclimate
is determined by the global patterns of air and water
circulation and other forces, also described in chapters 2 and 3.
Microclimate, on the other hand, is climatic variation on a
scale of a few kilometres, metres, or even centimetres, usually
measured over short periods of time. If you live in a city, your
weather might be recorded at a nearby airport. But at your home,
it may be generally warmer or cooler. Maybe you live near water
or catch more wind, or have more shade in your yard. At my
house, for example, in the summer the front yard may be a full
3° warmer than the backyard. The front of the house and the back
of the house have different microclimates. Microclimate is influenced by landscape features, such as elevation (altitude), aspect,
vegetation, colour of the ground, and presence of boulders and
burrows. Macroclimate and microclimate can be substantially
different, and for organisms that live out their lives in very small
areas, macroclimate may be less important than microclimate.

Elevation and Aspect
Temperatures are generally lower at high elevations. Atmospheric
pressure decreases with elevation, and air rising up the side of
a mountain expands. The energy of motion (kinetic energy)
required to sustain the greater movement of air molecules in the
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Figure 5.2 The north-facing slope at this site supports
a Mediterranean woodland while the vegetation on the
south-facing slope is mainly grassland.
© muha04/Getty Images RF.

expanding air mass is drawn from the surroundings, which cool
as a result. There is also less atmosphere to trap and radiate heat
back to the ground at the top of a mountain than at its base.
Even small changes in elevation can affect microclimate.
Topographic features, such as hills and valleys, create micro
climates that would not occur in a flat landscape. Hillsides do so
by shading parts of the land. In the Northern Hemisphere, the
shaded areas are on the north-facing sides, or northern aspects,
of hills, mountains, and valleys, which face away from the equator. The southern aspect, in contrast, will receive more direct sun
and will be generally warmer and drier. The microclimates of
north- and south-facing aspects of hillsides may support very
different types of vegetation (fig. 5.2).
Similar microclimates can occur on the northern versus
southern aspects within the built environment, affecting urban

forest and plant distributions. Vegetation plays many important
roles in the ecology of cities, including the moderation of climate. Andrew Millward and colleagues at Ryerson University
studied the effects of trees and vines on solar gain received by
buildings, installing pairs of temperature loggers on the surfaces
of buildings in downtown Toronto and measuring building surface temperatures over six months. One logger in each pair was
shaded while the other was in full sunlight. During high solar
intensity, the average temperature differential was 11.7°C, with
10–12 hours of sustained cooling benefit per day for the portion
of the building surface in the shade (Millward et al. 2014). Vegetation shading the west aspect of buildings provided the greatest benefit in microclimate moderation, followed by shading on
the south aspect. Interestingly, perennial vines were as effective
as trees in moderating built surface temperature.

Vegetation and Ground Colour
Because they also shade the landscape, trees, shrubs, and
plant litter (fallen leaves, twigs, and branches) can produce
ecologically important microclimates. For example, the desert
landscape often consists of a mosaic of vegetation and bare
ground. It is also a patchwork of sharply contrasting thermal
environments. Such a patchwork is apparent near Kemmerer,
Wyoming. On one summer’s day, Robert Parmenter and his colleagues (1989) measured the temperatures in various parts of
the landscape. They found that while the temperature on bare
soil soared to 48°C, a few metres away in plant litter under a tall
shrub the temperature was only 21°C (fig. 5.3). A small organism in this landscape could choose microclimates differing in
temperature by 27°C!

Shading of soil surface by
low shrubs lowers
maximum temperatures.

A layer of leaf litter
lowers maximum
temperatures even more.

Soil surface in full
sun heats to high
temperatures.

48°C in bare soil
away from shrubs

Figure 5.3

29°C in litter
under low shrub

Greater leaf area and
numerous twigs of tall
shrubs intercept more
light, creating the
coolest temperatures.

27°C in soil
under low shrub

21°C in litter
under tall shrub

Desert shrubs create distinctive thermal microclimates in the desert landscape.

Data from Parmenter, Parmenter, and Cheney 1989.

23°C in soil
under tall shrub
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(c)

(b)

Figure 5.4 Ground cover and colour such as shown here in (a) white sand, (b) black sand, and (c) snow in Nunavut alter the
local albedo, causing altered microclimates. High albedos are found in white snow and white sand, with low albedos found
in dark sand and other dark soils.
(a) © Corbis RF; (b) © Medioimages/PunchStock RF; (c) Max Forgues/Shutterstock.com.

Two additional factors that can affect temperature are the
colour of the ground and the presence of any covering, such as
vegetation or snow (fig. 5.4). Cover and colour influence microclimates through their effects on the local albedo, the reflectivity of the landscape. Objects that appear white reflect all visible
colours and have a high albedo. Objects that appear black absorb
all visible colours and have a low albedo. Vegetation is generally
green, which means it absorbs some colours and reflects others,
resulting in moderate albedo.
Albedos are not fixed properties of landscapes and instead
will change as local conditions change. Snow cover reflects
large amounts of light, resulting in a cooling effect. When snow
melts, the underlying soil will generally have a lower albedo
and absorb more light energy, causing local warming. As a
result, any change in snow cover can have cascading effects on
local temperatures. Over larger areas, decreased snow and ice
cover across much of the landscape, potentially associated with
global climate change, has the potential to further enhance the
warming that is currently occurring. More locally, small-scale
human-induced changes, such as deforestation and transition
from peatlands to forests, also alter albedo, with potentially cascading impacts on temperatures.

Boulders and Burrows
Many children soon discover that the undersides of stones
harbour a host of organisms seldom seen in the open. This is
partly because the stones create distinctive microclimates. E. B.
Edney’s classic studies (1953) of the seashore isopod Ligia oceanica documented the effect of stones on microclimate. Edney
found that over the space of a few centimetres, Ligia could
choose air temperatures ranging from 20°C in the open to 30°C
in the air spaces under stones, which heated to between 34°C
and 38°C.
Animal burrows also have their own microclimates, in
which temperatures are usually more moderate than outside
ambient conditions. For example, the Eurasian badger (Meles
meles) constructs extensive burrows, called setts. In a study
of temperatures inside and outside several setts on farmland,
Moore and Roper (2003) found that setts generally had average
temperature fluctuations of less than 1°C each day while surface

temperatures generally varied by 9°C daily. Over an entire year,
there was only a 10°C variation within setts but more than a
20°C variation outside. Moore and Roper also found that setts
occupied by a badger were on average 2.5°C warmer than unoccupied setts, highlighting the fact that organisms themselves
can alter their own microclimates.

Aquatic Temperatures
Water temperature generally fluctuates less than air temperature. The aquatic environments with greatest thermal stability
are generally large ones, such as the open sea. These environments store large quantities of heat energy, and daily fluctuations are often less than 1°C. Even the temperatures of small
streams, however, usually fluctuate less than the temperatures
of nearby terrestrial habitats (fig. 5.5). The thermal stability of
the aquatic environment derives partly from the high capacity
of water to absorb heat energy without changing temperature
(a capacity called specific heat), partly from the large amount
of heat absorbed by water as it evaporates (which is called the
latent heat of vaporization), and partly from the heat energy that
water gives up to its environment as it freezes (the latent heat
of fusion). The evaporation of even small amounts of water can
result in significant cooling; thus, the water in a desert stream
can be a cool relief to the hot temperature of the air. On the
other end of the temperature spectrum, heat energy that must
be lost for water to freeze can forestall freezing during periods
when air temperatures fluctuate around 0oC.
Riparian vegetation, vegetation that grows along rivers
and streams, can also influence the temperature in streams in
the same way that vegetation modifies the temperature of desert soils—by providing shade. Shading by riparian vegetation
reduces temperature fluctuations by insulating the stream
environment, with important consequences for the many animals
that live within the stream (see Ecology in Action, this chapter).
There are, of course, limits to the thermal stability of aquatic
systems, and changes in temperature in aquatic environments
will have two major consequences. First, there will be the
direct effects of altered temperatures on the organisms living
in the water (described later in the chapter). Second, and often
of greater importance in aquatic systems, is the effect that
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Figure 5.5 Aquatic microclimates: aquatic environments generally show less temperature variation compared to terrestrial
environments.
Data from Ward 1985.
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changes in temperature have on the amount of dissolved oxygen
in the water. Recall that, in chapter 3, we emphasized that low
oxygen levels were a hazard for organisms living in the water.
Cold water holds more dissolved oxygen than warm water; thus,
increases in water temperature can pose a direct thermal stress
and can induce oxygen-limiting conditions for some aquatic
species.
At this point, we hope you will forgive a minor digression,
but one that speaks to the interplay of temperature, dissolved
oxygen, and trade-offs in fitness that can occur in aquatic systems. If you ever dive deep into a lake during the summer, you
will notice that the water gets cooler. If you go deep enough,
you will hit a zone where this temperature transition is rapid. This
is the thermocline, described in chapter 3: the transition zone
from warm surface water to the colder, denser bottom water. As
discussed in chapter 3, a consequence of stratification is that
deep water can become depleted of oxygen during the summer,
despite the cooler temperature, because of respiration by bacteria using organic matter (such as algae) raining down from
shallower water. In the process, the bacteria recycle nutrients
such as N and P, making the deep water relatively rich in nutrients. We often see a peak density of algae near the thermocline,
accessing the nutrients from deeper water yet near enough to
the surface to access sunlight (fig. 5.6). The algae absorb light,
which, along with attenuation by water, makes the deep water
a dark zone.
Zooplankton are a diverse group of invertebrate animals
living in the water column. Where, within a stratified lake or
marine system, should zooplankton live? Sharp transitions in
light, temperature, and dissolved oxygen create unique, vertically adjacent microhabitats. There are trade-offs associated
with occupying the different microhabitats. Warm water would

Deep water—cold, dark

Figure 5.6 Stratified water column showing thermocline,
oxygen gradient, and light gradient (indicated by shading).
Deep water is cold and dark; algae grow most densely
near the thermocline, where light is available from above
and nutrients are available from below. Stratification
creates diversity of vertically distributed micro-niches
through which zooplankton may daily migrate.
permit greater growth and reproductive rates, so shouldn’t zooplankton live near the surface? But the food for the zooplankton, algae, are concentrated near the thermocline so perhaps
they should live there. Of course, zooplankton get eaten, and
often their main predators are fish. Fish are visual feeders so
perhaps zooplankton should hide in deep, dark water.
As it turns out, many species of zooplankton, across phyla,
exhibit diel vertical migration (DVM) behaviour, exploiting different parts of the water column at different times of the day.
Zooplankton face a trade-off in their ability to exploit resources
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(warm water and availability of food) and their vulnerability
to fish predation (Leibold 1991). This trade-off results in what
has been termed “normal” DVM patterns, where zooplankton
remain in the cool, dark waters during the day, migrating up
through the thermocline at night to feed (Lampert et al. 2003).
Zooplankton exhibiting this type of behaviour experience suboptimal growth temperatures during much of the day but may
still optimize fitness by avoiding fish.

CONCEPT 5.1 REVIEW
1. What advantages might the warm microenviron
ments of Dryas flowers offer to the insects
attracted to them?
2. Contrast the microclimates of the leaves and roots
of a tree in the boreal forest in summer.
3. Why is thermal stability greater in large, rather
than small, bodies of water?

5.2

Evolutionary Trade-Offs

Adapting to one set of environmental conditions generally
reduces fitness in other environments. Imagine an organism that is not only capable of living in any environment but
thrives in all environments. In the language of evolution, such
an organism would have high fitness across all environmental
conditions. In everyday language, we might refer to such a life
form as a “super” organism. Whatever we might call them, however, such life forms do not, as far as we know, exist. All known
organisms are adapted to a limited range of environmental conditions, at least partially as a consequence of energy limitation.

The Principle of Allocation
All organisms have access to limited energy supplies. This
simple idea has significant implications for our understanding of
the ecology of individuals. We introduce the concept of energy
limitation here and will examine it again in chapter 7. One consequence of energy limitation is that energy allocated to one of
life’s functions—such as reproduction, defence against disease,
or growth—reduces the amount of energy available for other
functions. Darwin appreciated the implications of energy limitation and included it in his writings. However, Richard Levins
was the first to use a mathematical approach to analyze the evolutionary consequences of such trade-offs, which he referred to
as the principle of allocation (Levins 1968). In his book Evolution
in Changing Environments, Levins concluded that as a population adapts to a particular set of environmental conditions, its
fitness (see chapter 4) in other environments is reduced.

Testing the Principle of Allocation
Demonstrating the evolutionary trade-offs proposed by the
principle of allocation has been challenging. In fact, a direct
test of the principle has been nearly 40 years in coming. The
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major difficulty with all such evolutionary questions is the time
required for performing evolutionary experiments with living
organisms. Albert Bennett and Richard Lenski solved this time
problem by studying the evolution of microbial populations
(Bennett and Lenski 2007), which can go through hundreds
of generations in a week. The central question of their work
was whether adaptation to a low temperature (20°C) would be
accompanied by a loss of fitness at a high temperature (40°C).
Their working hypothesis was that they would observe just such
a trade-off in fitness, a prediction that follows directly from
Levins’s principle of allocation.
Bennett and Lenski’s experiments focused on 24 different
lineages of the bacterium Escherichia coli. These lineages were
derived from a single ancestral strain of E. coli that had been
grown at 37°C (human body temperature) for 2,000 generations. Bennett and Lenski used this ancestral strain to establish
six replicate populations at four temperature regimes: constant
32°C, 37°C, and 42°C, and daily alternation between 32°C and
42°C. They maintained these 24 populations at these temperature regimes for 2,000 generations, sufficient time for each
population to adapt. Bennett and Lenski next used bacterial
cells from each of their 24 populations to establish 24 new populations, which were all grown at 20°C for 2,000 generations,
theoretically adapting to this relatively low temperature in the
process.
To address their original question—“Will adaptation to a
low temperature (20°C) be accompanied by a loss of fitness at a
high temperature (40°C)?”—Bennett and Lenski compared the
fitness of the low-temperature-selected line with the fitness of
the ancestral line at 20°C and at 40°C. Their measure of fitness
was the rate of population doubling of a selected line of E. coli
compared to that of its ancestral line. Two major results stand
out. First, the lines grown at 20°C had higher (positive) fitness
at 20°C temperature compared to their immediate ancestors.
However, the lines that had adapted to 20°C had, on average,
lower (negative) fitness compared to their immediate ancestor
when grown at 40°C. Therefore, as predicted by the principle
of allocation, selection for higher fitness at 20°C had been
accompanied by an average loss in fitness at higher temperatures (fig. 5.7).
Later work from Bennett and colleagues considered
whether adaptation to high temperature (42°) would be
accompanied by a loss of fitness at a lower temperature. The
team adapted 114 clones of E. coli to high temperature for
2,000 generations (Rodríguez-Verdugo et al. 2014). All of the
populations showed an increase in the upper thermal limit
for growth. However, the fitness trade-off at low temperature
(20°C) was observed in only about half of the populations.
Interestingly, whether there were fitness trade-offs depended,
in part, on different genetically based pathways for adaptation
to thermal stress. In other words, variance in the genetic basis
by which each population adapted to high temperature contributed to whether the population exhibited a fitness trade-off
at low temperature.
Bennett and Lenski’s results provide the first direct experimental evidence in support of Levins’s principle of allocation.
Rodríguez-Verdugo’s results provide direct evidence that there
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Figure 5.7 Escherichia coli grown at 20°C for 2,000
generations showed increased fitness at that temperature
compared to ancestral lines, which were adapted to higher
temperatures. However, they had reduced fitness at 40°C
compared to ancestral lines.
Data from Bennett and Lenski 2007.

is a genetic basis for whether a population conforms to Levin’s
principle of allocation. Where there is a genetic basis, then conforming to this principle can, itself, be adaptive. This principle,
in turn, offers an explanation for the observation that most
organisms perform best under a limited range of environmental
conditions, including thermal conditions.

This can be measures of
survival, growth, or
reproduction.

CONCEPT 5.2 REVIEW

5.3

Temperature and
Performance of Organisms

Most species perform best in a fairly narrow range of
temperatures. In the previous section, we saw this with Albert
Bennett and Richard Lenski’s experiments with E. coli. Although
we can find bacteria or archaea growing and active at temperatures below freezing and others growing at temperatures well

Survival, but no growth

Mortality

Range of tolerance

Performance

1. If growing lines of Escherichia coli at 20°C for
2,000 generations increased their fitness at 20°C
without reducing their fitness at 40°C, how would
the distribution of points in figure 5.7 change?
2. If your research team obtained the hypothetical
results described in question 1, what could you
conclude about the principle of allocation?
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above 70oC, any given species has a fairly narrow range of temperatures in which it will grow.
Ecologists concerned with the ecology of individual organisms study how environmental factors, such as temperature,
water, and light, affect the physiology and behaviour of organisms: how fast they grow; how many offspring they produce;
how fast they run, fly, or swim; how well they avoid predators; and so on. We can group these phenomena and say that
ecologists study how environment affects the “performance” of
organisms. Victor Shelford was an influential ecologist active in
the early 1900s who studied the link between species distributions and their physiology. His studies led him to propose the
law of toleration (Shelford 1911): the abundance and distribution of an animal can be determined by the deviation between
the local conditions (e.g., temperature) and the optimum set
of conditions for a species. Shelford was among the first to
explicitly link the ability of a species to tolerate local environmental conditions with its range and abundance.
What led Shelford to this conclusion? He was able to recognize from his own research, and from that of others, that
the performance of organisms generally varies as a function
of differences in temperature, moisture, light, nutrient availability, and other environmental conditions. At extreme levels
of any of these factors, many species are unable to survive. At
severe levels, species may survive but not thrive. At more moderate levels, growth and reproduction may be highest. In other
words, the performance of most species is greatest in a fairly
narrow range of environmental conditions (fig. 5.8). The entire
range of conditions (e.g., temperature) over which a species is
able to survive is called its range of tolerance. What do you

Reproduction

Increased fitness at 20°C was,
on average, accompanied by
reduced fitness at 40°C.

Growth, but no
reproduction
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Environmental condition

Figure 5.8 An individual’s performance can be limited by
environmental conditions, such as temperature. According
to the law of toleration, species abundances will tend to be
largest in areas with environmental conditions most similar
to the performance optima for a species.

Chapter 5
imagine will be the consequences for individuals living just on
the edge of their range of tolerance?

Temperature and Animal Performance
Let’s begin our discussion of temperature and an organism’s
overall performance by considering basic biochemistry. You
will recall that enzymes work most efficiently over a limited

Temperature Relations

95

range of temperatures. We would predict that an organism
that lives outside this range of temperatures, or that is unable
to maintain its body temperature within this range, will
not thrive. We might also predict that, through adaptation,
the range of temperatures over which an enzyme functions
effectively will match the range of temperatures in which its
organism lives (or the range of internal body temperatures the
organism maintains).

ECOLOGY IN ACTION
Impacts of Stream Temperature on Salmon Recruitment
The family Salmonidae consists of both trout and salmon.
Canada is home to many species of wild salmon. Most species and populations of wild salmon are anadromous, meaning the adults live primarily in the ocean and then move into
fresh waters to spawn. After the eggs hatch, the developing
fry initially feed and grow in the streams, eventually migrating to the ocean. Adults typically return to their own birthing
grounds to spawn. Changes to the vegetation surrounding
the spawning grounds of salmon can alter the thermal
en
vironment of the streams, reducing the reproductive
success of returning salmon. These temperature changes,
then, have significant impacts on the health of individual
salmon species.
Given the importance of salmon in Canada, econom
ically and culturally, extensive research has been conducted on the factors that influence the health of wild
salmon populations. Like all organisms, salmon have upper
lethal temperatures, above which mortality occurs (fig. 5.8).
These lethal upper temperatures vary among species and
life-stage. The adult fish is at limited risk of death due to
changes in temperature as it migrates upstream. However,
as we saw earlier in the chapter, there is generally a unimodal relationship between temperature and performance.
Reproduction happens only in a narrow range of temperatures even though survival can occur in a larger range.
Increases in temperature, then, do not have to kill a fish
to put its population at risk. Even minor changes to stream
temperatures can reduce, or prevent, reproduction. However, not all streams are equal, and they can vary greatly in
size. Spawning grounds located in the smallest streams in
the headwaters will be most sensitive to change. Why?
One factor that can influence stream temperature is
logging activity. In small streams, trees often overhang
the water, reducing light penetration to the water surface
(fig. 5.9). If the vegetation is completely removed, there is
a clear and immediate increase in stream temperature.
For example, Steve MacDonald of Fisheries and Oceans
Canada and his colleagues at Simon Fraser University
found that stream temperatures can be raised by 4°C–6°C,
even five years after logging (MacDonald et al. 2003). The

Figure 5.9 Many salmon spawning grounds, such as the
Little Qualicum River in British Columbia, consist of water
surrounded by forest.
© Steve Ford/Dreamstime.com.

temperature changes can be mitigated in part by logging
management practices, such as maintaining an unharvested
buffer zone along the stream edge. However, MacDonald
shows that trees in these buffers are susceptible to wind
damage, reducing their effectiveness over time.
Humans influence stream temperatures in a variety of
other ways, including by constructing dams. Dams used
to generate electrical power generally cause variations in
stream flow, depending upon the electrical needs at any
point in time. As a result, there will be substantial variation in
stream depths and temperatures, as a function of how much
water is being released through a dam.
In Newfoundland, salmon rivers are closed to anglers on
days when river flow is low and river temperatures are high,
out of concern that angling will further decrease the sustainability of Atlantic salmon populations. Brian Dempson and his
colleagues at Fisheries and Oceans Canada found that the
frequency of stream closures due to these “environmental”
reasons has increased (Dempson et al. 2001), suggesting
an increase in the frequency of warm waters that could put
these fish populations at risk. Interestingly, the increase
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in frequency of these events is not due to dams but may
instead reflect changes in climate. Changes in patterns of
precipitation and rising temperatures could further stress
salmon fisheries.
Erika Eliason and colleagues at the University of British
Columbia and Fisheries and Oceans Canada have found
evidence for physiological adaptation to temperature in
sockeye salmon (Eliason et al. 2011). Optimal temperatures
for a number of cardiac and aerobic measures vary as a
function of the historical temperatures of migratory rivers.
Interestingly, populations appear to differ in their abilities to
adapt to higher temperatures, suggesting that while some

populations may be able to adapt to rising temperatures,
other populations could be vulnerable to thermal stress.
Salmon are but one example of a group of species
whose abundance can be influenced by changes in temperature. The ideas of upper and lower lethal temperatures
are not abstract ecological concepts but, rather, are critical
pieces of information needed to understand how species
will respond to continued human-mediated changes. Indirect effects of human activity have significant consequences
for a diverse set of species, and it is a role of ecologists to
understand why and to work with government and industry
to develop solutions to reduce the risk to natural populations.

Peter Hochachka, formerly of the University of British
Columbia, was one of Canada’s leading zoologists. He had a
diverse research program, with a particular emphasis on adaptational biochemistry. One line of his research program involved
the influence of temperature on the activity of acetylcholinesterase, an enzyme produced at the synapse between neurons. In
one study, Baldwin and Hochachka (1970) found that rainbow
trout (Oncorhynchus mykiss) produce two forms of acetyl
cholinesterase. One form has highest affinity for acetylcholine
at 2°C, that is, at winter temperatures. However, the affinity of
this enzyme for acetylcholine declines rapidly above 10°C. The
second form of acetylcholinesterase shows highest affinity at
17°C, at summer temperatures. However, the affinity of this second form of acetylcholinesterase falls off rapidly at both higher
and lower temperatures (fig. 5.10).
This influence of temperature on the performance of
acetylcholinesterase makes sense if you consider the temperatures
of the rainbow trout’s native environment. Rainbow trout are

native to the cool, clear streams and rivers of western North
America. During winter, the temperatures of these streams
hover between 0°C and 4°C, while summer temperatures
approach 20°C. These environmental temperatures are similar
to the temperatures at which the acetylcholinesterase of rainbow trout performs optimally. The two forms of the enzymes
are adaptations to the habitat of the rainbow trout.

Acetylcholinesterase of trout
held at 2°C shows highest
affinity for its substrate at 2°C.

Temperature and Plant Performance
One of the most fundamental characteristics of plants is their
ability to photosynthesize. It will probably come as no surprise
that photosynthesisis is temperature sensitive, and, within a
species of plant, there is a narrow range of temperatures over
which photosynthesis is optimal (fig. 5.11). A species of moss
from the boreal forest, Pleurozium schreberi, and a desert shrub,

A moss from a boreal forest
photosynthesizes at a
maximum rate at 15°C.

Acetylcholinesterase of trout
held at 17°C shows highest
affinity for its substrate at 17°C.

A desert shrub
photosynthesizes at a
maximum rate at 44°C.
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Figure 5.10 Enzyme activity is affected substantially by
temperature.

Figure 5.11 The optimal temperatures for photosynthesis
by a boreal forest moss and a desert shrub differ
substantially.

Data from Baldwin and Hochachka 1970.

Data from Kallio and Kärenlampi 1975, Pearcy and Harrison 1974.
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Temperature and Microbial Activity
Although often overlooked, microbes control the flow of energy
and nutrients in terrestrial and aquatic ecosystems. Changes in
microbial activity have significant consequences for the other
organisms that live alongside these organisms. It may come as

Photosynthetic rate of shrubs
growing in a hotter environment
peaks at a higher temperature.
High

Rate of photosynthesis

Atriplex lentiformis, provide a good demonstration of this. The
moss and the shrub have substantially different optimal temperatures for photosynthesis. These differences clearly reflect
differences in the thermal environments where these species live and seem to say something about their evolutionary
histories.
Plant responses to temperature, as well as those of animals,
can also reflect the short-term physiological adjustments called
acclimation. The term adaptation is often misused when
acclimation is meant. Remember from chapter 4 that a population adapts through differential reproductive success of individuals within the population. Adaptation involves a change
in the gene pool of the population. Acclimation involves
physiological, not genetic, changes in response to temperature;
acclimation is generally reversible with changes in environmental conditions. An individual can acclimate to changing
conditions but cannot adapt (although the capacity to acclimate
is, itself, an adaptation shared by members of the population,
and the degree to which individuals can acclimate will vary
within a population).
Studies of A. lentiformis by Robert Pearcy (1977) demonstrate the effect of acclimation on photosynthesis. Pearcy located
a population of this desert shrub in Death Valley and grew plants
from cuttings for his experiments. By propagating plants from
cuttings, he was able to conduct his experiments on genetically
identical clones. The clones from the Death Valley plants were
grown under two temperature regimes: one set in hot conditions
of 43°C during the day and 30°C at night; the other set under
cool conditions of 23°C during the day and 18°C at night.
Pearcy then measured the photosynthetic rates of the two
sets of plants. The plants grown in a cool environment photosynthesized at a maximum rate at about 32°C. Those grown in a
hot environment photosynthesized at a maximum rate at 40°C,
a difference in the optimum temperature for photosynthesis of
8°C (fig. 5.12). Remember that the experimental plants were
clones grown from cuttings and exhibited no genetic diversity
upon which selection could act. Pearcy used clones to eliminate
potential for adaptation and to uncover the effects of physio
logical adjustment through acclimation.
The physiological adjustments made by A. lentiformis
correspond to what these plants do during an annual cycle.
The plant is evergreen and photosynthesizes throughout the
year, in the cool of winter and in the heat of summer.
The physiological adjustments suggest that acclimation by
A. lentiformis may shift its optimal temperature for photosynthesis to match seasonal changes in environmental temperature. Plants from cooler areas also acclimate in response
to changing temperatures. These changes allow many boreal
species to photosynthesize later into fall than could occur
without acclimation.

97

Temperature Relations

Data from shrubs
grown in a cool
environment

Data from shrubs
grown in a hot
environment

Low
10

20

30
40
Temperature (°C)

50

Figure 5.12 Growing the same species of shrub in cool
versus hot environments altered the shrubs’ optimal
temperature for photosynthesis. This change was a shortterm physiological adjustment due to acclimation.
Data from Berry and Björkman 1980, after Pearcy 1977.

no surprise that microbes can be extremely sensitive to changes
in temperature.
Microbes appear to have adapted to all temperatures at
which there is liquid water, from the frigid waters around the
Antarctic to boiling hot springs. However, while each of these
environments harbours one or more species of microbes, no
known species thrives across all these conditions. All microbes
that have been studied perform best over a fairly narrow range
of temperatures. Let’s look at one example of microbes growing
in hot springs to illustrate.
Microbes have been found living in all of the hot
springs that have been studied. Some of these heat-loving, or
thermophilic, microbes grow at temperatures above 40°C in
a variety of environments. The most heat-loving microbes are
the hyperthermophiles, which have temperature optima above
80°C. Some hyperthermophiles grow best at 110°C! Some of
the most intensive studies of thermophilic and hyperthermophilic microbes have been carried out in Yellowstone National
Park by Thomas Brock (1978) and his students and colleagues.
One of the genera they have studied is Sulfolobus, a member
of the microbial domain Archaea, which obtains energy by
oxidizing elemental sulfur. Jerry Mosser and colleagues (1974)
used the rate at which Sulfolobus oxidizes sulfur as an index
of its metabolic activity. The temperature optimum for the
Sulfolobus populations ranged from 63°C to 80°C and for each
population was related to the temperature of the particular
spring from which the microbes came. For instance, one strain
isolated from a 59°C spring oxidizes sulfur at a maximum
rate at 63°C. This Sulfolobus population oxidizes sulfur at a
high rate within a temperature range of about 10°C (fig. 5.13).
Outside this temperature range, its rate of sulfur oxidation is
much lower.
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Rate of sulfur oxidation by these
microbes from a 59°C hot spring
was highest at approximately 63°C.

Regulating Body
Temperature

Many organisms have evolved ways to compensate for
variations in environmental temperature by regulating
body temperature. So how do organisms respond to the juxtaposition of thermal heterogeneity in the environment and their
own fairly narrow thermal requirements? Do they sit passively
and let environmental temperatures affect them as they will,
or do they take a more active approach? Many organisms have
evolved ways to regulate body temperatures.
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Figure 5.13 Hot spring microbes have a very high optimal
temperature for population growth.
Data from Mosser, Mosser, and Brock 1974.

We have reviewed how temperature can affect animal performance, plant photosynthesis, and microbial activity. These
examples demonstrate that most organisms perform best over a
fairly narrow range of temperatures. Consider the effects of temperature on the performance of organisms relative to our discussion of how temperatures can vary greatly over small distances.
In addition, the climate diagrams presented in chapter 2 showed
us that temporal variation in temperature can also be substantial. Taken together, an ecosystem may have a mosaic of thermal
niches, each favouring different plant, microbial, or even animal
species, compressed into a relatively small area. This contributes
to the species diversity. Organisms can partition the temperature gradient in a manner analogous to MacArthur’s warbler
species’ partitioning of food resources (see chapter 1), allowing
coexistence rather than competitive exclusion (an idea revisited
in chapter 13). In the next section, we review how some organisms respond to variation in environmental temperatures.

CONCEPT 5.3 REVIEW
1. Signs of thermal stress in fish include swimming
on their sides and swimming in spirals. Using
what you know about temperature and acetylcholinesterase, explain.
2. How can we be sure that the distinctive response
to temperature shown by Atriplex lentiformis was
due to acclimation and not the result of genetic
differences?
3. Will all species within a single habitat have similar
temperature optima for a given ecological process, such as photosynthesis? Explain.

Organisms regulate body temperature by manipulating heat
gain and loss. An equation, used by K. Schmidt-Nielsen (1983),
can help us understand the components of heat that may be
manipulated:
Hs = Hm ± Hcd ± Hcv ± Hr − He
Here, Hs, the total heat stored in the body of an organism, is made up of Hm, heat gained from metabolism; Hcd, heat
gained or lost through conduction; Hcv, heat lost or gained by
convection; Hr, heat gained or lost through electromagnetic
radiation; and He, heat lost through evaporation (fig 5.14).
These heat components represent ways that heat is transferred
between an organism and its environment. Metabolic heat,
Hm, is the energy released within an organism during the process of cellular respiration. Conduction is the movement of
heat between objects in physical contact, as occurs when you sit
on a stone bench on a cold winter’s day; convection is the process of heat flow between a solid body and a moving fluid, such
as wind or flowing water. During the process of conduction or
Heat gain by
metabolism (Hm)
Heat gain by
radiation (Hr)

Heat loss or gain
by convection (Hcv)

Heat loss by
radiation (Hr)

Heat loss by
evaporation of
water (He)
Wind

Heat loss or gain
by conduction (Hcd)

Figure 5.14 There are multiple pathways for heat
exchange between organisms and the environment.
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convection, Hcd and Hcv, the direction of heat flow is always
from the warmer region to the colder. Most of the radiation is
in the infrared part of the spectrum. Infrared light is responsible
for most of the warmth you feel when standing in front of a fire
or that you feel radiating from the sunny side of a building on a
winter’s day. Radiative heat flux, from you to the atmosphere, is
responsible for the chilling effect you feel standing outdoors on
a cold, windless day. An organism may lose heat, He, as water
evaporates from its surface. The ability of water to absorb a large
amount of heat as it evaporates makes cooling systems based on
the evaporation of water very effective.
So how do these factors interact to determine body temperature, and how can organisms maintain a constant internal
temperature? Not all species have constant body temperatures.
Poikilotherms have body temperatures that vary in response
to changes in the external environment. In contrast, homeotherms maintain relatively constant internal temperatures
even in the face of changing external temperatures. A variety of
physiological challenges are unique to each of these conditions.
For homeotherms, stabilizing selection will favour enzymes
with temperature optima generally near the constant internal
environment of the organism (and selection will favour a body
temperature near enzyme optima!). For poikilotherms, internal
temperatures are variable. Many poikilotherms have redundant
enzyme systems for critical functions, each with a different temperature optimum (recall the two forms of acetylcholinesterase
in trout from section 5.3). Can you imagine any energetic cost
associated with maintaining redundant systems? If so, why
aren’t all species homeotherms?
The answer is that homeothermy also has costs associated with the mechanisms that organisms use to maintain constant body temperatures. Some organisms, such as humans,
are endotherms. Most endotherms that will spring to mind
are also homeotherms, although we will see later in the chapter that some endotherms are poikilotherms. Endotherms rely
heavily on internally derived metabolic heat energy, Hm, to
elevate internal temperatures over external temperatures. Endothermic birds and mammals use metabolic energy to heat most
of their bodies, while some endothermic fish and insects selectively heat critical organs. For endotherms, lowering the body
temperature is generally more difficult than raising the
body temperature. As a result, most endotherms are able to
survive at ambient temperatures well below their set body
temperatures while at only a limited range of temperatures
above their set body temperature.
Ectotherms are able to control their body temperatures
through the use of external sources of energy, manipulating
predominantly Hcd, Hcv, Hr, and He. Ectotherms will often use
behaviour to control their internal temperatures. In doing so,
some will maintain a relatively constant internal temperature
(homeothermy), while others will allow internal tempera
ture to vary. For example, many reptiles can be found laying still
on roads, rocks, and other exposed objects early in the morning.
Why? This behaviour exposes their body to the sun, resulting
in an elevated temperature. Later in the day, these same animals will often be found in crevices, cracks, or underground,
preventing their body temperature from reaching a lethal point.
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Clearly, being an ectotherm will “cost” less energy than being
an endotherm since they have lower metabolic rates. Why then
are not all species ectotherms? One answer may come to you if
you consider how rarely you actually see snakes, lizards, and
other terrestrial ectotherms being active.
There is a great natural diversity in temperature relations
between organisms and their environments. It is because of this
diversity of nature that the old terms cold-blooded and warmblooded are frustratingly inaccurate. For example, the behavioural changes of many ectotherms are so effective that they are
actually homeotherms, at least for part of the day. Ectotherms
of the deep ocean are also homeotherms, as the lack of change
in the external temperatures results in a lack of change in body
temperatures. Some endotherms, such as many hummingbirds,
maintain constant body temperatures during the day and then
are poikilothermic during the night.
Every organism is adapted to its thermal environment. In
most cases, this means adaptations that allow the organism to
cope with a dynamic thermal environment. We see some common themes emerge that relate to the heat budget equation. For
example, a variety of plants and animals in cold temperatures
may have dark pigment to increase radiative heating, and body
forms that minimize conductive heat loss. Plants and animals
in high temperature regimes often lack pigmentation or have
structures that increase reflectance, limiting radiative heating.
We commonly see adaptations that increase radiative or evap
orative cooling at night. Evaporative cooling lies at an intersection between maintaining heat balance and water balance
(chapter 6), and adaptations often represent fitness trade-offs
between thermal regulation and water balance. Life in water
comes with its own unique challenges for temperature regulation, and we see common theses for minimizing convective heat
loss to surrounding water.
There are many fascinating examples of unique adaptations
in plants and animals that relate to temperature regulation.
However, we will look at only a few examples that illustrate the
more general patterns described above.

Temperature Regulation by Plants:
Tundra and Desert Plants
Cold or hot environments present a variety of unique challenges
to plants. Freezing can destroy a plant’s vascular systems, and
enzymatic reactions are slower under cold conditions. Similarly, enzymatic reactions can slow down above their thermal
optima. High temperatures can also change membrane fluidity,
making it more challenging to maintain cellular homeostasis.
Allowing temperature to drop too low or climb too high for
prolonged periods has significant consequences for plant fitness.
How do plants thermoregulate in very cold or very hot climates?
They use morphology, physiology, and behaviour to alter heat
exchange with the environment.
To stay warm, arctic and alpine plants have three main
options: (1) increase their rate of radiative heating, Hr; (2) increase
their rate of conductive heating, Hcd; and/or (3) decrease their
rate of convective cooling, Hcv. It appears that many have evolved
to do both and, as a result, can heat up to temperatures far above
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Darkly pigmented
leaves reduce reflection
and increase heat gain
by radiation (Hr).
Arctic and alpine plants also
increase Hr by orienting their
leaves perpendicular to sunlight.

Compact, hemispherical growth
form decreases exposure of plant
surfaces to wind.

Low convective
heat loss to wind

Ground-hugging growth form
increases heat gain from solarheated surroundings through:
Wind

Radiation (Hr) and
Conduction (Hcd).

Figure 5.15 Arctic and alpine cushion plant form and orientation increase heat gain from sunlight and the surrounding
landscape and conserve any heat gained.
air temperature. Natural selection has favoured arctic and alpine
plants with dark pigments that absorb light. These dark pigments
increase radiative heat gain, Hr. Arctic and alpine plants, such
as the Dryas integrifolia (see fig. 5.1), also increase their Hr gain
by orienting their leaves and flowers perpendicular to the sun’s
rays. In addition, many plants increase their Hr gain from the
surroundings by assuming a “cushion” growth form that “hugs”
the ground (fig. 5.15). The ground often warms to temperatures
exceeding that of the overlying air and radiates infrared light,
which can be absorbed by cushion plants. Cushion plants can
also gain heat from warm substrate through conduction, Hcd. The
cushion growth form reduces convective heat loss, Hcv, because
growing close to the ground gives cushion plants some shelter
from the wind. The compact, hemispherical growth form of cushion plants also reduces the ratio of surface area to volume, which
slows the movement of air through the interior of the plant.
Plants growing in hot deserts have three main options to
avoid overheating: decreasing heating by conduction, Hcd;
increasing rates of convective cooling, Hcv; and reducing rates
of radiative heating, Hr. In contrast to tundra and alpine plants,
many desert plants place their foliage far enough above the
ground to reduce heat gain by conduction. Many desert plants
have also evolved very small leaves and an open growth form,

adaptations that give high rates of convective cooling because
they increase the ratio of leaf surface area to volume and the
movement of air around the plant’s stems and foliage. Where
many tundra and alpine plants have evolved dark pigmentation,
many desert plants have evolved reflective surfaces and lightcoloured leaves (chapter 2) to reduce radiative heat gain, Hr.
This lighter colouring is often obtained by covering their leaves
with a dense coating of white plant hairs, reflecting visible light.
Plants can also modify radiative heat gain, Hr, by changing the
orientation of leaves and stems. Many desert plants reduce
heating by orienting their leaves parallel to the rays of the sun
or by folding them at midday, when sunlight is most intense.
Figure 5.16 portrays the main processes involved in heat balance in desert plants.

Temperature Regulation
by Ectothermic Animals:
Lizards and Grasshoppers
Like plants, the vast majority of animals, including fish, amphibians, reptiles, and invertebrates, use external sources of energy
to regulate body temperature. These ectothermic animals use
means analogous to those of plants, including variations in body

Chapter 5
Desert plants also reduce
Hr by orienting their leaves
parallel to sunlight.
Highly reflective leaves reduce
heat gain by radiation (Hr).

High convective heat
loss to wind (Hcv)

Low conductive heat
gain from ground (Hcd)

Open growth form
and small leaves
increase exposure
of plant surfaces
to wind.

Wind

Figure 5.16 The form and orientation of desert plants
reduces heat gain from the environment and facilitates
cooling.

Figure 5.17

The eastern fence lizard (Sceloporus undulates).

Rob Hainer/Shutterstock.com.
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size, shape, pigmentation, and behaviour. The obvious difference between plants and ectothermic animals is that the animals
have more options for using behaviour to thermoregulate. Yet, as
we shall see, the difference between the behaviour of these animals and that of plants is more a matter of degree than of kind.
Behavioral adaptations can impact radiative heating/
cooling, Hr. The eastern fence lizard (Sceloporus undulatus) is
an ectotherm that regulates its body temperature by behaviours
such as basking in the sun to warm its body or seeking shade
to cool it (fig 5.17). Many grasshoppers also bask in the sun.
The clear-winged grasshopper (Camnula pellucida) is found in
grasslands throughout North America, including those of the
southwest United States, southern Canada, and even up into the
Yukon. Needless to say, this species experiences a great diversity
of climates. During early morning, Camnula orients its body
perpendicular to the sun’s rays and quickly heats to between
30°C and 40°C. Later in the day, it may orient its body parallel
to the sun’s rays to reduce radiative gain. Given the opportunity,
young Camnula will maintain a body temperature around 38°C
to 40°C, very close to its optimal temperature for development.
In addition to their behavioural repertoire, animals may
thermoregulate by altering morphology. R. I. Carruthers and
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Grasshoppers reared at low
temperatures develop dark
pigmentation that is highly
absorbent of visible light.

All species have an upper and
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constant body temperature.
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Grasshoppers reared
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Thermal neutral zone (TNZ)

Figure 5.18 Rearing temperatures influence the
pigmentation of the clear-winged grasshopper.

his colleagues (1992) described how some species of grasshoppers vary the intensity of their pigmentation during development. When reared at low temperatures, these species appear
to compensate by developing dark pigmentation (fig. 5.18).
This plasticity in pigmentation allows a grasshopper to increase
(by producing darker pigment) or decrease (by producing less
pigment) potential Hr gain.

Temperature Regulation
by Endothermic Animals
Do endothermic animals thermoregulate differently than the
other organisms we have discussed? Endotherms use all the
anatomical and behavioural tricks used by other organisms to
manipulate heat exchange with the environment. However, the
relative importance of terms in the heat budget equation differs.
Endotherms rely a great deal more on metabolic heat, Hm, to
maintain constant body temperature.

Environmental Temperature
and Metabolic Rates
P. F. Scholander and his colleagues (1950) studied thermo
regulation in several endothermic species by monitoring metabolic
rate while exposing them to a range of temperatures. The range
of environmental temperatures over which the metabolic rate of
a homeothermic animal does not change is called its thermal
neutral zone (fig. 5.19). When environmental temperatures
are within the thermal neutral zone of an endothermic animal,
its metabolic rate stays steady at resting metabolism. An endotherm’s metabolic rate will rapidly increase to two or even three
times resting metabolism if the environmental temperature falls
below or rises above the thermal neutral zone.
What causes metabolic rates to rise when environmental
temperatures are outside the thermal neutral zone? We can use

Lower lethal
temperature

External temperature

Upper lethal
temperature

Figure 5.19 In response to changing external temperatures,
endotherms vary metabolic rates to maintain a constant
body temperature.

humans as a model for the responses of endotherms generally.
At low temperatures, we start shivering, which generates heat
by muscle contractions. We also release hormones that increase
our metabolic rate, the rate at which we metabolize our energy
stores, which are mainly fats. Increasing metabolic rate increases
the rate at which we generate metabolic heat, Hm. At high temperatures, heart rate and blood flow to the skin increase. This
increased blood flow transports heat from the body core to the
skin, where an evaporative cooling system based on sweating
accelerates unloading of heat to the external environment. Many
large endotherms, such as horses and camels, also cool by sweating. Other endotherms do not sweat but evaporatively cool by
other means: dogs and birds pant, and marsupials and rodents
moisten their body surfaces by salivating and licking.
The breadth of the thermal neutral zone varies a great deal
among endothermic species. Tropical species have narrow thermal neutral zones, as environmental temperatures in the tropics do not vary greatly during the year. In contrast, arctic species
that experience a large change in environmental temperatures
across seasons have broad thermal neutral zones.
From evolutionary and ecological perspectives, the
important point of this discussion is that thermoregulation
outside the thermal neutral zone costs energy that could be
otherwise directed toward reproduction. How might such energetic
costs affect the distribution and abundance of organisms in
nature? This is one of the central questions of ecology.

Aquatic Animals
Now let’s turn to thermoregulation by aquatic endotherms,
where the aquatic environment limits the possible ways by
which organisms can regulate their body temperatures. Why is
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that? First, the capacity of water to absorb heat energy without
changing temperature is about 3,000 times that of air. Second,
conductive and convective heat losses to water are much more
rapid than to air: over 20 times faster in still water and up to
100 times faster in moving water. Thus, the aquatic organism
is surrounded by a vast heat sink. The potential for heat loss to
this heat sink is great, particularly for gill-breathing species that
must expose a large respiratory surface directly to the environment to extract sufficient oxygen from water. In the face of these
environmental difficulties, only a few aquatic species are truly
endothermic.
Aquatic birds and mammals, such as penguins, seals, and
whales, can be endothermic in an aquatic environment for two
major reasons. First, they are all air breathers and do not expose
a large respiratory surface to the surrounding water. Second,
many endothermic aquatic animals, including penguins, seals,
and whales, are well-insulated from the heat-sapping external
environment by a thick layer of fat, while others, such as the
sea otter, are insulated by a layer of fur that traps air. The parts
of these animals that are not well insulated, principally appendages, are outfitted with countercurrent heat exchangers, vascular
structures that reduce the rate of heat loss to the surrounding
aquatic environment. Figure 5.20 diagrams the structure and
functioning of a countercurrent heat exchanger in the flipper
of a dolphin.
Until recently, whole body endothermy was thought to be
the province of mammals and birds, setting them apart from
other animals. A small number of highly active fish (fewer than
0.1% of species) have adapted to retain some metabolic heat.
These are referred to as regional endotherms, and, unlike birds or
mammals, they maintain elevated temperatures only of specific
organs or tissues. Tunas and lamnid sharks, for example, warm
their aerobic swimming muscles, while billfish warm only their
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Figure 5.20 Countercurrent heat exchange in dolphin
flippers promotes conservation of body heat.
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eyes and brain regions. The lateral swimming muscles of tuna
and lamnid sharks are well supplied with blood vessels that function as countercurrent heat exchangers, allowing them to maintain efficient movement in the open ocean. The opah (Lampris
guttatus) is the only fish currently known to exhibit whole body
endothermy (Wegner et al. 2015). It generates heat through the
constant flapping of its pectoral fins and minimizes heat loss in
the water with countercurrent heat exchange in the gills.
In this section, we have considered how various organisms
regulate their body temperatures by using external sources of
energy, internal sources of energy, or both. Thermoregulation is
possible where organisms face temperatures within their range
of tolerance. However, organisms do not always respond to variation in environmental temperatures by thermoregulating. In
many circumstances, they use various means to survive extreme
environmental temperatures, as we shall discuss next.

CONCEPT 5.4 REVIEW
1. Why would selection likely act against the production of light pigmentation and white hairs on the
leaf surface of arctic plants?
2. Can behavioural thermoregulation be precise?
What evidence supports your answer?
3. Why are all endothermic fish relatively large?

5.5

Surviving Extreme
Temperatures

Organisms exhibit a diversity of mechanisms to cope with
extreme temperatures. Think of an environment that is either
very cold or very hot: perhaps a −40°C winter day in the boreal
forest. For certain, you are likely to notice less obvious biological activity on that day than you would in the same location in
the middle of the summer. However, even that cold winter day
is not devoid of life. In this section we will discuss strategies
that have evolved that allow species (if not always individuals)
to survive extreme temperatures.
When we use the term extreme, keep in mind that this is
a relative term: what is extreme to one species may, in fact, be
quite comfortable to another. We use the term to indicate temperatures well beyond the range of tolerance for most species
(fig. 5.8). For example, although many species of spruce trees
are able to survive at temperatures as low as −80°C, most scientists would agree that this is an extreme temperature. Or, put
another way, few ecologists would themselves choose to work
outside under such conditions! Extreme conditions can last for
a day, a week, or months, with different strategies existing for
each of these scenarios. One thing that is common in response
to extreme temperatures is that relatively simple solutions, such
as panting, increasing hair cover, or other minor behavioural
and physiological changes, can help an organism cope for short
periods of time. However, individually these options are likely
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Figure 5.21 Plants and animals exhibit a variety of adaptations to surviving extreme winter conditions.

(Clockwise from top left): A. E. Derocher, University of Alberta; Dmitry Deshevykh/Getty Images; Brian Dust; Outdoorsman/Dreamstime.com/
GetStock.com; David Hik.

not quite enough to allow for survival over longer time periods.
Instead, dramatic environmental conditions have resulted in
the evolution of equally dramatic ecological responses. Here we
examine some of the more common responses to extreme temperatures, particularly responses to extreme cold (fig. 5.21).

Death
You may not consider death to be a particularly adaptive
response to extreme conditions, but in fact it is a common strategy used by many organisms. Although death is a terrible survival strategy for the individual, it may be an effective strategy
for the individual’s genes, improving the chances of passing

them on to the next generation. Why? To answer this we must
consider energy budgets. All organisms have a certain amount
of energy based upon what they eat (or produce by photosynthesis). This can be represented in a pie diagram, with the size
of the pie representing the total amount of energy available to
the organism (fig. 5.22). For a given organism at a given point
in time, the size of the pie is fixed, and energy spent on one bio
logical process cannot also be spent on another process. The
main types of energy expenditure for all organisms (plants,
animals, microbes, etc.) can be broken down into four general
groups: growth, maintenance, activity, and reproduction (fig.
5.22). Growth consumes all the energy needed to build new tissues and organs; maintenance represents the basal metabolic
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seeds are unable to withstand the grinding abilities of grain
mills or your teeth, many seeds do have seed coats and other
protective tissues that allow them to withstand environmental
conditions that would kill them as adults. As a result, when
spring arrives, these seeds are able to germinate, grow, and
reproduce, until the arrival of winter causes their death as well.
Protective structures and coatings are also found in the eggs
and early instars of many insects, the spores of many fungi, and
the cell walls of many bacteria (organisms you also regularly
consume—intentionally or not).

Migration

Activity

Includes metabolism
and respiration.

Temperature Relations

Includes movement,
defence, and feeding.

Figure 5.22 Pie diagrams can be used to represent
energy budgets for organisms.

costs of simply staying alive; reproduction costs include the
production of reproductive organs (e.g., flowers), mechanisms
of mate attraction (e.g., nectar, showy plumage), and the development of offspring; and activity costs include the extra energy
required to move, eat, defend territories, and most anything else
that organisms do when they are not asleep or dormant. The relative size of each of these slices of pie will differ among species.
For example, endotherms will have much larger maintenance
costs than will ectotherms.
How does this relate to extreme environments? One strategy for surviving harsh conditions can be increased energy
expenditures for maintenance (e.g., increasing metabolic rate,
construction of freeze-resistant tissues, etc.), resulting in less
energy available for other activities, such as reproduction. For
many other organisms, natural selection has favoured a solution
that involves minimal investment in maintenance and maximal
investment in reproduction. What types of organisms do this?
“Annual” plants and many insects are among the more common
examples. What does being “annual” actually mean for plants?
It means that an individual completes its life cycle within a
single year. As it turns out, the adult life-stage generally dies
just prior to the more extreme temperatures, which would be
winter for most parts of Canada.
A reasonable question to ask is this: If extreme conditions
kill the adults of a particular species, how is it possible to find
that same species in the same location the following year? The
solution to this problem lies in the realization that many species or organisms have different life-stages that have inherently
different morphologies and ranges of tolerance. For example,
each seed of a flowering plant is a living, breathing organism
(with its own very small energy pie); it is not an inert piece of
the soil. Pause to consider this for a minute. How many lives
are you killing when you grind wheat to make a loaf of bread?
How about when you eat a single strawberry, with all of those
seeds exposed on the outer surface of the fruit? Although most

The boreal forest comes alive in the spring and summer with
the arrival of countless bird species that winter in warmer climates. There are over 300 bird species in the boreal forest, and
over 90% of these migrate south as winter approaches. These
species result in an estimated 3 billion breeding adults and
5 billion migrating individuals (adults and offspring) each
year. Needless to say, migration is a common method of coping
with extreme temperatures! Small animals, with large surface
area:volume ratios are at particular risk from extreme temperatures; thus, it is not surprising that many small songbirds fly
south each winter.
Extreme shifts in temperature drive the migration of many
other species as well, including the monarch butterfly, which
summers in southern Canada and throughout the United States,
wintering in the mountains of Mexico. Actually, the monarch
has a summer generation that develops in southern Canada
and the U.S., then migrates to Mexico, spawning a winter generation. The winter generation then migrates back to Canada,
spawning the next summer generation. For a small bird or butterfly, the energy needed to migrate is very high. So why don’t
these birds and butterflies stay in their “winter” homes all year
long? How can it be worthwhile to migrate? The answer will lie
in the specific costs and ability to withstand extreme temperatures for each species. In general, we would expect species to
migrate when the fitness costs of staying through the extreme
conditions are greater than the costs of migration.

Resistance
The third general strategy for coping with extreme weather conditions is possession of traits that allow the individual to tolerate extreme temperatures. Individuals that find themselves in
harsh temperatures and that do not possess specialized traits
(or either of the two strategies described above) are destined to
become evolutionary losers—producing fewer and lower quality offspring than their neighbours that are adapted to life under
extreme conditions. Across plant and animal species, we find
substantial variation in an organism’s ability to survive and thrive
under low temperature conditions. Many tropical plant species
die when temperatures reach a relatively warm 5°C, while white
spruce is able to survive temperatures as low as −80°C! Because
of this variation, the minimum temperature that is reached during the winter months (chapter 2) sets the northern limit of the
range of many species (chapter 10). What do you think might
happen to the ranges of such temperature-limited species under
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global warming? Books can (and have!) been written about the
specialized traits that allow some species to thrive where others
die. Here are a few of the more common adaptations to extreme
temperatures.

Fur, Fat, and Feathers
Here is the problem. Imagine you are a homeothermic endotherm living in the Arctic, and you will stay active during the
winter. As the air temperature decreases below the lower limit
of the thermal neutral zone (fig. 5.19), you will need to increase
your basal metabolic rate to maintain your body temperature.
However, this process uses substantial energy reserves, leaving
less energy available for other activities. What do you do? One
effective strategy is to increase the insulative properties of your
body, which has the result of decreasing your heat energy lost
by radiation or convection. Many mammals do this by depositing a subcutaneous layer of fat at the onset of winter, as well as
by increasing production of body hair (fur). The fat often serves
two roles. First, it provides increased stored energy that can be
used to pay for the increased metabolic rates often associated
with winter. Second, increased fat decreases heat loss through
radiation while also decreasing the rate at which the body cools
down. Fur, and feathers in birds, also enhance the thermal
properties of the organism by trapping warm air near the body.

Acclimation
Early in the chapter, we described the idea of acclimation and
explained that exposure to mild cold (or heat) causes physio
logical changes in many species. Acclimation is a critical adaptation for many species that live in extreme environments. This
may best be shown by the numerous studies conducted by C. J.
Weiser and the laboratory of cold hardiness at the University of
Minnesota. Weiser found that for many species, the lower lethal
temperature (i.e., killing temperature) decreases as winter
approaches (Weiser 1970). For example, Cornus stolonifera (redosier dogwood) will die if exposed to temperatures near freezing
in July or August. However, that same species can withstand
temperatures below −30°C in November (Weiser 1970). Clearly,
acclimation to cold plays an important role in allowing species
to live in extreme environments.

Inactivity, Tolerance, and Avoidance
A simple way to avoid extreme environmental temperatures is
to seek shelter during the hottest or coldest times of the day.
During the cold nights of the tropical alpine zone, Liolaemus
lizards take shelter in burrows, where temperatures are several
degrees warmer than on the surface. This form of behavioural
response is common among many organisms, including reptiles, amphibians, and many insects, and it is equally effective in
avoiding extreme heat.
Going underground is not always an option in cold climates, where the ground itself is frozen solid. Instead, many
species take relief from the cold air by forming burrows within
the snow. Fresh snow is an extremely good insulator—even better than the glass wool used in the walls of many modern homes
(Marchand 1996)! With a deep enough snow pack, ground

temperatures can hover near zero, even if air temperatures are
well below that value. This warm refuge serves as a critical way
that many small mammals, unable to add substantial fat or fur,
are able to survive in the north. The insulative properties of
snow are also of great importance to people who live and travel
in extreme temperatures.
Not all species will, or can, move to warmer microclimates,
and instead their bodies will be exposed to subzero temperatures for at least some part of the winter. Having ice inside one’s
body is dangerous; ice crystals can rip apart cells and tissues,
destroying critical organs in the process. However, freezing is
not inevitable, even when temperatures are below zero. Why?
You may recall from introductory chemistry that water freezes
at 0°C only under very stringent conditions. The freezing point
of water is actually quite variable and is modified by changes in
pressure and solute concentration. Organisms have little control over atmospheric pressure, but they can exert significant
control over the solute concentration of the intra- and extra
cellular fluids, in effect manipulating them to become anti-freeze
agents. As a result, many plants, insects, and polar marine fish
are able to avoid having critical tissues destroyed by ice formation, even when temperatures are below zero.
A more extreme solution is found in a variety of ectotherms
of northern areas: freeze tolerance. A number of species of turtles, snakes, and frogs are able to survive extreme temperatures
because they allow their bodies to freeze, rather than spending substantial amounts of energy on the avoidance-of-freezing
strategy dominant among endotherms. One of the best known
examples is the wood frog (Rana sylvatica). The wood frog is
found in forests over a broad geographic range, from above the
Arctic Circle down into the Appalachian Mountains. It is found
as far east as the Maritime provinces and west into Alaska. In a
review of freezing tolerance in ectothermic vertebrates, Kenneth
and Janet Storey of Carleton University describe many of the
freezing features of this remarkable animal (1992). Wood frogs
can survive more than 10 days frozen, with body temperatures of
−6°C. During this time, over 60% of the body fluids can be frozen solid (fig. 5.23). There is evidence of acclimation for freezing,
with frogs in the fall having higher freezing-survival than do frogs
of the spring. During the freezing, heartbeat slows to around
4 beats/min, and then stops once the frog has frozen. The heart
starts again within an hour of the body temperature reaching
more than 3°C.
How can these frogs do this? Freeze tolerance requires
several critical adaptations. One of the most important is the
presence of ice-nucleating compounds. These can be proteins,
minerals, or microbes that initiate and control extracellular ice
formation, the opposite effect to the one we found for the antifreeze agents with the freeze-avoidance strategy, above. Without these nucleating compounds, ice formation would either
be nonexistent or, worse, would occur in a haphazard manner
within the body, causing serious tissue damage. A second critical adaptation is the presence of high levels of cryoprotectants,
such as glucose. Rapid synthesis of glucose in the liver by wood
frogs occurs immediately following ice crystallization on the
body surface. The glucose is distributed to cells throughout
the body, where it reduces cell damage. The exact mechanisms
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there is little available food. As a result, their maintenance costs
(e.g., metabolism) will be greater than their entire energy budget; thus, substantial weight loss and/or mortality may ensue.
There is nothing an animal can do about whether its food items
are available or not; however, the maintenance cost of the
organism can be controlled. Many organisms enter periods in
which they reduce their metabolic rates, thereby reducing their
energy demands.
Hummingbirds depend upon a diet of nectar and insects
to maintain a high metabolic rate and a body temperature of
about 39°C. When food is abundant, they maintain these high
rates throughout the day and night. However, when food is
scarce and night temperatures are cold, they may enter a state of
torpor (fig. 5.24). Torpor is a state of self-induced hypothermia
that generally lasts for only a few hours. In torpor, metabolic
rates are reduced and core body temperatures are lowered, saving energy. F. L. Carpenter and colleagues (1993) estimated that
rufous hummingbirds that maintain full body temperature all
night metabolized 0.24g of fat. In torpor, these birds used only
0.02g of fat, an energy savings of over 90%. Torpor can also be
found in other bird species and in some mammals, including
various species of bats.
More prolonged states of reduced metabolic activity are
common in many other species. If this occurs mainly in winter,
it is called hibernation; in summer, it is called estivation. During hibernation, the body temperature of arctic ground squirrels
may drop to 2°C. The metabolic rates of hibernating marmots
may fall to 3% of their levels seen during active periods. During
estivation, the metabolic rates of long-neck turtles may fall to
28% of their normal metabolic rate. Such reductions in metabolism allow individuals to survive long arctic and alpine winters
or hot and dry periods in the desert, during which they must
rely entirely on stored energy reserves. Without this reduction
in metabolism, metabolic costs would be too great for their
energy budget, and mortality would occur.

Figure 5.23 Wood frogs can survive freezing during cold
winter months.
J.M. Storey.

involved remain unclear. A third critical adaptation in wood
frogs is that prior to freezing, much of the extracellular fluids
are removed from critical organs and stored in the lymphatic
system and coelom. A few jagged ice crystals in these locations
are less likely to cause significant damage.

Reduction of Metabolic Rate
The last group of physiological adaptations to extreme temperatures are likely the most familiar to you, and all involve reducing
an organism’s metabolic rate. One of the great difficulties for
many organisms that live in areas of extreme temperatures is
that even if they are able to survive exposure to the conditions,
Day
The amount of nectar
available to a broad-tailed
hummingbird determines
whether it goes into torpor
during the night.
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Figure 5.24 The availability of nectar affects whether broad-tailed hummingbirds enter torpor at night.
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Temperature relations are a significant factor influencing the ecology of a diversity of species across the globe. This
branch of ecology is attracting increased attention within the
scientific community, fuelled by concerns about the ecological

consequences of global warming, a topic we discuss in depth
in chapter 23. In the Ecological Tools and Approaches section,
we look at how studies of temperature relations and climatic
warming are helping to explain the local extinction of a species.

Ecological Tools and Approaches
Climatic Warming and the Local Extinction of a Land Snail
Between 1906 and 1908, a graduate student named
G. Bollinger (1909) studied land snails in the vicinity of Basel,
Switzerland. Eighty-five years later, Bruno Baur and Anette
Baur (1993) carefully resurveyed Bollinger’s study sites near
Basel for the presence of land snails. In the process, they
found that at least one snail species, Arianta arbustorum,
had disappeared from several of the sites. This discovery
led the Baurs to explore the mechanisms that may have
caused localized extinctions of A. arbustorum.
A. arbustorum is a common land snail in meadows, forests, and other moist, vegetated habitats in northwestern and
central Europe. The species lives at elevations up to 2,700 m
in the Alps. The adults, which are hermaphroditic, deposit their
eggs in moss, under plant litter, or in the soil. Eggs generally
hatch in two to four weeks, depending upon temperature. The
egg is an especially sensitive stage in the life cycle of land
snails. A. arbustorum often lives alongside Cepaea nemoralis,
a land snail with a broader geographic distribution that
extends from southern Scandinavia to the Iberian peninsula.
The Baurs found A. arbustorum still living at 13 of the
29 sites surveyed by Bollinger near Basel. Eleven of these
remaining populations lived in deciduous forests and
the other two lived on grassy riverbanks. However, the
Baurs could not find the snail at 16 sites. Eight of these sites
had been urbanized, which made the habitat unsuitable
for any land snails because natural vegetation had been
removed. Between 1900 and 1990, the urbanized area of
Basel had increased by 500%. However, the eight other
sites where A. arbustorum had disappeared were still covered by vegetation that appeared suitable. These sites
still supported populations of five other land snail species,
including C. nemoralis.
What caused the extinction of A. arbustorum at sites
that supported other snails? The Baurs compared the
characteristics of these sites with those of the sites where
A. arbustorum had persisted. They found no difference
between these two groups of sites in regard to slope, percent plant cover, height of vegetation, distance from water,
or number of other land snail species present. The first
major difference the Baurs uncovered was in elevation. The
sites where A. arbustorum was extinct have an average
elevation of 274 m. The places where it survived have an
average elevation of 420 m. The places where the snail had
survived were also cooler.

A thermal image of the landscape taken from a satellite
showed that surface temperatures in summer around Basel
ranged from about 17°C to 32.5°C. Surface temperatures
where A. arbustorum had survived averaged approximately
22°C, while the sites where the species had gone extinct
had surface temperatures that averaged approximately
25°C. The sites where the snail was extinct were also much
closer to very hot areas with temperatures greater than
29°C. Figure 5.25 is based on the Baurs’ thermal image
of the area around Basel and shows where the snail was
extinct and where it persisted.
Warmest

Coolest

A. arbustorum has gone
extinct in warm areas
near Basel, Switzerland,
while surviving in cool
areas.

indicates the urbanized
sites where A. arbustorum
and other snail species have
gone extinct.

indicates sites
where A. arbustorum
has gone extinct but
that still support other
species of land snails.

indicates sites
where A. arbustorum
has persisted.

Figure 5.25 Relative surface temperatures and patterns
of extinction and persistence by the snail Arianta
arbustorum around Basel, Switzerland.
Data from Baur and Baur 1993.
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More C. nemoralis and
A. arbustorum eggs
hatch at 19°C than at
higher temperatures.

C. nemoralis
A. arbustorum

Egg hatching success (%)

The Baurs attributed the higher temperatures at the
eight sites where the snail is extinct, but vegetation is still
suitable, to heating by thermal radiation from the urbanized
areas of the city. Buildings and pavement store more heat
than vegetation. In addition, the cooling effect of evap
oration from vegetation is lost when an area is built over.
Increased heat storage and reduced cooling make urbanized landscapes thermal islands. Heat energy stored in
urban centres is transferred to the surrounding landscape
through thermal radiation, Hr.
Are the temperature differences the Baurs observed
sufficient to exclude A. arbustorum from the warmer sites?
The researchers compared the temperature relations of
A. arbustorum and C. nemoralis to find some clues. They
concentrated their studies on the influence of temperature
on reproduction by these two snail species.
The eggs of each species were incubated at four temperatures: 19°C, 22°C, 25°C, and 29°C. These temperatures fall within the range measured by the satellite image
(fig. 5.25). The eggs of both species hatched at a high rate at
19°C. However, at higher temperatures, their eggs hatched
at significantly different rates. At 22°C, less than 50% of
A. arbustorum eggs hatched, while the eggs of C. nemoralis
continued to hatch at a high rate. At 25°C, no A. arbustorum
eggs hatched, while approximately 50% of the C. nemoralis
eggs hatched. At 29°C, the hatching of C. nemoralis eggs
was also greatly reduced (fig. 5.26).
The results of this study show that the eggs of
A. arbustorum are more sensitive to higher temperatures
than are the eggs of C. nemoralis. This greater thermal sensitivity can explain why A. arbustorum is extinct at some
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Figure 5.26 Temperature and hatching success of two
snail species; the eggs of Arianta arbustorum are sensitive
to high temperatures.
Data from Baur and Baur 1993.

sites, while C. nemoralis survived. These results also suggest that climatic warming can lead to the local extinction
of species. As we face the prospect of warming on a global
scale, studies of temperature relations will assume greater
importance. In chapter 6, we look at a related topic, water
relations.

CONCEPT 5.5 REVIEW
1. How can death be considered an evolutionarily successful strategy for coping with extreme
temperatures?
2. Do plants and animals have similar or completely
different mechanisms for dealing with extreme
temperatures? Explain.

3. Why don’t hummingbirds save energy by going
into torpor at night even when food supplies
are abundant? In other words, what would
be a possible disadvantage of routine, nightly
torpor?

SUMMARY
5.1 Macroclimate interacts with the local landscape to
produce microclimatic variation in temperature.
The sun’s uneven heating of the earth’s surface and Earth’s permanent tilt on its axis produce macroclimate. Macroclimate interacts with the local landscape—mainly albedo, elevation, aspect,
vegetation, colour of the ground, and small-scale structural

features, such as boulders and burrows—to produce microclimates (fig. 5.27). For the individual organism, macroclimate
may be less significant than microclimate. The physical nature
of water limits temperature variation in aquatic environments,
although thermal stratification can create a compressed temperature gradient through which some organisms migrate daily.
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Figure 5.27
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Concept map for chapter 5.

5.2 Adapting to one set of environmental conditions generally reduces fitness in other environments.
The principle of allocation, which is supported by research on
bacterial populations, proposes that evolutionary trade-offs are
inevitable since organisms have access to limited amounts of
energy. Adaptations enhance fitness within the microclimate,
but generally this makes the organism poorly adapted across a
broad temperature range.
5.3 Most species perform best in a fairly narrow range of
temperatures.
The influence of temperature on the performance of organisms begins at the molecular level, where extreme temperatures
impair the functioning of enzymes. Rates of photosynthesis
and microbial activity generally peak in a narrow range of temperatures and are much lower outside this optimal temperature
range. How temperature affects the performance of organisms
often corresponds to the current distributions of species and
their evolutionary histories.
5.4 Many organisms have evolved ways to compensate for
variations in environmental temperature by regulating
body temperature.
Temperature regulation balances heat gain against heat loss.
Plants and ectothermic animals use morphology and behaviour to modify rates of heat exchange with the environment
(fig. 5.27). Birds and mammals rely heavily on metabolic
energy to regulate body temperature. The physical nature of
the aquatic environment reduces the possibilities for temperature regulation by aquatic organisms. Most endothermic
aquatic species are air breathers. Some organisms improve
performance by selectively heating parts of their anatomy. The

energetic requirements of thermoregulation may influence the
distribution of species.
5.5 Organisms exhibit a diversity of mechanisms to cope
with extreme temperatures.
Many species are unable to live in extreme temperatures, restricting their range. For some species, the adult stages of many organisms will die during extreme events, while an alternative life-stage,
such as seeds, persists during these periods. Other species avoid
extreme temperatures through regular migrations to more moderate climates. For species that stay year-round in extreme environments, maintaining a positive energy budget is difficult. Energy
budgets can be described by pie diagrams, with trade-offs in allocation between growth, maintenance, reproduction, and activity. Increasing insulative properties of the organism through fur,
fat, and feathers reduces heat loss through radiation. Moderate
microclimates can often be found underground or beneath deep
snow pack, reducing the need for elevated metabolic rates. Many
animals enter a state of torpor, reducing metabolic rates during periods of inactivity. Periods of reduced metabolic rates can
also persist for several months. If this occurs mainly in winter,
it is called hibernation. In summer, it is called estivation. Energy
savings from reducing metabolic rates allow organisms to live in
environments even when resources are periodically scarce and
temperatures are extreme.
Long-term studies of populations of land snails around
Basel, Switzerland, have documented local extinctions of these
land snails. These extinctions are attributable to habitat destruction and climatic warming. The results of these studies suggest
that climatic warming can lead to the local extinction of species.
As we face the prospect of climatic warming at a global scale,
studies of temperature relations will assume greater importance.
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REVIEW QUESTIONS
1. Many species of plants and animals that are associated
with boreal forests also occur on mountains far to the south
of the boreal forests. Using what you have learned about
microclimates, predict how aspect and elevation would
influence their distributions on these southern mountains.
2. Consider a mammalian species that has a range extending
from Virginia to central Quebec. In Quebec, the population
is near its lower limit of tolerance (see fig. 5.8), where individuals may survive but are not likely to be successful in
reproduction. How might this species persist in this portion
of its range?
3. Imagine a desert beetle that uses behaviour to regulate
its body temperature above 35°C. How might this beetle’s
use of microclimates created by shrubs, burrows, and bare
ground change with the season?
4. Figure 5.10 shows how temperature influences the activity
of acetylcholinesterase in rainbow trout. Assuming that the
other enzymes of rainbow trout show similar responses to
temperature, how would trout swimming speed change as
environmental temperature increases above 20°C?
5. The Ecological Tools and Approaches section reviews how
the studies of Bruno Baur and Anette Baur (1993) have
documented the local extinction of the land snail Arianta
arbustorum. Their research also shows that these extinctions may be due to reduced egg hatching at higher temperatures. Do these results show conclusively that the
direct effect of higher temperatures on hatching success
is responsible for the local extinctions of A. arbustorum?

Propose and justify alternative hypotheses. Be sure you take
into account all of the Baurs’ observations.
6. Butterflies, which are ectothermic and diurnal, are found
from the tropical rain forest to the Arctic. They can elevate their body temperatures by basking in sunlight. How
would the percentage of time butterflies spend basking
versus flying change with latitude? Would the amount of
time butterflies spend basking change with daily changes
in temperature?
7. Some plants and grasshoppers in hot environments have
reflective body surfaces, which make their radiative heat
gain less than it would be otherwise. If you were to design a
beetle that could best cope with thermal challenges associated with living on snow, what colour would it be? If these
beetles were white, what would that tell us about the relative roles of thermoregulation and predation pressure in
determining beetle colour?
8. Why do species exhibit different strategies for coping with
extreme temperatures? Why hasn’t evolution resulted in all
species doing a single “right” thing under these conditions?
9. Draw energy budgets using pie diagrams for a typical endotherm and ectotherm. What aspects of these budgets likely
represent the largest energy expenditure? Which type of
organism likely has more food intake and a larger overall
energy budget?
10. Many animals huddle together in extreme cold. What is the
possible energetic benefit of this behaviour? Under what climatic conditions is huddling likely to be disadvantageous?

