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1.1 Introduction: comparative, environmental, and
evolutionary physiology

This book is about how animals cope with the problems posed, and
exploit the opportunities offered, by their particular environments.
Traditionally the mechanisms for coping with the environment
have been treated as issues of comparative physiology, which is
concerned with investigating both general principles of organismal
function (the similarities that exist between all organisms) and the
exceptions to the general rules. Comparative physiologists may be
interested to look for different ways in which animals solve par-
ticular challenges of living in different habitats. Do these different
solutions also depend on factors such as animal size or design, or the
biological materials used? Much of this traditional physiology relies
on laboratory study of either classic laboratory animals (mainly
mammals, and certainly with vertebrates very dominant and only a
sporadic use of other taxa) or of extremely specialized animals pushed
to their extreme performance. This can tell us a great deal about
mechanisms, since organisms living in extreme environments illus-
trate the range of evolutionary possibilities amongst living animals,
so that species with an extreme development of a particular physio-
logical property are therefore often useful as model systems. But this
study of extremes should not make us lose sight of the “norm” of
performance or of more “generalist” animals. We also need to be
wary of the tendency of laboratory-maintained animals to become
rather unrepresentative, as there are famous cases where within a
few months or a few generations after “domestication” such animals
have dramatically changed their physiological performance.

For these reasons it is very important to study animals in the con-
text of their own habitat and their real needs, so that “comparative
physiology” has tended to be replaced by environmental physi-
ology or ecophysiology or physiological ecology, which in a real
sense add traditional natural history to the study of comparative
physiology. The primary aim of ecological or environmental physio-
logists is to understand how animals function in and respond to
their natural environments, at all stages of their life cycles. Indeed it
quickly becomes apparent that many animals, for most of their life-
time, do not need extreme physiological adaptation and rely instead
on behavioral strategies to avoid the worst of their difficulties.

However, ecophysiology has in turn become subject to an increase
in conceptual rigor, partly as a result of important critiques of the
story-telling nature of the “adaptationist program” (the assumption
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that everything has an adaptive function). We need to move beyond
anecdotal science, where after collecting lots of examples of par-
ticular features their functions are to be gleaned merely by their
apparent correlations with environmental features. Understanding
the processes by which particular ecophysiological features arose,
and the values of physiological parameters as outcomes of natural
selection, may be termed evolutionary physiology. Evolutionary
physiology is a discipline still somewhat in its infancy, but learning
rapidly from other areas of evolutionary biology and from the ana-
Iytical techniques of population biology and (especially) molecular
biology. It involves a more explicit attempt to integrate both short-
term and long-term genetic perspectives into physiological ecology.
Within species, understanding the genetic basis of physiological
traits, and the magnitude and causes of physiological variation,
may reveal how they can be shaped in the relatively short term by
natural selection. Evolutionary physiology also examines the evolu-
tion of traits over longer time periods, across species or higher taxa.
Here the crucial point is that the traits we see represent an interac-
tion between ancestral traits and selection, set in the context of
ancestral environments. We can only understand this by follow-
ing the evolution of these traits through a family tree or phylogeny.
A phylogenetic analysis allows the evolutionary physiologist to
address two crucial issues: firstly, how does the physiology of an
ancestral species affect what is possible in its descendants, and sec-
ondly, how rapidly can physiological traits evolve? The recent
explosion in our knowledge of the relationships between organisms,
much of it based on DNA or RNA sequence analysis, provides a
wealth of opportunity in this area. Thus, not only can we use explic-
itly evolutionary analyses to help us understand patterns of mech-
anistic physiology, but we can now also track the evolution of
molecular components of physiological adaptation as a short cut for
many years of complex laboratory analysis of comparative species
differences. Evolutionary physiology may develop all the more
quickly set in a strong environmental context, taking both past
and present environments into account; for unless there has been
substantial climatic or geological upheaval, or migration, animals
tend to inherit their environment as well as their genes from their
immediate ancestors. Furthermore, organisms from more extreme
environments are particularly likely to show clear examples of
evolutionary adaptation as a result of intense selective pressures.
This book is written in the conviction, increasingly common in all
kinds of biological literature, that the trend needs to be taken yet
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Fig. 1.1 The genotype and environment interact though developmental
processes to give a particular phenotype, a suite of biochemical, physiological,
and morphological traits. The phenotype also includes behavior, which is limited
by all the other phenotypic characters. Selection acts at the whole organism level,
and therefore mainly on behavior. Biochemical and physiological traits are
normally only subject to selection if they have detectable and stable effects at

the level of behavioral performance (e.g. escape speed, reproductive behaviors,
food-gathering efficiency, etc.) that in turn affect reproductive fitness.

further; that physiology cannot be isolated from behavioral strateg-
ies and from ecological and life-history strategies, while also taking
account of evolutionary and molecular studies. Thus, environmen-
tal adaptation has to be an interdisciplinary and fully integrated
study as biological sciences come of age. A schematic view of the
interrelationships of genotype, environment, and phenotype is
shown in Fig. 1.1, stressing this wider viewpoint; note especially the
intervening effect of developmental processes, and the key role of
behavior, both as the outcome of phenotypic characters and as the
level at which natural selection often acts most strongly. Genotypic
variation (long-term evolutionary change) can only be subject to
selection if it affects reproductive success, mediated by changes in
performance and behavior, though the more immediate changes
may concern biochemical, physiological, or morphological features,
which are what we normally see as “adaptations”. All these issues are
discussed further in this chapter.

1.2 The meaning of “environment”

The two basic concepts in natural selection are fitness and environ-
ment. Fitness is strongly linked to adaptedness and therefore to
adaptation, and all these concepts are subject to intensive analysis by
ecologists and evolutionary biologists (see section 1.3). However,
the concept of the environment is usually largely ignored, perhaps
because it is seen as unproblematic. Nevertheless it is worth con-
sidering just what we do mean by an animal’s environment.

Atan obvious level, the environment means the kind of habitat in
which an animal lives—the deep sea, a tropical forest, a hot desert, or
whatever. In this sense an environment is equivalent to the concept
of a biome, with grossly similar kinds of living space having similar
physical characteristics all lumped together. Knowing whether an
animal lives in water, in air, or amphibiously, or in cold, seasonal, or
warm latitudes, certainly tells us a lot about the problems it will
encounter and the kinds of design and strategy it is likely to show.

Environments are obviously rather more complex than this
though, and each species of animal has a more precisely defined
environment within a biome, perhaps in the deep-sea benthos, or
predominantly arboreal in a forest, or in the litter layer of a fresh-
water pond. By considering the environment at this level, with some
elements of biotic interaction coming in as well as mere physical
factors, we gain rather more knowledge about the animal’s require-
ments. Indeed for the parasitic animals considered in Chapter 17,
properties of the host organism and of other parasites may be far
more important than abiotic factors.

At a third level, each individual animal has its own environment:
the totality of all the external factors it experiences, both biotic and
physical. This environment is commonly modified by its own
behavioral choices and indeed by its very presence. At this level
we are really considering microenvironments, or microhabitats, or
(on land) microclimates. This is also the level that really matters
in terms of environmental and evolutionary physiology. Just
because an animal lives in a “type” of environment as perceived and
classified by humans, it does not necessarily experience that envir-
onment in the way that we see and experience it. Each animal
chooses where to spend its time, to forage or to rest, or to seek
mates, from a range of possible options. These options change on a
very fine spatial scale and a very rapid temporal scale for small
animals, but much more coarsely for large animals (for them the
environment is sometimes described as “coarse-grained”). In many
cases an animal will choose the least stressful microhabitat, whether
in and amongst the ameliorating effects of vegetation, or within a
burrow or nest, or merely within the boundary layer of relatively still
fluid above a substratum. The presence of the animal will modify
local conditions, by adding excretory products (including CO,) or
depleting oxygen, or modifying humidity and temperature; an envir-
onment containing an animal is no longer the same as the environ-
ment before the animal moved in. Thus the environment we want
to know about is that of the organism itself and its immediate sur-
roundings, measured on a temporal and spatial scale appropriate to
that animal. An animal then becomes part of an interactive system
that includes its own internal physicochemical state and the physical
and chemical conditions of its immediate surroundings.

At whatever level we consider them, environments can be help-
fully categorized in terms of three important interacting para-
meters: the basic stress intensity, the magnitude and timescale of
fluctuations, and the energy or resource availability.

1.2.1 Environmental stress

Environments are enormously variable in relation to the stress that
they impose on their inhabitants, and this stress may be both abiotic
(physical and chemical factors) and biotic (direct and indirect
effects of other organisms, including competition and habitat modi-
fication). Since life on Earth evolved in seas that were thermally and
osmotically relatively stable, and all cellular machinery was funda-
mentally selected from its inception to work best in stable, rather
cool marine conditions, it is often useful to see the abiotic stress as
being dependent on how much conditions have diverged from
those starting points. Thus life in cool sea water is relatively “easy”,
life in a seasonal pond is somewhat tricky, and life in hot desert
conditions is spectacularly difficult. Other extreme environments



would include polar lands, mountain peaks, hypersaline lakes, hot
springs, and deep-sea thermal vents. But biotic stress may some-
times work in the opposite direction, in that “easy” habitats may
also have large and diverse populations of other organisms and so
impose more competition and predation pressure. Either of these
kinds of stress may put an organism at a disadvantage in having
to expend more of its own energy to survive, whether in physiolo-
gical regulation, or avoidance tactics, or competitive or defensive
activities.

1.2.2 Magnitude of fluctuations

Environments may be very stable on all timescales relevant to living
organisms, the classic case perhaps being deep seas. Or they may
vary on an evolutionary and geological timescale of tens or hun-
dreds or thousands of years as land masses move, sea levels rise and
fall, materials erode and deposit elsewhere, and rivers change their
courses. There may also be changes with a regular annual, lunar, or
daily cyclicity. Finally, there are changes on a much shorter time-
scale of hours or minutes or seconds, as the weather changes. Note
again that the magnitude of the change is a relative phenomenon,
particularly linked to the size of the perceiver. Short-term changes
are especially important in relation to very local microenviron-
ments and therefore to very small animals; the difference between
the environment above a leaf and the environment below it may
be profound, and both may change within seconds in relation to
varying solar radiation (insolation), air movements, and rainfall.
Changeable environments put a high selective premium on versatil-
ity or tolerance in animals, rather than on precise adaptations to
particular conditions. This may be particularly true where man has
intervened in the natural ecosystem to put new stresses on animals,
whether from habitat destruction, climate modification, or the
introduction of many kinds of toxic chemicals.

1.2.3 Energy or resource availability

Energy is rarely freely available to animals (as it may be to plants),
but it is certainly more easily obtained in some habitats than in
others. Traditionally it has been thought that where energy is
severely restricted, as it may be in deserts and in polar regions, the
results are simple communities with short food chains, largely made
up of animals with low metabolic demands.

By contrast, in rather stable environments with high primary
productivity and rapid energy flow (exemplified by tropical rain
forests or coral reefs), species may develop more specific habitat
preferences, leading to specialization and producing diverse and
complex animal communities. The corollary of all this is that stable
high-energy communities would favor adaptive radiation, whereas
rates of evolutionary change may be rather low in low-energy
communities.

Varying resource availability between environments is also
important in leading to resource polymorphism (or trophic poly-
morphism), where differences in behavior, life-history strategy, or
morphology occur within a single species. Striking polymorphisms
may occur where interspecific competition is relaxed, and/or there
are unfilled niches that can be rapidly exploited, and we will meet
many examples of this in Part 3.
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1.2.4 Selection and the environment

Interactions between all three of these components of an environ-
ment tend to determine the kinds and diversity of animals that
occur, and the type of selection that operates. Traditionally two
main types of selection are recognized, representing either end of a
continuum: r-selection, which occurs in unpredictable environ-
ments, and K-selection, which occurs in more predictable environ-
ments (Table 1.1). The prefix r refers to the rate of population
increase, which tends to be maximized in r-selected species, while
K represents the carrying capacity of the environment. Typically, r-
selected animals are the small, rapidly reproducing, early maturing,
and short-lived species, producing large numbers of relatively low-
investment progeny, many of which will not survive, often repro-
ducing just once and then dying (semelparity) and with potentially
wide swings in population size; while K-selected animals are large,
slowly reproducing, and long-lived, producing just a few young and
investing heavily in each, often reproducing repeatedly (iteroparity),
and with relatively stable population sizes. The r-selected animals
should live in disturbed habitats as early successional species, have
large geographic ranges and relatively nonspecialist interactions
with other species; they are colonists and opportunists, in environ-
ments of high stress and high levels of fluctuation. K-selected animals
should be more common in climax communities, having complex
coevolved relationships with other organisms; they do best with low
abiotic environmental stress (though often high biotic stress) and
low levels of fluctuation. These designations therefore relate to
features both of the environment and of the organisms inhabiting
those environments, especially their life-history strategies.

This dichotomy is useful as a way of thinking about different
kinds of lifestyle and the kinds of environments and features that
might be expected to go together. However, it has many imperfec-
tions, and many animals do not fit even into a continuum between
the two extremes, having instead some very r-selected features and
some very K-selected features. Some authors prefer to use a three-
way model, where K-selection is the norm in predictably favorable
habitats but is replaced by A-selection (adversity selection) in more
extreme environments where conditions are predictably unfavor-
able. A-selection occurs in habitats that are of high environmental
stress but with a low magnitude of fluctuation, and with low energy
availability. Animals here have high stress resistance, low fecundity,
late maturity, and long lifespans, with very low levels of biotic inter-
action. A-selection might be expected in many kinds of extreme
environment: deserts, polar regions, montane habitats, caves,
anoxic muds, etc. This may also link to the argument about rates of
speciation in different environments. In practice maximum adapt-
ive radiation tends to be exhibited, not in thoroughly K-selected
environments, but in areas of abiotic stability where energy is
moderately available but not unrestricted (e.g. we find tens or
hundreds of closely related species in African lakes, in some areas
of deep sea, and in some patches of tropical forest). Here organisms
do not become too specialist, but they can speciate rather rapidly
by switching between a wide range of possible resources. The oppos-
ite environmental combination of abiotic instability with high
resources (perhaps exemplified by a temperate estuary) may pro-
duce an alternation between periods of relatively low diversity when
species are coping with fluctuating adverse conditions, and periods
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Table 1.1 Types of selection on animals.

r-selection K-selection A-selection
Environment
Stability Low High High
Abiotic stress High Low High
Energy Low High Low
Individuals
Body size Small Large Small orlarge
Lifespan Short Long Long
Maturity Early Late Late
Reproduction
Pattern Semelparous Iteroparous Either
Generation time Short Long Either
Fecundity High Low Low
Offspring Many, small Few, large Either
Parental care Absent Common Possible
Populations
Density Fluctuating High Low, or fluctuating
Stability Fluctuating Steady Fluctuating
Range High Low Either
Competition Low High Low
Biotic interactions Few, simple Many, complex Few, simple
Overview Small Large Very varied
Rapid reproductive output Slow reproductive output Usually slow
Colonists Climax communities Simple climax
Generalists Specialists Specialists

of abrupt change when abiotic conditions alter too drastically,
potentially leading to a phase of rapid evolution and the generation
of whole new groups of related species (cladogenesis).

1.3 The meaning of “adaptation”

Adaptation is a central concept in biology and one that attracts
enormous controversy. It is often used in several different senses, to
describe both a pattern and a process; and more often than not it is
used rather loosely.

1 Firstly, adaptation is often used as a term for the characters
or traits observed in animals that are the result of selection; for
example, the presence of hemoglobin might be said to be an adapta-
tion to allow a greater oxygen carriage in blood.

2 Alternatively, and most “correctly”, adaptation might be defined
as a process; the means by which natural selection adjusts the fre-
quency of genes that code for traits affecting fitness (most simply,
the number of offspring surviving in succeeding generations). For
example, increasing hemoglobin concentrations within a taxon
might be seen as an adaptation to potentially low oxygen (hypoxic)
environments. Evolutionary adaptation then becomes almost syn-
onymous with natural selection itself—necessary attributes for both
include variability, repeatability, heritability, and differential sur-
vivorship of offspring. Adaptation in this sense is a process that
normally occurs extremely slowly, over hundreds or thousands of
generations, and is not usually reversible. However, in extreme
environments or (as we shall see in Part 3) where selective pressures
from human interference are strong, it can sometimes occur very
quickly.

3 “Adaptation” is also used to describe short-term compensatory
changes in response to environmental disturbance. This kind of

change is the outcome of phenotypic plasticity, where pre-existing
traits are differentially expressed as appropriate to the local condi-
tions. Here the terms acclimation or acclimatization are tech-
nically more correct (see section 1.5); evolutionary biologists would
not use the term adaptation at all in this context.

Great caution must be exercised in using the terms “adaptation”
or “adaptive”, and in the simplistic interpretation of individual traits
at the molecular, cellular, tissue, or organ levels, in relation to par-
ticular environmental factors. A trait should only be considered an
adaptation if there is some evidence that it has evolved (has been
changed through its evolutionary history) in ways that make it more
effective at its task, and thus enhance fitness. In other words, a trait
should only be deemed to be an adaptation if it is a consequence of
selection for the task it performs; an incidental ability to perform the
task is not enough, and nor is the mere existence of a good general fit
between organism and environment. Evidence that a characteristic
is an adaptation is quite hard to come by, and may be of three kinds:
1 Correlation between a character and an environment or use. This
is the commonest approach, and where it involves interspecific
comparisons of extant species it forms the core of comparative
physiology. However, it has inherent dangers, which are discussed
in more detail in the next section.

2 Comparisons of individual differences within a species. Geo-
graphic patterns in the frequencies of different gene variants (alleles)
in natural populations can be mapped over environmental gradients.
3 Observation of the effects of altering a character. An organ can be
experimentally altered, or a behavior prevented, and the effects on
the efficiency of some particular function in some particular envir-
onment observed. In modern physiology we can improve matters
by either knocking out or overexpressing a specific gene (rather than
a phenotypic character) and observing the effects; indeed, if we
know enough about the evolution of a given gene we may be able to



piece together the changing physiology that goes with it. This has
been possible with a few very well-studied systems such as the lactate
dehydrogenase (LDH) gene alleles that are involved in key anerobic
adaptations and that show clines with latitude and temperature (see
Chapter 8). But the danger remains of interfering with other pro-
cesses and thereby breaking the link between cause and effect.

These approaches generally involve correlative evidence, which
is never really conclusive. Clear evidence for adaptation is not
always possible, and the literature is still dominated by inference;
nevertheless this is reasonably well founded by sheer weight of evid-
ence under criterion 1 above. Most of the material in Part 3 of this
book presents adaptations supported by this kind of inference,
which may be logically imperfect but is nevertheless very probably
correct. In fact, unlike many of the characters that evolutionary
biologists deal with, many physiological traits have direct and
clearly quantifiable effects in terms of the survival of organisms, and
many would argue that it is not necessary to show “adaptation” (as
enhanced survivorship in the field) to make clear inferences about
physiological adaptedness.

However, it is important to realize at the outset that not all differ-
ences in physiology between species are adaptive. Remember that
traits do not evolve “for a reason”; they evolve entirely by chance
and are selected after they arise if they enhance the success (fitness)
of their possessor. They may persist merely because they do no harm
or are linked with some other beneficial trait. They may not have
been selected because of the advantage they now seem to endow,
but perhaps for some other and now quite unapparent reason;
these kinds of traits are sometimes called “exaptations” rather than
adaptations (e.g. Darwin noted that the sutures between bones in
mammalian skulls may now be adaptive for allowing the birth of
relatively large-brained offspring in some species, but they were
selected for long ago in evolutionary history for quite different rea-
sons). In addition, many traits were fixed because of natural selec-
tion in an ancestral species but are now present for reasons that have
little to do with the current selective regime on the species being
considered; this phenomenon is termed “phylogenetic inertia”, and
may be attributable to the fundamental conservatism of develop-
ment, of physiological mechanisms, and of underlying genes.

Remember also that natural selection does not necessarily pro-
vide maximal or even optimal solutions: optimality is a relative
concept, and a particular design need only be sufficient to do better
than the existing alternatives. Therefore it is impossible to say that
any one design is “optimal”, or to predict whether a better optimum
might exist. The use of optimality in adaptation debates has there-
fore led to considerable confusion and criticism. It is likely that
there will be some sort of match between biological structures and
functional requirements, but how good this match should be is not
clear. A great many features of animal design, including physiolo-
gical mechanisms and pathways, have to meet more than one, and
sometimes several, conflicting functional demands. They are there-
fore very likely to represent a working compromise between these
competing demands. Adequacy or sufficiency in one function, with-
out unduly disrupting others, may well be the most common evolu-
tionary outcome.

Even where design features appear to serve only one function we
should not expect perfect or optimal form or performance. Natural
selection filters phenotypic success through genotypic transmission
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only in relation to differential survivorship, relative to other pos-
sible phenotypes and genotypes. Optimal construction and perform-
ance are therefore not the inevitable outcomes of selection, and the
match of optimality to actual design may be largely a reflection of
the strength of the selective force. Genetic drift may also tend to
reduce the rate of improvement in characters, especially in small
populations with low immigration. The potential for optimal adapta-
tion may also be limited by developmental constraints, and by genetic
constraints where traits are correlated or linked.

This is why it is so helpful to consider the whole organism and its
integrated functioning within its habitat, rather than individual
characters or particular physiological systems in isolation. The
approach adopted in this book, looking at all aspects of coping
with a particular type of environment, may be more useful as a back-
ground to modern evolutionary physiology than the “systems”
approach more commonly presented, that deals with each system in
turn and only adds in the other bodily systems and the environment
as afterthoughts.

1.4 Comparative methods to detect adaptation

Comparisons between and amongst sets of species are the most
common ways of looking for adaptations; indeed, it is fair to say that
adaptations are essentially “comparative” phenomena and can only
be measured comparatively between or within species. Many stud-
ies choose two or more species differing in behavior or ecology and
compare them, to determine whether they show phenotypic differ-
ences that could be interpreted as adaptations to their different
selective regimes. In a very loose sense, this is called the “comparat-
ive method”, and it has served biology well in giving “evolutionary”
explanations of why things are the way they are—in the biological
sciences, experiments repeating actual evolutionary events are usu-
ally impossible!

However, there is an inherent problem in looking at patterns
across species. As soon as two species have diverged from a common
ancestor, differences will appear between them for many traits.
Some of these changes will be due to chance shifts in gene frequen-
cies (genetic drift). This is particularly true if one or both species
experience low population size (a “genetic bottleneck”), in which
drift can be especially significant. Differences in a given trait there-
fore do not represent proof of selective modification in either of
the species. So what do we need if we want to link differences in
environment with differences in physiology? Imagine one species
from a warm environment and one from a cold environment, dif-
fering in their physiologies. The difference may have nothing to do
with environment but could just be due to genetic drift. However,
if selection has modified one of the species, how can we tell which
has acquired a novel physiology, and thus determine the direction
of evolutionary change? We can only work this out if we know
the physiology of the common ancestor, usually inferred using a
technique called outgroup comparison (Box 1.1). Then we can say
which species has changed, and by how much, giving us a correla-
tion between temperature and physiology.

While one pair of species may show a change in one direction
with temperature, another (phylogenetically distinct) pair may
show the opposite change; thus we still do not have a general rule. In
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Box 1.1 Statistics and biological comparisons

(a)

(b)

Typically, statistical methods assume that data points are independ-
ent, but this would be the case only if we studied 10 “ideal” species
that were genuinely unrelated or were absolutely equally related, as
shown in the top figure; here, instantaneous speciation resulted in
10independent lineages leading to 10 living species.

Thus, if we were to test for a correlation between the mean values
for these species for two phenotypes (e.g. relative heart mass and
maximal oxygen consumption), or perhaps one phenotype and an
environmental factor (e.g. blood hemoglobin concentration and alti-
tude), we could claim the nominal n—2 =8 degrees of freedom for
hypothesis testing.

If, instead, the 10 species were actually related as shown in the
lower figure, with a hierarchical evolutionary relationship following
descent with modification, we would have something fewer than 8
degrees of freedom available for hypothesis testing. The trait of inter-
est might only have arisen or changed once or twice, and then been
inherited by several descendant species. These could not be treated
as separate examples of adaptive acquisition of that trait. Various
analytical methods now exist that explicitly use the phylogenetic
topology and branch lengths to allow valid hypothesis testing.

fact a single two-species comparison never gives sufficient evidence
for adaptation (statistical tests of correlation always require a min-
imum of three data points); but unfortunately such comparisons
are remarkably common as a way of proceeding in comparative
physiology. However, if many distinct evolutionary radiations show
the same change in physiology linked to the same difference in envir-
onment then there is evidence for a general correlation between
the two. The more radiations there are that show the pattern, the
stronger the case. Crucially, because each radiation starts with a
different common ancestor, each represents an independent test of
whether trait and environment are related. Without a phylogenetic
perspective, we make the error of assuming that all species represent

statistically independent data points in our analysis, even though we
know that the more closely related ones are more likely to share
common features and common past environments (see example in
Box 1.1).

Taking a phylogenetic perspective also helps us to avoid two
common errors made in comparative physiology. First, knowledge
of phylogeny may reveal that we have less support for a relationship
than we thought (Fig. 1.2). Second, it may show that there are
significant associations present, where a naive analysis would miss
them (Fig. 1.3).

So, in addition to physiological data, a phylogenetic comparative
analysis requires an accurate phylogeny to work with. For an
increasing diversity of animal groups, reasonably reliable phylo-
genetic trees have been generated, increasingly based on DNA
sequence data. Using outgroup comparison we can than infer the
phenotypes of ancestors for each radiation—the branch points or
“nodes” on the phylogenetic tree. Once we have worked out the
characters at the “nodes”, then the magnitude and direction of
changes that have occurred along each branch segment of the phylo-
genetic tree can be calculated. If we also have independent informa-
tion on divergence times, available traditionally from the fossil
record or more recently by applying the idea of a molecular clock
to the sequence analyses, then the rates of evolution of characters
can also be studied. This approach also permits statistical testing for
correlations in the changes of two or more characters, which may
allow us to see how the sequence of changes that occurs during the
evolution of a complex character may predispose some other trait to
change in a particular direction. If associations between particular
characters and particular environmental factors are revealed, then
justified and sensible inferences about adaptation are possible.

It must be noted, however, that this is an idealized program. For
the majority of animals we do not yet have broadly agreed phylo-
genetic trees, nor is there a complete consensus on how these can
be achieved. An incorrect phylogeny can lend statistical support to
bogus relationships or can obscure genuine ones; thus the compar-
ative method can also appear to support physiological correlations
that may yet turn out to be wrong. Phylogenies based on morpho-
logical data are particularly prone to errors resulting from conver-
gent evolution, and this may be rife in animals that are adapting
to similar environmental constraints, where physiological conver-
gence is especially likely and may be especially revealing from a
functional viewpoint. Thus comparative evolutionary physiology
has some substantial hurdles to overcome; and the core of our
knowledge of physiological function must not be underrated just
because it does not measure up to “phylogenetic correctness”. Nev-
ertheless, understanding evolutionary ecophysiology at this kind of
level is certainly an outcome much to be desired, and the limitations
of more traditional and “anecdotal” species comparisons should be
borne in mind throughout the reading of this book.

1.5 Physiological response on different scales

1.5.1 Different timescales

We considered the nature of adaptation in section 1.3 above, but we
also need here to distinguish it from other kinds of physiological
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(a)

Tree unknown. Inference: apparent correlation of Hb presence and inshore life
(apparently six independent data points). Butthese species may be linked by
evolutionary history and therefore not independent. The inference is untrustworthy

(b) P??

Tree known. ABC form one group, DEF another. Ancestral species WXYZ are
included, but their character states cannot be measured directly, though they may be
reconstructed (e.g. using parsimony which assumes that changes in state are rare
and minimizes the number of transitions required to give the observed pattern). Here
W and X are reconstructed as deep sea/Hb™, and Y and Z as inshore/Hb*. This means
that the six data points only give one real comparison, and no real evidence for a link
between Hb and environment. Also since ancestor P is uncertain we do not know
which state is ancestral and which is derived

Tree known and condition of an outgroup (0) is known. Relationships and ancestral
states as in (b) but now the inference (by “outgroup comparison”) is that deep
sea/Hb™ represents the ancestral condition (as in ABC and 0). However we still

have only one comparison (ABC against DEF) and no real evidence for a link between
Hb and environment

(d) S

Fig. 1.2 The effects of phylogenetic trees on possible interpretations of a single
character distribution (presence or absence of hemoglobin, Hb), showing the
utility of outgroup comparisons. Green circles show deep-sea taxa with Hb
absent; open circles show inshore taxa with Hb present. Triangles show the sites
of changes of state.

response: acclimation, acclimatization, and acute adjustments such
as changing heart rate. The process of adaptation is usually a long
and slow one occurring over generations, and is rarely reversible.
In contrast, acclimatization is a more rapid phenomenon whereby
a physiological or biochemical change occurs within the life of an
individual animal, resulting from exposure to new conditions in the
animal’s environment. Thus migration up a mountain may lead to
acclimatization to low oxygen and low pressure; movement south-

Tree known and outgroup known, but now suggesting that ancestors S and P were
inshore/Hb*. Now there are two independent transitions from this ancestral state

to the derived deep sea/Hb™ state. This strengthens the inference that Hb and
environment are causally linked. Including more species in the phylogeny, with more
independent transitions, may eventually give statistical support for such a link

wards out of Arctic areas may force acclimatization to warmer
temperatures; and year-long survival in one place may require
acclimatization to alternating summer and winter conditions. The
term acclimation is normally used for similar processes occurring
in the laboratory, in response to experimentally imposed changes in
conditions. Both acclimatization and acclimation may be reversible.
Thus a polar bear is presumed to be adapted to polar temperatures;
ahuman polar explorer may become (at least partly) acclimatized to
them; and a laboratory mouse may be forced to acclimate to them.
The human and the mouse are both likely to revert gradually to
“normal” when conditions change again.

In practice the terms acclimatization and acclimation are often
used interchangeably in modern literature, especially since the term
“acclimatory” is a useful shorthand for a short-term nongenotypic
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Fig. 1.3 The importance of understanding phylogenetic relationships in making
inferences about adaptation and environmental effects on continuous variables.
(a) Six species are considered as if they are independent entities; there appears
to be no consistent effect of environment. (b) The phylogenetic tree is known
showing that ABC form one radiation and DEF another. Now we can see that
within each radiation there is a trend for the physiological response to increase in
relation to position on the environmental axis. Given more radiations showing
similar patterns we could reasonably analyze the effect of the environmental
parameter in bringing about a specific adaptive response. (From Huey 1987,
courtesy of Cambridge University Press.)

response that has no equivalent derived from the word “acclim-
atization”. Thus we will often speak of acclimatory responses in
animals within their natural environments.

Short-term changes

Very short-term changes in physiological state, such as an increase
in heart rate or ventilation or urine flow, are usually acute responses
following some behavioral effect such as exercise or a bout of feed-
ing. On a slightly longer timescale, it follows from the discussion
above that responses to environmental change occurring within hours
or days or weeks are normally acclimatization rather than adapta-
tion. But changes occurring regularly and repeatably, on a seasonal,
monthly, or daily basis, are also often acclimatizations rather than
adaptations. Remember, though, that these changes in phenotype
may be underpinned by genotypic change, in the sense of differen-
tial expression of particular genes, even if they are not brought
about by any irreversible or heritable change in the genotype itself.

Developmental effects

Embryonic, larval, and juvenile phases in a life cycle may occupy
very different environments from adults, and may have very differ-
ent environmental responses. Such changes of phenotype during
development and ontogeny operate on a slightly longer timescale
and are more permanent than the acclimatory responses dealt with
above. They are of course ubiquitous, and are commonly linked
to changes in the environment of the embryo and/or the juvenile
that affect its form and function. For example, it is possible to
raise littermates of desert rodents either without drinking water or
with free access to it; the drought-raised adults have increased relat-
ive medullary thickness (the ratio of the cortex to the medulla
within the kidney, where it is the medulla that generates the urine-

|
|
|
| D
|
|
|

D,

Fig. 1.4 Developmental plasticity and its interaction with the environment.
The normal developmental program of a hypothetical animal runs irreversibly
through immature stages A—B—C, and then may switch to alternative adult
phenotypes D, or D,. The environment (®) acts at several stages. Firstly, it
controls the rates of transition between stages (r,—r,). Secondly, it determines
whether an optional developmental arrest (S) occurs at stage B. Thirdly,

it determines which of the adult phenotypes is produced. (Adapted from
Smith-Gill 1983.)

concentrating mechanism) and significantly higher urine concen-
trations. This kind of phenomenon is usually termed phenotypic or
developmental plasticity, and again operates through differential
gene expression.

The environment of an organism interacts with its develop-
mental program to play a major role in determining the expressed
phenotype (see Fig. 1.1). A whole range of environmental factors
can act upon development, from the first meiotic division through
to the later assumption of juvenile and then adult form. These
factors may be abiotic, such as temperature, pressure, pH, humidity,
salinity, and photoperiod. But there are also biotic factors acting,
and these may be external, such as resource availability or popula-
tion density, or internal, such as hormones. Many of these factors
may interact to affect the phenotype produced, usually in a highly
complex fashion (Fig. 1.4).

Environmental cues most conspicuously work by activating
switches in the patterns of gene expression that make up the
developmental program. This may lead either to the initiation of a
developmental arrest, or to the production of alternative pheno-
types differing in morphological features, behaviours, and life-
history characters. Diapause in insects (a resting stage permitting
survival through a regularly recurring season of adverse conditions)
provides a good example of a triggered developmental arrest; many
other animals in more hostile environments also show periods
of arrested development. A striking example of a developmental
switch to produce alternate phenotypes is temperature-dependent
sex determination (TSD) in reptiles, dealt with in some detail in
Chapter 15. Species with TSD are generally found in thermally
patchy environments, which allows for the production of both
sexes. The sex of the embryo is determined by the cumulative effects
of the nest temperature in the period from shortly after egg laying
through the first half of embryonic development.

Phenotype variation also arises due to the effects of environ-
mental factors on the rates and degrees of expression of the develop-
mental program. In contrast to developmental switches, which as we
have seen produce discontinuous phenotypes, environmental effects
on the rate of development produce a continuum of phenotypes. This
kind of phenotypic plasticity has been called “continuous lability”,
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Fig. 1.5 “Reaction norms” as a way of understanding the effects of environment
on phenotype.

or “phenotypic modulation”. The effects of environment on devel-
opment vary between traits and at different embryological stages.
For example, temperatures close to the upper and lower thermal
tolerance limits of a species in the first quarter of the developmental
period produce a high probability of abnormal phenotypes, but
later on may have little effect. Similarly, at any given point during
embryogenesis the organs and tissues will have reached different
points in their developmental programs and may therefore exhibit
somewhat different environmental sensitivities. In some cases, dif-
ferential sensitivities of tissues manifest as a change in the relative
timing of growth and maturation of different parts of the body, and
this is referred to as “developmental heterochrony”.

The profile of phenotypes produced by a particular genotype in
different environments is usually called the “norm of reaction” or
reaction norm (Fig. 1.5), and this can clearly be of very variable
shape. Morphogenetic processes which show little or no devel-
opmental plasticity are said to be “canalized”, i.e. they are fixed ata
given level by strong stabilizing selection and produce a very narrow
range of phenotypes. Characters that show discontinuous plasticity
(and thus appear polymorphic) might be explained by a continuous
underlying response to the environment at the cellular or genetic
level, which has a distinct threshold for phenotypic expression; in
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this case, the reaction norm would have steeply S-shaped regions
(Fig. 1.5¢).

There is some indication that the phenotypic variation induced
by variable environments can be subject to strong selection, i.e. that
there may be selection for plasticity itself as an adaptation. Perhaps
the most compelling evidence for this comes from studies of
temperature effects in amphibian life cycles. Field and laboratory
experiments have shown that temperature can account for most of
the observed variation in growth and differentiation in populations
of the frog Rana clamitans along an altitudinal gradient. Growth
in montane frog populations has a reduced temperature sensitivity
relative to lowland populations, which serves to offset the effect of
low temperature. Lowland frogs taken to high altitude have their
growth retarded by low temperature to such an extent that the tad-
pole stage is extended by a whole season relative to the resident
montane tadpoles. Such transplant experiments indicate that the
phenotypic modulation of this particular trait is under genetic con-
trol. Another striking example of plasticity as adaptive in itself
comes from Galdpagos iguanas, where body size is linked to algal
food supply, which in turn varies with environmental factors,
notably El Nifio (ENSO) events. During an ENSO cycle, large males
die quickly, but many individuals respond with a reduction in size
(shrinking by up to 20% of body length), thus significantly improv-
ing their chances of survival.

Longer term genotypic/evolutionary effects

This is the most important timescale of adaptive effects, and per-
haps the only timescale where we should strictly use the term ad-
aptation. Natural selection acts on phenotypes, regardless of their
genetic basis, so there can be selection for the results of phenotypic
plasticity, as well as for the results of genes producing discrete
phenotypes. But the evolutionary response to selection is always at
the level of the genotype, with genetic change occurring from one
generation to the next. Therefore intraspecific genetic variability
and hence heritable variation in fitness are essential prerequisites for
long-term evolutionary change. We take a more detailed look at the
mechanisms of adaptation at this level in Chapter 2.

1.5.2 Different functional levels

Avoidance, conformity, and regulation

When an animal is confronted with changes in its environment,
it normally shows one of three categories of response: avoidance,
conformity, or regulation. Traditionally physiology has largely con-
cerned itself with the last of these, dissecting the mechanisms and
the underlying biochemistry of the regulation of cells, tissues, and
the whole body. Thus homeostasis (the maintenance of a constant
internal environment) always takes an extremely prominent place
in physiology textbooks, together with the regulatory systems needed
to achieve it. But homeostasis can often be achieved more cheaply
by avoidance and behavioral tricks; and it may not need to be
achieved at all, with many animals surviving and flourishing with
a conforming lifestyle, involving much less energy and resource
expenditure. The distinction of these different kinds of adaptive and
acclimatory responses constitutes a key message early on in this
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Fig. 1.6 The relation between the internal environment of an animal and the
external conditions, showing the basic principles of (a) conforming (E =1) and
(b) regulating (I = constant).

book. In the context of environmental adaptation it is appropriate
to treat the other levels of response as being at least as important,
and homeostasis merely as one of several options.

The strategies accompanying these three responses may be sum-
marized as follows:
1 Avoiders have some mechanism for getting away from an envir-
onmental problem either in space (e.g. seeking unstressed micro-
habitats in crevices or burrows, or larger scale migration) or in time
(using torpor or diapause, or producing a resistant egg, pupa, or cyst
to survive difficult times).
2 Conformers undergo changes of internal state similar to the
changes of state imposed externally. (They are therefore sometimes
termed “tolerators”, although this is a little confusing since regulat-
ing animals are also “tolerating” the external conditions in the sense

Fig. 1.7 Conformity and regulation in the real world: a variety of options for
partial conforming and partial regulating.
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that they are surviving in them.) Conformers do not attempt to
maintain a homeostatic condition for the whole body.

3 Regulators maintain some or all of the components of their inter-
nal environment close to the original or “normal” level, irrespective
of external conditions.

Figure 1.6 compares the general patterns of conformity and regula-
tion. This kind of analysis may apply to a whole range of environ-
mental and internal state variables, including temperature, osmotic
concentration, oxygen levels, and pH. Thus we can identify animals
that are ionoconformers, osmoconformers, thermoconformers,
or oxyconformers, and plot similar kinds of diagrams to those
in Fig. 1.6a, and other animals that are osmoregulators, etc., as in
Fig. 1.6b. There will be many such examples later in this book, with
hyperregulation being rather common and hyporegulation rather
rare for most of the key variables.

However, it should be stressed that these categories are not
absolute and do merge into each other; commonly we find that
there are limits to both regulating and conforming (Fig. 1.7) and
that there are no such things as perfect regulators or perfect con-
formers. For example, osmoconforming animals tend to show some
regulation at extremely low salinities, so that their blood is not so
dilute that the cells are irreversibly damaged by excessive swelling;

“Conformer”, but some regulation at extreme low E

“Regulator”, but less efficient at extremes
——————— Typical “partial” regulator, conforming in relatively normal
conditions but regulating as conditions get more difficult
——————— Essentially a conformer (parallel to E = | line), but internal
environment has constant excess of measured variable
—— — — — Regulator but unable to survive too much change (starts
to conform and then dies)

Mixed conformer/regulator: regulates (approximately)
above some species-specific level

External environment (E)



Box 1.2 Levels at which adaptive responses

can occur
Biochemistry » Regulation
Physiology » Conformity
Morphology » Avoidance

/ (temporal)

» Avoidance
(spatial)

Behavior

while osmoregulators sometimes lose an ability to regulate at lower
salinities and become conformers. Oxyregulators tend to have a
critical (species specific) point beyond which they revert to con-
forming. Thermoregulators may lose an ability to control their body
temperature at both high and low ambient temperatures. Particular
species may regulate for some parameters and conform for others.

Behavior, physiology, biochemistry, and morphology

There are four major different but interacting functional levels at
which avoidance, conformity, or regulation can be effected (Box 1.2),
corresponding to the four subdivisions of phenotypic traits in
Fig. 1.1. These levels are often seen as being hierarchical, though
from a modern perspective, in which all changes are viewed as being
fundamentally mediated by genes and biochemistry, this hierarchy
is somewhat artificial.

Avoidance in space is primarily an attribute brought about by
behavior. For a small animal it might involve a search for an appro-
priate habitat, using phototactic or chemotactic responses. The
“microhabitat” effect is central here, animals making choices in
favor of less stressful local conditions within an apparently harsh
macroenvironment. For a larger migratory species the behavioral
component might need to be supplemented with physiological
adjustments, for example accumulation of food reserves. Avoidance
in time may require more complex responses at all levels: an animal
entering torpor may accumulate food, construct or find a refuge
(thus also avoiding in space), then huddle in a ball to reduce its
exposed surface area; it may reduce its core temperature and lower
its metabolic rate; it may acquire a thicker insulating layer; and it
may mobilize or generate new forms of enzymes and new com-
ponents in its membranes.

Conforming is largely concerned with changes at the physiolo-
gical and biochemical levels. If the internal conditions are allowed
to vary markedly, whether in terms of temperature or salinity or
oxygen supply, then tissues and cells will need to have biochemical
systems in place that can continue to function in the new condi-
tions, especially in terms of appropriate enzymes and stabilized
membranes. Just enough must be done to keep the animal func-
tional (though usually at a very low level) in extreme conditions,
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avoiding potentially irreversible damaging effects of freezing or
hypoxia or osmotic water loss (and also the damaging effects of
coming out of these states, since, for example, reoxygenation has
hazards of its own). In general the physiological and biochemical
changes will be small and cheap to institute, so that conformity
(while having the cost of reduced activity, growth, or reproduction)
may have the benefit of economy.

Regulating, by contrast, may require substantial and expensive
changes at all these hierarchical levels. Behavior, as we shall see
repeatedly throughout Part 3 of this book, may remain as the first
line of defense; even the best mammalian endotherms continue to
use a whole range of behaviors (basking, burrowing, wallowing,
huddling, erecting or concealing appendages, etc.) to regulate their
temperature. However, behavior will be augmented by substantial
physiological and biochemical adjustments; in the case of thermo-
regulation these may include changes of blood flow or respiratory
rate, an increase in shivering or nonshivering thermogenesis, or the
production of heat-shock proteins or antifreeze molecules.

It is impossible to give unconditional generalizations about
patterns of avoidance, tolerance, and regulation across the animal
kingdom. But to a first approximation it would be fair to say that
different strategies do tend to be found in different phyla, with dif-
ferent body designs, and in different habitats, as follows:

1 Smaller and soft-bodied animals are more likely to be avoiders
and conformers. They can use microhabitats more effectively, with
concealment in protected crevices or burrows, or on and in other
organisms. Because they have a high surface area to volume ratio,
they will experience relatively rapid fluxes (whether the flux is of
water, ions, thermal energy, or respiratory gas) across their surfaces,
and working to restore a status quo against these fluxes would be
very expensive. They also have little inbuilt protection against
swelling and shrinking, and lack the complex outer layers that can
be modified to give some insulation or impermeability. In pre-
dictably variable habitats, such as estuaries, cyclic avoidance is com-
mon (burrowing in mud, hiding in a crevice) and conforming is
also often a good solution, with the cyclic environmental changes
somewhat smoothed out. But in terrestrial habitats where there is
both continuous high environmental stress and high fluctuation,
conforming may not be an option and exceptional strategies for
avoidance (torpor, estivation, encystment, cryptobiosis, etc.) are
more common.

2 Animals with hard outer layers (exoskeletons), of small and
medium size, may have better options for some regulation and a
greater independence of their environments. Arthropods of all
kinds are more likely to show partial regulation of osmotic con-
centrations, their exoskeletons giving them an inevitable “built-in”
resistance to shrinkage or swelling. The outer surfaces can have very
much reduced permeability, and may be partly thermally insulated
by the addition of fine cuticular hairs, so that all fluxes are slowed
and a degree of regulation becomes economically feasible. But
behavioral avoidance, aided by the efficient limbs (and sometimes
wings) that can be built from an exoskeleton, remains a major part
of the overall strategy for coping with environmental change, espe-
cially in the more rapidly changing terrestrial habitats.

3 Large animals are much more likely to be regulators in all envir-
onments, with the important exception of the relatively equable and
unchanging open oceans (where only vertebrates have a serious
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problem and need to regulate, due to their history of secondary
invasion as discussed in Chapter 11). Larger animals operate in a
larger scale (coarse-grained) environment, where rapid changes
(due to local water or air movements, or localized patches of sun-
shine) are relatively unimportant. They have lower surface area to
volume ratios so that rates of change of state internally are much
slower, giving them an “inertia” effect that smoothes out the fluc-
tuations and gives time for regulatory mechanisms to operate. They
may have better opportunities for energy storage (and indeed
storage of other resources such as water and even thermal energy).
They may also have “room” for more complex internal regulatory
centers, both neural and hormonal. In terrestrial habitats where
environmental changes are inherently faster, all of these factors
may work together to make regulation the only real option for a
large animal. Again, though, remember that regulation does not
just mean physiological and biochemical effects; behavior often still
forms the first line of regulatory response.

There are very different costs and benefits of each strategy in terms
of energy usage and lifestyle. Avoidance by shutting down in time is
cheap but effectively causes the animal to opt out of the race for a
while and achieve no growth or reproductive output. Avoidance
in space by migration may be transiently very expensive but allows
the animal to keep on increasing the species biomass in another
environment. Avoidance of poor physical environments by either
means may give additional benefits, for example by also avoiding
predation or competition. Conformity at the extremes of temperat-
ure, salinity, or hypoxia that are experienced may allow only a min-
imal “ticking over” lifestyle, but over a broad range of less extreme
variation it is a cheap way of insuring a reasonably productive
lifestyle most of the time. Regulation is usually rather expensive;
osmotic regulation underpinned by ionic pumping takes a moder-
ate proportion of the total energy budget of estuarine and fresh-
water animals, while thermal regulation in terrestrial endotherms
may take as much as 90% of the total budget. The pay-off comes
primarily in the level of performance and greatly extended activity
periods during times and at places of environmental adversity; food
can be gathered more or less continuously, and all the avoiders and
conformers that are relatively inactive become potential prey. With
all this extra food, regulators can grow and reproduce faster and/or
more reliably and be such successful competitors that despite high
costs they may become dominant in many ecosystems.

1.5.3 Different spatial levels

Adaptive responses may occur fundamentally at a molecular level,
but they “appear” at various different spatial levels in the whole ani-
mal. Some responses are essentially subcellular, and others affect the
morphology or activity of whole cells. Yet others manifest as effects
on entire tissues or organs, for example changes in muscle size, heart
volume, or arrangements of vascularization.

However, there is another sense in which different spatial scales
of response are important. Animals are made up of several distinct
compartments (Fig. 1.8), each of which may show different kinds
of adaptive/acclimatory response. The individual cells contain their
own fluid environment (intracellular fluid, ICF), and they in turn
are directly bathed in tissue fluid or extracellular fluid (ECF). In
many animals the ECF is distinct from a circulating fluid termed

Exchange
surfaces
(e.g. gills)

External
environment

1

>

Anus
Transporting fluid
system—"blood”

Fig. 1.8 A model of the major body compartments in an animal and exchange
routes between them. ECF, extracellular fluid; ICF, intracellular fluid.

blood or hemolymph, and this may be chemically different from
the ECF. (In fact, the relations between these fluids and animal
design and body cavities are quite complex and there are other kinds
of possible arrangement; see Box 1.3. However, this simple version
of a three-compartment system is adequate for the kinds of animals
we are normally concerned with.)

In terms of the whole animal, adaptations may therefore occur at
several sites:
1 At the outside surfaces to maintain differences between the out-
side world and the circulating blood. Here the adaptive features
tend to relate to the “skin”, whether this is a relatively unspecial-
ized epidermal cell layer or a complex multilayered structure with
keratinous, chitinous, or lipid-containing elements. Sometimes the
adaptations relating to exchange processes will be concentrated in
or even confined to particular parts of the skin, such as the gill sur-
faces, with other areas of skin relatively inert and impermeable.
2 Between the circulating fluid and the ECF. This mainly occurs in
vertebrates, where some constituents of blood pass out from capil-
laries into the ECF and others may be returned to the blood system
via the lymph vessels.
3 Between the ECF and the cells. Here the adaptive surface is the cell
membrane itself, controlling exchanges between the ECF and ICF.
Total concentrations inside cells must be similar to those outside or
the cell will shrink or swell osmotically; cell membranes cannot
withstand substantial pressure differences. However, the exact
makeup of the cell fluid is very different from that of the ECF, as we
shall see in Chapter 4.
4 Within cells. Cells themselves are, of course, strongly com-
partmentalized and internal membranes may be responsible for
regulating exchanges between the cytoplasm and the nucleus,
mitochondria, or endoplasmic reticulum.

Adaptation to the environment may require modification at all
these spatial levels. For many invertebrate marine animals the ECF
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Box 1.3 Patterns of body fluids and body cavities

ECF ]

Ectoderm and endoderm
(skin, gut)

Mesodermal tissues

-------- + Peritoneum

\u Blood vessels

I:l “Body cavity”, pseudocoelom,
hemocoel, or coelom

(a) The extracellular fluid (ECF) bathes all cells directly, sometimes open-
ing outinto large cavities or sinuses in some parts of the body. These are
technically “acoelomate” or “pseudocoelomate” animals, lacking the
secondary body cavity of “higher” animals.

Common—found in platyhelminths, nematodes, other small worms.

(b) The ECF between cells and within tissues may be continuous with a
larger open space that forms a body cavity (hemocoel). The fluid in this
cavity may be constrained into vessels in some parts of the body, forming
a heart and some major arteries, but always opens again into the main
cavity; the fluid is often termed hemolymph, and itis normally the same in
composition as the ECF. (A coelomic cavity may also be present but is
usually small and unimportant.)

Common—found in crustaceans, insects, arachnids, most molluscs.

(c) The ECF is quite distinctly separated from the body cavity fluid (by a
complex tissue layer called the peritoneum) and may differ from it chem-
ically. Here the body cavity is usually termed a coelom and the fluid
within it is coelomic fluid; the animals are coelomate.
Uncommon—found in sipunculans and other small worm phyla, echino-
derms (but in these some coelomic fluid is also moved around in vessels).
(d) The arrangement is coelomate as in (c) butthe coelomic fluid and ECF
are supplemented with another fluid, contained entirely within vessels,
and termed blood. Some leakage from the blood into the ECF occurs and
this may become lymph and be recycled back into the blood system.
Common—found in annelids, cephalopod molluscs, all vertebrates.

and blood are effectively identical with sea water and adaptation
concerns only levels 3 and 4. But for nonmarine animals there is
always extensive regulation both at level 1, i.e. the skin of the whole
animal, and at the cellular levels.

1.6 Conclusions

Environmental adaptation is a complicated business, integrating all
aspects of animal biology. It requires an understanding of animal
design and animal physiology above all, but this must be put in con-
text with a detailed understanding of the environment (measured
on a suitable temporal and spatial scale), and with an appreciation
of ecological and evolutionary mechanisms. There is a need to move
away from purely descriptive accounts and oversimplified com-
parisons, and to set the encyclopedic knowledge already accumu-
lated about what animals can do into a realistic framework of why
and how they came to be as they are. Equally there is a need to look
beyond the confines of traditional isolated physiological “systems”
(circulation, excretion, respiration, etc.) and to see the whole pic-
ture of what is needed in order to live in a particular environment:

the physiological needs of course, but also the mechanical, sensory,
reproductive, and life-history adaptations that together make up a
successful fully functional animal.
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