Chapter 2
Conditions

2.1 Introduction
In order to understand the distribution and abundance of a
species we need to know its histery (Chapter 1}, the resources it
requires (Chapter 3}, the individuals™ rates of birth, death and migra-
tion (Chapters 4 and 6), their interactions with their own and other
species (Chapters 5 and 8-13) and the effects of environmental
conditjons. This chapter deals with the limits placed on organ-
isms hy environmental conditions.

A conditon is as an abiotic envir-
onimentat factor that influences the func-
tioning of living corganisms. Examples

conditions may e
alterad — but not

corsumed include temperature, relative humidicy,
pH, salinity and the concentration of
pollurants. A condition may be modified by the presence of
other organisms, For example, temperamre, humidity and soil pH
may be altered under a forest canopy. But nnlike resources, con-

ditions are not consumed or used up by organisms.

For some conditions we can recognize an optimum concen-
tration or level at which an organism performs best, with its activ-
ity tailing off at both lower and higher levels (Fignre 2.1a). But
we need to define what we mean by ‘performs best’. From an
evolutionary point of view, ‘optimal’ conditions are those under
which individuals leave most descendants (are fitrest), but these
are often impossible to determine in practice because measures
of fitness should be made over several generations. Instead, we
more often measure the effect of conditions on some key prop-
erty like the acrivity of an enzyme, the respiration rate of a tissue,
the growth rate of individuals or their rate of reproduction.
However, the effect of variation in conditions on these various
properties will often nor be the same; organisms can usually
survive over a wider range of conditions than permit them to
grow or reproduce (Figure 2.1a).

The precise shape of a species” response will vary from con-
dition to condition. The generalized form of response, shown in
Figure 2.1a, is appropriate for conditions like rtemperature and pH
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Response curves illustrating the effects of a range of environmental conditions on individual survival (8), growrh (G) and

reproduction (R). (a) Extreme conditions are Jethal; less extreme condirions prevent growth; only optimal conditions allow reproduction.

{b) The condition is lethal only at high intensities; the reproductiou-growth—survival sequeuce still applies. (¢} Similar 1o (b), bur the
condition is required by organisms, as a resource, ar low conceurrations.




in which there is a continuum from an adverse or lerhal level {e.g.
freezing or very acid conditions}, through favorable levels of the
condition to a further adverse or lethal level (heat damage or very
alkaline conditions). There are, though, many environmenral con-
ditions for which Figure 2.1b is a more appropriate response curve:
for insrance, most toxins, radicactive emissions and chemical
pollutants, where a low-level intensity or concentration of the
condition has no detectable effect, but an increase begins to
cause damage and a further increase may be lethal. There is also
a different form of response to conditions that are toxic at high
levels bur essential for growrh at low levels (Figure 2.1¢). This is
the case for sodium chloride — an essential resource for animals
but lethal at high concentrations - and for the many elements that
are essentizl micronntrients in the growth of plants and animals
(e.g. copper, zin¢ and manganese), but thar can become lethal
at the higher concentrations sometimes caused by industrial
pollution.

In this chapter, we consider responses to remperature in
much more detail than other conditions, because it is the single
most impovtant condition that affects the lives of organisms, and
many of the generalizations that we make have widespread
relevance. We move on to consider a range of other conditions,
before returning, full circle, to temperature because of the effects
of other conditions, notably pollutants, on global warming, We
begin, though, by explaining the framework within which each
of these conditions should be understood here: the ecological
niche.

2.2 Ecological niches

The term ecological niche is freqnently misunderstood and misused.
It is often used loosely to describe the sort of place in which an
organism lives, as in the sentence: "Woodlands are the niche of
woodpeckers’. Strictly, however, where an organism lives is its
habitat. A niche is not a place burt an idea: a snmmary of the organ-
ism’s tolerances and requirements. The habitat of a gut micro-
organism would be an animal’s alimentary canal; the habitat of an
aphid might be a garden; and the habitar of a fish could be a whole
lake. Each habitat, however, provides many different niches:
many other organisms alse live in the gut, the garden or the lake
—and with qnite differenr lifestyles. The word niche began to gain
its present scientific meaning when Elton wrote in 1933 that the
niche of an organism is its mode of life ‘in the sense that we speak
of trades or jobs or professions in a human community”. The niche
of an organism started to be used to describe how, rather than
just where, an organism lives.
The modern concepr of the niche
tiche dimension: was proposed by Hutchinson in 1957 to
address the ways in which tolerances and
requitements interact to define the conditions (this chapter) and
resources (Chapter 3) needed by an individual or a species in order
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to practice its way of life. Temperature, for instance, limits the
growth and reproduction of all organisms, bur different organ-
isms tolerate different ranges of temperature, This range is one
dimension of an organism’s ecological niche. Figure 2.2a shows how
species of plants vary in this dimension of their niche: how they
vary in the range of temperatures at which they can survive. But
there are many such dimensions of a species’ niche - its toler-
ance of various other conditions {relative humidity, pH, wind speed,
water flow and so on) and its need for various resources. Clearly
the real niche of a species must be multidimensional.
It is easy to visualize the early

stages of bnilding such a multidimen- thee p=diim
sional niche. Figure 2.2b illustrates the NypERnAium
way in which two niche dimensions
{temperature and salinity) together define a two-dimensional
area that is part of the niche of a sand shrimp. Three dimensions,
such as temperature, pH and the availability of a particular foad,
may define a three-dimensional niche volume (Figure 2.2¢). In fact,
we consider a niche to be an n-dimensional hypervolume, where n
is the number of dimensions rthat make up the niche. It is hard
1o imagine (and impossible to draw) this more realistic picture.
None the less, the simplified three-dimensional version captures
the idea of the ecological niche of a species. It is defined by the
boundaries that limit where it can live, grow and reprodnce, and
it is very clearly a concept rather than a place. The concept has
become a cornerstone of ecological thought.
~ Provided that a location is characterized by conditions within
acceptable limits for a given species, and prowvided also that it con-
tains all the necessary resources, then the species can, potentially,
occur and persist there. Whether or not it does so depends on
two furcher factors. First, it must be able to reach the location,
and this depends in turn on its powers of colonization and the
remoteness of the site. Second, its occurrence may be precluded
by the action of individuals of other species that compete with it
or prey on it.

Usually, a species has a larger eco-

fundamen Tl
logical niche in the absence of com- I

pertitors and predators than it has in e e

their presence. In other words, there are certain combinations of
conditions and resources that can allow a species to maintain a
viable population, but only if it is not being adversely affected
by enemies. This led Hntchinson to distinguish between the fun-
damental and the realized niche. The former describes the overall
potentialities of a species; the latter describes the more limited
spectrum of conditions and resources that allow it to persist, even
in the presence of competrors and predators. Fundamental and
realized niches will receive more attention in Chapter 8, when
we look at interspecific competition.

The remainder of this chapter looks at some of the most
important conditicn dimensions of species” niches, starting with
temperature; the following chapter examines resources, which add
further dimensions of their own.
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Figure 2.2 (a) A niche in one dimension. The range of temperatures at which a variety of plant speeies from the Buropean Alps can

achieve net photosynthesis of low intensities of radiation {70 W m ). (After Pisek et al., 1973.) (b) A niche in two dimensions for the

sand shrimp (Crangon septemspinosa) showing the fate of egg-bearing females in aerated water at a range of temperatures and salinities.

(After Haefner, 1970.) {(c) A diagrammatic niche in three dimensions for an agquartie organism showing a volume defined by the

temperature, pH and availability of food.

2.3 Responses of individuals to temperature

2.3.1 What do we mean by ‘extreme’?

It seems natural to describe certain environmental conditons
as “extreme’, ‘harsh’, "benign’ or ‘stresstul’. Ir may seem obvious
when conditions are “extreme’: the midday heat of a desert, the
cold of an Antarctic wiuter, the saliniry of the Great Salt Lake.
But this only means that these conditions are extreme for us,

given our pardicular physiological characteristics and tolerances.

To a caetus there is nothing extremne about the desert condi-
tions in which cacti have evolved; nor are the icy fastnesses of
Antarctica an extreme environment for penguins (Wharton,
2002). It is too easy and dangercus for the ecologist to assume
that all other organisms sense the environment in the way
we do. Rather, the ecologist should try to gain a worm’s-eye
or plaut's-eye view of the environment: to see the world as
others see it. Emotive words like harsh and benign, even relar-
ivities such as hot and cold, should be used by ecologists only
with care.
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EPRSE s Whilst crypsis may be a defense

strategy for a palatable organism, nox-
icus or dangerons animals often seem to advertize the fact by
bright, conspicuous colors and parrerns. This phenomenon is
referred to as agposematism. The monarch butterfly, discussed
above, is aposemarically colored, as is irs caterpillar, which actu-
ally sequesters the defensive cardiac glucosinolates from its food.
The usual evolutionary argument for this runs as follows: con-
spicuous coloration will be favored because noxious prey will
be recognized {memorized) as such by experienced predators,
and thus will be protected, whereas the costs of “educating’ the
predator will have been shared amongst the whole population of
conspicucus prey, This argument, however, leaves unanswered
the question of how conspicuous, noxicus prey arose in the first
place, since when initially rare, they seem likely to be repeatedly
eliminated by naive (i.e. ‘uneducated’) predators (Speed & Ruxton,
2002). One possible answer is that predators and prey have
coevolved: in each generation - from an original mixture of
conspicuous and inconspicuous, noxious and edible prey - con-
spicuous edible prey are eliminated, and, with conspicucus prey
therefore becoming disproportionately noxious, predators evolve
an increased wariness for conspicuous prey (Sherrati, 2002).

The adoption of memorable body
patrerns by distasteful prey also imme-
T diately opens the door for deceit by
other species, because there will be
a clear evolutionary advanrage to a palatable prey, ‘the mimic’,
if it looks like an unpalatable species, ‘the model’ (Batesian
mimicry). Developing the story of the monarch butterfly a little
further, the adult of the palatable viceroy butterfly mimics the
distasteful monarch, and a blue jay that has learned to avoid mon-
archs will also avoid viceroys. There will also be an advantage
to aposematically colored, distasteful prev in locking like one
another (Muillerian mimicry), though many unanswered questions
remain as to where exactly Batesian mimicry ends and Miillerian
miricry hegins, in part because there are more theoretical view-
points than impeccable data sets that might distinguish berween
them (Speed, 1999).

By living in holes {e.g. millipedes and moles) animals may avoid
stimulating the sensory receprors of predators, and by ‘playing
dead’ (e.g. the opossum Didelphis virginiana and African ground
squirrels) animals may fail to stimulate a killing response. Animals
that withdraw to a prepared retreat (e.g. rabbits and prairie dogs
to their burrows, snails te their shells), or which roll up and pro-
tect their vulnerable parts by a tough exterjor (e.g. armadillos and
pill millipedes}, reduce their chance of capture but stake their lives
on the chance that the atracker will noc be able to breach their
defenses. Other animals seem to uy to bluff themselves out
of trouble by threar displays. The startle response of moths and
burrerflies that suddenly expose eve-spors on their wings is one
example. No doubr the most comumon behavioral response of an
animal in danger of being preyed upon is to flee.

3.8 A classification of resources, and
the ecological niche

We have seen that every plant recuires many distinct resources
to complere its life cycle, and most planrs require the same set
of resources, although in subtly different proportions. Each of the
resources has to be obtained independently of the others, and often
by quite different uptake mechanisms — some as ions (potassium),
some as molecnles (CO,), some in solution, some as gases.
Carbon cannot be substitured by nitrogen, ner phosphorus by potas-
sium. Nitrogen can be taken up by rnost plants as either nitrate
or ammaonium ions, but there is no subsrtiture for nitrogen itself.
[n complete contrast, for many camivores, most prey of abour
the same size are wholly interchangeable as articles of diet. This
contrast between resources that are individnally essential for an
organism, and those that are substitutable, can be extended into a
classification of resources taken in pairs (Figure 3.27).

In this classification, the concentra-
tion or quantity of one resource is zer0 net growl
plotted on the x-axis, and that of the isoclines
other resource on the y-axis. We know
that different combinations of the twe resources will support
different growth rates for the organism in question {this can be
individual growth or population growth). Thus, we can join
together points (i.e. combindtions of resources) with the same
growth rates, and rthese are therefore contours or ‘isoclines” of
equal growth. In Figure 3.27, line B in each case is an isocline of
zero ner growth: each of the resource combinations on these lines
allows the organism just to maintain itself, neither increasing nor
decreasing. The A isoclines, then, with less resources than B, join
combinations giving the same negative growth rate; whilst the C
isoclines, with more resources than B, join combinations giving
the same positive growth rate. As we shall see, the shapes of the
isoclines vary with rhe narure of the resources.

3.8.1 Essential resources

Two resources are said to be essential when neither can subst-
tute for the other. Thus, the growth thar can be supporred on
resource 1 is absolutely dependent on the amount available
of resource 2 and vice versa. This is denoted in Figure 3.27a by
the isoclines running parallel to both axes. They do so because
the amount available of one resource defines a maximum
possible growth rate, irrespective of the amount of the other
resource. This growth rate is achieved unless the amount avail
able of the other resource defines an even lower growth rare. It
will be true for nirrogen and potassium as resources in the
growth of green plants, and for two obligare hosrs in the life of

a parasite or pathogen that are required to alternate in its life cyde
(see Chapter 12).




(a) Essential

RESOURCES 87

(b) Perfectly substitutable {c) Complementary

N\ \
i \

re 3.27 Resource-dependent growth Fa R \ Rz \
ipnclines. Each of the growth isoclines ) %
ppesanis the amounts of two resources b . \

) . o A B c A B c

Ll R) that would have to existin a A L‘\‘ 5 Sy T ~—

st for a population to have a given R ol R
niowth rate. Because this rate increases (d) Antagonistic (e} Inhibition
Wil (esource availahility, isoclines =1 I .—_,H\
wither from the origin represent higher T /'/f \
poilation. growth rates — isocline A =S \ A e
hasa negative growth rate, isocline B a Rs H\l 1 F, | l'| ’
ercl)lgow{h rate and isocline C a positive = ‘-,I || I /' |
u;; wih rate. (a) Essential resources; ﬁ“\ | | B— f
{bj perfectly substitutable; 4 3 ¥ l “—A——'“’}r
{g) complementary; (d) antagonistic; R R;

od (e} inhibition. (After Tilman, 1982.)

382 Other categories of resource

v resources are said to be perfectly substitutable when either can
thlb:r replace the other. This will be wne for seeds of wheat or
Béﬂq.r_in the diet of a farmyard chicken, or for zebra and gazelle
in e diet of a lion. Note that we do not imply that the two
tesanrces are as good as each other. This feature {perfectly sub-
mitutable but nor necessarily as good as each other) is included
in Figure 3.27b by the isoclines having slopes that do not cut both
ants it the same distance from the origin. Thus, in Figure 3.27b,
in the absence of resource 2, the organism needs relatively lirtle
af fespurce 1, but in the abseuce of resource 1 it needs a relat-
fvely large amount of resource 2. >
Substitutable resources are defined
kﬂﬂmumﬂrill‘r as complementary if the isoclines bow
rﬁw.l.n:e-i inwards towards the origin (Figure
3.27¢). This shape means that a species
Ie'quires less of two resources when taken together than when
comumed separately. A good example is human vegetarians
wmh]mng beans and rice in their diet, The beans are rich in lysine,
an essintal amino acid poorly represented in rice, whilst rice is
Tt i sulfur-containing amine acids that are present only in low

abundance in beans.

A pair of substitutable resources
S b Eaniic with isoclines that bow away from
kL ces the origin are defined as antagonistic

(Figure 3.27d). The shape indicates
:haa a species requires proportionately more resource to main-
ain a given rate of increase when two resources are censumed
together than when consumed separately. This could arise, for

example, if the resources contain different toxic compounds that
act synergistically (more than just additively) ou their consumer.
For example, b, L-pipecolic acid and djenkelic acid (two defens-
ive chemicals found in certain seeds) had no significant effecr on
the growth of the seed-eating larva of a brochid beetle if consumed
separately, but they had a proncunced effect il taken together
(Janzen et al., 1977).

Finally, Figure 3.27e illustrates the
phenomenon of imhibitien at high ribuibyitieen)
resource levels for a pair of essental
resources: resources that are essential but become damaging
when in excess. CQ,, water and mineral nutrients such as iron
are all required for photosynthesis, but each is lethal in excess.
Similarly, light leads to increased growth rates in plants through
a broad range of intensities, but can inhibit growth at very high
intensities. In such cases, the isoclines form closed curves because
growth decreases with an increase in resources at very high levels.

3.8.3  Resource dimensions of the ecological niche

In Chapter 2 we developed the concept of the ecological
niche as an n-dimensional hypervolume. This defines the
limits within which a given species can survive and reproduce,
for a number (1) of environmental factors, including both
conditions and resources. Note, therelore, that the zero growth
isoclines in Figure 3.27 define niche boundaries in two dimen-
sions. Resource combinations to one side of line B allow the
organisms to thrive — but to the other side of the line the organ-
isms decline.
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The tesource dimensions of a species’ niche can somerimes
be represented in a manner similar to thar adopred for conditions,
with lower and upper limirs within which a species can thrive.
Thus, a predaror may only be able to derecr and handle prey
berween lower and upper limits of size. For other resources,
such as mineral nutrients for plants, there may be a Jower limir
below which individuals cannor grow and reproduce but an
uppert limit may nor exist {Figure 3.27a—-d). However, many
resources must be viewed as disctere entities rather than con-
tinuons variables. Larvae of butterflies in the genus Heliconius
tequire Passiflora leaves to ear; those of the monarch burtetfly
specialize on plants in the milkweed family; and vatious species
of animals require nest sites with particular specifications. These
resource requirements cannot be arranged along a continuous graph
axis labeled, for example, food plant species’. Insread, the food
plant or nestsite dimension of their niches needs to be defined
simply by a restricted list of the appropriate resources.

Together, then, conditions and resources define a species’
niche. We turn in the nexr chaprer 1o look in mote derail at the
most fundamental responses of oxganisms to those conditions and
tesoutces: theit parrerns of growth, survival and reproduction.

Summary

Resources are entiries requited by an organism, the quantiries
of which can be reduced by the activity of the organism. Hence,
otganisms may compere with each other to capture a share of a
limired tesource.

Autotrophic organisms {(green planrs and cerrain bacteria)
assimilate inctganic resources into packages of organic molecules
{(proteins, carbohydrates, erc.). These become the tesoutces for
heterotrophic otganisms, which take part in a chain of events in
which each consumer of a resoutce becomes, in turn, a resource
for anothet consumer.

Solar radiation is the only soutce of energy that can be used
inmerabolic activities by green planrs. Radianr energy is converred
during photosynthesis into energy-rich chemical compounds of
carbon, which will suhseqnenty be broken down in respiration.
But the phorosynthetic apparatus is able to gain access to energy
only in the waveband of ‘photosyntherically acrive radiation’. We
examine variations in the intensity and quality of radiation, and
the responses of plants 1o such variations, We examine, too, the
strategic and ractical solntions adopred by plants to resolve the

conflicts between phorosynthesis and water conservation.

Carbon dicxide is also essential for photosynthesis. We
examine variations in irs concentration, and their consequences,

including global tises over time and those ar the smallest sparial
scales. There ate rhree pathways to carbon fixation in photo-
synthesis: C,, C, and CAM. The differences berween the dif
fetent pathways and the ecological conseqnences of them are
explained.

Warer is a crirical tesource for all organisms. For plants, we
examine how roors ‘forage” for water, and the dynamics of
resoutce depletion zones atound roots, for water and for mineral
nurtients. Mineral nutrients, broadly divisible into macrenurrients
and trace elements, each enter a plant independently as an {on
or a molecule, and have their own characteristic properties
of absorprion in the soil and of diffusion, which affecr their
accessibility o a plant.

Oxygen is a tesource for both animals and planrs. It becomes
limiting mosrt quickly in aquatic and warerlogged environments,
and when organic matrer decormposes in an aquaric enviroument,
microbial respiration may so deplete oxygen as to constrain the
types of higher animal that can persist.

Amongst hererortophs, we explain the distinctions berween
saprottophs, predarors, grazers and parasites, and berween spe-
cialists and generalists.

The catbon: nitrogen rario of plant rissues commonly
exceeds greatly thar in bacteria, fungi and animals. The main waste
preducts of otganisms that consume plants ate therefore carbon-
rich compounds. By conrtrast, the main excretory products of
carnivotes ate nitrogenous. The various parts of a plant have very
differenr compositions. Hence, most small herbivores are specialists.
The composition of the bodies of different hetbivores is remark-
ably similar.

Maost of the energy soutces porentially available o herbivores
comprise cellulose and liguins, but mosr animals lack celiulases
— an evolutionary puzzle. We explain how, in herbivorous ver-
tebrates, the rate of energy gain from different dierary resources
is derermined by the structure of the gur.

Living resoutces ate typically defended: physically, by chem-
icals, or by crypsis, aposematism or mimicry. This may lead to
a coevoludonary arms races berween the consumer and the
consurned.

Apparency theory and optimal defense theory seek o make
sense of the distribution of different prorective chemicals, espe-
cially those that are constitutive and those thar are induced, in
different plant species and plant parts.

Taking resources in pairs, plots for the consumers-of zero net
growth isoclines allow resource pairs to be classified as essential,
perfectdy subsritutable, complementary, anragonistic oc display-
ing inhibition. The zeto ner growth isoclines themselves define

a boundary of a species’ ecological niche.






