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Assumptions and Approaches

Introduction—History, Assumptions, and Approaches

1. What Is Ecophysiology?

- Plant ecophysiology is an experimental science that
seeks to describe the physiological mechanisms
underlying ecological observations. In other
words, ecophysiologists, or physiological ecologists,
address ecological questions about the controls over
the growth, reproduction, survival, abundance, and
geographical distribution of plants, as these pro-
cesses are affected by interactions of plants with
their physical, chemical, and biotic environment.
These ecophysiological patterns and mechanisms
can help us understand the functional significance
of specific plant traits and their evolutionary
heritage.

The questions addressed by ecophysiolagists are
derived from a higher level of integration, i.e., from
“ecology” in its broadegf sense, including questions
originating from agriculture, horticulture, forestry,
and environmental sciences. However, the ecophy-
siological explanatons often require mechanistic
understanding at a lower level of integration
{physiology, biochemistry, biophysics, molecular
biology). It is, therefore, quintessential for an eco-
physiologist to have an appreciation of both ecolo-
gical questions and biophysical, biochemical, and
molecular methods arfid processes. In addition,
mnany societal issues, often pertaining to agriculture,
environmertal change, or nature censervation, ben-
efit from an ecophysiological perspective. A modern
ecophysiologist thus requires a good understanding
of both. the molecular aspects of plant processes and
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the functioning of the intact plant in its environmen-
tal context.

2. The Roots of Ecophysiology

Plant ecophysiology aims to provide causal,
mechanistic explanations for ecological guestions
relating to survival, distribution, abundance, and
interactions ‘of plants with other organisms. Why
does a particular species live where it does? How
does it manage to grow there successfully, and why
is it absent from other environments? These gues-
tions were initially asked by geographers who
described the global distributions of planis
{Schimper 1898, Walter 1974). They observed
consistent patterns of morphology associated with
different environments and concluded that these
differences in morphology must be important in
explaining plant distributions. Geographers, who
know climatic patterns, could therefore predict the
predominant life forms of plants (Holdridge 1947).
For example, many desert plants have small, thick
leaves that minimize the heat load and danger of
overheating in hot environments, whereas shade
plants often have large, thin leaves that maximize
light interception. These observations of morphol-
ogy provided the impetus to investigate the physio-
logical traits of plants from contrasting physical
environments (Blackman 1919, Pearsall 1938,
EHenberg 1953, Larcher 1976).
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Although ecophysiologists initially emphasized
physiclogical responses to the abiotic environment
[e.g., to calcareous vs. acidic substrates (Clarkson
1966) or dry vs. flooded soils (Crawford 1978)],
physiological interactions with other plants, animals,
and microorganisms also benefit from an under-
standing of ecophysiology. As such, ecophysiology
is an essential element of every ecologist’s training,

A second impetus for the development of eco-
physiology came from agriculture and physiclogy.
Even today, agricuttural production in industria-
lized nations is limited to 25% of its potential by
drought, infertile soils, and other environmental
stresses (Boyer 1985). A major objective of agricul-
tural research has always been to develop crops that
are less sensitive to environmental stress so they can
withstand periods of unfavorable weather or be
grown in less favorable habitats. For this reason
agronomists and physiologists have studied the
mechanisms by which plants respond to or resist
environmental stresses. Because some plants grow
naturally in extremely infertile, dry, or salty envir-
onmernts, ecophysiologists were curious to know the
mechanisms by which this is accomplished.

Plant ecophysiology is the study of physiological
responses o the environment. The field developed
rapidly as a relatively unexplored interface between
ecology and physiology. Ecology provided the ques-
tions, and physiology provided the tools to deter-
mine the mechanism. Techniques that measured the
microenvironment of plants, their water relations,
and their patterns of carbon exchange became typical

tools of the frade in plant ecophysiology. With time,

these studies have explored the rtiechanisms of phy-
siological adaptation at ever finer levels of detail,
from the level of the whole plant to its biochemical
and molecular bases. For example, initially plant
growth was described in terms of changes in plant
mass. Development of portable equipment for mea-
suring leaf gas exchange enabled ecologists to mea-
sure rates of carbon gain and loss by individual
leaves (Reich et al. 1997). Growth analyses documen-
ted carbon and nutrient aliocation to roots and leaves
and rates of production and death of individual Hs-
sues. These processes together provide a more thor-
ough explanation for differences in plant growth in
different environments (Mooney 1972, Lambers &
Poorter 1992). Studies of plant water relations and
mineral nutrition provide additional insight into
controls over rates of carbon exchange and tissue
turnover. More recently, we have learned many
details about the biochemical basis of photosynthesis
and respiration in different environments and,
finally, about the molécular basis for differences in
key photosynthetic and regpiratory proteins. This
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mainstream of ecophysiology has been highly suc-
cessful in explaining why plants are able to grow
where the¥ do.

=
3. Physiological Ecology
and the Distribution of Organisms

Although there are 270000 species of land plants
(Hammond 1995), a series of filters eliminates
most of these species from any given site and
restricts the actual vegetation to a relatively small
number of species (Fig. 1). Many species are absent *
from a given plant community for historical rea-
sons. They may have evolved in a different region
and never dispersed to the site under consideration.
For example, the tropical alpine of South Armerica
has few species in common with the tropical alpine
of Africa, despite similar environmenta} conditions,
whereas eastern Russia and Alaska have Very simi-
lar species composition because of extensive migra-
tion of species across 2 land bridge contecting these
regions when Pleistocene glaciations lowered sea
level 20000-100000 years ago.

Of those species that arrive at a site, many lack
the appropriate physiological traits to survive the
physical environment. For example, whalers inad-
vertently brought seeds of many weedy species to
Swvalbard, north of Norway, and to Barrow, in north-
ern Alaska. However, in contrast to most temperate
regions, there are currently no exotic weed species
in these northern sites (Billings 1973), Clearly, the
physical environment has filtered out many species
that may have arrived but lacked the physiological
traits to grow, survive, and repreduce in the Arctic.

Biotic interactions exert an additional filter that
eliminates many species that may have arrived and
are capable of surviving the physical environment.
Most plant species that are transported to different
continents as ornamental or food crops never spread
beyond the areas where they were planted because
they cannot compete with native species (a biotic
filter). Sometimes, however, a plant species that is
introduced to a new place without the diseases or
herbivores that restricted its distribution n its
native habitat becomes an aggressive invader, for
example, Opuntia ficus-indica (prickly pear) in Aus-
tralia, Solidago canadensis {golden rod) in Europe,
Cytisus scoparius (Scotch broom) in North America,
and Acacia cyclops (red-eyed wattle) and A. saligna
{orange wattle) in South Africa. Because of biofic
Interactions, the actual distribution of a species (rea-
lized niche, as determined by ecological amplitude)
is more restricted than the range of conditions
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Ficure 1. Historical, ‘physiological, and
biotic filters that detetrmine the species
composition of <mmm*m~_c= at a particular
site.
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where it can grow and reproduce (its fundamental
niche, as determined by physiological amplitude)
{Fig. 2).

Historical, physiological, and bictic filters are
constantly changing and interacting. Human and
natural introductions or extinctions of species,
chance dispersal events, and exireme events such
as volcanic eruptions or floods change the species
pool present at a site. Changes in climate, weath-
ering of soils, and introduction or extinction of
species change the physical and biotic environ-
ment. Those plant species that can grow and repro-
duce under the new conditions or respond
evolutionarily so that their physiology provides a
better match to this environment will persist.
Because of these interacting filters, the species pre-
sent at a site are simply those that arrived and
survived. There is no reason to assume that the
species present at a site attain their maximal phy-
siologically possible rates of growth and reproduc-
tion (Vrba & Gould 1986). In fact, controlled-
environment studies typically demonsirate that a
given species is most common under environmen-
tal conditions that are distinctly suboptimal for
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most physiological processes because biotic inter-
actions prevent most species from occupying the
most favorable habitats (Fig. 2).

Given the general principle that species that are
present at any site reflect their arrival and survival,
why does plant species diversity differ among sites
that differ in soil fertility? Typically, this diversity
increases with decreasing soil fertility, up to a max-
imum, and then declines again (Grime 1979, Huston
1994). To answer this question, we need detailed
ecophysiological information on the various
mechanisms that allow plants to compete and co-
exist in different environmenis. The information
that is required will depend on which ecosystem is
studied. In biodiverse (i.e., species-rich), nutrient-
poor, tropical rainforests, with a wide vaziation in
light climate, plant traits that erhance the conver--
sion of light into biomass or censerve carbon are
likely #o be important for an understanding of
plant diversity, In the bicdiverse, nutrient-impover-
ished sandplains of South Africa and Australia,
however, variation in root traits that are associated
with nutrient acquisition offers clues to understand-
ing plant species diversity.
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Ficure 2. Biomass production of two hypothetical spe-
cies (x and y) as a function of resource supply. In the
absence of competition (upper panels), the physiologi-
cal amplitude of species x and y (PA, and PA,, respec-
tively) defines the range of conditions over which each
species can grow. In the presence of competition (fower
panels), plants grow over a smaller range of conditions
{their ecological amplitude, EA, and EA,) that is

4. Time Scale of Plant Response
to Environment

We define stress as an environmenial factor that
reduces the rate of some physiological process
(e.g., growth or photosynthesis) below the maxi-
mum rate that the plant could otherwise sustain.
Stresses can be generated by abiotic and/or biotic
processes, Examples of stress include low nitrogen
availability, heavy metals, high salinity, and shad-
ing by neighboring plants. The immediate response
of the plant to stress is a reduction in performance

-(Fig. 3). Plants compensate for the detrimental

effects of stress through many mechanisms that
operate over different time scales, depending on
the nature of the stress and the physiological
processes that are affected. Together, these compen-
satory responses enable the plant to maintain a rela-
tively constant rate of physiological processes
despite occurrence of stresses that periodically
reduce performance. Jf a plant is going to be success-
ful in a stressful environment, then there must be
some degree of stress resistance. Mechanisms of

constrained by competition from other species,
A given pattern of species distribution (e.g., that shown
in the hottom panels) can result from species that differ
in their- maximum biomass achieved (left-hand pair of
graphs), shape of resource response curve {cenferpair of
graphs), or physiclogical amplitude (right-hand pair of
graphs). Adapted from Walter {1973).

stress resistance differ widely among species. They
range from avoidance of the stress, e.g., in deep-
Tooting species growing in a low-rainfall area, to
stress tolerance, e.g,, in Mediterranean species that
can cope with a low leaf water content.

Physiological processes differ in their sensitivity
to siress. The most meaningful physiological pro-
cesses to congider are growth and reproduction,
which integrate the stress effects on fine-scale phy-
siological processes as they relate to fitness, ie.,
differential survival and reproduction in a competi-
tive envirormment. To understand the mechanism of
plant response, however, we must consider the
response of individual processes at a finer scale
{e.g., the response of photosynthesis or of light-har-
vesting pigments to a change in light intensity). We
recognize at least three distinct time scales of plant
Tesponse o stress:

1. The stress response is the immediate detrimental
effect of a stress on a plant process. This generally
occurs over a time scale of seconds to days,
resulting in a decline in performance of the
process.
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Ficure 3. Typical time course of plant response to envir-
onmental stress. The immediate response fo environ-
mental stress is a reduction in physiological activity.
Through acclimation, individual plants compensate for
this stress such that activity returns toward the contro|
level, Over evolutionary time, populations adapt to
environmental stress, resulting in a further increase in

2. Acclimation is the morphological and physiclo-
gical adjustment by individual plants to compen-
sate for the decline in performance following the
Initial stress response. Acclimation occurs in
-Iesponse to environmental change through
changes in the activity or synthesis of new bio-
chemical constituents such as enzymes, often
associated with the production of new Hssue.
These biochemical changes then initiate a cascade
of effects that are observed at other levels, such as
changes in rate or environmentat sensitivity of a
specific process (e.g., photosynthesis), growth
rate of whole plants, and morphology of organs
or the entire plant. Acclimation to stress always
occurs within the lifetime of an individual,
usually within days. to weeks. Acclimation can
be demonstrated by comparing genetically simi-
lar plants that are growing in different
environments,

Adaptation is the evolutionary response result-
ing from genetic changes in populations that
compensate for the decline in performance
caused by stress. The physiological mechanisms
of response are often similar to those of acclima-
tion, because both require changes in the activity
or synthesis of biochemical constituents and
cause changes in rates of individual physiologi-
cal processes, growth rate, and morphology. In

Day-Monih  Month-Year Generations Evolutionary time

activity level toward that of the unstressed unadapted
plant. The total increase in activity resulting from accli-
mation and adaptation is the in situ activity observed in
natural populations and represents the total homeo-
static compensation in response to environmental
stress, !

fact, adaptation may alter the potential of plants
to acclimate to short-term envirormental varia-
tion. Adaptation, as we define it, differs from
acclimation in that it requires genetic changes in
popuiations and therefore typically requires
marty generations to occur, We can study adapta-
tion by comparing genetically distinct plants
§rown in a common environment,

Not all genetic differences among populations
reflect adaptation. Evolutionary biologists have
often criticized ecophysiologists for promoting the
“Panglossian paradigm”, ie, the idea that just
because a species exhibits certain traits ina particu-
lar environment, these traits must be beneficia] and
must have resulted from natural selection in that
environment (Gould & Lewontin 1979). Plants may
differ genetically because their ancestral species or
populations were genetically distinet before they
arrived in the habitat we are studying or other his-
torical reasons may be responsible for the existence
of the present genome. Such differences are not
necessarily adapiive.

There are at least two additional processes that
can cause particular traits to be associated with a
given environment;

1. Through the quirks of history, the ancestral spe-
cies or population that arrived at the site may



have been pre-adapted, i.e, exhibited iraiis that
allowed continued persistence in these condi-
tions. Natural selection for these traits may have
occurred under very different environmental cir-
cumstances. For example, the tree species that
currently occupy the mixed deciduous forests of
Europe and North America were associated with
very different species and environments during
the Pleistacene, 100000 years ago. They co-occur
now because they migrated to the same place
some time in the past (the historical filter), can
grow and reproduce under current environmen-
tal conditions (the physiological filter), and out-
compeied other potential species in these
communities and successfully defended them-
selves against past and present herbivores and
pathogens (the biotic filter).

2. Once species arrive in a given geographic region,
their distribution is fine-tuned by ecological sort-
ing, in which each species tends to cccupy those
habitats where it most effectively competes with
other plants and defends itself against natural
enemies (Vrba & Gould 1986).

5. Conceptual and Experimental
Approaches

Documentation of the correlation between plant
traits and environmental conditions is the raw
material for many ecophysiological questions.
Plants in the high alpine of Africa are strikingly
simnilar in morphology and physiclogy to those of
the alpine of tropical South America and New
Guinea, despite very different phylogenetic his-
tories. The similarity of physiclogy and morphol-
ogy of shrubs from Mediterranean regions of
western parts of Spain, South Africa, Chile,
Australia, and the United States suggests thas the
distinct floras of these regions have undergone
convergent evolution in response to simdilar cli-
matic regimes (Mooney & Dunn 1970). For exam-
ple, evergreen shrubs are commion in each of these
regions. These shrubs have small, thick leaves,
which continue to photosynthesize under condi-
tions of low water availability during the warm,
dry summers characteristic of Mediterranean cli-
mates. The shrubs -of all Mediterranean regions
effectively retain nutrients when leaves are shed,
a fait that could be important on infertile soils,
and often resprout after fire, which oceurs com-
monly in these regions. Documentation of a corre-
lation of traits with environment, however, can
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never determine the relative importance of adapta-
tion to these conditions and other factors such as
pre-adaptation of the ancestral floras and ecologi-
cal sorting of ancestral species into appropriate
habitats. Moreover, traits that are measured
under field conditions reflect the combined effects
of differences in magnitude and types of environ-
mental stresses, genetic differences among popula-
tions in stress response, amd acclimation of
individuals to stress. Thus, documentation of cor-
relations between physiology and environmens in
the field provides a basis for interesting ecophy-
siological hypotheses, but these hypotheses can
rarely be tested without complementary
approaches such as growth experiments or phylo-
genetic analyses. '
Growth experiments allow one to separate the
effects of acclimation by individuals and genetic
differences among populations. Acclimation can
be documented by measuring the physiology of
genetically similar plants grown under different
environmental conditions. Such experiments
show, for example, that plants grown at low tem-
perature generally have a lower optimum tem-
perature for photosynthesis than Warm-grown
plants (Billings et al. 1971). By growing plants col-
lected from alpine and low-elevation habitats
under the same environmental conditions, we can
demonstrate genetic differences: with the alpine
plant generally having a lower temperature opt-
mum for photosynthesis than the low-elevation
population. Thus, many alpine plants photo-
synthesize just as rapidly as their low-elevation

- counterparts, due to both acclimation and adapta-

tion. Controlled-environment experiments are an
important complement to field observations.
Conversely, field observations and experiments
provide a context for interpreting the significance
of laboratory experiments.

Both acclimation and adaptation reflect complex
changes in many plant traits, making it difficult to
evaluate the importance of changes in any particular
trait. Ecological modeling and molecular modifica-
tion of specific traits are two approaches to explore
the ecological significance of specific traits, Ecologi-
cal models can range from simple empirjcal rela-
tionships (e.g, the temperature response of
photosynthesis) to complex mathematical models
that incorporate many indirect effects, such as ne Za-
tive feedbacks of sugar accumulation to photosynth-
esis. A common assumption of these models is that
there are both costs and benefits associated with a
particular traif, such that no trait enables a plant to
perform best in all environments (i.e., there are no
“super-plants” or “Darwinian demons” that are
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superior in all components). That is. presumably
why there are so many interesting physiological
differences among plants. These models seek to
identify the conditions under which a particular
trait allows superior performance or compare per-
“formance of two plants that differ in traits. The
theme of trade-offs {l.e, the costs and benefits of
particular traits) is one that will recur Wm@ﬁmﬂﬁ% in
this bock.

A second, more experimental approach to the
question of optimality is molecular modification
of the gene that encodes a trait, including the reg-
ulation of its expression. In this way we can explore
the consequences of a change in photosynthetic
capacity, sensitivity to a specific hormone, or
regsponse to shade. This molecular approach is an
extension of comparative ecophysiological studies,
inwhich plants from different environments that are
as similar as possible except with respect to the trajt
of interest are grown In a common environmen,
Molecular modification of single genes allows eva-
luation of the physiological and ecological conse-
quences of a izait, while holding constant the rest
of the biology of the plants.

6. New Directions in Ecophysiology

Plant ecophysiology has several new and poten-
tially important contributions to make to biology.
The rapidly growing human population requires
increasing supplies of food, fiber, and energy, at a
time when the best agricultural Jand is already in
production or being lost to urban mmﬁHoﬁBmH and
land degradation. It is thus increasingly critical that
we identify traits or suites of traits that maximize
sustainable food and fiber production on both
highly productive and less productive sites. The
development of varieties that grow effectively with
inadequate supplies of water and nutrients is parti-
cularly important in less developed countries that
often lack the economic and transportation
Tesources to support’ high-intensity agriculture.
Molecular biology and traditional breeding pro-
gramsg provide the tools io develop new combina-
tions of traits in planis, including GMOs (genetically
modified organisms). Bcophysiology is perhaps the
field that is best suited to determine #he costs, ben-
efits, and consequences of changes in these traits, as
whole plants, including GMOs, interact with com-
plex environments.

Past ecophysiological studies have described
Important physiological differences among plant
species and have demonstrated many of the
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mechanisms by which plants can live where they
occur. These same physiological processes, how-
ever, have important effects on the environment,
shading the soil, removing nutrients that might
otherwise be available to other plants or soil micro-
organisms, transporting water from the soil to the
atmosphere, thus both drying the soil and increas-
ing atmospheric moisture. These plant effects can be
large and provide a mechanistic basis for under-
standing processes at larger scales, such as commu-
nity, ecosystem, and climatic processes a,w..m@ww
2003). For example, forests that differ only in species
composition can differ substantially in productivity
and rates of nutrient cycling. Simulation models
suggest that species differences in stomatal conduc-
tance and rooting depth could significantly affect
climate at regional and continental scales (Foley

et al. 2003, Field et al. 2007). As human activities
Enammmﬁmq alter the species composition of large
portions of the globe, it is critical that we understand
the ecophysinlogical basis of community, ecosys-
tem, and global processes.

¥

7. The Structure of the Book

We assume that the reader already has a basic
understanding of biochemical and physiological
processes in plants. Chapters 2A-C in this book
deal with the primary processes of carbon metabo-
lism and transport. After introducing some
biochemical and physiological aspects of photo-
synthesis (Chapter 24), we discuss differences in
photosynthetic traits among species and link these
with the species’ natural habitat. Trade-offs are dis-
cussed, like that between a high water-use efficiency
and a high efficiency of nitrogen use in photosynth-
esis (Chapter 2A). In Chapter 2B we analyze carbon
use In respiration and explore its significance for the
plant's carbon balance in different species and
environments. Species differences in the transport
of photosynthates from the site of production to
various sinks are discussed in Chapter 2C, For
example, the phloem transport systern in climbing
plants involves an interesting trade-off between
transport capacity and the risk of major damage to
the system. A similar trade-off between capacity
and safety is encountered in Chapter 3, which
deals with plant water relations. Subsequently, the
plant’s energy balance (Chapter 44) and the effects
of radiation and temperature (Chapter 4B) are dis-
cussed. After these chapters that describe phote-
synthesis, water use, and energy balance in
individual leaves and whole plants, we then scale



the processes up to the level of an entire canopy,
demonstrating that processes at the level of a
canopy are not necessarily the sum of what happens
insingle leaves, due to the effects of the surrounding
leaves (Chapter 5). Chapter 6 discusses mineral
nutrition and the numerous ways in which plants
cope with soils with low nutrient availability or
toxic metal concenirations {e.g., sodium, aluminum,
heavy metals). These first chapters emphasize those
aspects that help us to analyze ecological problems.
Moreover, they provide a sound basis for later chap-
ters in the book that deal with a higher level of
integration.

The following chapters deal with patterns of
growth and allocation (Chapter 7), life-history traits
(Chapter 8), and interactions of individual plants
with other organisms: symbiotic microorganisms
(Chapter 9A); ecologjcal biochemistry, discussing
allelopathy and defense against herbivores (Chapter
9B); microbial pathogens (Chapter 9C); parasitic
plants (Chapter 9D); interactions among planis in
communities (Chapter 9EY; and animals used as
prey by carnivorous plants (Chapter 9F). These
chapters build on information provided in the initial
chapters. .

The final chapters deal with ecophysiological
traits that affect decomposition of plant matesial in
contrasting environments (Chapter 10A) and with
the role of plants in ecosystem and global processes
{Chapter 10B). Many topics in the first two series of
chapters are again addressed in this broader context.
For example, allocation patterns and defense com-
pounds affect decomposition. Photosynthetic path-
ways and allocation patterns affect to what extent
plant growth is enhanced at elevated levels of car-
bon dioxide in the atmosphere.

Throughout the text, “boxes” are used to elabo-
rate on specific problems, without cluttering up the
text. They are meant for students seeking a deeper
understanding of problems discussed in the main
text. A glossary provides quick access to the mean-
ing of technica] terms used in both this book and the
plant ecophysiological literature. The references at
the end of each chapter are'an eniry point to relevant
literature in the field. We emphasize review papers
that provide broad syntheses but also include key
experimental papers in rapidly developing areas
("the cutting edge”). In general, this book aims at
students who are already familiar with basic princi-
ples in ecology, physiology, and biochemistry. Tt
should provide an invaluable text for both under-
graduates and postgraduates and a reference for
professionals.
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