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INTRODUCTION

Plants exhibit a striking diversity of forms and structures, which are difficult to interpret. The

functional approach to the study of plant form emerged as a separate discipline at the
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beginning of the twentieth century with the first classifications of growth forms in relation to

climate and with tentative ecophysiological studies of plant responses to the environment

(Waller 1986). Physiological ecology now makes detailed predictions on how physical and

physiological characteristics affect plant photosynthesis, whereas plant population ecology

translates patterns of growth into fitness of individuals and populations. And plant structure

remains an essential tool for all these exercises of interpreting plant performance in natural

habitats and for scaling from cellular and leaf-level to ecosystem processes (Ehleringer and

FIeld 1993). Plant performance can be understood as the crucial link between its phenotype

and its ecological success and the form becomes ecologically and evolutionary relevant when

it affects performance (Koehl 1996). It is important to consider that misconceptions can arise

from studies in which selective advantages of particular structures are not made with a mechan-

istic understanding of how the structural traits affect performance. Koehl (1996) showed that the

relationship between morphology and performance can be nonlinear, context-dependent, and

sometimes surprising. Remarkably, new functions and novel ecological consequences of

morphological changes can arise simply as the result of changes in size or habitat.

While all would agree that structure is intrinsically coupled with function, the impetus is

often stronger to investigate physiological mechanisms rather than the functional implica-

tions of plant form. This is not to say that functional plant architecture has been ignored. For

instance, the role of canopy architecture in competition for light has been addressed in several

works after the keystone study by Horn (1971). However, the architectural constraints of

plant success, which is of plant persistence or expansion in the community, have not been

explored extensively. Plant architecture involves the manner in which the foliage is positioned

in different microenvironments and determines the flexibility of a shoot system to take

advantage of unfilled gaps in the canopy, to allocate and utilize assimilates, and to recover

from herbivory or mechanical damage (Caldwell et al. 1981, 1983, Küppers 1989). Except in

particular or very extreme environments, plant physiology alone does not explain ecological

success, since growth and competition have been clearly related to structural features (Küp-

pers 1994). In agreement with Tomlinson (1987), the study of plant morphology is an

integrative discipline rather than a subject restricted to the comparison of anatomical details

of plant life cycles. We attempt to demonstrate that plant morphology in general and plant

architecture in particular belongs more rightly within the fields of plant ecophysiology and

plant population biology.

We analyze here plant shape from a functional point of view. The basic plant design and

the many interpretations and implications of its modular nature are presented here as an

indispensable starting point to enter into discussions on function and adaptive value of crown

structural features. We further discuss the relationships between plant shape and light

capture. Plants depend on the light energy that they capture by photosynthesis, and solar

radiation is the major driving force affecting not only photosynthetic activity, but also leaf

temperature, leaf water status, and many other physiological processes of the plant. Crown

architecture is crucial for light capture and for the distribution of light to each particular

photosynthetic unit of the crown, but must also serve several other functions. The architec-

tural design of a given plant must provide safety margins to cope with gravity and wind;

therefore, biomechanical constraints must be taken into account when assessing the influence

of morphology and architecture on plant performance. The structural basis of light capture

by plant crowns is explored here from the leaf level to the community level with special

attention to leaf angle, phyllotaxis, branching patterns, and crown shape. Examples of plant

architecture in extreme light environments are included, where the functional implications for

light capture of a range of structural features can be better seen. In the analysis of plant shape

at the community level, two main functional concepts involving plant interactions are

discussed: the occupation of the space and the shading of neighbors. As there are impor-

tant world-scale modifications in overall light availability and in the various components of
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solar radiation, in particular in the ratio of direct to diffuse irradiance (Roderick et al. 2001,

Gu et al. 2002, Farquhar and Roderick 2003), understanding the fundamental relationships

between plant architecture and efficiency of harvesting light is the precondition in grasping

the global change effects on vegetation productivity.

PLANT DESIGN

The shape of a given plant is determined by the shape of the space that it fills, but most

plants attain a characteristic shape when grown alone in the open due to an inherited

developmental program (Horn 1971). This developmental program usually implies the re-

iterative addition of a series of structurally equivalent subunits (branches, axes, shoots,

leaves), which confers plants a modular nature. This developmental program is the result of

plant evolution under some general biomechanical constraints. For instance, the shape of the

crown of a tree is constrained by the fact that the cost of horizontal branches is greater

than that of vertical branches (Mattheck 1991). This section explores the functional implica-

tions of these two general aspects, the modular nature of plants and the biomechanical

constraints of shape, which in addition to the environment where the plant grows determine

plant architecture.

BASIC ARCHITECTURE OF TERRESTRIAL PLANTS

Terrestrial vascular plants must combine the structural requirements of water-conduction and

gas-exchange systems with the problems of mechanical support of aerial structures and light

capture by the photosynthetic surfaces. Many different solutions to these frequently opposing

problems have been found during plant evolution (Niklas and Kerchner 1984, Speck and

Vogellehner 1988, Niklas 1990, 1997). The diversification into trees, shrubs, and herbs

occurred relatively rapidly (Raven 1986), and by the end of the Devonian, many alternative

plant designs were successfully tested in most terrestrial systems. From primitive cylindrical

or flat, two-dimensional photosynthetic surfaces restricted to liquid environments, terrestrial

plants evolved complex three-dimensional arrangements of the photosynthetic units, which

required stomata for control over water loss preventing embolism (Woodward 1998), lignified

fibers for support, and a specialized root system for efficient competition for belowground

resources (Jackson et al. 1999). However, because no one design dominates in all environ-

ments, specialization for efficiency in any given environment involved structural trade-offs

that made the same plant less competitive in other environments (Waller 1986). Most of what

follows in this chapter aims to explore the ecological implications and the trade-offs involved

in the various and varying architectural designs of extant plants.

MODULAR NATURE OF PLANTS

In the crown of most vascular plants, it is easy to recognize a hierarchical series of subunits.

The largest subunit is the branch, which is made up of modules (Porter 1983). Module is a

general term that refers to a shoot with its leaves and buds, and the term can be applied to

either determinate (structures whose apical meristem dies or produces a terminal inflores-

cence) or indeterminate shoot axes (Waller 1986). Modules are, in turn, made up of smaller

subunits consisting of a leaf, its axillary buds, and the associated internode. These small sub-

units have been called metamers (White 1984). Since plants have many redundant modules or

organs that have similar or identical functions (e.g., leaves or shoots transforming absorbed

light into biomass), plants have been seen as metapopulations (White 1979). Such redundant

modules are not fully dependent on one another, and, in fact, individual modules continue to

function when neighbor organs are removed (Novoplansky et al. 1989). The existence of
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hundreds of redundant subunits within a single plant raises the question: Towhat degree do these

structural subunits (e.g., shoots) respond independently to the environment?

Scaling Up and Down

The study of functional modularity of plants can be tackled at different scales. The smallest

end is the so-called nutritional or physiological unit, comprising a unit of foliage, the axillary

bud, and the corresponding portion of stem (Watson 1986). As pointed out by Sprugel et al.

(1991), the opposite end of the spectrum would be the clonal herbs, in which each module

(ramet) contains all of the structural parts necessary for independent existence. The branch is

an intermediately scaled unit, which is very convenient because it is large enough to integrate

most relevant physiological processed, but small enough to be used in ecophysiological

experiments. For this reason, branches have been used extensively by ecologists and ecophy-

siologists to scale from leaf-level measurements to the whole plant or to the plant community

(Gartner 1995).

All branches within a plant are structurally and physiologically connected to one another,

but the mutual interactions are not always easy to elucidate. To make reliable scaling and

generalization exercises, branch autonomy must be investigated thoroughly. Branch auton-

omy depends on the resource—carbon, water, or nutrients. The most clear aspect of branch

autonomy is that related with carbon budget, since most branches fix all the carbon they need,

and usually fix more, becoming exporters or sources of carbon in contrast with roots or

reproductive structures, which are important carbon sinks (Geiger 1986). Although branches

cannot be completely autonomous with respect to water and nutrients, which come from

the roots via the stem, they exhibit different levels of uncoupling with the rest of the branches

of the crown, that is, different levels of relative autonomy (Tyree 1999). In most species,

branches are somewhat hydraulically isolated from the rest of the plant; thus, in words of

Tyree (1988), branches can be treated as small, independent seedlings rooted in the main

bole. Nevertheless, branches are imperfect substitutes for studies on whole plants, especially

when exceptions to the general branch autonomy can be expected (Sprugel et al. 1991).

Ecology of Branch Autonomy

Branch autonomy has two major ecological advantages: (1) control of stress and damage, and

(2) a more efficient exploitation of heterogeneous environments (Hardwick 1986). A com-

partmentalized plant may be less vulnerable to pathogens or herbivores than an integrated

plant. It is well known that trees are capable of walling off injured or too-old branches, which

provides an efficient protection against spreading of infections and against a net energy drain

on the organism, respectively (Sprugel et al. 1991). A similar argument on the advantages of

branch autonomy can be built for the prevention of runaway cavitation, for example, the

formation of gas bubbles when transpiration rate exceeds water transport that block xylem

vessels or tracheids (Tyree 1999, Zimmermann et al. 2000).

Because the different aerial parts of a plant (e.g., branches and leaves) are generally in

different light environments, plants frequently face the problem of distributing limited

resources in a way that would optimize the performance of units exposed to heterogeneous

light conditions. Although plants do not forage in the classical sense of moving around to

different prey locations, they do exhibit a foraging behavior (Hutchins and de Kroon 1994).

Plants forage because they must spend energy producing the leaves and the associated

supporting structures necessary to harvest light, and their fitness is increased if this energy

is spent efficiently, that is, if leaves are arranged appropriately to maximize light capture. A

plant that has new leaves in high-light areas of the crown has an advantage over one that

remains symmetric and sets out leaves equally in all possible locations. Branch autonomy

with respect to carbon budget enhances the efficiency of light foraging because branches
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exposed to high-light grows bigger, shaded branches stops growing, and no energy is wasted

in producing leaves in shaded areas (Sprugel et al. 1991). However, this is the case only for

woody plants with indeterminate or multiple flushing growth patterns, where photosynthate

for new leaves at the top of a shoot has been shown to come primarily from the older leaves of

the same shoot (Fujimori and Whitehead 1986). In woody plants with determinate, single-

flush growth patterns, efficient light foraging is not achieved via branch autonomy but rather

via increased bud production in high-light areas; the buds draws on reserves throughout the

tree in the next growing season (Sprugel et al. 1991). Several evidences indicate that branches

are interdependent so that a positive carbon budget by itself does not ensure branch survival,

and a stressed branch on a tree where all other branches are also stressed does better than a

similarly stressed branch on a tree where some branches are relatively unstressed. As stated by

Sprugel (2002) although branch autonomy is an important and useful principle, it is not an

absolute rule governing branch growth.

Modularity versus Integrity

Despite the ecological relevance and the functional evidence of a certain autonomy of the

different modules of a given plant, many different studies suggest that a plant is more than

just a population of redundant organs because it responds to the environment as an inte-

grated individual and not as a simple colony with limited mutual aid (Sprugel et al. 1991,

Sachs et al. 1993). The simplistic, albeit tempting, concept that a single plant is not a unit but

a collection of independent subunitary parts became widespread during the nineteenth

century and persisted until modern times (White 1979). It is reminiscent of the assumption

that organismal structure and function can be understood by studying the cells, since cells

have been considered the building blocks or organism form since the publication of the cell

theory in 1938 (Kaplan and Hagemann 1991). In the advocacy of plant integrity, plants have

been considered ‘‘metapopulations’’ (White 1979) in the context of the classical etymology of

meta- as sharing. Therefore, plants are referred to as metapopulations when the shares

elements that make up the morphological structure of an individual are emphasized. Under

controlled conditions, plants have been shown to do more than respond locally to the

degree to which they are damaged: interactions and mutual support between branches

allowed treated plants for the comparison of available branches, and for the diversion of

resources so as to increase the chances of greatest overall success (Sachs and Hassidim 1996,

Sprugel 2002).

Nevertheless, two interesting lines of evidence support the notion that the modules of a

plant are functionally independent of one another, at least to some extent: (1) independent

patterns of phenology between branches, and (2) competitive interactions between modules

for limited resources as a consequence of a eustelic arrangement. Each module undergoes a

complete life cycle of birth, growth, maturation, senescence, and death; therefore, a plant can

be studied as a dynamic population of modules with a distinct age structure following

rigorous demographic analyses (Room et al. 1994). Individual leaves and foliage units are

manifestly not all the same due to the two simple facts that they are not of the same age and

that they are borne in different positions relative to each other (Harper 1989). In this sense,

and considering the remarkable genetic variability of the different modules of a plant and

the fitness differentials between modules, individual plants can be tackled as colonies of

evolutionary individuals (Gill 1991).

PLANT BIOMECHANICS: COPING WITH GRAVITY AND WIND

While plant architecture is an outcome of many selective pressures, the shapes of plant parts,

their elasticity, and resistance to strain, are constrained by well-known mechanical principles

(McMahon and Kronauer 1976, Niklas 1992). Because aerial plant parts face the obvious
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forces of gravity and wind, a fraction of the biomass must be devoted to support. As

mechanical structures of similar shape become increasingly inefficient with increasing

size, the fraction required to support plants increases rapidly with increasing plant size. For

instance, the strength of a column (e.g., a branch or a stem) scales with the square of its

diameter, whereas its mass increases with diameter squared times length (Gere and Timoshenko

1997). For any given plant, the mechanical costs associated with its crown geometry must be

balanced with the photosynthetic benefits associated with its light-capture efficiency.

The height to which a plant should grow depends on the environment and on the height of

the neighboring plants, that is, the goal is not to grow tall, but grow taller than the others

(Waller 1986, King 1990). The taller a plant becomes in its competition for light, the more

light it needs to support its preexisting biomass and to achieve growth. In fact, the maximum

height of tree can be determined by the balance between maximal potential carbon gain that

occurs in full sunlight and carbon required for construction and maintenance costs of crown

and roots (Givnish 1988). Although small-statured plants have smaller growth maintenance

requirements per unit of light-absorbing machinery than large plants, growing taller implies

greater access to light. In general, the higher the plant, the more light it intercepts during the

course of the day (Jahnke and Lawrence 1965, King 1981, 1990). Thus, there is a payback of

investing in height that can be especially relevant under situations of strong competition for

light. Of course, the reverse is also true: being tall requires on average higher irradiances due

to extensive maintenance costs (Givnish 1988).

Mechanical stability imposes the minimum amount of tissue required to support the crown

and its units. The most likely mode of stem failure is elastic toppling, rather than failure under

the weight of the crown. Accordingly, stem diameter scales with height, with a safety margin

that prevents elastic toppling but not compressive failure (McMahon 1973). For most plants,

height varies with trunk diameter in such a way that there is a margin of safety against buckling

(Niklas 1994). When trees grow in the open with little competition, their size and shape is

conservative, being only one-quarter of their theoretical buckling height (McMahon 1975,

McMahon and Kronauer 1976). However, when competition in a forest is strong, trees cannot

afford large safety margins, especially when they have not reached the canopy. Based on this,

Givnish (1995) predicted that shade-intolerant pioneer species should have lower mechanical

safety margins than shade-tolerant species of similar stature. High wood density, usually

reached in long-lived species with slow tissue turnover, provides resistance against mechanical

failure and against attack by fungi and insects (King 1986). However, it adds extra weight for a

given height or length of the stem or branch, so the biomechanical advantages of a stronger

building material are frequently neutralized by the additional load. Structural costs are mini-

mized by constructing stems of low-density wood, and for this reason softwoods can grow

faster than hardwoods (Horn 1971). Hence, pioneer trees are expected to have light, energet-

ically inexpensive wood, whereas late successional trees should have dense, highly lignified

wood. Most studies in temperate and tropical forests confirm this trend (Horn 1971, Givnish

1995). The different biomechanics and associated costs of the crowns of hardwoods and

softwoods can be crucial depending on the sign and intensity of factors such as frequency of

storms, stability of the substrate, competition for light, or availability of water and nutrients.

Another important biomechanical aspect of the crown is the branching pattern. Branching

angles should minimize both structural costs and leaf overlap to achieve optimal plant

growth. However, these two features are mutually exclusive because branching patterns and

leaf arrangements that reduce leaf overlap often require more investment in supporting tissues

(Givnish 1995). Plants segregate in the cost and benefit trade-offs that their crown design

entails in a given environment. In general, tree mechanisms concentrate on a good mechanical

design only if light capture is sufficient (Mattheck 1991, 1995), but the biomechanical theory

of crown design is still insufficient for integrated comparisons of the particular advantages of

each crown architecture.
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Although gravity leads to static loading of a plant based on the weight of individual parts,

the dynamic loading caused by wind is often transitory (Grace 1977, King 1986, Speck et al.

1990). However, the wind exerts permanent modifications of the overall shape of plants and

affects the anatomy and density of the wood, inducing biomechanical changes at architectural

and anatomical levels (Coutts and Grace 1995, Ennos 1997). The greatest effects of strong

winds on trees are seen near the tree line, where most species exhibit the so-called krummholz

form (Ennos 1997). Krummholz refers to environmentally dwarfed trees, in which the crown is

a prostrate cushion that extends leeward from the short trunk (Arno and Hammerly 1984).

Despite the fact that light harvesting can be decreased by the krummholz habit, carbon gain is

enhanced in comparison with upright trees in equivalent environmental conditions due to the

increased photosynthetic rates exhibited by the leaves, which are deep in the boundary layer

and warmed more by the sun (James et al. 1994). Another interesting, albeit little explored

aspect of plant biomechanics and wind is the dynamic reconfiguration of crown shape while

the wind is blowing. Branches and foliage bend away with the wind, which reduces drag.

It has been suggested that drag reduction should lead to flexible twigs in windy environments

(Vogel 1996), and also to pinnate or lobed leaves due to the great degree of reconfiguration of

these leaves in comparison with that of simple leaves (Vogel 1989). Increasing evidence is

pointing to the existence of two main strategies regarding the wind as an ecological factor:

(1) pioneer trees in windy habitats with flexible branches and pinnate or lobed leaves to

reduce aerodynamic drag; and (2) late-successional trees or species from sheltered sites with

simple leaves and rigid branches to maintain optimal light interception (Vogel 1989, Ennos

1997). A similar reasoning was given for woody plants that dwell along shores of streams and

torrents: flexible twigs and narrow, willow-like leaves should prove adaptive since they reduce

pressure drag during flash floods (van Steenis 1981, Vogel 1996).

Unusual growth forms pose specific biomechanical problems, and precise studies are

required to interpret certain plant designs. For instance, in most species of Opuntia (Cacta-

ceae), shoots are formed as a sequence of short, flattened stem segments called cladodes.

Cladodes have an elliptical base that supports the greatly enlarged upper portion and joins

over only a small portion of their periphery so that there is considerable flexing at

the cladode–cladode junctions (Nobel and Meyer 1991). Despite the fact that the contact

between cladodes is only 20% of that occurring in a similar stem of constant width, the

resulting shoot structure is rigid and resistant to typical wind and gravity loadings. The

remarkable strength of this cladode–cladode junction cannot be fully explained from a

biomechanical point of view (Nobel and Meyer 1991). Other interesting study cases are

palm trees. Their lack of secondary thickening exposes them to a risk of toppling that

increases with crown height. Mechanical safety of certain palm trees seems to be maintained

by increasing the tissue density over time, and by proliferation of existing tissues that leads to

an increase in actual cross-section of the stem (Rich 1986, 1987).

DEVELOPMENT OF A CROWN SHAPE

Despite the fact that most plants exhibit an indefinite growth, which produces a remarkable

variability in their final size, they have a recognizable form. The many meristems of a plant

are integrated into a galaxy of possible but not random morphologies. Understanding the

mechanisms behind the production, arrangement, and turnover of plant modules led morpho-

logists to group plants in a small number of architectural models.

CROWN ARCHITECTURE AND MODELS OF GROWTH

Plants exhibit an extraordinary variety of branching patterns and foliage arrangements. The

luxuriance of structural details of a forest canopy or the diversity of morphologies displayed
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by the herbs of a subalpine meadow can be overwhelming. For this reason, botanists and

plant ecologists have looked at the developmental organization (architecture) of plants with a

reductionist approach, slimming the complexity of plant shape to a sequence of simpler

processes, but retaining the holistic features that determine plant construction (Tomlinson

1987). The questions of how many possible ways there are to build a plant and how many

architectural models are exhibited by real plants have led to several classifications of plant

shape. One of the best-known detailed classifications of plant architecture is provided by

Hallé et al. (1978). This review further provides an extensive, comparative study of the

ontogenetic changes of the shape of tropical trees. In fact, most systematic descriptions and

cataloging of architectural patterns have been based on trees. The most interesting features of

these classifications are (1) a revival of the notion of modular construction and its importance

in the generation of plant shape, and (2) an emphasis on understanding the mechanisms

behind the dynamics of the arrangement, production, and turnover of plant modules and

subunits (Porter 1989). This sort of information has made possible the realistic reconstruction

of virtual plants, which is leading to in-depth understanding of plant growth in response to

the environment and to promising orientations for plant breeding and pests and pathogens

management, thanks to the potential of virtual experimentation (Room et al. 1996).

Branching: The Framework of a Crown

Branching complexity ranges from plants with a single axis to large trees with many orders of

branching in three-dimensional space. However, the overall complex shape of a tree can be

determined by surprisingly few parameters since a new branch is geometrically determined by

just two parameters: branching angle and branch length (Honda et al. 1997). Repetition of the

branching generates the distinctive complexity of plant crowns, and the relative simplicity of

the process has resulted in the generation of numerous computer models that simulate

branching and growth of plants with remarkable realism (Waller and Steingraeber 1985,

Fisher 1992).

Although some trees have a single axis (e.g., most palms) and some have many similar

branching axes, most species of trees have two or more types of axes that can be distinguished

by their primary orientation, symmetry, or form. In general, leader axes are radially symmet-

rical, whereas lateral branch axes are dorsiventrally symmetrical (Fisher 1986). Differences in

initial vigor of lateral branches results in a well-defined main axis, which is established

commonly in a regular, alternating zigzag pattern (Fisher 1986). The branching and conse-

quent growth of trees and shrubs can be characterized by vertical or longitudinal, and

horizontal or lateral symmetries. Vertical symmetry is characterized by growth of branches

at the top (acrotony) or at the base (basitony), whereas lateral symmetry is characterized by

branch growth at the upper or lower side of the lateral branch (epitony and hypotony,

respectively). Logically, shrubs exhibit a basitonic branching, whereas trees are characterized

by acrotonic branching. Analogously, while typical trees exhibit a hypotonic branching, most

shrubs and small trees exhibit epitonic branching. However, there are many exceptions to

these rules. For instance, the pyramidal shape of the crown of many conifers is due to the

combination of basitonic branching (typically a shrub pattern) with a monopodial growth of

the bole. The dominance of branch development when branch originates from buds on the

upper side of stems or main branches (epitonic shoots) appears to be important in shrub

competition for space, since hypotonic branching confers the capacity of extending laterally

but not overtopping an existing canopy (Schulze et al. 1986). More implications of branching

patterns in the way shrubs and trees occupy and compete for space are discussed in Section

‘‘Structural Determinants of Light Capture’’.

Relative number of branches has been examined in trees using the Strahler ordering

technique, which begins at the edge of the canopy (first-order branches) and works its way
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toward the trunk, incrementing the order of a branch each time it intersects the junction of

two similarly ordered branches (Waller 1986). The bifurcation ratio, an index of the degree of

branching from one order to the next, was initially related to the successional status of the tree

(Whitney 1976). However, later studies have shown that it varies within a given species

(Steingraeber 1982) and even within a given crown (Kellomäki and Väisänen 1995, Kull

et al. 1999, Niinemets and Lukjanova 2003). The ratio between terminal and subterminal

branches can be of ecological interest, but higher-order bifurcation ratios are difficult to

interpret (Steingraeber 1982).

Plant form can be very complex due to the combination of regular and irregular pattern

formation processes. While Euclidean geometry is very useful for studying linear, continuous,

or regular structural properties of the objects, fractal geometry is a powerful tool to analyze

nonlinear, discontinuous, or irregular structural properties, which are characteristic of plants

(Hasting and Sugihara 1993). One of the properties of fractal objects is self-similarity, that is,

the shape or geometry of the object does not change with the magnification or scale. The

reiteration of a branching pattern in trees is a good example of this property, which was

qualitatively described and used in the classification of architectural models of trees before

fractals became popular (Hallé et al. 1978). Plant architecture has many fractal properties (see

e.g., Prusinkiewicz and Lindenmayer 1990). A tree can be modeled as a fractal, and many

functional aspects, such as efficiency of occupation of space by the leaves, total wood volume,

stem surface area, and number of branch tips, can be calculated with more accuracy by using

fractals rather than Euclidean geometry. However, forests, tree branches, plant crowns, or

compound leaves, are most likely multifractals, because they are not strictly self-similar at

every scale, that is, not exactly the same at all magnifications (Stewart 1988). This concept is

clearly homologous to the partial reiteration concept that Hallé et al. (1978) and Hallé (1995)

used in their classification of the architecture of trees.

Because symmetries and elegant geometric features of plants have always attracted

mathematicians, models of plant shape and growth have received considerable attention.

Models can be classified into two main groups: morphological and process-based models

(Perttunen et al. 1996). However, the ideal model is a morphological model that deals with

physiological processes or a process-based model that incorporates morphological informa-

tion (Kurth 1994). Models vary greatly in scope and resolution, but very simple models can

mimic response of real plants because the complex integrated growth patterns seem to be

emergent properties of a simple system (Cheeseman 1993). Metamer dynamics have been

simulated using the tools of population dynamics, which have rather simple mathematical

formulation; however, this approach ignores structure and allows little scope for geometric

analyses (Room et al. 1994). In geometric models, the spatial position and orientation of each

structural component is considered, which allows the accurate simulation of interception of

light by leaves (Pearcy and Yang 1996), of bending of branches due to gravity, and of collision

between branches (Room et al. 1994). Geometric models also provide the information

necessary to produce realistic images of plants (see Figure 4.10 and Figure 4.11), which has

additional applications in education, entertainment, and art (Prusinkiewicz and Lindenmayer

1990, Prusinkiewicz 1998). For more examples of models and their applications, see reports

by Kellomäki and Strandman (1995), Perttunen et al. (1996), and Küppers and List (1997).

From the many models available to simulate plant growth there are two systems that have

the widest potential application for plant ecologists and physiologists: L-systems (initiated

by Lindenmayer and further developed by Prusienkiewcz) and AMAP (Atelier pour la

Modélisation de’Architecture des Plants) originated by de Reffye. AMAP uses stochastic

mechanisms, and L-systems, although initially deterministic, can incorporate stochastic mech-

anisms as well. Despite the fact the AMAP has remarkable utility in agronomy by giving a

central role to the structure of plants (Godin 2000), L-systems are inherently more versatile

and hold greater promise (Room et al. 1994). Although an ideal growth model takes both
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internal and external factors into account, models to date focus on either one or the other.

Room et al. (1994) revised all the internal and external parameters affecting metamer

dynamics that should be considered in modeling plant growth. The advance of plant growth

modeling is challenged by the difficulties of making virtual plants responsive to the environ-

ment and to neighboring plants in real time, and devising efficient methods of measuring

plant structure, which is crucial information for the models that is usually hard to obtain.

Arrangement of Leaves

Fisher (1986) distinguished five different factors that determine the position of leaves. Among

them, only two (phyllotaxis, which is addressed in this section, and secondary leaf reorienta-

tion by internode twisting, petiole bending, or pulvinus movement, which is addressed in the

Section ‘‘Structural Determinants of Light Capture’’) apply to the leaves themselves. The

other three concern the branching pattern and the position of the leaf-bearing branches. For

instance, internode length affects the longitudinal distribution of leaves along the axis, or the

existence of short and long shoots determines whether leaves would be produced every year or

not, since, in general, only short shoots continue to produce leaves after one growing season.

Phyllotaxis, as the sequence of origin of leaves on a stem (Figure 4.1), has a great impact not

only on the shape of a crown (it affects the position of axillary buds or apical meristems and

thus determines branching patterns), but also in many functional aspects of the crown since it

affects the interception of light and the patterns of assimilate movement (Watson 1986).

Phyllotaxis is responsible for the morphological contrast between plants with leaves along the

sides of horizontal twigs, forming horizontal sprays of foliage, and those with leaves spiraling

around erect twigs. With regard to leaves, there can be one per node (as in all monocotyledons

and in some dicotyledons) or more than one per node (as in many dicotyledons). Leaves that

lie directly above one another at different nodes form vertical ranks called orthostichies.

When there is only one leaf per node, the phyllotaxis can be monostichous, distichous,

tristichous, or spiral if the stem has one, two, three, or more than three orthostichies,

respectively (Figure 4.1). Monostichous is a very rare phyllotaxis and is usually accompanied

by a slight twist of the stem that arranges the leaves in a shallow helix; the corresponding

phyllotaxis is called spiromonostichous (Bell 1993) (Figure 4.1 and also see Figure 4.10). In a

distichous foliage, the two rows of leaves are 188 from each other, whereas in a tristichous

foliage, leaves are in three rows with 1208 between rows.

Spiral phyllotaxy results when each leaf is at a fixed angle from its predecessor in such a

way that a line drawn through successive leaf bases forms a spiral (the genetic spiral) around

the stem. This widespread phyllotaxis, also called disperse due to the apparent lack of

geometrical pattern, can be mathematically described as a fraction in which the denominator

is the number of leaves that develop before a direct vertical overlap between two leaves

occurs, and the numerator is the number of turns around the stem before this happens (see

Valladares 1999). This fraction times 360 is a measure of the angle around the stem between

insertion of any two successive leaves (e.g., for a tristichous phyllotaxis, the fraction is 1=3,

meaning that three leaves are developed before vertical overlap between two leaves, and this

overlap happens in one turn around the stem, and the 1208 between the orthostichies or

between two successive leaves results from 1=3 times 3608). When the phyllotactic fraction of

plants with spiral phyllotaxis was calculated and ordered, the following series was obtained:

1=2, 1=3, 2=5, 3=8, 5=13, 8=21, and so on. Interestingly, in this series both numerators and

denominators form Fibonacci series since each number is the sum of the preceding two

numbers. When multiplied by 3608, this series converges toward 137.58 (Fibonacci angle),

which is the divergence angle between two successive leaves in most plants with spirally

arranged leaves (Leigh 1972, Bell 1993). Other phyllotaxes can be observed when more

than one leaf is present on each node. The simplest case is the opposite foliage, with two
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leaves 1808 apart at each node, forming two orthostichies. A common variation is the

decussate phyllotaxis, which has four orthostichies due to the fact that successive pairs of

leaves are orientated 908 to each other (Figure 4.1). A more complex variation is the bijugate

or spiral decussate phyllotaxis, where successive leaf pairs are less than 908 apart, leading to a

double spiral (Bell 1993).

The ease with which the phyllotactic fraction is measured in a given plant is frequently

confounded by internode twisting or leaf primordium displacement. It is relatively frequent

that several phyllotaxes converge in an apparent distichous foliage. For example, the needles

of some Abies are in two rows and look distichous, but their real phyllotaxis is spiral, as

indicated by the petiole insertion (Figure 4.1). A similar case was found in the shade shoots of

the chaparral shrub Heteromeles arbutifolia, which exhibited a pseudodistichous phyllotaxis

instead of the characteristic spiral phyllotaxis of the species (Valladares and Pearcy 1998).

Decussate phyllotaxis might also look distichous, as observed in horizontal shoots of Loni-

cera (Figure 4.1). Spiral and distichous leaf arrangements are also sometimes found in the

same plant species. For instance, certain plants may first, as seedlings, set leaves spirally

Phyllotaxis

Spiral (helicoidal
or disperse)

Tristichous

Opposite

Whorled

Decussate

Distichous

Monostichous

1

1

2

> 3

A common alteration: “Pseudodistichous”

2

1

1

> 3

3

2

> 3

4

2

1

Num. leaves
per node

Num. of
orthostichies

Lateral
view

Apical
view

Transformation from
decussate phyllotaxis

Transformation from
spiral phyllotaxis

E.g. Lonicera E.g. Abies

FIGURE 4.1 Main patterns of leaf arrangement (phyllotaxis) in plants. In the sketches, the black leaf

(or leaves) represents the uppermost one in the shoot. A common alteration that results in a phyllotaxis

that looks distichous (pseudodistichous), which has been generally interpreted as an adaptation to avoid

self-shading, is shown in the lower part of the figure.

Francisco Pugnaire/Functional Plant Ecology 7488_C004 Page Proof page 111 31.1.2007 6:40pm Compositor Name: CThiruppathi

The Architecture of Plant Crowns: From Design Rules to Light Capture and Performance 111



around an erect stem, and then, as mature individuals, develop a distichous foliage on the

horizontal branches produced in the axes of the initial leaves. This seems to be the case for the

tropical forest understory herb Dichorisandra hexandra (see Section ‘‘Structural Determinants

of Light Capture’’ and Figure 4.10). Phyllotaxis is a clear case of phylogenetic constraint

(Niklas 1988), but plants have solutions to compensate for the functional drawbacks of a

given phyllotaxis. Spiral phyllotaxis can render contrasting shoot patterns with a simple

change of 28 in the leaf divergence angle (Figure 4.2). However, despite the remarkable

change in leaf overlap as seen from the top of the shoot, light capture is little affected by

such a phyllotactic change (Valladares and Brites 2004). This negligible influence of the

divergence angle on the light capture by spirally arranged shoots is in contrast with theoretical

expectations: the intriguing trend of spiral phyllotaxis to converge in the golden angle, which

allows for an infinite number of leaves to be arranged along a shoot without anyone fully

blocking any other one, has been interpreted as a trend to maximize light capture efficiency

(see Figure 4.2 and Valladares and Brites 2004). Significant differences in light capture

efficiency are found, however, in comparisons of spiral versus opposite phyllotaxis, with a

lower efficiency in the later (Figure 4.2). Nevertheless, the differences in light capture due to a

given phyllotaxis can be easily compensated by an increased in either internode or petiole

length (Pearcy and Yang 1998, Brites and Valladares 2005).
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FIGURE 4.2 A vertical shoot such as that of Heteromeles arbutifolia (central drawing) generates

contrasting views when seen from above (left images; the uppermost leaf is shown in black in the

three figures). In a shoot with spirally arranged leaves such as the one of the figure, a mere 2.58 change in

the divergence angle can dramatically change the number of leaves seen from above from only eight to

all in the shoot (a golden angle of 137.58 generates an infinite number of ortostichies—see Figure 4.1).

However, this contrasting arrangement had almost no effect in light capture efficiency (right graphs,

note that values for 1358 and 137.58 overlap), particularly when compared with simulations of the same

shoot but with opposite phyllotaxis. By contrast, internode length (upper right graphs) had a very

significant effect in light capture, so by modifying their internode plants can compensate phylogenetic

constraints on light capture efficiency such as those imposed by an opposite phyllotaxis. Graphs on the right

represent light capture efficiency versus total leaf areaof the shoot. (Adapted fromValladares, F. and Brites,

D., Plant Ecol., 174, 11, 2004; Brites, D. and Valladares, F., Trees: Struct. Funct., 19, 671, 2005.)

Francisco Pugnaire/Functional Plant Ecology 7488_C004 Page Proof page 112 31.1.2007 6:40pm Compositor Name: CThiruppathi

112 Functional Plant Ecology



Classifying Crown Architectures

The first, and possibly the best known, classification of tree architecture was reported by

Hallé et al. (1978). Basic features of this classification were dichotomic characteristics of the

tree crown, such as monopodial or sympodial branching, basitonic or acrotonic branching,

orthotropic or plagiotropic shoots, etc. (see Valladares 1999, for terms and for a key to these

classic architectural models). From the practical point of view, this classification can be very

difficult to use with certain species because the researcher must know the way by which the

shape of the crown is achieved during the ontogeny of the tree from the seedling to sexual

maturity, something that exceeds the time frame of most field studies dealing with long-lived

plants. In addition, certain species exhibit architectural ambiguities, shifting from one model

to another during their ontogeny or under different environmental conditions. Leigh (1990,

1998 #43993) modified Hallé et al. classification, simplifying it by merging some models that

cannot be easily distinguished.

Architectural models are a convenient starting point for interpreting plant form, but there

is a series of variations and exceptions to each program of development that complicates

classification and suggests the search of additional descriptions of crown shapes. For

instance, Arbutus sp. exhibit two different architectural patterns depending on the light

environment, and Acer pseudoplatanus, as with many other woody plants, undergo significant

changes of branching patterns during the ontogeny, switching from one model to another (Bell

1993). There are also many examples of metamorphosis (abrupt change from plagiotropic to

orthotropic disposition of a branch) and intercalation of shoots infringing the rules of each

model (Bell 1993). Nevertheless, architectural models are useful to predict the form that a plant

assumes in the absence of unusual external forces or when affected by the common circum-

stance of losing a structural subunit (e.g., a branch) through injury. The modules that regrow

when a tree loses a subunit usually mirror the architecture of the whole crown of the tree in a

process called reiteration (Hallé et al. 1978, Hallé 1995). As the tree grows, the number of

reiterated units tends to increase, but their size tends to diminish, and ultimately only parts of

the architectural unit are reiterated in a so-called ‘‘partial reiteration’’ (Hallé 1995). This

reiteration process that occurs during the growth of a large tree reinforces the idea that most

trees are colonies, the elementary individual being not the bud, but the architectural unit. This

idea of a plant as a colony (discussed in Section ‘‘Plant Design’’) dates back to eighteenth

century: botanists such as de la Hire, Bradley and von Goethe (see references in White 1979),

and Charles Darwin and his grandfather Erasmus Darwin thought that coloniality existed in

trees. Although reiterated units have largely been considered as leafy branch systems, Hallé

(1995) went one step beyond, posing the hypothesis that these units comprise their own root

system, and thus the bole is made up of the aggregated root systems of all the reiterated units

forming the tree crown. Needless to say, this hypothesis is controversial and may be somewhat

heretical to certain readers, as acknowledged by Hallé himself (Hallé 1995 p. 41).

FUNCTIONAL INSIGHTS INTO ARCHITECTURAL CLASSIFICATIONS

Since the shape of the crown influences important aspects of growth and survival of plants,

such as light interception and competition for space, the adaptive significance of the archi-

tectural models of Hallé et al. (1978) has interested many ecologists dealing with plant form.

While all investigators agree that crown shape is generally adaptive, there is no consensus

regarding the ecological and evolutionary implications of these architectural models (Porter

1989). On the one hand, as observed by Porter (1989), fossil plants exhibit only three of

23 possible architectural models described by Hallé et al. (1978), mostly due to the remarkable

lack of fossil examples of sympodial branching. This clumping of fossil trees among Hallé

et al. models suggests that some plant forms may have paid an evolutionary penalty for their
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mode of whole plant development, that is, the limited number of ancestral architectures may

have limited the number of architectural models that have survived. On the other hand,

Ashton (1978) pointed out that in West Malaysia, certain models were very rare in shady

habitats, whereas a very plastic type of organization (Troll’s model) was very widespread. The

relatively small number of models found in temperate deciduous forests (the conifer forests of

the boreal regions have even fewer models) suggests that some models are selected against in

some regions (Ingrouille 1995).

Three arguments have been given to support the notion that these architectural models are

not adaptive: (1) all models only coexist in lowland tropical rainforests, so a single ecological

region has not favored somemodels at the expense of others; (2) the samemodel exists at different

levels in the forest canopy, despite the remarkable vertical gradients of light, predation, and

nutrients; and (3) the same model exists in different growth forms from very tall trees to small

herbs, which clearly do not share the same ecology (Fournier 1979). Actually, developmentally

different models can produce functionally similar crown shapes (ecological convergence). And a

single model shared by different plant species can produce functionally divergent crowns due to

differences in factors such as the relative elongation of axes and the exact arrangements of leaves

(Fisher and Hibbs 1982). Additionally, efficiency of leaf display, which is crucial in the ecological

strategy of most species (see Section ‘‘Structural Determinants of Light Capture’’), is not

included in the parameters used to define the architectural models (Tomlinson 1987).

There is a wide plasticity allowable within one model of Hallé et al., so these models may

lead to unequivocal ecological predictions only for the simplest crowns (Waller 1986). Because

development plasticity is an intrinsic characteristic of plant form (see Section ‘‘Plasticity, Stress

and Evolution’’), any attempt to classify the architectural patterns of plants should include the

structural response of each species to different environments or perturbations. And a response

is a quantitative process, which would make the separation of species into discrete models very

difficult. In many plants, and especially in long-lived trees, it is a challenge to distinguish

the genetically determined structure from environmental damage and phenotypic plasticity

(Fisher 1992). Consequently, searching for a single ecological classification of plant architec-

ture seems a vain endeavor. The critical parameters for the classification of plant shape must

vary depending on the problem at hand (Sachs and Novoplansky 1995).

The most widespread architectural classifications have been developed for trees, but they

could be used with other plants if characteristics such as multiple stems are considered in

detail. The multiple-stemmed characteristic results from the growth of buds from the below-

ground level that escape apical dominance to form new stems or modules (Wilson 1995).

Multiple-stemmed shrubs exhibit not only a different shape than single-stemmed shrubs, but

also a different tolerance to perturbations (e.g., fire and pests). Multiple-stemmed shrubs can

survive indefinitely as a clone by producing new stems, whereas single-stemmed shrubs die

when the stem dies. The maintenance of an apical control; the tendency of the stems to bend

toward the horizontal, producing vigorous vertical shoots in a series of arching segments; or

the location of the underground buds of multiple-stemmed shrubs (on the basis of the shoot,

along rhizomes, layered branches) are also important features to consider in the description of

shrub architecture (Wilson 1995).

REAL CROWNS: IMPERFECT ARCHITECTURES OR CONTROLLED VARIABILITY?

In contrast to human designs such as buildings, the final shape of the crown of a plant

expresses a remarkable variability, which is evident even in comparisons of two halves of

the very same individual (Sachs and Novoplansky 1995). However, there is a characteristic

design or architectural pattern for each plant species. Therefore, the general shape of a

crown is rather constant for a given species under a given environment, whereas many aspects

of branch growth and survival do not follow a strict program, exhibiting an apparently
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stochastic behavior. At least the following three parameters have been shown to introduce

variability in the shape of a plant: (1) the location and number of developing apices; (2) the

developmental rates of individual apices; and (3) the shedding of branches (Sachs and

Novoplansky 1995). Is this variability in the crown shape due to a malfunction of the genetic

program that determines the development of the shape of a plant? How could the general

form of a tree be more predictable than the individual events (e.g., production and shedding

of branches) that lead to it? Variability in the final shape is not characteristic of primitive or

maladapted plants, and it is not the result of errors in the developmental program. On the

contrary, it has a crucial ecological role in changing and heterogeneous environments

(see Section ‘‘Plasticity, Stress and Evolution’’). On the other hand, predictable mature

structures can result from selection of the most appropriate developmental events from an

excess of possibilities that are genetically equivalent (epigenetic selection Sachs 1988). In this

way, the final shape or pattern is genetically specified, but the development of the crown

gravitates toward this final shape without a detailed genetic program. This tendency toward

the final shape is accomplished by means of internal systems that control the variability in the

aforementioned parameters, but allow for developmental plasticity. These control systems

that constrain development variability include internal correlative interactions between

branches, responses to local shading, and programed limitations of successful branches

(Sachs and Novoplansky 1995). In conclusion, although the architecture of a plant limits its

range of possible shapes, a plant’s architectural model does not determine its final shape.

STRUCTURAL DETERMINANTS OF LIGHT CAPTURE

Canopy photosynthesis rate depends on the biochemical capacities of the foliage as well as on

the distribution of light within the canopy (Wang and Jarvis 1990, Baldocchi and Harley 1995,

Sinoquet et al. 2001). A major outcome of variation in crown architecture is modification of

the overall light harvesting and the efficiency of light harvesting. The total leaf area supported

by given crowns is the most basic structural property that affects the fraction of absorbed

radiation. However, the distribution and arrangement of leaves within a crown can strongly

modify the light harvesting efficiency of unit foliage area (Ross 1981, Cescatti and Niinemets

2004). As the three-dimensional arrangement of leaves in a crown is difficult to measure, light

interception and canopy photosynthesis is often simulated assuming that foliage is randomly

dispersed throughout the canopy volume (Beyschlag and Ryel 1999). However, recent devel-

opment of three-dimensional ray-tracing models (Pearcy and Yang 1996, Sinoquet et al. 1998)

as well as application of more advanced radiative transfer models combined with laborious

harvesting of plant material (Baldocchi et al. 1984, Baldocchi and Collineau 1994, Niinemets

et al. 2004a) has made it possible to resolve the effects of spatial clumping, foliage inclination

angle, and foliage area density on distribution of solar energy in plant stands.

In most radiative transfer models, the sun is also considered as a point light source, and

generally two classes of foliage—sunlit and shaded—are separated for any given situation

(Wang and Leuning 1998). In reality, the radius of solar disk as seen from the earth is about

0.27 degrees. Due to finite size of solar disk, phytoelements can partially shade each other,

resulting in intermediate situations between completely sunlit and shaded foliage, that is, in

penumbral radiation. Recent advances in ray tracing approaches has made it possible to

evaluate the importance of penumbral radiation for overall distribution of light in the canopy

and on photosynthesis (Stenberg 1995, Cescatti and Niinemets 2004).

SHAPING THE FOLIAGE: THE SINGLE-CROWN LEVEL

Crown shape and the arrangement of foliage within the crown are the two most basic

characteristics affecting the efficiency of light capture. From a photosynthetic perspective,
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the most efficient canopy is achieved when all of the leaves are evenly illuminated at quantum

flux densities that saturate photosynthesis, that is, at intermediate quantum flux densities.

Such ideal canopies are found in the nature rarely, if at all. Various crown shapes and

different dispositions of leaves within the crown result in complex diurnal and seasonal

patterns of light interception at both the single-leaf and the whole-crown levels. Leaves at

the uppermost positions of the canopy are frequently exposed to high irradiances that are

often in excess for photosynthesis. Lower leaves, in turn are often heavily shaded, and the

light available for these depends not only on the amount of neighboring leaves, but is also

affected by the general form of the crown and the angle and orientation of the surrounding

units of the foliage (Niinemets and Valladares 2004). In addition, the level of incident photon

irradiance can be regulated by diurnal movements of foliage units, that is, crowns can have

their geometries changing over a short time interval.

Crown Size and Shape

The questions of whether there is a perfect crown shape that maximizes light interception in a

given environment, and how far are the actual crown shapes of an optimal has attracted many

researches (Jahnke and Lawrence 1965, Horn 1971, Terjung and Louie 1972, Oker-Blom and

Kellomäki 1982, Kuuluvainen 1992, Chen et al. 1994). Probably most stimulating insight into

the significance of variation in crown shape has been attained by studies investigating the role

of different crown shapes in gradients of overall variation of available light during forest

succession (Horn 1971), and in studies looking at the variation of solar radiation and average

inclination of beam radiation with latitude (Kuuluvainen 1992).

The shape of the crown can be described by the absolute size, the ratio of height to width,

and the convexity or shape of its contour. As the solar inclination angle decreases from

equator to higher latitudes, crowns with differing height to width ratio have inherently

varying efficiencies of light interception. Specifically, in high latitudes, light penetrates from

high solar inclination angles, implying that beam path lengths become increasingly longer

with increasing crown flatness. The beam path lengths are similar throughout the entire

canopy for the narrow, vertically extended crowns that maximize the direct light interception

of entire crown in high latitudes (Figure 4.3, Kuuluvainen 1992). In low latitudes, the beam

path lengths are shortest for flat, horizontally extended crowns (Figure 4.3, Kuuluvainen

1992). The dominance of tall and thin conifers at high latitudes, and flat-topped Mediterra-

nean conifers (Pinus pinea and Pinus halepensis) as well as acacia-like trees at low latitudes,

partly confirms and supports the adaptive value of these two general crown shapes at

different latitudes.

Crown shape Season of maximum
light interception

Latitude of maximum        Season of maximum
 efficiency   efficiency

Low to medium

Medium to high

Summer 

Winter

Summer 

Spring–autumn

FIGURE 4.3 Latitude and season of maximum efficiency of light interception, and season of maximum

light interception for two main types of crown shape: flat and broad versus thin and tall.
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Contrary to these suggestions, Chen et al. (1994) discussed that the latitudinal variation of

potential sunlight interception by different crown shapes does not match very well with the

existing latitudinal gradients of crown shape. They suggested that this mismatch arises

because (1) light is not the only factor affecting the crown shape variation along the latitu-

dinal gradient, and that (2) in addition to crown shape, the geometry and distribution of the

foliage alter crown light interception, partly compensating for differences in crown shape

(Chen et al. 1994). As the result, crowns of different shapes can intercept a similar fraction of

the available light.

It is further important that the crown shape can vary at any given height to width ratio.

For low-solar inclination angles, the beam path length strongly increases with canopy depth

for narrow ellipsoidal crowns. However, the beam path length is essentially the same for

narrow conical crowns, in which the branches in lower canopy positions reach farther from

the stem, implying that such crown can be very efficient at low latitudes. In general, the more

extended the cone, the larger is the fraction of irradiance captured (Jahnke and Lawrence

1965). Simulations demonstrate that for a given latitude, either very small or very large values

of the height-to-width ratio result in maximum direct light interception (Chen et al. 1994).

The crown height-to-width ratio must reach a balance between growth in height to reach

the brighter areas of the canopy, and growth in width to intercept light and occupy enough

space (Horn 1971, Givnish 1988, Küppers 1989). In addition, the greater the convexity of a

crown, the greater the irradiance intercepted at most latitudes, but also the greater the

amount of supporting and conductive tissues. Horn (1971) predicted that the optimal shape

of trees varies in dependence of tree successional position and distinguished three different

successional strategies: early successionals, late successionals, and early successionals in the

mature forest (Figure 4.4). Because early succession is a race to form a canopy, fast-growing

softwoods are favored over stronger hardwoods, and growth in height is favored over growth

in width (Horn 1971, King 1991, 1994). For rapid height growth, stems of some early-

successional species are even hollow (King 1994). Because of weak wood and relatively thin

stems, early-successional trees cannot form extensive wide-reaching crowns.

High  

Low

Monolayer

Multilayer

Saplings Adult trees Light
requirements

Wood
density

Successional
statuts

Low to high

Low Pioneer, 
early successional

Medium 
to high

Persistent 

High Late successional

FIGURE 4.4 Crown shape as sapling and adult, light requirements, and wood density predicted for trees

of different successional status. (Adapted from Horn, H.S., The Adaptive Geometry of Trees, Princeton

University Press, Princeton, NJ, 1971.)
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Horn (1971) predicted that crown shape of saplings of early-successional, shade-

sensitive species is multilayered, consisting of short branches distributed over a long distance

from top to bottom of the stem (Figure 4.4). Such a crown allows plants to expose a large

leaf area in several independent layers to high irradiance. However, this crown shape is

inefficient in low light because it results in extended self-shading within the crown. Late-

successional, shade-tolerant species are predicted to be monolayered, distributing total sap-

ling leaf area in a single layer by far-reaching extensive branch framework and thereby

capturing more light in low irradiance (Horn 1971). Some multilayered trees persist by

invading small openings in the forest and should have a mixed strategy. Because these species

must initially race to the canopy, they must be tall, thin, multilayered, and made of softwood.

Once they reach the canopy, they should spread out and dominate the forest gap. The

height-to-width ratio decreases with age, and their wood should become harder to provide

lateral support.

Although the predictions of crown shape variation during succession are based on only

a single factor, light, and provide therefore an incomplete theory, as Horn himself acknow-

ledged (Horn 1971 p. 121), these predictions provide an explicit list of testable assumptions.

The experimental evidence of the successional sequence of crown shapes and foliage distri-

bution has been scarce, but the available evidence from some temperate and tropical

forests supports the gradual change from multilayer to monolayer species during succession

(Horn 1971, Niinemets 1998, Sterck et al. 2001, 2003, Pearcy et al. 2005). Many observations

reveal that plant species partition canopy light gradients through variation in adult

stature and light demand, which has been well characterized in complex tropical forests

(Poorter et al. 2005). Adult understory trees are typically shorter than similar-diameter

juveniles of high-light species, since wide crowns allow intercepting light over a large area

at the expense of a reduced height growth, whereas light-demanding species are characterized

by orthotropic stems and branches, and large leaves (Poorter et al. 2005).

Functional analyses of the importance of crown shape often neglect the overall avail-

ability of light and the time of the year of maximum irradiance and light interception.

Although the maximum efficiency of light interception by narrow-shaped trees is achieved

during the winter, they intercept more light in spring and autumn. In broad-shaped trees,

both light interception efficiency and the amount of light intercepted reach their maximum

values during the summer. In addition, the fraction of diffuse radiation (radiation from all

angles) in total irradiance importantly affects the efficiency of a crown light capture. In

environments with frequent cloud cover as maritime temperate forests and mountain cloud

forests, a large fraction of radiation is received as diffuse radiation, and as a result, the role of

the crown shape less strongly affects the overall light interception. Understanding the relations

between the latitudinal gradients in crown shape and the latitudinal variation of the light

regime, requires both theoretical analyses of crown shape and light interception (like the one

by Chen et al. 1994), and further case studies exploring the real light environment experienced

by trees of different shapes at different latitudes. These studies should necessarily also

investigate the modification of crown shape by other interfering factors and constraints,

such as water, snow, gravity, and wind.

Geometry of Foliage Arrangement within the Crown

The amount of foliage supported by a given crown is measured by crown leaf area index, L

(m2 m�2), defined as total leaf area divided by the total ground area where it stands. The

distribution, dispersion, and inclination of leaf area in space defines the probability for light

beam penetration though a canopy gap to the lower leaves. Crowns with the same values of L

can have widely differing efficiencies of light capture (Ross 1981, Baldocchi and Collineau

1994, Cescatti and Niinemets 2004).
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Foliage Dispersion

Foliage dispersion is a major factor affecting the light-harvesting efficiency of unit foliage

area. Simple light interception algorithms assume that plant canopies consist of randomly

dispersed foliage elements. In real canopies, the foliage is often clumped to branches and

shoots, resulting in greater fraction of canopy gaps and significantly larger light transmission

relative to a clumped canopy (Figure 4.5, Ross 1981, Baldocchi and Collineau 1994, Cescatti

and Niinemets 2004, Sinoquet et al. 2005). While clumped canopies intercept light less

effectively, clumping allows the plants to expose larger leaf areas. Canopies with random

dispersion intercept essentially all light above a L of 5 m2 m�2, whereas canopies with

extensively aggregated foliage, as in some conifers, can support leaf area indices as high as

15 m2 m�2 and more (Figure 4.5, Margolis et al. 1995, Van Pelt and Franklin 2000).

In addition to random and clumped foliage dispersions, which result in a relatively large

canopy gap fraction, foliage can be arranged regularly. Arranging leaves side-by-side in a

planar layer efficiently fills the gaps in the canopy and thereby results in greater light harvesting

at a common L than either random or clumped dispersion (Figure 4.5). As regular dispersion is

an extremely efficient strategy for light interception, it is favored in low-light environments and

in late-successional mono-layer species (Horn 1971, Cescatti and Niinemets 2004).

It is possible to derive the estimates of whole canopy foliage aggregation structure from

light transmission measurements that provide effective leaf area index (Leff) and separately

harvesting plants to estimate L (Kucharik et al. 1999 for a review). However, modification of

foliage clumping can occur at the level of individual crowns, branching patterns and individ-

ual shoots (Oker-Blom 1986, Cescatti 1998). Crown-level clumping arises because crowns
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FIGURE 4.5 Light transmission relative to cumulative leaf area index for three hypothetical canopies.

Relative to canopies with random foliage dispersion, canopies with clumped foliage intercept less light,

and canopies with regular dispersion intercept more light. In these simulations, leaf angular distribution

was assumed to be spherical, and light transmission was integrated over the entire sky hemisphere. Light

transmission for nonrandom canopies was simulated using the theory of light penetration in nonrandom

media (see Nilson 1971, Cescatti and Niinemets 2004 for details of light models). For the clumped

canopy, we used a Markov model, using a clumping coefficient, l0¼ 0.5, that corresponds to a

moderately clumped canopy (l0 varies between 1 and 0, 1 corresponding to random dispersion and 0

to completely aggregated canopy) (Nilson 1971, Cescatti and Niinemets 2004). For the regular dispersion,

we used a positive binomial model, with the parameter DL (thickness of an independent leaf layer), set at

1.5 (DL! 0 for a random dispersion, and the values increasing with the degree of regularity). In the boxes

illustrating the concept of foliage dispersion, the number of leaves is equal for all dispersion types.
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with different size and shapes result in different fraction of gaps in the canopy (Oker-Blom

1986, Cescatti 1998).

Branching modifies foliage dispersion via the frequency of branching (bifurcation ratio)

and the branching angles. Modifying both of these characteristics can result in foliar displays

that either minimizes the overlap among the leaf clusters on a horizontally spreading branch

and results in regular foliage dispersion or results in strongly clumped foliage (Honda and

Fisher 1978, Takenaka 1994b). As described earlier, there is a vast heterogeneity in the branch

architectural models, but it is important to understand, that from a functional perspective, the

branching architectural models mainly differ in the extent of foliage aggregation. For in-

stance, the Aubréville’s architectural model investigated in Terminalia results in arrangement

of leaves side by side, minimizing the branch gap fraction and resulting in essentially regular

leaf display (Honda and Fisher 1978, Fisher and Honda 1979a,b). In general, increases in the

bifurcation ratio result in more clumped canopies, whereas lower bifurcation ratios result in

random or regular canopies (Whitney 1976, Canham 1988). A branch system with a high

bifurcation ratio allows plants to achieve a greater amount of foliar area for a given biomass

investment in stem tissue, but such branch with enhanced clumping requires higher irradiance

for full activity. Overall, the bifurcation ratio increases with increasing light availability

(Kellomäki and Strandman 1995, Niinemets and Lukjanova 2003), demonstrating a general

shift from highly divided branches with strong foliage clumping that require high light to less

frequently bifurcating branches with more regular foliage display that require less light since

they intercept it very efficiently.

At the shoot scale, light interception efficiency varies due to variations in the number of

leaves per unit stem length, and differences in petiole length and leaf extension that modify

the distance between the bulk of leaf area and shoot axis. Foliage is considered especially

clumped in the shoots of conifers (Oker-Blom and Smolander 1988, Niinemets 1997, Stenberg

et al. 2001), where the foliage in the shoots harvests light only with 10%–40% efficiency

relative to the equivalent foliage area on an horizontal plane (Figure 4.6, Stenberg et al. 2001,

Niinemets et al. 2002, Cescatti and Zorer 2003, Niinemets et al. 2006).

Increases in overall leaf extension and length of petioles strongly reduce shoot-level

clumping, because these modifications reduce the shading by shoot axis as well as reduce

the overlap of neighboring leaves (Figure 4.7, Takenaka 1994a, Figure 4.7, Pearcy and Yang

1998). At a global scale, there is a large variation in petiole length and foliage length. For

instance, needle length varies between 2 and 35 cm among Pinus species (Figure 4.6). For the

six conifer species depicted in Figure 4.6, which had contrasting foliage element length and

shoot architecture, there was a uniform negative relationship between the degree of foliage

clumping and foliage element length (Niinemets et al. 2006). However, an increase in the

foliage element length and reduced clumping brings about lower foliage area density in the

shoots with longer foliage elements (Figure 4.6). This implies that the canopies consisting of

long-needled shoots do not cast deep shade and are open to invasion by competitors that can

create denser foliage. Another disadvantage of increasing the length of foliage elements and

petioles is the enhanced cost of support. In 17 clonal poplar stands, the whole canopy

aggregation decreased with increased petiole length (Figure 4.7), but this resulted in overall

greater fraction of foliage biomass invested in support (Niinemets et al. 2004a), implying a

fundamental trade-off between efficiency of light harvesting and biomass investment in

support.

In addition to the foliage and petiole lengths, shoot-level clumping can strongly vary with

the distance between neighboring leaves on the shoot axis. Shorter distance between the leaves

on shoot axis implies greater self-shading and aggregation within the shoot. Often, leaf

number per unit shoot axis length increases in stressful environments due to stronger limita-

tions on shoot length growth than on formation of leaves. Greater packing of needles on

shoot axis explains greater aggregation and lower light harvesting efficiency of conifers on less
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fertile sites (Niinemets et al. 2002, Palmroth et al. 2002). Analogously, greater clumping, and

lower efficiency of shoot light harvesting in mature conifer trees relative to young trees is

mainly associated with shorter and more densely leafed shoots in mature trees (Figure 4.8,

Niinemets and Kull 1995, Niinemets et al. 2005). Several hypotheses have been advanced to

explain the tree productivity decreases with tree age, mainly focusing on foliage physiological

characteristics (Ryan et al. 1997), but there are important data demonstrating that the foliage

clumping does increase in older stands (Brown and Parker 1994). Shoot-level observations

suggest that enhanced foliage clumping due to arrested shoot growth may partly explain the

curbed productivity in older trees.

Foliage Inclination and Orientation

Variation in vertical foliage angle and azimuthal orientation can generate large differences in

diurnal patterns of light interception in canopies with similar degree of foliage aggregation.

Steep leaves project a small fraction of their area to the sun during the central hours of the

day, but the overall effect depends on foliage azimuth. Although steep leaf angle always

reduces the light interception at individual leaf level, this reduction can vary from strongly

limiting to negligibly affecting photosynthetic carbon fixation (Valladares and Pearcy 1999).

Since crowns consist of large number of leaves that interact in determining the whole canopy

10 cm10 cm

10 cm 10 cm1 cm

10 cm

Pinus radiata

Ls

Ws

WD

Pinus palustris Pinus sylvestris Pinus taeda

Pinus patula Casuarina glauca C. glauca
P. palustris
P. patula
P. radiata
P. taeda

S
ho

ot
 v

ol
um

e 
(c

m
3 )

1,000,000

10,000

100

1

10

1

1 10 100

0.1

0.01

0.001

F
ol

ia
ge

 a
re

a 
de

ns
ity

(c
m

2  
cm

−3
)

Foliage element length (cm)

P. sylvestris, fertile
P. sylvestris, infertile

FIGURE 4.6 Illustration of shoot architecture in five Pinus species of contrasting needle length and in

angiosperm conifer Casuarina glauca, and the relationships between shoot volume and foliage area

density (ratio of half of the total foliage area to shoot volume) with the length of foliage elements

(modified from Niinemets, Ü., Tobias, M., Cescatti, A., and Sparrrow, A.D., Int. J. Plant Sci., 167, 19,

2006). Trees of Pinus sylvestris were sampled in two sites of contrasting fertility; needles were significantly

shorter and shoots more clumped in the infertile site (Niinemets et al. 2002, 2006). Conifers have extensive

clumping of foliage elements in the shoot. Light interception efficiency of unit leaf area, that is, the

amount of light harvested by needles in their specific position in the shoot and with their specific cross-

sectional geometry relative to the amount of light harvested by an equivalent flat surface, scales

with the spherical average shoot silhouette area to total foliage area ratio SS (Niinemets et al. 2002,

Cescatti and Zorer 2003). The values of SS (average+ SE for all shoots sampled per given species) were

0.2149+ 0.0036 for C. glauca, 0.141+ 0.008 for Pinus palustris, 0.1066+ 0.0046 for Pinus patula,

0.0901+ 0.0047 for Pinus radiata, 0.1562+ 0.0047 for P. sylvestris, fertile site, 0.1147+ 0.0019 for

P. sylvestris, infertile site, and 0.147+ 0.018 for Pinus taeda, demonstrating extreme inefficiency of

light harvesting in these conifers. (Averages calculated from Niinemets, Ü., Tobias, M., Cescatti, A.,

and Sparrrow, A.D., Int. J. Plant Sci., 167, 19, 2006.)
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light interception and light distribution, and single crowns can have leaves with differing

angles, it is more appropriate to use leaf surface angle distributions to simulate the role of leaf

angles in whole canopy light interception (Campbell and Norman 1989). To understand the

effect of leaf angular distribution on whole canopy light harvesting, it is further important to

integrate the light harvesting of the canopy over the entire day (Figure 4.7). Because solar

position changes during the day, leaf angular distribution has generally a minor effect on total

light interception and canopy photosynthesis for sparse canopies with a leaf area index (L)

less than approximately 3 (Duncan 1971, Gutschick and Wiegel 1988). The effects of leaf

angular distribution on canopy photosynthetic production are stronger for canopies with

large leaf area (Duncan 1971, Gutschick and Wiegel 1988).

Horizontal leaves at the top of the crown exhibit their maximum light interception effi-

ciency at times of the day and the year (midday and summer, respectively) when irradiance in

sunny environments is well above the light saturation point for photosynthesis. Therefore, the

superior light capture of horizontal leaves in high light usually translates into a negligible

increase of potential carbon gain (Figure 4.9). For these reasons, erectophile crops have a

marked yield advantage over those with horizontal leaves, especially at high values of L and at

high solar elevations (Isebrands and Michael 1986). However, light interception by steep leaves

themselves is poor, and if they represent a large fraction of the foliage or if their angle is too

steep and if this is further combined with extensive clumping because the leaf blades are too

close to each other (see computer images in Figure 4.9), light interception and potential carbon

gain by the whole plant decrease. In a simulation of light interception and potential carbon gain

by shoots of H. arbutifolia with leaves set at different angles, vertical foliages absorbed 20%–

30% less photosynthetic photon flux density (PPFD) and had 30% lower daily carbon gain than

normal shoots (average leaf angle¼ 718) (Valladares and Pearcy 1998).

Leaf angular distribution is often considered constant in the canopy, but numerous obser-

vations demonstrate that leaves are more vertical in the upper canopy and become gradually

horizontal in the lower canopy (e.g., Thomas and Winner 2000, Niinemets et al. 2004b, 2005).
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FIGURE 4.7 Relationship between the canopy clumping index (l0, Markov model of radiative transfer,

Figure 4.5) and average petiole length for 17 different clonal stands of Populus (Niinemets et al. 2004a).

The clumping index was derived from measurements of leaf area index by hemispherical photography

(effective leaf area index Leff) and actual measurements (L) and is given as l0¼Leff=L. Leff¼L (l0¼ 1)

for canopies with random dispersion, whereas Leff becomes relatively smaller with increasing foliage

aggregation. The hemispherical photographs illustrate two poplar canopies with similar effective leaf

area index, but different total leaf area index and l0. Upper canopy photograph—Populus deltoides �
Populus nigra ‘Gibecq’ (l0¼ 0.67, Leff¼ 2.33, L¼ 3.74 m2 m�2). Lower canopy photograph—Populus

nigra ‘Wolterson’ (l0¼ 0.30, Leff¼ 2.07, L¼ 6.84 m2 m�2). (Modified from Niinemets, Ü., Al Afas, N.,

Cescatti, A., Pellis, A., and Ceulemans, R., Tree Physiol., 24, 141, 2004a.)
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As this pattern results in larger penetration of light to lower canopy layers, it results in a more

uniform profile of light with the canopy than a distribution with constant leaf angles and

maximizes whole-plant photosynthesis (Herbert 1991, Herbert and Nilson 1991). In a canopy

with vertical inclination angles in the upper canopy and more horizontal leaves in the lower

canopy, only a few leaves are light-saturated in the upper canopy, and the leaves at the base of the

crown receive enough light for photosynthesis. Therefore, canopies with varying inclination

angles can sustain greater foliage areas than canopies with constant inclination angles (Russell

et al. 1989).

A little-explored aspect of leaf angle is how it interacts with leaf internal anatomical

structure in modifying light harvesting and utilization at the chloroplast level. Leaf inclin-

ation affects the distribution of light between lower and upper surfaces, and depending on

how efficiently foliage photosynthetic characteristics upper and lower surface of leaf accli-

mate to the long-term irradiance, modification of the fractional distribution of light intercep-

tion between upper and lower surfaces of leaf can alter whole leaf photosynthesis (Poulson

and DeLucia 1993, Valladares and Pearcy 1999). Large differences in mesophyll photosyn-

thetic properties between the two sides of the leaves seem to depend on a complex interaction
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FIGURE 4.8 Representative shoot silhouettes for a young (tree height, h¼ 4m) andamature tree (h¼ 18m)

of temperate broadleaved conifer Agathis australis (data from Niinemets, Ü., Sparrow, A., and Cescatti, A.,

Trees: Struct. Funct., 19, 177, 2005). The shoots were taken from similar high-light environments for both

young (daily integrated seasonal average quantum flux density, Qint¼ 25.6 mol m�2 day�1) and mature

(Qint¼ 26.8 mol m�2 day�1) tree. Shoots were photographed from various view directions. For the

projection 08, 08 (rotation, inclination angle) the upper part of the shoot is facing the view direction, for

the 908, 08 projection, the shoot is rotated 908 around its axis, and the projection 08, 908 gives the shoot axial

view. These and additional shoot projections were employed to derive the parameter of ellipsoidal distri-

bution of leaf surface angles (c) and the degree of leaf clumping (DL, defined in Figure 4.5) as described in

detail in Niinemets et al. (2005). Ellipsoidal distribution of leaf angles assumes that the leaves are distributed

parallel to an ellipsoid, and the parameter c is the ratio of ellipsoid major and minor semiaxes (Campbell

1986, Norman and Campbell 1989). c¼ 1 for a spherical distribution of leaf surface inclination angles, c> 1

for horizontal distributions, and c < 1 for vertical distributions. The clumping characteristic, DL! 0 for a

random dispersion, whereas positive values of DL correspond to regular canopies (positive binomial model)

and negative values (negative binomial model) to clumped canopies (Nilson 1971, Baldocchi and Collineau

1994). For every shoot projection, the ratio of silhouette to total surface area (SS) and for every shoot, the

spherical average of SS (SS) and shoot length (LS) are also provided.
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among light environment, leaf anatomy, and leaf angle (Myers et al. 1997). In addition,

mesophyll cells (Smith et al. 1997) and bundle sheath extensions (Nikolopoulos et al. 2002)

can function as optical fibres canalizing light into deeper leaf interior. However, to function as

an optical fiber the leaf surface must be perpendicular to solar beams, implying that leaf

inclination can modify the diurnal distribution of light penetration into the leaf.

Diffuse Light

We have so far considered the importance of leaf angular distribution for direct radiation

interception, but diffuse light is an important component of incident radiation (Gutschick

and Wiegel 1988, Herbert 1991). While the leaf angular distribution affects diffuse light
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FIGURE 4.9 Diurnal course of interception of photosynthetically active radiation and CO2 assimilation

calculated for whole shoots of the chaparral shrub H. arbutifolia on a clear day of winter (lower graphs)

and summer (upper graphs). Data were calculated for real shoots and for the same shoots with either

vertical or horizontal leaves. Simulations were performed using the three-dimensional YPLANT model

(Pearcy and Yang 1996). (Data from Valladares, F. and Pearcy, R.W., Oecologia, 121, 171, 1999.)
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transfer to a minor degree, foliage dispersion modifies diffuse light interception similarly to

direct light interception (Cescatti and Zorer 2003). While the leaf angular distribution affects

diffuse light transfer to a minor degree, foliage dispersion modifies diffuse light interception

similarly to direct light interception (Cescatti and Zorer 2003). The geometry of the foliage,

basically proximity of leaves and distribution of leaf angle throughout the canopy, affect the

transport of diffuse light to lower layers. This can be relevant for whole-plant photosynthesis

in both low- and high-light environments (Valladares and Pearcy 1998). Studies further

demonstrate that the orientation of the crown and its leaves in the vicinities of forest gaps

frequently respond to diffuse light rather than direct light (Ackerly and Bazzaz 1995, Clear-

water and Gould 1995).

Penumbra

The majority of radiative transfer models assume that the sun is a point light source and

separate only between shaded and sunlit foliage. As illustrated in Valladares (1999), this

assumption can lead to significant errors in simulation of light interception and photosyn-

thesis. The relevant parameter describing the relevance of considering that the solar disk has a

finite size, is the ratio of canopy height to foliage element diameter (Cescatti and Niinemets

2004). The solar disk is completely blocked by a leaf (umbra) at a theoretical distance of 108

times the leaf diameter. An object farther than this distance is lit by at least part of the sun

(penumbra). Empirically, this distance is approximately 50–70 times the leaf diameter with

the sun at the zenith on a clear day (Horn 1971). Thus, long crowns with small leaves intercept

a large fraction of light as penumbral radiation. In fact, in conifers, penumbral radiation can

be more than 95% of total, whereas in broad-leaved herbs, penumbral radiation constitutes

only a few percent (Cescatti and Niinemets 2004). Given the strong nonlinearity in photo-

synthetic light response, lack of consideration of penumbral radiation results in major

underestimation of canopy productivity (Cescatti and Niinemets 2004). Overall, this discus-

sion suggests that leaf size per se can play a major role in light harvesting by the whole crown

and that future advancements of ray-tracing models can facilitate further insights into

complex geometrical phenomena such as penumbra.

Changing Geometries: Leaf Movements and Rolling

Leaves from a number of species move during the day, keeping leaf blade either perpendicular

(diaheliotropic movements) or parallel (paraheliotropic movements) to the direct rays of the

sun. For the leaves tracking the sun, light interception can be enhanced by as much as 35%

compared with a fixed leaf with a horizontal position (Ehleringer and Forseth 1980, Ehleringer

and Werk 1986). For the leaves remaining parallel to the sunrays, can significantly reduce

light interception and heat loads relative to a leaf remaining in a fixed position. Leaf solar

tracking occurs in herbaceous species that do not form an extensive canopy and is most

common in annuals (Ehleringer and Werk 1986). In drier sites, the frequency of leaf solar-

tracking species seems to be inversely related to the length of the growing season, reaching

values as high as 75% of the flora in the summer annuals of the Sonoran Desert (Ehleringer

and Forseth 1980).

Leaf solar tracking poses a physiological dilemma when photosynthesis is impaired at

midday by water or heat stress. Under these far-from-optimum conditions, diaheliotropic

leaves can intercept excessive radiation that is potentially damaging to the photosynthetic

apparatus. Certain species, such as the desert annual Lupinus arizonicus, avoid the dilemma,

exhibiting either diaheliotropic or paraheliotropic leaf movements depending on the avail-

ability of water (Ehleringer and Werk 1986).

The overall effect of leaf movements on canopy productivity depends on stand leaf area

index. When leaf area index is low, solar tracking enhances canopy productivity since leaves
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absorb photons that would otherwise pass through the sparse canopy. However, when leaf

area index is greater than 4, leaf solar tracking reduces canopy productivity because the bulk

of the canopy photosynthesis is restricted to the leaves of the upper parts of the crown

(Ehleringer and Forseth 1989). In dense or very large crowns, leaf movements are restricted

to the external layer of leaves, because the leaf movements require a high ratio of direct to

diffuse components of the solar radiation (Ehleringer and Forseth 1989). By the same token,

leaf movements are not expected to occur in habitats with a high incidence of overcast days or

in understory habitats.

In addition to these short-term leaf movements, many species, in particular grasses,

respond to drought by leaf rolling (Corlett et al. 1994, Turgut and Kadioglu 1998, Fernandez

and Castrillo 1999). Leaves of these species have specific bulliform cells located near the

vascular bundles. During drought, water is absorbed from these cells, resulting in inward

rolling of the foliage (Moulia 1994).

CROWN ARCHITECTURE IN EXTREME LIGHT ENVIRONMENTS

Light can be a limiting resource in understories of dense stands or for plants subject to strong

neighborhood competition, whereas light can be excessive and even harmful in open envir-

onments where plant metabolism is impaired by environmental stresses. Plant shape and size

have been shown to change as a function of the light environment, and plants are capable of

orienting their light-capturing surfaces in different ways to increase or decrease the leaf

surface area projected in the direction of ambient light (Ellison and Niklas 1988, Stenberg

et al. 1998, Cescatti and Niinemets 2004).

Plants exhibit a remarkable within-species and within-individual variability in their struc-

tural features. For instance, branching pattern of trees is not stationary, and it has been shown

that the variation of branching pattern can be the result of developmental–phenotypic inter-

action (Steingraeber 1982). While in some cases it can be due to a malfunction of the genetic

program, in most cases this variability is a plastic response to local conditions, and light is

possibly the most spatially and temporally heterogeneous environmental factor affecting plant

survival and growth. Structural plasticity of plants enables a fine-tuning with environmental

changes so that the efficiency of the limiting processes at each stage is maximized. A common

environmental change experienced by plants is the decreasing availability of light with the

advance of succession. It has been shown for the succulent halophyte Salicornia europaea that

morphological changes in the branching patterns during succession maximized light intercep-

tion (Ellison and Niklas 1988). However, even phylogenetically close species differ in their

capacity for a plastic response to the light environment (Valladares et al. 2000). Interestingly,

certain species that exhibit an architecture suited to high irradiance conditions do not change

significantly when grown in the shade. That was the case for mangroves in Malaysia: architec-

ture and allometry of shaded mangroves were consistently more similar to those of exposed

mangroves than to shaded, broad-leaved, evergreen, rainforest trees (Turner et al. 1995).

When Light is Scarce

When plants grow in dense stands or in the understory, the resource of radiant energy

becomes scarce, unpredictable, and patchy. In these environments, evolution has led to two

principal approaches for survival: shade avoidance and shade tolerance. Angiosperms,

in particular, have evolved an impressive capacity to avoid shade. The so-called shade-

avoidance syndrome involves accelerated extension growth, strengthened apical dominance,

and retarded leaf and chloroplast development, among other processes (Smith and Whitelam

1997, see Section ‘‘Plasticity, Stress and Evolution’’). Here the focus is on the functional

aspects of the crown of plants that tolerate shade and on the structural features that are

relevant for such tolerance.
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Tropical rainforests exhibit an outstanding diversity of plant species and growth forms

(Medina 1999, Wright 1999). Despite the extremely low levels of irradiance experienced in the

understory of late-successional rainforests, a relatively large number of shrubs, herbs, and

seedlings can be found within a few hectares. These plants suffer shading not only from the

forest canopy and neighboring plants, but also from the leaves of their own crowns. The

efficiency of light capture of 24 understory species differing in their habit and growth form

was compared, and the influence of phyllotaxis and leaf size and shape in the avoidance of

self-shading was explored in a field study in a lowland tropical rainforest in Barro Colorado

Island (Valladares et al. 2002c). The species studied included understory palms, saplings of

canopy trees, shrubs, and a wide variety of monocots of contrasting architectures. Plant size

and total leaf surface area also varied significantly among the species considered. Most of the

phyllotaxes shown in Figure 4.1 were represented, and leaf size ranged from a few to several

hundred square centimeters. Light harvesting efficiency was calculated with the three-dimen-

sional plant architecture model YPLANT (Pearcy and Yang 1996). The most remarkable

result of this study was the functional convergence of the different plant species co-occurring

in the forest understory: most of the species intercepted between 80% and 90% of the available

radiation, and mutual shading of the leaves during the brightest hours of the day was little,

approximately 10% of the foliage area in most cases (Figure 4.10). Thus, the rare spiromo-

nostichous phyllotaxis of Costus pulverulentus (Figure 4.10), apparently a unique solution to

avoid self-shading, was no better for this purpose than the spiral phyllotaxis of the saplings of

Thevetia ahouai or the pseudodistichous foliage of the shrub Hybanthus prunifolius. Never-

theless, significant differences among species were found when the fraction of the plant

biomass invested in support was considered in the analysis of the efficiency of the different

architectures. Monocots, with a lower investment in dry weight, generally reached a more

favorable compromise in this simple cost–benefit analysis of plant architecture under limiting

light conditions (Valladares et al. 2002c). The drawbacks of the monocot strategy are a

reduced survival to mechanical damage, and in some cases, a shorter plant longevity and

a limited capacity to reach the forest canopy.

There is evidence that both spiral and distichous phyllotaxis are more frequent in low-

light environments, whereas opposite phyllotaxis are more frequent in open, high-light

environments (Brites and Valladares 2005). Several plant species first set leaves spirally

around an erect stem, and then produce horizontal branches bearing distichous leaves

(Leigh 1998). This combination of two phyllotaxes has been interpreted as a way of minim-

izing leaf overlap. Dichorisandra hexandra exhibits this combination of spiral leaves around

vertical stems and distichous leaves around horizontal branches (Figure 4.10), but leaf

overlap is as reduced as in other understory species with different leaf arrangements. It

seems more likely that this combination of two phyllotaxes is an efficient way of filling the

space with leaves while growing in height.

Where there are many leaves in one spiral, long petioles in older leaves or narrow leaf

bases in certain species can minimize leaf overlap (Leigh 1998). In the redwood forest

understory plant Adenocaulon bicolor, which exhibits a spiral phyllotaxis with a mean diver-

gence angle of 1378 (phyllotactic fraction of 8=21), leaf overlap was reduced by particular

combinations of leaf size and petiole length at successive nodes (both increasing initially and

then decreasing). The petiole length observed in this plant corresponded to the optimal petiole

length obtained in simulations of the dependence of light absorption efficiency on petiole

length (Pearcy and Yang 1998).

In the search for light, the crown of certain plants becomes thin instead of broad and flat

in the shade. Light interception is not favored by such transformation, which usually repre-

sent an escape strategy of shade-intolerant species (Peer et al. 1999). In some cases, the whole

developmental sequence of the plant is changed in the shade. Shrubs such as Arbutus switch

from a sympodial growth in the open (Leeuwemberg architectural model) to a monopodial
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Costus pulverulentus

0.07  Fraction of leaf area self-shaded during the central hours   0.06
0.84  Fraction of leaf area displayed during the central hours   0.85
0.49  Intercepted PPFD in a clear day of spring (mol m−2 day−1)  0.75

Dichorisandra hexandra

Thevetia ahouai

Hybanthus prunifolius

0.90  Intercepted PPFD in a clear day of spring (fraction of available)  0.93

0.12  Fraction of leaf area self-shaded during the central hours   0.07
0.77  Fraction of leaf area displayed during the central hours   0.81
0.30  Intercepted PPFD in a clear day of spring (mol m−2 day−1)  0.26
0.86  Intercepted PPFD in a clear day of spring (fraction of available)  0.87
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trunk (according to the model of Scarrone) in low-light environments (Bell 1993). Many

plants accommodate their structure to the light environment, enhancing light interception

efficiency under low-light conditions. This is the case of the chaparral shrub H. arbutifolia,

which changes from orthotropic stems with spirally arranged leaves in the open to plagio-

tropic stems with pseudodistichous foliage when exposed to the moderate shade of a Quercus

woodland (Valladares and Pearcy 1998). This structural change, in contrast to the escape

strategy of more shade-intolerant species, significantly enhances light interception on a leaf

area basis.

When Light is Excessive

Plants in open environments are exposed to high irradiance, which frequently leads to a

decline in the efficiency of photosynthesis (photoinhibition), particularly under adverse

conditions (Horton et al. 1996, Osmond et al. 1999). Under these circumstances, plants

exhibit remarkable physiological and architectural plasticity. Physiological adjustments result

in protection of photosynthetic apparatus against light intensities in excess to those that can

be used in photosynthesis (Osmond et al. 1999). Structural adjustments lead to the avoidance

of excessive irradiance by structural features, overall reducing the total leaf area or the

fraction of leaf area directly exposed to the sun.

Sun shoots of the chaparral shrub H. arbutifolia exhibited a remarkable structural

photoprotection, and despite having seven times more photosynthetically active radiation

available, they intercepted only four times more and had potential daily carbon gains only

double of those of shade shoots (Valladares and Pearcy 1998). The resulting fraction of leaf

area that was displayed during the central hours of a typical day of spring was only one-third

of the total leaf area of the shoot (Figure 4.11). Leaf angle, the most plastic character in the

response of H. arbutifolia shoot to high light, played a key role in achieving an efficient

compromise between maximizing carbon gain while minimizing the time that the leaf surfaces

were exposed to irradiance in excess of that required for light saturation of photosynthesis,

and therefore potentially photoinhibitory (Figure 4.9). For relatively simple canopies, leaf

angle and orientation are the main structural photoprotective features (Werk and Ehleringer

1984, Smith and Ullberg 1989), but mutual shading among leaves can be even more important

in complex, multilayered canopies (Roberts and Miller 1977, Caldwell et al. 1986). In

H. arbutifolia, 27% of the foliage was self-shaded during the central hours of a clear spring

day (Figure 4.11), but this percentage was far higher for leaves of certain orientations, such as

those facing south. A steeply oriented foliage and moderate self-shading that reduces the

photosynthetic surface area displayed during the central hours of the day were also charac-

teristic structural features of the crowns of two other plants from high-light environments:

Stipa tenacissima, a tussock grass, ad Retama sphaerocarpa, a leguminuous, leafless shrub

(Valladares and Pugnaire 1999). These two species exhibited similar leaf display and PPFD

interception efficiencies to those of H. arbutifolia (Figure 4.11). The costs in terms of missed

FIGURE 4.10 Four plant species co-occurring in the understory of a tropical rainforest (Barro Colorado

Island, Panama). Costus pulverulentus and Dichorisandra hexandra are monocot herbs, Hybanthus

prunifolius is an understory shrub, and the individual of Thevetia ahouai (a canopy tree) presented is a

2-m-high sapling. Beneath each photograph, to computer images at dawn (left) and at noon (right) of a

representative of each species are provided. A lighter gray in the computer images indicates overlap

between two or more leaves as seen from the sunpath. For each species, the fraction of the total leaf area

that is either self-shaded or displayed during the central hours of the day, and the PPFD intercepted in a

clear day of spring (both as daily total and as a fraction of available) were calculated using the three-

dimensional YPLANT model (Pearcy and Yang 1996). (Data from Valladares, F., Handbook of

Functional Plant Ecology, F.I. Pugnaire and F. Valladares, eds, Marcel Dekker, Inc., New York, 1999.)
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opportunity for carbon gain (comparing plant crowns with equivalent horizontal photosyn-

thetic surfaces) for these two species were similar to those imposed by the summer drought

(approximately 50% of the potential carbon gain), the main limiting factor for plant survival

in semiarid environments. This elevated cost of structural photoprotection emphasizes the

ecological relevance of avoidance of high irradiance stress in these species.

Other stress factors occurring in high-light ecosystems, such as heat and water deficits,

also favor increased inclination angles of leaves (Shackel and Hall 1979, Ehleringer and

Forseth 1980, Comstock and Mahall 1985, Lovelock and Clough 1992) as well as greater

Heteromeles arbutifolia

0.27 0.20

0.37

30.0

0.550.30

16.3

0.16

0.25

0.34

18.1

0.33

Stipa tenacissima Retama sphaerocarpa

Fraction of leaf area self-shaded during the central hours

Fraction of leaf area displayed during the central hours

Intercepted PPFD in a clear day spring (mol m−2 day−1)

Intercepted PPFD in a clear day of spring (fraction of available)

FIGURE 4.11 Three plant species from open, dry environments. Heteromeles arbutifolia is an evergreen

sclerophyll of the California chaparral, Stipa tenacissima is a tussock grass frequent in the driest

regions of the Iberian Peninsula, and Retama sphaerocarpa is a leguminous, leafless shrub also frequent

in dry and warm areas of the Iberian Peninsula. Beneath each photograph, two computer images of a

representative of each species are provided. A lighter gray in the computer images indicates overlap

between two or more leaves as seen from the sunpath. For each species, the fraction of the total

leaf area that is either self-shaded or displayed during the central hours of the day, and the photosynthetic

photon flux density (PPFD) intercepted in a clear day of spring (both as daily total and as a fraction

of available) were calculated using the three-dimensional YPLANT model (Pearcy and Yang 1996).

(Data from Valladares, F. and Pearcy, R.W., Oecologia, 114, 1, 1998; Valladares, F. and Pugnaire, F.I.,

Ann. Bot., 83, 459, 1999.)
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degree of leaf rolling and folding (Fleck et al. 2003). Since different stresses co-occur at certain

times of the day or during certain seasons (Niinemets and Valladares 2004), a protective

strategy that is triggered by one type of stress (heat, water deficit, or excessive light) also

increases protection or tolerance to other simultaneously occurring stresses is very adaptive.

In addition to a series of structural features that clearly constitute an adaptive strategy helping

to cope with multiple stress, a series of physiological responses such as down-regulation of

photosynthesis and heat tolerance has been observed in plants from Mediterranean-type

climates. As the structural adjustments, these physiological responses were found to be very

efficient in protecting the high-light exposed plants to multiple stresses during the summer

(Valladares and Pearcy 1997, Valladares et al. 2005).

Leaves of broad-leaved species are also often significantly rolled and curved, especially

at high-upper canopy where high irradiances can be combined with water limitations

(Farque et al. 2001, Fleck et al. 2003). Leaf rolling results in extreme reduction of leaf area,

and therefore, in large decreases in radiation interception and transpiration (Figure 4.12).

In fact, the leaves of broad-leaved species are never completely flat (Sinoquet et al. 1998).

Leaf rolling in broad-leaved trees strongly reduces radiation interception of these leaves and

can be a beneficial attribute in reducing photoinhibitory damage, heat stress, and transpiratory

water loss.

It has been shown that structural avoidance of excessive irradiance by any of the

means illustrated earlier can be crucial for survival under extreme conditions, even in

plants capable of extensive physiological adjustment to stress (Valladares and Pearcy

1997). Stress itself can also direct influence crown architecture as it can modify the

allocation patterns and the developmental processes of the plant. High irradiance can

lead to high-leaf temperatures, especially in warm regions and when transpirational

cooling is reduced due to water deficits, as in arid or Mediterranean-type environments

(Figure 4.12 and Figure 4.13). The complex interplay between leaf size and shape,

phyllotaxis, branching, and mutual shading among neighboring leaves can lead to con-

trasting temperatures in different plants and even in different leaves within the same

plant as revealed by infrared thermographies (Figure 4.12 and Figure 4.13). Infrared

thermography is a powerful tool to study the complex and heterogeneous pattern of leaf

temperatures in plant crowns exposed to high light, which is the result of the combined

effect of a large number of morphological, physiological, and environmental variables

(Jones 2004).

OCCUPYING SPACE AND CASTING SHADE: THE COMMUNITY LEVEL

Many analyses of adaptations in plant form have assumed that natural selection favors traits

that tend to maximize the growth rate of a given plant (Givnish 1986). One important

objection to this approach is the lack of consideration of the role of competitors. As Givnish

(1986) has shown, certain features of plant architecture, such as leaf height, are examples of a

trait in which the strategy that maximizes growth in the absence of competitors is the one that

does most poorly in their presence. In addition, certain structural features are not very

efficient for their primary function, but provide a competitive advantage. For instance, the

generous amount of leaves within certain crowns, well above what could be strictly needed,

appears to be competitively more effective by intercepting light that competitors might use

than in providing photochemical energy (Margalef 1997). Thus, the evolution of plant form

must be interpreted considering not only the immediate function of the organs and structures

involved (e.g., light interception), but also its effect on the efficiency with which competitors

exploit the resources.

Whenever plants are grown in close proximity there is competition for light and space.

Branching poses an ecological dilemma to many plants, because a wide and low crown with a
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lot of branches is highly efficient in terms of light capture versus construction costs, but is

easily overtopped, whereas a tall crown with little branches represents the opposite trade-off.

Certain plants have reached an interesting compromise by building compound leaves whose

long rachises act as throw-away branches, extending the photosynthetic surface of the crown

without investing in permanent and expensive support tissue (Givnish 1978). Probably one of

the most extreme examples of this strategy is that of the Devil’s walking stick (Aralia spinosa),

which avoids branching by producing long, light leaves, allowing for a fast growth of the
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FIGURE 4.12 Leaf size and shape, and their relative position in the shoot determine the exposure of leaf

surfaces to sunlight, which in turn translates into different leaf temperatures under the same environ-

mental conditions, particularly under clear skies. Left-hand side images (a, c, and e) are normal, visible

photographs, whereas those at their right (b, d, and f ) are the corresponding infrared thermal images.

The curved leaves of Ailanthus altissima (a, b) generated within-leaf shading and this curling protected

some leaf zones against overheating. The large leaves of Ficus carica (c, d) exhibited large within-

leaf thermal ranges which were due to differential transpirational cooling and thermal properties over

the leaf surface since leaves were almost flat; note the relatively high temperatures of major leaf veins.

The multilayered crown of the climber Hedera helix (e, f ) rendered contrasting leaf temperatures

depending on the relative position of each leaf; note the 8.58C difference between the exposed leaf and

the shaded leaf immediately underneath. The scale at the right is in Celsius degrees. All images were

taken with a Flir B50 thermal camera in the afternoon of a clear spring day in Madrid (Spain);

air temperature during the measurements was 358C, air relative humidity was 23%, and wind speed

was 0.15 m s�1.
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trunk. To support the same leaf area, a co-occurring tree, the flowering dogwood (Cornus

florida), has to invest 7–15 times more in wood (White 1984).

Height growth is extended in the forest understory because light increases exponentially

toward the canopy surface, whereas the costs of structural tissues escalate less rapidly with

plant height (Givnish 1982 see Section ‘‘Plant Design’’ for further analyses of the economics

of plant height). Competition between trees in its most general sense is competition to fill

space, quickly in early succession, where r-selection seems to be dominant, but completely in

late succession, where K-selection seems to dominate (Horn 1971). The dynamic nature of a

forest canopy, with numerous gaps and clearings caused by treefalls, contributes to the

coexistence of many more species of trees than could be expected in a theoretical analysis
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FIGURE 4.13 Phyllotaxis and shoot architecture influence the energy balance of individual leaves and

of the whole plant. Steep and aggregated, spiral leaves of Arbutus unedo (a, b) reduce the exposure of leaf

area leading to an important degree of self-shading; only some leaves with their laminas oriented to the

south exhibit temperatures significantly above air temperature (up to 68C higher). The erectophile

foliage of Rosmarinus oficinalis (c, d), made up of thin and small leaves very close to each other (short

internodes), is entirely at air temperature, in contrast with the surrounding soil, which is 208C above air

temperature. The complex and multi-branched crown of Nerium oleander (e, f) generates an intricate

pattern of leaf temperatures. Left-hand side images (a, c, and e) are normal, visible photographs,

whereas those at their right (b, d, and f) are the corresponding infrared thermal images. The scale at

the right is in Celsius degrees. All images were taken as in Figure 4.12.
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of crown architecture and monopolization of light; therefore, species of different successional

status and crown shapes can coexist (Figure 4.4).

Forests are vertically stratified, from the towering emergent trees to the herbs on the

forest floor, each strata comprising a distinct suite of plant species adapted for the conditions

at each particular level, mainly light conditions. In the initial description of this idea of

vertical strata in forests, an explicit mechanism that would account for stratification was not

provided (see discussion in Terborgh 1992). One of the questions that remained unanswered

in that description was why certain tree species cease their upward growth when they attain a

given height, unlike canopy species that pursue an upward trajectory until they reach the open

sky or die. Is there an optimum height for a midstory tree? Terborgh (1992) suggested an

explanation, considering how direct sunlight passes through the holes of the forest canopy to

the lower layers and eventually to the forest floor. As the sun progresses across the sky,

sunlight penetrates into the forest over a wide range of angles. In a simplified and regular

canopy, the sunlight passing into the forest interior through a single gap forms a triangular

area on the way to the ground (Figure 4.14). At the upper parts of the triangle, the number of

hours of sunlight is larger than at the lower parts. These triangular areas of direct sunlight
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FIGURE 4.14 A gap in the forest canopy allows direct sunlight to reach the understory (upper left). The

number of sunlight hours increases from the ground to the canopy. When the sunlight passing through

more than one gap is considered, a more complex pattern is found (upper right), with understory areas

affected by one, two, three, or more neighbor gaps (indicated by numbers). Where the cones of several

gaps intersect, a spatially uniform light field is produced. Both the distance between the trees forming the

limits of the gap, and the shape of the crown of these trees determine the duration of direct sunlight in

the understory (lower graphs). Pyramidal crowns allow little sunlight to reach the understory, whereas

the reverse is true for flat and broad crowns. (Adapted from Terborgh, J., Diversity and the Tropical

Forest, Scientific American Library, New York, 1992.)
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spread out below the canopy so that areas from adjacent gaps overlap. Some points receive

direct sunlight twice a day (intersection of two areas), whereas others lower down in the forest

receive sunlight from an increasing number of gaps, although for increasingly briefer periods

of time (briefer ‘‘sunflecks’’ see Pearcy 1999). This generates a spatially uniform light field

near the ground (Figure 4.14), and it was predicted that a midstory tree must grow as high as

the higher limit of this field because above this point, at least part of the tree crown might not

receive enough light to pay its costs, and the whole construction and maintenance costs of the

tree would be increased at the expenses of other functions such as reproduction (Terborgh

1992). This prediction was found to be true (midstory trees were of the expected height) in a

mature temperate forest in North America, but not in the more complex and irregular forests

of the tropics. In addition to the fact that the canopy of tropical forests is uneven and

complex, Terborgh (1992) pointed to the shape of the crown of the canopy trees as another

factor to explain the lack of a predictable, uniform light field. The shape of their crown

determines the size of the triangular area of sunlight beneath a gap (Figure 4.14). Crown

shape tends to vary with latitude, with mushroom-like trees in the tropics and conical crowns

in boreal regions (Figure 4.4), which allows for either generous shafts of direct sunlight or

very little sunlight reaching the floor, respectively (Figure 4.14). Thus although the forest has

plenty of understory plants in the tropics, it is nearly devoid of them in the boreal regions;

temperate forests represent an intermediate situation, with their rather simple canopy struc-

ture being very suitable for Terborgh’s theoretical description of vertical light gradients and

for the corresponding predictions of optimal height of understory trees. Another prediction

regarding crown architecture resulting from the thesis that forests are vertically stratified is

that crown shape varies systematically with vertical position. This was found to be true in

tropical forests with more than two plant strata, whereas emergent trees possessed crowns

that were more broad than deep, those of trees immediately below were more deep than broad

(for the rationale, see Terborgh 1992).

In their search for light, understory plants are not only exposed to the vertical gradient of

light, but to other physical factors that interact and influence their architecture. If height

growth in a low-light environment has the risk of too-expensive construction and mainten-

ance costs, the situation becomes riskier or at least more complicated when the ground is not

even, as is the case with hillsides. Since the lines of equal light intensity from the canopy to the

ground run parallel to the ground (Horn 1971), the most efficient height growth occurs at

right angles to the ground (Figure 4.15). However, to do this on a slope, trees should lean

outward (Alexander 1997). Trunk inclination on slopes has been shown to be adaptive (Ishii

and Higashi 1997), but the greater the angle of lean, the stronger the trunk of the tree needs to

be for biomechanical reasons (Mattheck 1991, 1995), which entails additional costs. Under

low-light conditions, leaning trees cannot grow a trunk as tall as it could if it were vertical, so

their optimal angle on a slope is neither vertical nor perpendicular to the forest floor

(Alexander 1997). Ishii and Higashi (1997) constructed a model to explore tree coexistence

on a slope and to predict how tree survival is affected by trunk inclination. The predictions

were that survival rate increases with slope angle more sharply under poorer light conditions.

These predictions were supported by the understory tree Rhododendron tashiroi, which

exhibited sharper trunk inclination and coexisted more successfully on steeper slopes with

the dominant canopy trees (Ishii and Higashi 1997). Trunk inclination also seems to be

affected by the shade tolerance of the species, with the relationship between slope and

trunk inclination being more marked in shade-sensitive trees (Figure 4.15). This model

provides an explanation based on optimizing processes of evolution by natural selection for

the common observation that the trunks of trees on a slope often incline downward. This

explanation is more complete and convincing than previous ones alluding to landslides or

wind (King 1981, Del Tredici 1991, Mattheck 1991). Another way to enhance light capture on
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slopes is with an asymmetrical crown, with more branches on the downhill side (Hallé et al.

1978, Alexander 1997). Although this architectural solution does not require trunk inclin-

ation, it must imply additional construction costs if the trees are not to snap or fall over.

Another interesting study regarding understory plants and slopes is that of leaning herbs

that arrange their leaves in a distichous array along an arching stem (e.g., Disporum, Poly-

gonatum, Smilacina, Streptopus, Uvularia in the Liliaceae, and Renealmia in the Zingibera-

ceae). Such crown architecture is mechanically less efficient than an umbrella-like

arrangement that supports leaves at the same height on a vertical stem. Their competitive

advantage derives from their tendency to orient strongly downslope (Givnish 1982, 1986).

Above a critical slope inclination, leaning shoots become mechanically more efficient than other

herb architectures and tend to supplant them. The correspondence between their observed and

predicted distribution relative to slope inclination provides support for their competitive

ability on slopes (Givnish 1986).

Hedgerows, linear arrangements of woody species that follow property boundaries

between fields, are an interesting case of plant communities with strong competition for

light and space. The interactions between carbon relationships, growth, and plant archi-

tecture have been thoroughly studied in these systems (Küppers 1994). An important con-

clusion from these studies was that plant architecture in combination with carbon input can

lead to a better understanding of plant success since net primary production by itself is

not sufficient to explain competitive relationships between woody species (Schulze et al.

1986). Branching and leaf exposure were principal. Mechanisms in competition: short inter-

nodes and thorns were important in early-successional species, whereas shading of neighbors

with a minimum of self-shading (capacity for occupying new, higher aerial space coupled

with maintenance of a closed leaf cover above the occupied space) provided a competitive
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FIGURE 4.15 Understory trees that grow on slope are exposed to the dilemma of growing vertically,

which is mechanically optimal, or with their trunks inclined downward, that is, parallel to the light

gradient occurring from the ground to the upper canopy, which shortens the distance of their foliage

from the canopy surface. Depending on their light requirement or shade tolerance, species are expected

to exhibit two ranges of trunk angle, as shown in the lower figure. (Adapted from Alexander, R.M.,

Nature, 386, 327, 1997; Ishii, R. and Higashi, M., Proc. R. Soc. Lond. Ser. B., Biol., 264, 133, 1997.)
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advantage to late-successional species (Schulze et al. 1986). Particular branching patterns and

lower costs of space occupation permitted late-successional species to grow a crown quickly

and then outcompete shade-intolerant pioneers (Küppers 1989, 1994).

Using a stochastic model of plant growth, Ford (1987) reached some interesting conclu-

sions on the implications of crown architecture for plant competition and spatial interference.

Growth rates depended on branch probability and also on angle of branching in sympodial

plants but not in monopodial plants. In sympodial plants, an optimal branching angle of

approximately 308 was found when the ratio of the interference distance to the internode

distance was 1.5:5. Sympodial plants with a branching angle of 308 outcompeted monopodial

plants (Ford 1987). The light environment of a plant can vary due to the activity of nearby

vegetation. Sensing their neighbors, perceiving the light opportunities, and responding in a

timely fashion is crucial for plant survival at the community level (Ballaré 1994). An adaptive

way of coping with competition is by a plastic response to the environmental changes caused

by neighboring plants, an issue briefly addressed in the next section.

In plant communities, however, not everything is competition. In fact, facilitation is

becoming better recognized and there is ample evidence pointing to facilitation as an import-

ant driver of community dynamics (Callaway and Walker 1997). In arid environments, plants

can benefit from an attenuation of the stressful irradiance by being in the shade of others,

which can act as nurse plants and improve early establishment and survival of seedlings

(Gómez-Aparicio et al. 2004). However, to which extent this effect prevails over competition

for water is uncertain, since there is conflicting evidence (Maestre et al. 2005). More studies on

the net balance of plant–plant interactions in natural conditions are needed to solve this

controversy, particularly in arid conditions where the increase of facilitation with drought

stress is not always found (Lortie and Callaway 2006, Maestre et al. 2006).

PLASTICITY, STRESS, AND EVOLUTION

The shape of the crown is an adaptive compromise of conflicting strategies. Multiple func-

tions of an architectural design and functional convergence of alternative architectural

features make assessment of optimal design difficult. For instance, phyllotaxis is not strictly

a developmental constraint because different phyllotaxes can be functionally equivalent (e.g.,

in terms of light interception efficiency (Niklas 1988)). The same argument can be built for

branching patterns or for the general shape of the crown (Figure 4.3 and Figure 4.4), and

these structural features may provide a paradigm for other features in plant evolution. This is

the most likely reason why it has proved impossible to describe the many tree architectural

models as adaptations. However, there are particular cases in which the several functions of a

given structure do not appear to be a constraint in interpreting its functional optimization,

such as the analysis of petiole length versus light capture in the understory herb Adenocaulon

bicolor (Pearcy and Yang 1998). Certain genetic or developmental constraints can be over-

come from a functional point of view by changes in other, more plastic structural features,

such as petiole and leaf shape, size, and orientation. Consequently, evolution of architectural

features cannot be interpreted without a minimum knowledge of the plastic response to the

environment of the involved traits.

Shade avoidance, a feature that angiosperms have developed to a remarkable extent, is

based on signals that anticipate that shade is going to change (via changes in the red-far red

ratio). The so-called shade avoidance syndrome involves a highly plastic response in the shade

with strong elongation of internodes and petioles, the production of less dry matter, larger

and thinner leaves, a higher shoot–root ratio, and a series of remarkable physiological

changes mediated by multiple phytochromes (Smith and Whitelam 1997). The variety of

morphogenic programs triggered to move the photosynthetic area toward better-lit canopy
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regions, and all of the morphological and physiological adjustments to the light environment,

correspond to the concept of foraging for light (Ballaré 1994, Ballaré et al. 1997).

Phenotypic plasticity in plants has three main functional roles: maintenance of

homeostasis, foraging for resources, and defense. Although plant plasticity has been a

commonplace observation, its ecological and evolutionary consequences are only beginning

to be thoroughly explored. This is due to the fact that most ecological and ecophysiological

studies of plant form to date have focused on adaptive, habitat-based specialization, and

plasticity has been interpreted as a feature of generalists. The supposed superiority of

specialized ecotypes or taxa over generalists has led biologists to focus on evolutionary

specialization and neglect the ecological and evolutionary implications of plastic responses

of the phenotype to the environment (Sultan 2004, 2005). Although the adaptive implications

of plasticity for relative allocation of biomass or other fitness-related parameters have

been widely recognized, plasticity has been traditionally viewed as an alternative to special-

ization. The evidence that plastic, and thus generalist, species are less able to compete with

specialized species is weak at best (Niklas 1997). A different approach to this question

has postulated that plasticity in some plant traits may, in fact, represent a product of

specialization (Lortie and Aarssen 1996). The predictions for plasticity of specialized geno-

types were proposed to depend on whether specialization is associated with the more or the

less favorable end of an environmental gradient (Lortie and Aarssen 1996). Specialization to

the more favorable end was proposed to increase plasticity, whereas specialization to the less

favorable end was proposed to decrease plasticity. In a study of 16 species of the genus

Psychotria occurring on Barro Colorado Island, Panama, we found that the mean phenotypic

plasticity was significantly higher for the high-light species than for the low-light species

(Valladares et al. 2000). Selection for greater plasticity may be stronger in the high-

light species because forest gaps (high-light environments) exhibit a relatively predictable

decrease in PPFD for which this plasticity could be adaptive. In contrast, the low-

light species experience relatively unpredictable changes in light caused by infrequent gap

formation. Under these conditions, phenotypic stability may have higher adaptive value. The

results are consistent with the view that plasticity, rather than being an alternative

to specialization, is indeed a specialization to the high-light end of the light gradient in

tropical forests. Other studies have found greater photosynthetic plasticity in gap-dependent

compared with shade-tolerant species (Bazzaz 1996). On the other hand, the relative

stability exhibited by the low-light species is consistent with a stress-tolerant syndrome,

with its low potential maximum growth rates, low maximum photosynthetic rates, and

low leaf turnover (Valladares et al. 2000). We also found that plasticity was generally

greater for the physiological than for the structural characteristics (Valladares et al. 2000).

However, the different plasticity in morphological and physiological traits seems to

be species-specific, with high-light species showing greater physiological plasticity and

low-light species higher morphological plasticity (Valladares et al. 2002b, Niinemets

and Valladares 2004).

In the analysis of plant plasticity, choice of which submits to count is essential, since

within a plant there is clearly a hierarchy of plasticities, and not all structures exhibit the

same degree of plastic response (White 1979). For instance, the range of variation of a

phenotype (the norm of reaction) for vegetative structures tends to be broader than that for

reproductive traits (Niklas 1997). The adaptive significance of the plasticity of a character

becomes clear only when it is scaled up to the performance of the whole plant. Usually, if a

plastic response in a feature improves performance, the result at the next level is an enhanced

homeostasis (Pearcy 1999).

Since phenotypic plasticity is advantageous for sessile organisms due to the heterogeneous

nature of most environments, the question of why all plants are not equally (and maximally)

plastic is a very pertinent one. It is rare to find scenarios in which a plastic response to the
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environment could be maladaptive. Some examples have been pointed out for plants growing

under extreme physiological conditions and usually in the absence of strong competition

(Chapin 1991, Chapin et al. 1993). Such plants tend to show a conservative pattern involving

slow, steady growth, even when conditions are temporarily favorable (Waller 1986). Under

ideal growing conditions, these plants are more likely to store nutrients than to accelerate

their growth (Chapin et al. 1986, Chapin et al. 1993) to avoid the production of a plant that is

too large or structures that are too expensive to be sustained once conditions deteriorate.

Specialization to a low-resource environment seems to start with a modification in a key

growth-related character, which results in a cascade of effects that triggers the entire stress

resistance syndrome (low rates of growth, photosynthesis, and nutrient absorption, high root:

shoot ratios, low rates of tissue turnover, and high concentrations of secondary metabolites,

Chapin et al. 1993). Low plasticity associated with stressful conditions has been found in several

studies of Mediterranean woody plants (Valladares et al. 2002a, 2005).

Examples of proven adaptive plasticity in plants are scarce and most plastic responses

actually may be ‘‘passive’’ rather than adaptive, suggesting that the evolution of adaptive

plasticity is impeded by constraints (Weinig 2000, van Kleunen and Fischer 2005). And one

ubiquitous constrain is stress. Stress dissipates energy that is otherwise available for homeo-

static processes such as those controlling development and pattern formation (Parsons 1993). It

has been shown that growth pattern and shape-related features are more sensitive to this energy

dissipation caused by stress than just size (Alados et al. 1994, 1999). Stress introduces variation

in structure, which is not adaptive, in contrast to plastic phenotypic responses to environ-

mental changes. This kind of increased variability is known as developmental instability and

the study of the so-called fluctuating asymmetry has been used to detect disruption of homeo-

stasis (Alados et al. 1994, 1999). Stress also causes deviations in radial symmetry and in

symmetry of scale, that is, in self-similarity at different spatial scales (Alados et al. 1994).

Since both the distance between two successive leaves (internode length) and the internode

diameter scale with node order, dispersion about the regression line between length or diameter

and node order becomes a measure of the departure from perfect translational symmetry,

which is another form of developmental instability (Escós et al. 1997). These are just some

examples to illustrate the notions that there are many forms of asymmetry that can be

associated with stress and that only a fraction of the phenotypic response to environment is

adaptive.
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