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Preface

Trees are globally important because of their roles in providing fuel, food, construction 
materials and fiber, and their more recently recognized role in providing diverse 
ecosystem services such as habitat for other organisms and the oxygen we all 
breathe. They typically increase in size and biomass by several orders of magnitude 
from the seedling to adult stage. Across this growth trajectory they undergo an enor-
mous number of changes both within their own structure, and in their interactions 
with the environment. Some of these changes are well-known, and others we are 
just beginning to understand. These changes can be in features as diverse as foliar 
physiology, anatomy, and chemistry; wood structure and mechanical properties; 
overall architecture and allometry; reproductive ability; and interactions with herbi-
vores. Many of these changes are presumed to allow them to acclimate to the envi-
ronment and endure for millennia; indeed, the ability of certain tree species to attain 
spectacular heights has captivated society’s imagination for centuries and has driven 
an increasing amount of research on the biophysical factors that limit maximum tree 
height. The ability to acclimate and endure, however, can also restrict future response 
options because of a legacy of structural adjustments that constrain physiological 
function. Despite the importance of these changes, until recently relatively little was 
known about their specific causes and the extent to which they are related strictly to 
tree size versus age. This book presents a synthesis of the current state of knowledge 
about the causes and consequences of ontogenetic changes in key features of struc-
ture and function at both the individual tree and the stand level.

The book explains why it is important to distinguish among attributes intrinsi-
cally related to size versus age and why we know so little about age- versus size-
specific traits. Chapters highlight some of the implications of these size- and 
age-related changes for commercial forestry plantations with shortening rotational 
ages, and for predicting how current and future forests will respond to climate and 
other environmental changes.

The organization of this book reflects a philosophy that universal principles are 
likely to govern key processes and relationships between structure and function 
regardless of a species’ evolutionary history and where it normally grows. Thus, 
angiosperms and gymnosperms as well as temperate and tropical species are often 
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discussed in the same chapter. We have grouped the chapters into six sections begin-
ning with a chapter that provides an historical perspective on prior research and 
relevant technological developments as well as a synthesis of the major topics and 
themes covered in the remaining chapters. This is followed by five sections orga-
nized according to processes and phenomena: reproduction and regeneration, inte-
gration of structure and function across ontogeny, photosynthetic gas exchange and 
carbon balance, water relations and transport processes, and scaling from individual 
traits to stands. Several chapters describe technological tools and innovative meth-
odological approaches that can be used to address specific topics. Although much 
progress has been made in unravelling structure-function relationships in trees and 
forest stands during their ontogeny, important gaps in our knowledge need to be 
filled in order to understand the constraints on sustaining trees as viable components 
of ecosystems under current and future climate regimes.

We are grateful to the contributors for their willingness to participate in this proj-
ect and to internal and external reviewers for their valuable comments on initial 
drafts of the chapters.

Frederick C. Meinzer
Barbara Lachenbruch

Todd E. Dawson
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Abstract Trees are spectacular organisms that can accumulate a large amount of 
biomass, live for millennia, grow in stressful environments, and have global impor-
tance to organisms and human society as a result of their roles in contributing to 
diverse ecosystem services. They survive in an enormous range of environments 
with disturbances of various frequencies and severities, and by their very nature of 
being long-lived and sessile, they must possess the ability to change. This chapter 
provides a context for the chapters that follow, by describing a history of the inves-
tigations and of several important technological innovations that have enabled 
research to progress, and some of the foundations of water relations which underpin 
many of the later chapters. The chapter then discusses seven recurrent themes brought 
out by the diverse chapter authors: microclimate and other abiotic forces that change 
with tree and stand age; the changing structure and function employed as trees 
grow; what we can learn from scaling —which scaling laws pertain, when, and 
what is the biology or physics embedded in these laws; the tradeoffs that occur as 
structures and functions change through growth and development; the causes and 
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correlates of the decline in productivity of trees and stands with age; the extent to 
which changes are plastic; and the meaning of whether changes occur relative to 
age versus size. The chapter concludes with a discussion on the emerging issues 
and questions raised in the chapters of this book. The overall aim is to give insights 
into the whole tree, whole lifespan perspective of the structural and functional 
strategies trees employ to persist in the face of internal and external factors that 
change as trees grow and age. This knowledge can be used to develop management 
approaches to manipulate trees and stands to provide a wide range of ecosystem 
goods and services.

1  Introduction

Using 17 chapters authored by 42 individuals, “Size- and Age-related Changes in 
Tree Structure and Function” captures the current state of knowledge regarding how 
age and size impact tree structure and function. The current chapter lays the founda-
tions for this book with a historical perspective on how scientific curiosity, forest 
management, wood science, and technological innovations have led to advances in 
our understanding of tree and stand growth. It then gives a brief explanation of the 
basic plant water relations theory essential for understanding aspects of hydraulic 
architecture, water transport, growth and growth allometry dealt with in a number 
of the chapters. Next, it presents the major themes that were touched upon in the 
individual contributions, and lastly, the emerging issues and researchable questions 
on size- and age-related changes in the structure and function of trees.

Trees are spectacular organisms: they can accumulate a very substantial amount 
of biomass, can live for millennia, can grow in extraordinarily stressful environments, 
are globally important as a result of their current and historical roles in providing 
fuel and fiber and their more recent and emerging roles in providing diverse eco-
system services including clean air and water, conserving and cycling nutrients, 
capturing and storing carbon, synthesizing an extensive array of chemicals including 
pharmaceuticals, having living and dead structures that provide habitat for a diverse 
array of organisms and serving special cultural and spiritual needs. As a tree 
deve lops from seed, it expands progressively from a newly germinated seedling 
weighing a few milligrams to a large, complex organism containing over 3,000 Mg 
of dry biomass (Fig. 1.1). These and other special features of trees as compared to 
other plant and animal organisms have earned them a unique status throughout the 
history of civilization.

Because of their diverse evolutionary history, trees extend from all but the 
coldest and driest habitats through all terrestrial systems; and because of their 
ability to acclimate, they can endure for millennia. Collectively, trees employ an 
enormous range of reproductive, regenerative, and survival strategies. By their very 
nature of being long-lived and sessile, they must possess the ability to change. 
This change encompasses the genetic potential to alter both structure and function 
in asso ciation with ontogeny, as well as with abiotic and biotic factors that change 
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either independently or concomitantly with the aging tree and stand. The chapters 
in this book provide a context for understanding the features associated with 
“success,” and give insights into the mechanisms and strategies that facilitate 
their persistence in the face of these changing internal and external factors. We can 
then use this knowledge to predict tree and stand responses to perturbations, and 
to devise management approaches to manipulate trees and stands to provide a wide 
range of ecosystem goods and services.

The whole tree can be defined as a system of relatively fine organs (foliage and 
fine roots) that acquire and allocate resources and that are linked via a coarser 
system of roots, stems, branches and the bole to create a particular and often 
complex form. Changes in architectural form often result in trade-offs between 
structure and function that may scale according to orderly rules that we may or may 
not understand. These rules often begin with the trade-offs between architectural 
constraints and architectural opportunities, hydraulic and biomechanical safety and 
efficiency, vegetative versus reproductive growth, and growth rate versus longevity 
(e.g., Zimmermann 1983; Kennedy et al. 2010). Therefore, the visible form that a tree 
takes is the result of combined architectural and process rules (i.e., the hardwired or 
genetic component) and their interplay over time with the combined abiotic and biotic 
environment, which in itself changes dramatically within a day, within a crown, 
within a year, and over the life of the tree. During these changes in their abiotic 
and biotic environments, trees are responding through growth of height, diameter, 
crown, and roots; through physiological transitions from juvenile to reproductive 
and mature life history stages, and through developmental and plastic responses to 
a wide range of stimuli. They are also accumulating the structural and physiological 
legacy that potentially will restrict or alter their future response options.

In this chapter, we have attempted to present our perspective on tree growth, 
structure, and function to allow readers to more readily integrate the chapters 

Fig. 1.1 Foliage at various life-stages in Douglas-fir (Pseudotsuga menziesii var. menziesii) 
(left to right are cotyledons in a newly germinated seed, foliage of a young tree, and foliage from 
the top of an old-growth tree)
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as they read them. The next three sections focus on the history of whole lifespan 
tree and stand ecophysiology (Sect. 2), the role of technological innovations 
(Sect. 3), and the foundations of plant water relations research (Sect. 4). They 
provide context for the findings, innovations, and connections made by authors in 
later chapters. Section 5 focuses on seven themes that recur in many of the chapters. 
We suggest this recurrence indicates the current importance of these thematic areas 
for understanding tree function. The next section (Sect. 6) compiles the emerging 
issues and questions raised in the chapters of this book. We conclude (Sect. 7) with 
a brief assessment of the potential utility and broader applications of the findings 
discussed in the remaining chapters.

2  History of Investigations into Effects of Size  
and Age on Trees

A starting point for the history of tree physiology or silvics might be traced back to 
Leonardo da Vinci who puzzled about the relationship between the ratio of the sum 
of twig cross-sectional areas to small branch cross-sectional areas to branch cross-
sectional areas to stem cross-sectional area in an apple tree. This example of an 
allometric relationship has currency whether one is using the pipe theory (Shinozaki 
et al. 1964), the West-Brown-Enquist power relationships (West et al. 1997, 1999), 
or the emerging conduit packing density approach (McCulloh et al. 2010; Savage 
et al. 2010) when addressing conduction through a plant or through the entire 
soil-plant-atmosphere continuum (SPAC). Similar to da Vinci, authors interested in 
the allometry of hydraulics have tended to focus on plant segments and even the 
junctions between segments (e.g., Zimmermann 1978, 1983) rather than the whole 
plant. The work of Stephen Hales is often cited as the first example of the use of 
experiments with woody plants to test the applicability of a physical or a vitalistic 
theory of how water is transported within a woody plant (Hales 1727). Individuals 
following Hales tended to focus on finding a robust and parsimonious explanation 
for how water flowed through the SPAC, what controlled its flow, and how it was 
able through turgor to sustain cell enlargement and control stomatal opening. Early 
authors, such as Bruno Huber (1924) focused on merging structural – functional 
relationships of tree hydraulics. All these approaches have either directly or indi-
rectly provided much of the foundation for the way scientists think today about trees 
from a water and carbon perspective.

Similar to those interested in the basics of tree function and structure, practicing 
foresters soon recognized that tree height was dependent upon age, species and the 
quality of the site on which the trees were growing. Site index curves, which now 
exist for many species (Fig. 1.2) clearly illustrate that there is a maximum height 
for any given species even when growing on the best of sites. In addition, certain 
species, such as Douglas-fir (Pseudotsuga menziesii), coastal redwood (Sequoia 
sempervirens) and mountain ash (Eucalyptus regnans) have long been noted for their 
ability to achieve spectacular heights and perhaps it is the existence of very tall trees 
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that brings practitioners and experimenters together. Greenhill in 1881 published 
his still-cited paper that brings together diameter and taper to explain the form in 
which ship masts (tree trunks) can be found in nature, as well as how tall a tree can 
grow and still be stable. At about the same time, in 1895, Dixon and Joly described 
the Cohesion-Tension theory for water transport, which has been challenged 
multiple times (e.g., Zimmermann et al. 2004). Finally, after a series of ingenious 
experiments in the mid-1990s and a 2004 letter to the New Phytologist (Angeles 
et al. 2004), the cohesion-tension theory was accepted as the most robust and parsi-
monious explanation of how water moves to the top of trees, short or tall.

While the argument over the mechanism of water transport to the tops of tall trees 
was occurring, two elegant papers appearing in the early 1990s (Schoettle 1994; 
Yoder et al. 1994) demonstrated the effects of age (actually, height in these studies, 
which can be used as a proxy for age) on tree structure and function. Indeed, old 
(i.e., tall) trees were structurally different from younger trees and showed reduced 
photosynthesis. These observations were consistent with the declines in productivity 
with stand age that have been noted in the existing literature (e.g., Odum 1969; 
Grier et al. 1981; Gower et al. 1996; Ryan et al. 1997; see reviews by Binkley 
et al. 2002 and Ryan et al. 2010). Ryan and Yoder (1997) narrowed the explanation 
for the observations from these two 1994 papers (and others) to what is now call 
the hydraulic limitation hypothesis. Examinations of this hypothesis have increased 
in number, some supporting the original ideas and some not (Barnard and Ryan 
2003; Bond 2000; Koch et al. 2004; Mencuccini et al. 2005; Burgess et al. 2006; 

Fig. 1.2 Site index (or age versus height) curves for Douglas-fir (Pseudotsuga menziesii var. 
menziesii) growing in high elevation forests of the Cascades of Oregon and Washington (from 
DeMars and Herman 1987). Although each curve appears to be approaching an asymptote, curves 
have not flattened even at age 400 (see Chaps. 4, 6, 8 and 14 about height growth in Douglas-fir 
and other trees). It is important to note that the sample size was relatively small for trees 300 years old 
or older (21/240). Similar site index curves were noted for Douglas-fir growing at lower elevations 
on the eastside of the Cascades (Means and Helm 1985). In contrast, the range of heights at age 
100 for Douglas-fir (P. menziesii var. glauca) from New Mexico was from 9 m on the poorest sites 
to 36.5 m on the best (Edminster and Jump 1976). Such curves have strong predictive powers, but 
very weak explanatory capabilities
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Burgess and Dawson 2007; Sala and Hoch 2009; Petit et al. 2011) including several 
chapters in this volume (e.g., Ewers et al. Chap. 18, Lachenbruch et al. Chap. 5, 
Mencuccini et al. Chap. 12, Sala et al. Chap. 11, Steppe et al. Chap. 9, Woodruff and 
Meinzer Chap. 14). It is interesting to note that a recent paper by Sillett and others 
(2010) suggests that there is no height-related reduction in volume increment in 
very large (and old) Sequoia sempervirens and Eucalyptus regnans trees. They 
reached this conclusion by a very detailed inventory of all of the growth increments 
that included all of the appendages in the massive crowns of these trees, which 
had not been considered previously. At the publication time of this book, these 
investigations continue, particularly with coast redwood (S. sempervirens) and 
further support the notion that tall and old trees continue to grow at the highest rates 
they ever have (Sillett, Van Pelt, Ambrose and Dawson, unpublished data). Many 
of the chapters in this book address the role that age may play in the observations of 
structure and function in tall trees. There is clearly a significant series of research 
questions that remain largely unanswered regarding (1) the biochemical and 
biophysical mechanisms that govern the interaction between age and height and how 
they individually and in combination result in the responses and morphologies 
observed and (2) a sufficient understanding of the interactions between the regula-
tors of carbon pools, fluxes, and source – sink relationships as they play out over 
both small and large distances. Advancing knowledge in these areas and other will 
require new approaches and technology innovations as discussed next.

3  Technological Innovations

Early scientists were able to lay foundational elements that still stand today 
(e.g., Hales 1727; Dixon 1895; Huber 1924, etc.). However, a number of new tech-
niques and technologies have given researchers improved access to trees and stands 
allowing characterization of all components in the soil-plant-atmosphere continuum 
including the soil (e.g., TDR, multi-sensor, frequency domain capacitance), the root 
system including mycorrhizal relationships (e.g., the high pressure flow meter 
developed by Tyree et al. (1995)), and the bole and crown. Access to tall trees was 
a particular problem; most often solved using mountaineering or arborist techniques. 
Triangular TV tower sections and scaffolding were also used, but were often rele-
gated to canopies 45 m or less (e.g., Woodman 1971; Hinckley and Bruckerhoff 
1975; Martin et al. 2001). With the advent (and use) of large construction cranes, 
finances became the main limitation to canopy access (e.g., Shaw et al. 2004). Many 
of the chapters in this book illustrate the use of a wide-range of canopy access 
technologies (e.g., ropes: Ishii Chap. 8; canopy construction crane: Chap. 14).

Sap flux and hydraulic conductivity can now be assessed in foliage (e.g. Brodribb 
and Holbrook 2003; Bucci et al. 2003) and in very small to large branches, roots, 
and stems (e.g., Čermák and Kucera 1981; Granier 1987; Salleo et al. 1992; Sperry 
et al. 1994; Burgess et al. 1998; Spicer and Gartner 1998; Čermák et al. 2007). 
We have methods to assess tissue water relations (e.g., Scholander—Hammel 
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pressure chamber, Scholander et al. 1965) and stomatal conductance (e.g., the null 
balance porometer: Beardsell et al. 1972; Parkinson and Legg 1972 or the leaf or 
shoot cuvette: Ritchie 1969; Field et al. 1982). In addition, there has been a concomi-
tant development of infrared techniques to measure the exchange of physiologically 
important gases such as CO

2
 and water vapor at the tissue and canopy (e.g. eddy 

covariance, Baldocchi 2003) scales. Analysis of stable isotopes of carbon and oxygen 
in CO

2
 and in the hydrogen and oxygen of liquid water and water vapor allow infer-

ences concerning physiological controls on gas exchange, sources and sinks for 
carbon and water and transit and residence times of water in trees (Dawson et al. 
2002; Meinzer et al. 2006; Dawson and Simonin 2011). These isotope techniques have 
allowed inves tigators to measure easily, rapidly and frequently the factors associ-
ated with the movement and use of carbon and water by trees. Two of the chapters 
in this book explore and document the value of technology and demonstrate how 
some unknowns may be cracked via an imaginative application of existing technolo-
gies (e.g., chapters by Čermák and Nadezhdina Chap. 15, McDowell et al. Chap. 
10). Johnson et al. (Chap. 3) explore the other end of the size spectrum and discuss 
the need for adapting technology for measuring physiology of the seedlings.

Technology is a two edged sword – it presence and development provide power-
ful ways to acquire important information and to address previously difficult to 
impossible questions. On the other hand, science driven by technology alone is 
often handicapped in scope and imagination. Several chapters in this book illustrate 
how relatively simple measurement techniques, when applied to interesting ques-
tions, result in powerful studies.

Another area in which technological advances have had a tremendous impact has 
been in characterization of wood properties. Until the 1960s, measurements of 
within-plant density were done with tedious direct methods to capture mass and 
volume of variously-sized samples; precision depended largely on how small one 
could cut up a tree and how well one could measure volume. In the 1960s, however, 
Polge (1978) introduced x-ray densitometry in which slabs or cores cut to a precise 
thickness were x-rayed; the intensity of the x-ray was related to the density of the 
material. Refinements of this technique have made it possible to document radial 
trends in wood density of trees and to compile data for different heights in trees or to 
compare trees from different silvicultural treatments. With the proper software, these 
systems have allowed people to compile ring-by ring information on earlywood and 
latewood density as well as ring width and proportion of the ring that is latewood. 
Such work has been instrumental in tree breeding programs and wood quality studies 
(Cown et al. 2004), and maximum ring density has been used as an index of drought 
severity in dendrochronological studies (Cleaveland 1974; Yasue et al. 1997)

A further major advance in the study of xylem structure was the introduction of 
SilviScan and then SilviScan-2 (Evans 1999, 2006; Evans and Ilic 2001), a facility 
that scans precision-dimensioned microbeams with x-rays, light, and x-ray diffraction 
techniques at pre-determined step-sizes. In addition to giving the information from 
a typical x-ray densitometer, it produces estimates of fiber coarseness (related to cell 
wall thickness and lumen diameter) and orientation of the microfibrils in the thickest 
layer of the cell walls. With density and microfibril angle, a computer algorithm can 
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then estimate the wood’s stiffness (modulus of elasticity) for each measurement 
location, typically giving radial profiles of wood properties. These advances in wood 
properties have made it possible for people to relate mechanical and hydraulic func-
tion to structure at a much finer scale than was possible in the past (e.g., Lachenbruch 
et al. 2010). Other work implementing light- and electron microscopy techniques 
has allowed variation in structural features of xylem conduits to be linked to 
variation in functional traits such as hydraulic conductivity and resistance to embo-
lism (e.g. Pittermann et al. 2005; Wheeler et al. 2005; Domec et al. 2006; Hacke et al. 
2006; Choat et al. 2008). Application of cryo-scanning electron microscopy to the 
study of xylem water transport has yielded important new insights on the dynamics 
and potential mechanisms of embolism formation and reversal in both primary 
and secondary xylem (e.g. Canny 1997; McCully et al. 1998; Melcher et al. 2001; 
Johnson et al. 2009).

4  Foundations of Plant Water Relations

For this book, it is useful to revisit the key concepts of plant water relations because 
much of the discussion about the role of age/height depends upon understanding how 
water potential varies, the biotic and abiotic factors that influence it, and how it and 
the tree’s ability to modify it might create limits to height and reduce productivity. 
Qualitatively, changes in plant water status may be considered proportional to the 
difference between water gained through the roots (and/or redistributed from other 
tissues, see Chap. 13) and that transpired by the foliage (Jarvis 1975) with the addi-
tional and important caveat that no water flow from roots or storage can occur until 
there is a water potential gradient. Thermodynamically defined, total water potential 
(Y) is a measure of the capacity of water at a particular point to do work as compared 
with free, pure water (Slatyer 1967). Water potential gradients, as indicators of diffe-

rential energy states of water, provide the driving force for the movement of liquid 
water as well as for water vapor throughout the soil-plant-atmosphere continuum 
(SPAC). Mathematically, Y can be expressed as:

 
( )o

w w w pV π τµ µΨ = − = Ψ + Ψ + Ψ  (1.1)

where m
w
 and m

w
o are the chemical potential of water in the system and that of free, 

pure water, respectively; V
w
 is the partial molal volume of water; Y

p
 is the pressure 

potential (or turgor pressure or xylem tension); Yp is the osmotic potential (due to 
solutes); and Yt is the matric potential (due to surface forces, e.g., cell walls, soil 
particles).

As suggested in Eq. 1.1, Y is measured in terms of energy per unit volume which is 
equivalent to a force per unit area (commonly expressed in dynes cm–2, bars or MPa). 
The pressure term (Y

p
) can be positive while the others are always negative since 

these reduce the capacity of pure water to do work. Since the water potential of pure 
water at standard temperature and pressure is defined as zero, Y is usually equal to 
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or less than zero, except during periods of plant exudation (or guttation) or periods 
of positive root pressure, which are of negligible importance to most woody plants 
(Kramer 1969). Thus, Eq. 1.1 provides a framework within which all the component 
potentials may be accounted for when the plant properties, which lead to internal 
adjustments of Y, are discussed (e.g., Chap. 3, Chap. 14). Although Eq. 1.1 shows 
the solution for an instantaneous measurement at a single point in space and time, 
temporal and spatial dynamics can be easily added when considering either a Höfler 
diagram or the results of pressure-volume curves (Tyree and Hammel 1972).

A much more useful equation for the discussion of temporal and spatial variation 
in water potential at any point “x” in a tree can be defined as:

 Ψ = Ψ − ρ − Σ x
x soil soil i igh f r  (1.2)

where rgh is the gravitational potential (a product of the density of water, the 
gravity constant, and the height above water in the root zone, respectively; equal to 
about −0.01 MPa m–1 height). The frictional potential, S

soil
xf

i
r

i
, represents the sum-

mation of the products of the partial fluxes (f
i
) and the partial resistance (r

i
) along 

the pathway(s) from the soil to point “x” in the tree (Richter 1972, 1973). The water 
potential of the bulk soil is indicated by Y

soil
. It should be remembered that for a 

given point “x” and time period in the tree, the bulk soil and gravitation potential are 
fixed (the soil value can change with time and the gravitation with height above the 
ground). The frictional potential is the dynamic part of this equation. It is also 
important to note that trees can undergo adjustments in their hydraulic architecture 
to partly compensate for the increasing frictional component as they get taller, but 
this has no effect on the gravitational component other than to increase it as a 
result of the increase in height. Therefore, gravity is always felt even when water is 
not moving and thus is not a hydraulic constraint in the usual sense of the term. 
An interesting note is that Eq. 1.2 was proposed by Richter after reading (and 
translating) the original work of Bruno Huber (1924), indicating that we continue to 
rely on this conceptual framing of water potential in the crowns of tall trees.

Equation 1.2 was derived by Richter (1973) from a consideration of water flow 
through the SPAC using the Ohm’s Law analogy where flow (q) is equated to the 
gradient divided by the pathway resistance (Huber 1924; van den Honert 1948). 
A popular, pragmatically useful, but mechanistically incorrect formulation of this 
analogy may be written (after van den Honert 1948);

soil - root soil - root root - leaf root - leaf leaf - atmos leaf - atmosphereRq R R•= ∆Ψ = ∆Ψ = ∆Ψ  (1.3)

where R is the resistance along a particular pathway. Although the use of the Ohm’s 
Law analogy, especially as offered by van den Honert (1948) where he viewed water 
flow through the SPAC as a catena (or chain), has aided in the understanding and 
modeling of water flow through the SPAC (e.g., see Elfving et al. 1972; Hinckley 
and Bruckerhoff 1975; Alarcon et al. 2003; Vasconcelos et al. 2010), several 
precautions must be taken to avoid erroneous applications of this concept. First, the 
ability of various parts of the tree to act as sources and/or sinks (i.e., capacitors) is not 
accounted for in this formulation. Second, an assumption of steady-state, non-elastic 
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flow is made in which water movement through the stomata matches water uptake 
through the roots, hence the idea of a catena. Clearly, this cannot and does not 
happen. Third, stomatal gas and liquid phase resistances are not analogous, and 
phase changes at the leaf complicate R

leaf-atmos
. Fourth, and probably most important, 

the Ohm’s Law analogy only states that total water flow through all the roots, all the 
conduits of the stem, all the leaves is equal; it does not imply that flows through 
undefined sections of a single conduit running through the tree are numerically 
equal (Richter 1973). Much more sophisticated models, still initially based upon 
this simplified view of water flow, exist and can provide important insights into how 
different hydraulic conductances (1/resistance) can influence flow and vulnerability 
to embolism (Sperry et al. 1998). Models using very different approaches have also 
been successful (e.g., Aumann and Ford 2006; Lovisolo et al. 2010).

Several chapters build from these earlier and more simplistic foundations of 
plant water relations. It is often worth reverting to these earlier, perhaps simpler 
relationships in order to understand the relationships being used in these chapters. 
Finally, Hinckley (2004) provided a review of whole-tree physiology. The five 
topics there are worthy of review: (1) the nature and definition of the individual 
organism, (2) carbon, water, and nutrient acquisition, use, and distribution, (3) how 
trees and specifically large trees biophysically and biochemically “perceive” their 
internal and external environment and how then responses are mediated or signaled, 
(4) scaling and a critique of the use of branches as a surrogate for whole tree 
responses, and (5) the potential for “domestication” of trees.

5  Recurrent Themes in Book

These 17 chapters encompass many universal themes for the study of age- and 
size-related changes in tree structure and function and whether ontogenetic varia-
tion is size- or age-related. Recurrent themes include the microclimate experienced 
by trees of different stature and age, the extent to which morphological or functional 
traits change with age or size, the extent to which these changes follow simple scaling 
principles, tradeoffs of one trait or several traits for another trait or groups of traits, 
the decline of growth with tree or stand age, plastic vs. fixed control of traits with 
age or size, and the concept of age versus size relations for tree function.

5.1  Microclimate

The coverage of this book spans tree growth and development from day-old seedlings 
to towering giants. As a tree increases in size from a germinant to a large mature 
individual, its aboveground parts occupy different environments both due to growth 
into new microenvironments, and to changes it causes in its own environment such 
as self-shading (e.g., Woodman 1971; Lewis et al. 2000; Ishii et al. 2008, Chap. 10). 
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The distribution and microenvironment of belowground parts also change as touched 
on in Chap. 15. Chapter 3 details the extreme temperature, light and moisture regimes 
that new germinants may experience, as well as the patchiness of their environment 
in both space and time. It is not difficult to imagine the kinds of differences in 
micro- and mesoclimate that a tree might experience over its life, from day to night, 
and from summer to winter. Over the life of a bristlecone bristlecone pine tree 
(Pinus aristata), it may experience almost 5,000 years of climate, and in its mature 
stages, it may retain foliage that was produced 28 years before. Nonetheless, micro-
climatic differences among seedlings or plant parts may be as pronounced as the 
annual differences a tree might experience in 5 millennia. A newly germinated 
subalpine fir (Abies lasiocarpa) seedling located at 1,600 m in a subalpine meadow 
in the Olympic National Park, Washington (Waring and Franklin 1979) would 
experience surface temperatures over 50°C (Fig. 1.3, see also Seymour et al. 1983), 
temperatures that can kill the cambium (thus girdling the developing seedling) and 
that exceed the upper temperature threshold for positive carbon uptake leading to 

Fig. 1.3 Data are from a subalpine meadow in NE part of Olympic National Park, USA, July 28, 
2005. The meadows have a 10% slope to the south and they are at 1,591 m on the SW side of a ridge 
that tends from the NW to the SE at Hurricane Ridge. Temperature measurements were taken with 
an infrared thermometer between 1,315 and 1,335 h (PDT); air temperature was between 24.1oC 
and 24.8oC. Measured temperatures ranged from 10.8oC to 5 cm beneath the soil surface under the 
sub-alpine clump to 56.3oC for dry, sunlit moss/lichen crusts on the south side of the clump. White 
bars represent things measured in direct sunlight, whereas black bars are for shaded measurements. 
Plant temperatures were largely based upon measurements of foliage temperatures
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foliage death (Seymour et al. 1983; Teskey et al. 1984). Shaded plants and plants 
with sufficiently thick bark are not subject to such exposures. The impact of the harsh 
microclimate near the ground is illustrated by the fates of thousands of Abies lasio-
carpa seeds that have been tracked for 17 growing season (Soll 1994, A. Woodward, 
pers. comm.) in subalpine meadows in the Olympic National Park (see Fig. 1.3 
for one of the study meadows). There were initially 696 ± 469 seeds per square 
meter of substrate from which 12.6 seeds proceeded to the germinant stage, 9.1 
survived by the end of the first growth season, and 0.43 were alive 17 years later. 
At this last census date, the average seedling was only 12 cm-tall while the tallest is 
just over 30 cm. Germination and early survival were influenced by both soil aridity 
and temperature.

Mature trees are faced with large within canopy gradients of light and tempera-
ture. Evergreen trees must both modify (i.e., acclimate) existing foliage and produce 
somewhat different new foliage as the older, lower, or more interior foliage becomes 
increasingly shaded (Brooks et al. 1994, 1996). In addition to light, gradients in carbon 
dioxide, air and foliage temperature, and humidity exist affecting the overstory and 
understory vegetation as well as the epiphytes and other organisms occupying these 
different canopy zones. For example, Garrett and Cox (1978) observed differences 
as great as 100 ppm between early morning and mid-day in forest carbon dioxide 
levels collected between 2.8 and 18.3 m in a Missouri deciduous hardwood forest. 
Carbon dioxide levels between 700 and 450 ppm near ground level at sunrise are not 
uncommon in many forest types and these values can drop to below 280 ppm in the 
mid to lower canopy at mid-day. Similar, but even much more pronounced gradients 
were noted by K. Kavanagh (unpubl. data) in a coniferous forest in Northern Idaho 
and also in a Northern California redwood forest (Tu and Dawson, in review). When 
air temperature and relative humidity at different positions in the canopy are 
converted to vapor pressure deficit (VPD), vertical gradients in evaporative demand 
are observed. Depending upon the openness of the canopy and the atmospheric 
conditions, very shallow or very steep gradients in VPD are noted. Near the tops of 
coast redwoods and giant sequoia, VPDs of about 3–4 kPa, respectively, are 
observed; decreasing steeply to about 0.6–1.5 kPa within 50 m of the top (Fig. 1.4). 
Tropical lowland and montane forests also exhibit vertical gradients, but not as steep 
as the two California species (Fig. 1.4). The relatively shallow gradient observed in the 
old-growth Douglas-fir-western hemlock forest (Fig. 1.4) is likely the result of two 
factors: (1) measurements were taken from a tower versus within the crowns of the 
trees and (2) this forest has a very strong rumple factor increasing the likelihood of 
strong turbulent mixing and entraining of above canopy air.

In addition to the changes imposed on their own environment as trees increase in 
size, the resulting increase in mass must be supported physically. This support 
includes not only the requirements to avoid breakage from the static load of the tree, 
including its foliage, reproductive structures, and occasionally snow and ice loads, 
but also to avoid breakage in the wind. The forces of the shifting crown extend 
from the upper roots to the branch tip, and act on the wood from the center of the 
tree (which was formed when the tree was smaller) all the way out to the surface. 
The impact of increasing size on biomechanics is discussed in Chap. 5.
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5.2  Changes in Structure, Function and Functional 
Relationships

Almost every chapter discusses the morphological and physiological adjustments 
that occur as trees get larger and/or older. Many changes are recorded in tree structure. 
Lachenbruch et al. (Chap. 5) propose using the radial variation in wood structure to 
tease out the hydraulic and biomechanical factors of importance to individuals 
through their growth trajectory. Similarly, Voelker (Chap. 17) uses the radial wood 
record present in tree rings together with regional climate to infer the factors of 
importance for radial growth across the lifespan of the trees. He showed, for example, 
that relative humidity explained half as much variation in radial growth for old as 
young trees, and that the age-dependency of growth varies by habitat and is much 
stronger at treeline than within the interior of a tree’s geographic range. Another 
change is the enormous switch from the structure and physiology of cotyledons to 
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Fig. 1.4 Variation in vapor pressure deficit with height in five forest types differing in maximum 
canopy height: an old-growth Douglas-fir-western hemlock (Pseudotsuga menziesii-Tsuga 
heterophylla) forest in southwestern Washington State, USA, an old-growth giant sequoia 
(Sequoiadendron giganteum) forest in the Sierra Nevada Mountains, USA (Dawson, unpublished 
data), a coast redwood (Sequoia sempervirens) forest in California (Dawson, unpublished data), 
a tropical lowland forest in Brazil (Data from Roberts et al. 1990), and a tropical montane 
forest in Ecuador (Data from Motzer et al. 2005). Arrows indicate approximate maximum 
canopy height. Note that plot axes have log scales. Data were obtained during the dry season in 
each forest type
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that of the true leaves, which may be associated with a spike in mortality (Chap. 3). 
Ishii (Chap. 8) uses the record of the canopy’s structure to explain that young trees 
with their hierarchical structures will have less buffering capacity to disturbances 
than will older, larger tree with their polyarchic structure, which is essentially a 
population of linked hierarchical structures. Similarly, Voelker (Chap. 17) discusses 
that the growth of old trees seems more buffered from large variations in climate 
than that of young trees. McDowell et al. (Chap. 10) used a record of isotopic 
composition rather than physical structure to infer past physiology. They found a 
universal decline in stable carbon isotope discrimination with increasing height for 
all foliar and wood datasets. This decline occurred at a rate different from what 
would be expected from the effects of gravity acting on the water column alone, 
giving sound support to the idea of changing physiology with height.

Other changes occur by virtue of size alone, such as the fact that large trees have 
more self-shading inside their crowns than small trees (Chap. 10). Another example 
is that small trees should have more synchronized within-crown induction response 
to herbivory than large trees because the transmission of the signaling compounds 
will occur over shorter distances (Boege et al. Chap. 7). If distal water-transport 
conduits tend to have smaller diameters than proximal conduits (called conduit 
tapering), and if distal conduit diameter at the leaf petiole is fixed at a minimum 
level by natural selection and biophysical forces, then the size of conduits at the 
plant’s base will be determined by plant size (Mencuccini et al. Chap. 12). 
Mencuccini et al. also note the increased cost of construction of a long transport 
system as trees get taller. Another set of examples of changes that occur by virtue of 
size comes from the increase in tension in the water column as trees get taller that 
occurs both because of the greater path length, and also from the increased hydro-
static force (the effect of gravity on the taller water column). The increase in xylem 
tension high in the tree causes a decrease in the turgor that can be maintained during 
tissue expansion, causing permanent reductions in xylem conduit and other cell 
sizes leading to decreased hydraulic conductivity and increased leaf mass per area 
and its resultant reductions in growth efficiency, increased resistance to CO

2
 diffusion 

to the carboxylation sites, and finally, a decrease in photosynthetic rate (Chap. 9; 
Chap. 14; Ambrose et al. 2009, 2010; Cavaleri et al. 2010; Oldham et al. 2010). 
The impact of height-related reductions in turgor and leaf expansion was originally 
and experimentally demonstrated by Richter (1974); by using overlapping saw 
cuts: he was able to transform a branch that produced shade morpho-type needles to 
one that produced sun types. Superimposed on the approximately linear gradient 
of decreasing water potential with increasing height is an exponential gradient of 
increasing light both of which affect vertical gradients in foliar morphology and 
physiology (Chap. 8). McDowell et al. (Chap. 10) use a meta-analysis of stable 
isotope data in tall trees to separate the hydrostatic from light effects on photosyn-
thesis and leaf morphology.

Most of the other examples of changes in structure, function, or functional rela-
tionships are those that involve structural or physiological changes that mitigate 
some effect of the tree’s increasing size. The apparency of a plant to herbivores will 
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generally increase as a plant grows and develops (Chap. 7). It would be expected 
that trees have an increased tolerance to herbivory as they grow, and/or have dis-
persal and germination strategies to mitigate their increased apparency. Two such 
strategies are germination close to the parent, assuming the parent is more herbi-
vore-resistant than the germinant, or germination at long distance from the parent, 
increasing its chances of moving away from the herbivores. The production of 
epicormic branches (from buds that had long been dormant) in some species 
appears to partially compensate for the increasing resistance for water flow in large 
old trees (Chap. 8) and possibly also compensates for the increasing ratio of 
respiration to photosynthesis in these large trees. Lastly, tall, old trees appear to 
have a higher hydraulic capacitance, permitting greater reliance on stored water 
to transiently replace transpirational losses and buffer fluctuations in xylem tension 
(Scholz et al. Chap. 13).

At the stand level, it is appropriate to ask which traits can best predict tree 
function with age. Ewers et al. (Chap. 18) showed that getting the correct estimate 
of stand stomatal conductance is key, and that either leaf area or sapwood area 
have more accurate predictive capability than sap flux per xylem area. Succession 
can be viewed as an age-related change at the stand level, and Anten and Selaya 
(Chap. 16) show that the light level is the most important environmental change 
through succession in tropical forests. Early successional species have adaptations 
that are useful in the highly resource competitive environment in which they live 
(thin leaves, strong shade avoidance response, thin wide-ranging roots). Late 
successional species have adaptations that are useful in the more variable light 
environment in which they grow but that also enable them to survive the stresses of 
the lower resource environment.

Some of the changes in structure or function that occur throughout the tree’s 
lifetime are related to changes in its biotic environment. The clearest examples 
of this sort of change come from the relationship of ontogeny to plant defenses 
against herbivory (Chap. 7). Indirect defenses include traits that facilitate the visita-
tion or colonization by mutualistic animals that defend plants against herbivores. 
The reliance on these indirect defenses can change during ontogeny because a tree 
may need to be sufficiently large to acquire mutualists. Similarly, seedlings may 
have facilitative or competitive interactions with other trees through a variety of 
factors including pathogens and mycorrhizae (Chap. 3). Another example of biotic 
factors that may shape the age- or size-related changes in trees is differential effect 
herbivory may have on reproductive success: female plants, bearing a higher repro-
ductive effort, may be less tolerant of herbivory than male plants (Chap. 2). Lastly, 
height relative to surrounding vegetation is often more important than absolute 
height: consider the greater importance for males than females to be tall for pollen 
transfer (Chap. 2) and consider the effects of being an emergent tree on the risk 
of wind damage (Chap. 4) , and the effects of shading from its own and adjacent 
crowns. The preceding examples represent situations in which changes in functional 
traits and functional relationships during growth could not be studied in isolation 
from biotic factors of the environment.
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5.3  Scaling of Structure and Function with Size

Another theme in many of the chapters is that some processes scale with tree size, 
whereas other processes occur at different sizes or ages. Mencuccini et al. (Chap. 12) 
gave the example of the pipe model, which scales relatively well with size (as leaf area/
stem cross-sectional area) only when a stem contains no heartwood. They also summa-
rize eight models for long-distance transport in xylem or phloem, telling explicitly 
whether the model is scalable by tree size, and explaining the manner in which functions 
are scaled. Day and Greenwood (Chap. 4) stated that there is no predictable ontogenetic 
trajectory for a number of physiological traits such as photosynthetic rate, water use 
efficiency, specific leaf mass, ratio of shoot to root mass and metabolic efficiency. Such 
lack of correlation means that age-related scaling models may need input from all onto-
genetic stages. King (Chap. 6) showed that the aboveground mass allocation of trees 
appears to follow different scaling rules at different life stages.

With regard to scaling of resilience to disturbances, large trees and stands of large 
trees may have a greater capacity to buffer themselves than smaller trees and stands of 
smaller young trees. Therefore, it would be inappropriate to scale up the response of 
a young stand to a perturbation to that of an old stand of large trees. Not only do young 
and old trees and stands have different responses to disturbance, but Ewers et al. 
(Chap. 18) reported that stand age has a large effect on forest transpiration. For exam-
ple, accurate modeling of stand transpiration requires substantially different old-
growth and young stand values of the canopy average reference stomatal conductance 
and average sensitivity of canopy conductance to vapor pressure deficit.

5.4  Tradeoffs

The changes in tree structure and function that occur throughout growth (Sect. 5.2) 
are presumably those that give the highest fitness through promotion of survival and 
reproduction, regardless of whether they follow simple scaling rules (Sect. 5.3). 
Many of these changes are likely to involve tradeoffs that may be difficult to uncover. 
These tradeoffs are considered explicitly in some scientific formulations and are 
implicitly assumed without considering alternatives in others. In an explicit discus-
sion of the optimal design of a transport system for tall trees Mencuccini et al. 
(Chap. 12) suggest that among the answers of what should be maximized are total 
conductance of the tree or organ-level efficiency; tree growth; total net carbon gain; 
and tree level efficiency of use of a particular resource. Such explicit consideration 
can move the field forward tremendously. We can also be misled by preconceptions 
that a trait is traded off for another when in reality entirely different factors may be 
of importance (Chaps. 2 and 5). Moreover, many features have more than one role 
in a tree, so it is a challenge to take multi-functionality into account as in the case of 
the cost of construction of a xylem conduit wall, which functions both in hydraulic 
reinforcement and mechanical stability of the tree (Chap. 12).

Adaptations and tradeoffs that serve an individual well at one life stage may be 
mal-adaptive to survival at another life-stage (Chap. 4). A similar comparison could 
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be made involving “young” (early successional) species and “old” (late successional) 
species. The early successional species tend to have a high allocation to leaves, 
enabling them to have high assimilation rates for a period of time. The late succes-
sional species, with lower leaf allocation and more allocation to mechanical support 
have slower growth but then have a longer life span, for they can maintain higher 
assimilation rates in the later years of life than can the early successional species 
that are mal-adapted to the late-successional habitat (Chap. 16).

5.5  Decline in Productivity of Individual Trees and Stands

Many chapters discuss and evaluate hypothetical causes for the well-documented 
decline in productivity of individual trees and stands with age. These hypotheses 
include declining photosynthetic rates (Chap. 11) the age-related increasing cost of 
reproduction (Thomas Chap. 2) or of structural support (Chap. 6). The decreasing 
photosynthetic rate observed in taller trees could result from many factors, including 
a feedback inhibition of photosynthesis resulting from reduced sink demand for car-
bohydrates associated with the impact of reduced turgor on expansion of cells in 
leaves and shoot tips (Chap. 14). Evidence from studies that characterize pool sizes of 
non-structural carbohydrates suggests that carbon does not limit growth of old trees, 
and that other causes of size-related growth reductions must be sought (Chap. 11) 
such as difficulty in sustaining adequate rates of long-distance transport of nutrients 
and assimilates. Ishii (Chap. 8) points out that the study of these limiting factors is 
made more difficult by extremely complex architecture of the oldest trees: what is the 
appropriate functional architectural unit of study in old trees? As pointed out above 
(Sect. 2), Sillett et al. (2010) showed an increase in the growth of mature (>800 years 
old) redwood trees, a trend opposite to many previous reports. They emphasized that 
the reason they saw an opposite trend is that because estimates in most past studies 
relied on ground-based measurements and not on measurements obtained in the upper 
crown where most of the growing biomass is. Thus, even though shoot extension in 
tall trees may be limited by reduced turgor, the multiplication of meristematic regions 
(apical and lateral buds, cambium) in large trees may allow total volume growth to 
continue unabated. These findings raise yet another question: are we making our 
growth measurements in the appropriate places in large and old trees? Without access 
to time or the entire tree, how does one access total biomass increment by a tree or a 
stand, and how does one include the belowground portion?

5.6  Plasticity

Several chapters deal with whether the observed differences between young and old 
trees are fixed traits or plastic responses to the changing environment sensed by the 
plant. Day and Greenwood (Chap. 4) distinguish between traits regulated by factors 
that are intrinsic vs. extrinsic to the meristem. Those traits regulated by intrinsic 
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factors are manifested by permanent ontogenetic changes in meristem behavior 
(i.e. “fixed” developmental patterns), whereas traits regulated by extrinsic factors, 
are plastic responses that can follow changes in the environment. They provide a list 
of the predominant intrinsically and extrinsically regulated traits in germinants, 
seedlings, saplings, young-mature, and old-growth trees. (Note that Johnson et al. 
Chap. 3 state that seedlings exhibit a high degree of phenotypic plasticity in traits 
associated with water transport and light, whereas Day and Greenwood’s summary 
says seedlings exhibit very little phenotypic plasticity.) Similarly, the chapter on 
radial changes in wood characteristics (Chap. 5) shows examples of species in which 
certain wood traits appear to be intrinsically controlled and others in which the 
control is plastic. A good example is wood density: in many species, it increases by 
growth ring number until it reaches an asymptote. In many of the pines, the density 
value is more closely correlated with growth ring number than with the diameter of 
the cambium at the time the wood was produced. This suggests that the changes 
follow a fixed trajectory, by age. Other species have clear plastic responses. Many 
lianoid species, for example, show a radical increase in wood density when the 
self-supported young stem encounters support and begins lianoid growth.

If a tree experiences a defoliating event such as herbivory, its ability to replace 
the lost biomass is termed compensation. Compensation is a form of plastic reaction 
to the disturbance. Boege et al. (Chap. 7) state that in general saplings are able to 
compensate to a greater degree than are seedlings, presumably by virtue of sapling’s 
larger photosynthetic area, reserves, and bud banks.

Several authors mentioned traits that appear to follow specific rules, but that have 
variants on the basic pattern that are related to environment. Examples include the 
effects of crowdedness or wind on whether trees grow with geometric similarity, 
(Chap. 6), and the offset between height-related declines in carbon isotope discrimi-
nation for sunlit and shaded foliage (Chap. 10) (Fig. 1.5).

5.7  Age vs. Size

Several chapters make distinctions between age- and size-related features. Thomas 
(Chap. 2) stated that monocarpic plants reproduce a given age rather than size, 
although Day and Greenwood (Chap. 4) state that precocious flowering is regulated 
by both size and maturation state. Tree size is more important than meristem age for 
the growth rate of buds from grafted meristems (Chaps. 8 and 4). Size (height) is 
more important than age for processes driven by turgor such as leaf expansion and 
shoot extension (Chaps. 9 and 14) and for processes driven by xylem tension such as 
vessel and tracheid features that confer resistance to embolism (Chap. 5). Size has 
also been linked to mechanical influences on radial variation in stems (Chap. 5).

Lachenbruch et al. (Chap. 5) list the most apparent similarities and differences 
between hypothetical trees of the different size but the same age, and different age 
but the same size. The list is long and includes a wide range of traits (Table 1, Chap. 5). 
Had there been only one trait that differed and many that were the same (i.e. “small 
trees have less stress on the stem periphery than do large trees; all other traits were 
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the same between small and large trees”) then logic would allow us to hypothesize 
that the size-related changes were driven by the stress on the stem periphery. The list 
demonstrates, however, that there is not any one obvious factor that is driving 
changes for either size- or age-related changes.

6  Emerging Issues and Open Questions

A number of gaps in our knowledge, mechanistic questions, and integrative issues 
remain and likely will continue to grow. Two key levels of integrative issues remain 
in our minds. The first involves the pronounced changes in structure and function 
that occur over the life cycle of a tree. The second issue involves the controls on 
integration over time and space of carbon, water and nutrient functioning, its changes 

Fig. 1.5 (a) Daily pattern of direct beam radiation (blue line) and diffuse radiation (red line) in a 
dense western hemlock stand (Tsuga heterophylla) in the NW part of the Olympic Peninsula, 
Washington State. (b) Assimilation versus photosynthetic photon flux density curve (solid line) for 
shade foliage (see panel c) from Abies amabilis saplings growing under the stand in panel (a) The 
dashed line is for sun foliage for an Abies amabilis sapling growing in a thinned stand. (c) Photograph 
of typical shade foliage and branch from Abies amabilis (Data from Ma 2010)
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in integration, and feedbacks at multiple scales within a tree. In addition to these 
themes, some authors have called for more standardization in techniques, termi-
nologies, and the way in which different measures are reported (Chaps. 13 and 15) 
and warn of the importance of being explicit about the variables under discussion 
(Chap. 12).

6.1  Gaps in Knowledge

Authors have pointed out that more work is needed to clarify differences in patterns 
among taxonomic groups, biomes, and specific life stages. Most of the chapters 
distinguished between angiosperms and gymnosperms, noting that they often 
followed different developmental and physiological rules. Boege et al. (Chap. 7) 
state that to understand the macro-evolutionary patterns of the ontogeny of defense, 
a phylogenetic context is needed. Indeed, it is intriguing when angiosperms and 
gymnosperms have similar (rather than different) ranges of values for a trait, such 
as intrinsic capacitance, C, of xylem tissue (Chap. 13). This similarity suggests that 
the trait (or something strongly correlated with it) is of importance for fitness, as 
well as being governed by laws of physics. Other examples are the maximum height 
of trees, and the near-universal pattern of asymptotic increases in tracheid or fiber 
cell length with cambial age (Chap. 5). Much of the research discussed in this 
book comes from research on tropical angiosperms or temperate angiosperms and 
gymnosperms; more work is needed in other ecosystem types (boreal, dry tropical, 
and other special ecosystems) and in other woody growth forms (shrubs, prostrate 
and climbing plants and hemiepiphytes). This information will help us ask more 
informed questions, to ultimately better understand, predict, and manipulate species, 
stands, and ecosystems. For example, the knowledge that tropical angiosperms had 
higher carbon isotope discrimination than did either temperate gymnosperms or 
angiosperms (Chap. 10) gave insights into the strong effect of precipitation and the 
lack of freezing temperatures on this variable.

Most research has focused on saplings to mature trees, and young to mature 
stands of economic value, with relatively less research on the seedling to sapling 
stage, reproductive effects on tree growth, and senescence, or very young and very 
old forests. There is little research on the physiology of newly emerged seedlings, 
in spite of the importance of the regeneration niche for establishment of new 
individuals (Chap. 3). Likewise, in spite of a large body of theory on life history 
strategies and their use in predicting growth and reproductive dynamics of trees 
and stands, there is relatively less research that integrates reproductive costs into 
our understanding of age-related changes in tree ecophysiology (Chap. 2) and the 
challenge of how to measure “costs” remains as well.

Senescence is not discussed very explicitly in this book, perhaps because of 
the nature of the individual contributions, but also perhaps because of less research 
in this area. It was mentioned in the context of monocarpy, a reproductive strategy in 
which the plant dies soon after reproduction (Chap. 2), as maximum height attainable 
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for biomechanical considerations (Chap. 6) and for early vs. late successional 
species (Chap. 16). Mortality was mentioned in the context of establishment 
success (Chap. 3), questions about vulnerability during specific ontogenetic transi-
tions, such as when shade-tolerant conifer saplings transition into the upper canopy 
(Chap. 4), and the effects of herbivory at life stages that differ in plant architecture 
and metabolic stores (Chap. 7). Ishii (Chap. 8) discussed the buffering effects of 
large, complex canopies on the impacts of disturbance on individuals, but did not 
discuss tree death, and Anten and Selaya (Chap. 16) discussed the modeling results 
of leaf longevity vs. longevity of trees growing under the forest canopy and in gaps of 
different sizes. The physiological data on factors such as carbon isotope discrimina-
tion (Chap. 10) and tolerance to herbivory at the oldest ages will be particularly 
interesting in the light of trends toward increased non-structural carbon stores in 
mature trees (Chap. 11).

6.2  Questions About Integration and Feedbacks

Numerous questions remain surrounding the integration of woody plant growth 
over space and time, including the changes, controls and feedbacks associated with 
the usage of carbon, water and nutrients. The most basic question is how does the 
tree regulate the development of appropriate structures that work together, in an 
apparently coordinated manner? This question includes the mechanisms of coordi-
nation (like epigenetic changes at the meristem, or plastic responses), as well as the 
causal agent or signal to direct the appropriate development and physiological 
responses (Chaps. 4 and 7). The second question is what variables does a tree or a 
tree part sense in order to develop and function differently at different stages? Does 
it “know” its size or age, are there intrinsic directional changes in the meristem that 
tend to correlate with size or age, or does it sense its size or age more indirectly from 
the environment (such as by sensing bending stresses near the cambium)? Root to 
shoot distances and the number of divisions a given meristem has undergone all 
likely play some role. The phloem is largely overlooked in this book: Mencuccini 
et al. (Chap. 12) point out the importance of developing suitable empirical methods 
to estimate the physiological properties of phloem (fluxes of water and solute fluxes, 
turgor pressure, hydraulic conductivity) so that the integration and interactions 
between xylem and phloem can be studied.

Below are some of the specific questions related to integration or feedbacks that 
were raised in the chapters. To better understand the degree to which the age-related 
decline in productivity is related to the geometrical distribution of biomass, we need 
data on life-long trajectories of tree allometry that we can compare to the allometric 
patterns generated by models that embed our hypotheses (Chap. 6). An empirical 
approach could make use of individual trees, comparing mass distribution before 
and at periods after the removal of their tops.

The newly emerging picture of carbon economy suggests that trees may not be 
specifically carbon-limited in their growth. Many more cases will need to be studied 
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to understand the range of species and conditions for which this is true, and also to 
integrate this knowledge with our current paradigms in which resource availability 
directs the organismal physiology and resulting growth or reproduction (Chap. 12). 
Sala et al. (Chap. 11) highlight the need to find the most sensitive and informative 
time and tissues in which the study of non-structural carbon (e.g. carbohydrates) 
concentrations best reflects the actual imbalance between sources and sinks. It is 
possible that some of this stored carbon becomes inaccessible at some point: the 
study of heartwood non-structural carbon stores would be enlightening in species 
with extremely large stores of starch in their sapwood, such as Toxicodendron 
radicans, (Rock 1972). A more general picture of the degree to which trees are 
carbon-limited throughout their lifetime would have immediate application to better 
understand resiliency to disturbance of individuals and stands of different ages.

The decline in assimilation and tree growth with age may be related to physical 
factors and feedbacks, but also to intrinsic changes in tissues. More research 
using rootstocks and scions of different sizes and ages will provide more insights 
(Chap. 9). Measuring growth at the points in a tree crown where most of it is happe-
ning also needs to be done more frequently because it is revealing that apparently 
“old trees” are not showing growth declines at all (Sillett et al. 2010). Such experi-
mental methods and others may help us answer questions about whether tree growth 
at different developmental stages has the same sensitivity to biophysical drivers. 
This age-specific information will be of great value for models of tree productivity 
and net primary productivity under different climate projections (Chap. 17).

6.3  Questions About Changes in Structure and Function  
over the Tree’s Life-Cycle

There are also many remaining questions about the changes in structure and 
function that occur during the tree’s life cycle. Many of these questions are aimed 
at understanding the effect of a factor on a trait through time. The factors may relate 
to phylogeny, genetics, previous history, the physical environment (its stability, its 
change, or the tree’s changed perception of the environment), biotic interactions that 
themselves may change as the tree grows, or a particular observable characteristic 
displayed by the organism such as its xylem anatomy. The affected traits are also 
varied, and can include functional traits (such as water transport) or a population-
level characteristic (like survivorship). Many of the questions are not easy to address, 
and for this reason, experimental methods must be designed carefully. It is exceedingly 
easy to misinterpret tradeoffs (Chap. 12). Thomas (Chap. 2) discussed an example 
in which rainfall had a positive effect on growth and a negative effect on acorn 
production and could have been interpreted as a negative correlation of growth and 
acorn production (Knops et al. 2007), when in fact, the correlation did not repre-
sent causation. Another example is when a trait (e.g. embolism) affects more than 
one function (it may have provided stored water; it may decrease water transport) 
(Chap. 12).
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7  Conclusions

This book brings together current information from diverse fields on the age- and 
size-related changes in structure and function in trees, successional groups of trees 
and stands, as well as providing frameworks for understanding, characterizing, and 
further researching age- and size-related changes. Many voids in our knowledge 
were exposed, and ideas for how to move forward are presented. We know that 
we have not covered all of the relevant topics or all of the tree species where 
relevant work has been done. Nonetheless, the findings from the types of research that 
are presented in the chapters that follow do highlight the state of our knowledge in 
many areas of tree research and its many applications. In all cases, the work presented 
is designed to lead to a better understanding of how trees work. For example, by 
understanding how xylem structure integrates the sometimes-conflicting require-
ments of water transport and biomechanics at multiple stages of life within an 
individual, we have created a working model for how these functions are integrated 
in other systems. In some cases, the information could potentially be used by 
breeders to increase biomass productivity, increase fruit production, or decrease 
losses to herbivory. In other cases, information could be used to better understand 
the magnitude of vulnerabilities to different biotic or abiotic factors at different life 
stages, which could lead to management strategies to encourage or discourage a 
population to flourish. These same insights could be very helpful in predicting and 
shaping performance and biogeography of species and assemblages of species at 
the individual and population levels under current and changing climate regimes. 
An example is the insights provided by Woodruff and Meinzer (Chap. 14), who 
state that “It is noteworthy that elevated carbon dioxide levels will not benefit trees 
if they are turgor limited as opposed to carbon limited. Furthermore, increased 
temperatures and/or droughts are likely to exacerbate turgor-related constraints on 
growth.” It is with the goal of bringing together this information and inspiring others 
to continue contributing to the growing understanding and use of whole lifespan 
biology of trees that the editors and authors put forward this volume.
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Abstract Population biologists have generally assumed that reproduction entails a 
reduction in growth, future reproduction, and/or increase in mortality: such “costs 
of reproduction” are central to life-history models that predict patterns of reproduc-
tive allocation, growth curves, and other aspects of plant ontogeny. However, the 
apparent importance of biophysical processes (such as hydraulic limitation effects) 
has led to a widespread view that physiological effects of reproduction play a minor 
role, if any, in driving age-related patterns of tree growth and functional traits. This 
chapter assesses available data to detect and measure the role of reproduction on 
tree functional biology, where possible by use of meta-analysis to integrate results 
across studies. Trees generally show a long period of pre-reproductive growth, and 
a pattern of increasing reproductive allocation with size, as predicted by life-history 
theory. The widespread existence of substantial physiological costs of reproduction 
in trees is indicated by several sources of comparative data. (1) Reproductive allo-
cation generally increases with tree size, and recent studies suggest that >40% of 
fixed carbon may be allocated annually to reproductive structures in mature forests. 
(2) There are ~100 species of monocarpic trees in which rapid senescence is triggered 
by a single reproductive event. (3) Dendrochronological studies comparing stem 
growth increment to measures of fruit production across years, generally find 
negative correlations, even when statistically accounting for environmental effects 
such as growing season temperature and precipitation. These studies also document 
carry-over effects, in which intense reproductive events reduce tree performance 
over multiple years. (4) Shoots near reproductive structures generally show reduced 
shoot extension growth, leaf size, and leaf N content, among other changes. There 
is also some evidence that leaf traits related to carbon gain (such as leaf size, photo-
synthetic capacity and leaf N) increase with size among small pre-reproductive trees, 
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but decrease following reproduction. (5) Studies of sexual dimorphism in dioecious 
tree species generally find patterns consistent with a higher cost of reproductive in 
female (pistillate) individuals, which show reduced growth. Analyses of growth 
curves of some dioecious tree species also indicate sexual dimorphism in patterns of 
growth decline late in tree ontogeny, consistent with a strong role of reproduction in 
determining the form of growth declines. In conclusion, reproduction cannot be 
dismissed as of only minor importance as a determinant of age-related trends in tree 
functional biology. The physiological mechanisms for reproductive effects, their 
comparative biology, and their interactions with other processes that limit growth 
deserve much greater research attention.

1  Introduction

Trees are remarkable organisms in many respects, their size, longevity, and strong 
interactions with global biogeochemistry being some of the traits in which trees reign 
superlative among extant life forms. A less commonly noted but equally remarkable 
aspect of tree biology is their prolonged and often prolific reproductive output. With 
few exceptions, trees show an initial juvenile period in which no reproductive 
structures are produced, followed by an adult phase lasting decades to centuries 
characterized by periodic bouts of reproduction that continue throughout the tree’s 
lifespan (Harper and White 1974). The reproductive output of trees is commonly a 
central driver of community processes in forest ecosystems. For example, mast 
fruiting patterns in the forests of Southeast Asia and parts of the temperate zone 
largely determine population dynamics of regenerating seedlings, of organisms that 
depend on seeds as resources, and through trophic cascades have large impacts on 
many organisms within the ecosystem (e.g., Ostfield et al. 1996; Jones et al. 1998; 
Curran and Leighton 2000). Historically, the capacity of forests to produce acorns 
and beech mast (used for pannage, the fattening of domesticated pigs in forests), 
was the main “ecosystem function” by which the forests of Europe were valued 
(Shaw 1940; Rackham 1980; Birrell 1987).

A pronounced dichotomy exists in the literature on age-related changes in tree 
growth and physiology as it relates to reproduction. On the one hand, there is a well-
developed literature focused on life-history strategies as a basis for predicting 
 patterns of reproductive and growth dynamics of trees and other perennial plants 
(e.g., Kozlowski and Uchmanski 1987; Iwasa and Cohen 1989; Clark 1991; Thomas 
1996a; Iwasa 2000; Zhang 2006). A fundamental assumption in essentially all of 
this work is that there are “costs” of reproduction that result in tradeoffs between 
tree growth and reproductive output (Obeso 2002). This literature has generally not 
explicitly considered biophysical limitations to tree growth (but see Mäkelä 1985). 
In contrast, much of the recent ecophysiological literature examining “age-related” 
patterns of growth and physiology has tacitly assumed that biophysical processes 
such as water transport are the primary causal agents of growth and physiological 
patterns, and has ignored, downplayed or dismissed reproductive “costs” as playing 
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any important role (e.g., Gower et al. 1996; Ryan et al. 1997; Bond 2000; Bond 
et al. 2007; Kutsch et al. 2009).

There are some strong arguments, both theoretical and empirical, that both repro-
ductive “cost” effects and biophysical limitations may be of importance in driving 
age-related patterns of tree growth and physiology, but also that the relative importance 
of these factors varies among species and with environmental conditions. Weiner and 
Thomas (2001) compared efforts to identify “the” physiological basis for limitations 
of tree size to efforts in prior decades to identify the (sole) limit to population growth 
in populations of organisms. Through much of the early history of population ecology 
it was assumed that there must be some main factor that acted to limit population 
carrying capacity, with proponents of differing camps arguing, for example, that 
density-dependent competition, predation, or abiotic factors were most likely to be 
that single limiting factor (Andrewartha and Birch 1954). This historical debate in 
the literature was ultimately settled by the realization that different factors were 
clearly of central importance in different populations of organisms.

An important theoretical argument related to constraints on tree growth is the 
hypothesis that selection should act such that multiple limiting factors generally will 
occur (Bloom et al. 1985). In contrast to the assumption codified as “Liebig’s Law of 
the Minimum”, if plant growth is under positive selection pressure, then selection will 
act to favor phenotypes that are less limited by that particular resource. If another 
resource then becomes limiting, selection will similarly act to reduce limitations of 
that resource, with the ultimate result being that plants are equally co-limited by a set 
of resources. The original hypothesis of Bloom et al. has been critiqued from a variety of 
perspectives: in particular, access to or uptake of different resources may be interde-
pendent (Gleeson and Tilman 1992), and the assumption that one resource may be 
“bought” by another resource in excess may not hold (Bazzaz et al. 1987). However, 
there is empirical evidence that co-limitation of plant growth by at least two resources 
(though often with one dominant limitation) is common (Chapin et al. 1987; Elser 
et al. 2007). Studies of mature trees and forests, mainly focused on nutrient limitation, 
have likewise commonly found co-limitation (e.g., Tanner et al. 1998; Gradowski and 
Thomas 2006, 2008; Paoli and Curran 2007; Vadeboncoeur 2010). Reproductive costs 
are similar to other limitations of plant growth in that selection should act to reduce 
their costs, thus potentially enhancing the importance of other limiting factors. 
However, the selection scenario articulated by Bloom et al. (1985) should ultimately 
act through reproductive fitness rather than growth, since growth in an evolutionary 
context is the means by which an organism can achieve reproductive success. Thus, 
evolutionary theory predicts that multiple resources should constrain tree growth early 
in ontogeny, but that effects of reproductive allocation should become increasingly 
important as trees age. A single causal agent for age-related declines in growth or for 
associated changes in physiological processes is very unlikely from this perspective.

The main objective of this review is to examine the empirical evidence for costs 
of reproduction in trees, where possible using meta-analyses of data from published 
studies. I start with a short overview of the salient aspects of life-history theory as 
applied to trees, and of empirical data on patterns of size-dependent reproduction 
in trees. I then review comparative studies on monocarpic trees, as these species 
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constitute a special case where reproduction is apparently closely linked to rapid 
 senescence. I then consider (1) dendrochronological studies in which tree ring series 
have been related to long-term data on reproductive output, (2) studies of canopy 
growth in which patterns of shoot extension and physiology have been related to 
production of reproductive structures on tree shoots or branches, and (3) studies 
of dioecious tree species that have compared growth patterns and functional 
biology of male (staminate) and female (pistillate) individuals. Finally, I summa-
rize the ensemble of results of different approaches to evaluating reproductive 
effects on age-related patterns of tree growth and physiology, and suggest important 
avenues for future work.

2  Life History Theory and Tree Reproduction: An Overview

Life-history theory as applied to patterns of age-related growth and reproduction 
generally starts with an assumption of a “principle of allocation” (Levins 1968): speci-
fically, that resources are finite, and that resources allocated to reproduction must 
have some commensurate negative consequence to growth processes. An important 
distinction has also generally been made between “reproductive allocation” and 
“reproductive effort”. Reproductive allocation is the “proportion of the total resource 
supply devoted to reproductive structures” (Bazzaz et al. 2000). Reproductive effort is 
a more holistic concept of the total resources diverted from vegetative growth as a 
consequence of reproduction. From evolutionary first principles, there is an expecta-
tion that reproduction must entail some fitness cost (i.e., to future growth, survivorship, 
or reproduction): an organism that has “free” reproduction will be selected to increase 
reproduction to a point where there is at least some cost. There is also an expectation 
that reproductive effort generally will exceed reproductive allocation, since there 
are physiological costs in the development of any tissues above and beyond those 
represented by carbon, nutrients, and energy in the tissues themselves. These costs 
(sometimes labeled “somatic costs of reproduction”: Bazzaz et al. 2000; Obeso 2002) 
may include energetic construction costs, costs associated with transport of metabo-
lites, and “opportunity costs” of meristem allocation and storage prior to allocation.

A useful starting point for theoretical analyses to predict age-related patterns of 
growth and reproduction is annual semelparous plants (Cohen 1968, 1976). In cases 
where there is a predictable termination of the life cycle (e.g., the end of the growing 
season), the optimal strategy for reproductive investment is generally a “bang-bang” 
strategy: all resources are invested in somatic growth, and then there is a complete 
shift to complete resource allocation to reproduction. This strategy is an evolutionary 
stable strategy in a game-theoretical context: a population of phenotypes with  
a “graded” reproductive investment pattern will be invaded by a phenotype with a 
“bang-bang” strategy. However, in the case where there is uncertainty in the termi-
nation of the life cycle (e.g., a stochastic growing season), graded reproductive 
investment is favored (King and Roughgarden 1982). In all cases the optimal strategy 
involves a pattern of increasing reproductive allocation with age (and size).
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The generalization of life-history models to consider long-lived perennials, such 
as trees, has been based on treating reproductive allocation as a series of allocation 
decisions made over sequential growing seasons (Kozlowski and Uchmanski 1987; 
Iwasa and Cohen 1989; Iwasa 2000). Within each growing season allocation strate-
gies follow a similar logic to that of an annual plant: resources initially captured 
are initially allocated to somatic structures, and then increasingly to reproductive 
structures. This pattern is predicted to occur both within each growing season, and 
through ontogeny. There is strong empirical evidence that increases in reproduc-
tive effort with age are, with very few exceptions, the rule in animals (Roff 1992). 
Increases in the costs of reproduction though plant ontogeny have also been found 
in several herbaceous plants (Reekie and Bazzaz 1992; Worley and Harder 1996; 
Hemborg and Karlsson 1998), but no consistent size or developmental trends were 
found in several other studies (Obeso 2002; Cheplick 2005). The relevant empirical 
data for woody perennial plants appear not to have been synthesized.

3  Size at Onset of Maturity

One basic but important prediction of the life-history theories outlined above is that 
trees should show a prolonged juvenile period, particularly in environments where early 
allocation to reproduction would come at high cost to future growth and reproduction. 
While a long juvenile period of trees has been casually noted by generations of plant 
biologists (Harper and White 1974), quantitative analyses have been surprisingly 
limited. An empirical challenge has been the lack of long-term data on reproductive 
status, since the most direct method for assessing age- and size-dependent reproduc-
tive status would be to follow cohorts of trees through time. Although notes on age at 
first reproduction are commonly made of trees grown in arboreta or in breeding trials 
(and are the usual basis for age to reproduction given in silvics manuals and similar 
sources), quantitative analyses for natural tree populations are very scant.

If trees consistently reproduce (or can be recognized as reproductive) following 
reproductive onset, then a function describing the probability of reproduction as 
a function of size (or age) in a given reproductive episode will correspond to 
the cumulative distribution function of size (or age) at first reproduction (Thomas 
1996b). This property allows the distribution of size at reproductive onset to be 
estimated using static data. Analyses using this approach indicate great variation 
among species and between forests in reproductive size thresholds (Thomas 1996b; 
Davies and Ashton 1999; Wright et al. 2005). The relative size at onset of maturity 
(RSOM) may be quantified as the ratio of height at onset of maturity to maximum 
(asymptotic) height (Thomas 1996b). RSOM also shows high variation among tree 
species, with reported values ranging from ~0.2 to 0.8. (Thomas 1996b, 2010; 
Davies and Asthon 1999; Wright et al. 2005). Comparative analyses have examined 
variation in size at onset of maturity in terms of variation among species, ecological 
groups, and forests. One consistent pattern is that trees that attain a large stature 
(i.e., have a large asymptotic maximum height) are larger at onset of maturity either 
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in absolute or relative terms (Thomas 1996b; Wright et al. 2005). One may also 
view this pattern in terms of maximum size as the dependent variable: tree species 
that show a smaller size at onset of maturity (expressed either in absolute terms or 
as RSOM) reach a smaller maximal height (Fig. 2.1). This pattern is consistent with 
a systematic cost of reproduction such that early reproduction limits maximum tree 
size; however, the correlation is relatively weak (r = 0.330).

4  Size-Dependence of Reproductive Allocation and Effort

Predictions of life-history theory are generally that reproductive allocation should 
increase with age and size in iteroparous organisms (Williams 1966; Kozlowski 
and Uchmanski 1987; Iwasa and Cohen 1989). Although it is possible to construct 
models that predict declines in reproductive allocation with age, scenarios in which 
this occurs are considered biologically unrealistic (Roff 1992). The size-dependence 
of reproductive allocation is generally most informatively analyzed using allometric 
methods (Weiner 1988; Weiner et al. 2009; Cheplick 2005). An allometric relation-
ship between reproductive and somatic biomass with a slope >1 would indicate a 
pattern of increasing reproductive allocation with size. Data most typically are 
available for numbers or biomass of reproductive structures as a function of stem 
diameter. If one assumes tree biomass (M) scales with stem diameter (D) as M = D8/3, 

Fig. 2.1 Relationship between tree height at maturity and asymptotic height among 54 tree 
species, compiling data across studies (mainly of tropical tree species: Thomas 1996b, 2010; 
Davies and Asthon 1999; Wright et al. 2005). Least-squares linear regression lines are shown as 
solid lines; the dotted line indicates a 1:1 relationship for maximum height and height at maturity. 
Correlations are significant in both cases (absolute height at maturity: r = 0.847; P < 0.001; RSOM: 
r = 0.330; P = 0.015)
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then life-history theory would correspondingly predict an exponent of a > 8/3 for 
an allometric relationship between reproductive biomass (R) and stem diameter 
(i.e., R = Da) (Thomas 1996a).

Although more information is available for herbaceous plant species (Weiner 
et al. 2009) – in particular for lifetime reproduction – a number of studies have pre-
sented data on reproductive allometry of crop sizes per reproductive event in natural 
populations of trees. Reported relationships are quite variable, and there is often 
very high variability among individuals in reproductive output, necessitating large 
sample sizes to reveal allometric patterns. Several studies have reported values of 
a ~ 2 (Studies reporting exponents in the range of 1.7–2.2 include: Peters et al. 1988; 
Niklas 1993; Hirayama et al. 2004), and this value has been widely assumed in for-
est simulation models (Pacala et al. 1993), and in analyses of propagule dispersal 
kernels (Ribbens et al. 1994; Caspersen and Saprunoff 2005; Muller-Landau et al. 
2008). In contrast, several studies of tropical tree species have estimated much 
higher exponent values: Alvarez-Buylla and Martinez-Ramos (1992) report a = 3.3 
for the neotropical pioneer Cecropia obtusifolia, and Thomas (1996a) found an 
average a = 5.3 among 32 species of sub-canopy tree species in Malaysia. It is 
possible that the large variability in allometric slopes among studies may be driven by 
differences in size-dependence access to resources. In particular, vertical gradients 
in light availability may greatly enhance size-dependence of reproduction in 
sub-canopy tree species.

In addition to showing greater reproductive output within any given reproductive 
event, larger trees generally reproduce more frequently than smaller trees. Many 
studies have documented this pattern in a wide range of species and ecosystems, 
with examples ranging from Malaysian sub-canopy trees (Thomas and LaFrankie 
1993) to tropical alpine dwarf trees (Kudo and Suzuki 2004). Among forest canopy 
trees positive relationships between size and reproductive frequency have been 
documented for Nyssa sylvatica in New Jersey USA (Cipollini and Stiles 1991), 
Bischofia javanica in the Bonin Islands of Japan (Yamashita and Abe 2002), Shorea 
acuminata in Malaysia (Naito et al. 2008), and Chrysophyllum lucentifolium 
(Sapotaceae) in Brazil (Fonseca et al. 2009). Where analyses have been conducted, 
size-dependent increases in reproductive frequency have been found to be indepen-
dent of effects of canopy position or crown illumination (Cipollini and Stiles 1991; 
Fonseca et al. 2009).

Although most studies have described monotonic increases in reproduction with 
tree size, apparent decreases in total crop sizes of reproductive structures among 
very large trees have also been reported. Such a decrease might be expected if 
declines in net carbon fixation and/or meristem production are not compensated for 
by increases in reproductive allocation. However, it does not appear that any formal 
statistical analysis documenting a “hump-shaped” relationship between tree size 
and reproductive output has been presented (e.g., Greene and Johnson 1994; 
Gullison et al. 1996; Kainer et al. 2006; Naito et al. 2008), and patterns interpreted 
as decreases may simply represent increased variability with tree size, as is obvious 
in many data sets (e.g., Gullison et al. 1996; Kainer et al. 2006). Perhaps the most 
convincing data showing systematic decreases in reproductive output with tree size 
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has been presented for Aquilaria spp. (Thymeleaceae) (Soehartono and Newton 
2001), however again there is no formal statistical test. Increased variability in 
reproductive output among individuals with increasing tree age size in some 
cases is clearly related to biotic interactions. For example, Kainer et al. (2006) 
describe large increases in average liana load with tree size in Bertholletia excelsa 
(Lecythidaceae), and negative effects of lianas on reproduction; however, very large 
(>100 cm dbh) trees with low liana loads showed the highest reproductive output.

There are several reasons why simple allometric analyses of crop sizes do not 
give an adequate picture of reproductive allocation patterns through tree ontogeny. 
First, much of the “biomass” of large trees can consist of non-living heartwood tissue. 
In addition, very large trees of many species show pronounced crown thinning and 
loss of branches (e.g., Nock et al. 2008), such that stem diameter may not estimate 
biomass accurately. Plants may be considered as a population of modules (reiterated 
morphological units, such as a leaf with subtending shoot: Watkinson and White 
1985), providing an alternative basis for quantifying size-dependent patterns of 
reproductive allocation in plants. Studies that have followed this approach have 
consistently found a pattern of increasing allocation of meristems to reproductive 
structures with increasing size or age in woody plants (Acosta et al. 1997; Lopez 
et al. 2001).

Theoretical studies of life history evolution have generally treated reproductive 
allocation as the total resources invested in reproduction, which corresponds to 
reproductive effort rather than allocation per se (Bazzaz et al. 2000). The size- and/
or age-dependence of reproductive effort in trees, as distinct from reproductive 
allocation, has received little explicit attention in either theoretical or empirical 
studies. Reproductive costs other than direct resource investment in reproductive 
structures should include physiological costs associated with the transport of carbon 
and nutrients, construction respiration costs, and physiological costs associated with 
maintenance of turgor during the development of reproductive structures. A similar 
set of biophysical constraints that pertain to development and physiological function 
of leaves in tall tree canopies, such as effects of hydraulic path length effects, should 
pertain to reproductive structures as well. There is thus a strong basis to expect that 
the non-allocation fraction of reproductive effort (somatic cost of reproduction) 
should increase with tree size. This reasoning suggests that reproductive effort 
actually shows stronger increases with tree size than suggested by studies to date 
based on either allometric or module-based analyses.

4.1  Direct Assessments of Size-Dependent Carbon Partitioning

What is the proportion of carbon fixation allocated (or “partitioned” sensu Litton 
et al. 2007) to reproductive structures, and how does this change with tree size 
and age? Early studies suggested that this fraction was generally quite low 
(e.g., <15%: Linder and Troeng 1981; Dick et al. 1990a, b), supporting a conclusion 



412 Age-Related Changes in Tree Growth and Functional Biology

that reproductive allocation was unlikely to be an important determinant of 
age-related growth declines (Ryan et al. 1997). The allometric data cited above do 
not give sufficient information to evaluate carbon partitioning, as the amount of 
carbon fixed and allocated to growth of other tissues (or to storage) has not gener-
ally been quantified. While relevant studies are scarce, Hirayama et al. (2008) 
present data showing increasing biomass allocation to reproduction with tree size 
in three species of Japanese Quercus (P < 0.01; linear model analysis of data for 
mast fruiting year presented in their Table 2.1), with annual biomass allocation to 
reproduction of the largest trees sampled in each species estimated at 32–79% 
during a mast year. In another recent study Genet et al. (2010) provide esti-
mates based on a chronosequence of Fagus sylvatica stands, with assessments of 
woody tissues growth, and non-structural carbohydrates in addition to reproduc-
tive structures. The proportion of annual fixed carbon in reproductive structures 
increased from ~5% or less in stands <25 years in age, to ~40% in stands >120 years. 
There is thus recent evidence that carbon allocation to reproduction increases 
 substantially with tree size/age, and is, at least episodically, much higher than 
previously suggested.

5  Moncarpic Trees

Plants that show a single bout of reproduction shortly followed by senescence and 
death are termed monocarpic1. It has been incorrectly reported in recent papers 
(Poorter et al. 2005; Read et al. 2006) that there are only four genera and ~30 
species of monocarpic trees known, but this is a serious underestimate. There are 
at least six arborescent palm genera that include strictly monocarpic species 
(Dransfield et al. 2008a): Arenga (20 species, all hapaxanthic, 4 monocarpic), 
Caryota (13 species, all hapaxanthic, 10 monocarpic), Corypha (6 species, all 
monocarpic), Metroxylon (6 of 7 species hapaxanthic, 5 monocarpic), Wallichia 
(10 species, all hapaxanthic, 1 monocarpic), Raphia (20 species, all hapaxanthic, 
roughly 1/3 monocarpic), and Tahina (monotypic), the last discovered in Madagascar 
in 2007 (Dransfield et al. 2008b). In addition, two other arborescent palm genera 
show a hapaxanthic but not strictly monocarpic habit: Eugeissona (6 species), and 
Nannorrhops (monotypic). Among dicotyledonous trees, monocarpy has been 
noted in Cerberiopsis (Apocynaceae: 1 of 3 species monocarpic) (Read et al. 2006, 
2008), Spathelia (Rutaceae: ~15 species, at least 2 monocarpic) (Rodrigues 1962; 
Groppo et al. 2008), and Tachigali (Leguminosae: Caesalopiniodeae; ~20 species, 
mostly monocarpic) (Foster 1977; Poorter et al. 2005). The large tropical genera 

1Trees in which individual stems die following reproduction are termed hapaxanthic; in the case of 
palms that form stem clusters many groups are hapaxanthic, but only species showing a single-
stemmed habit are strictly monocarpic (Dransfield et al. 2008a).
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Strobilanthes and Mimulopsis (both Acantheaceae) also include monocarpic 
species; while many species are multi-stemmed shrubs, some grow to be sizeable 
single-stemmed trees (e.g., Mimulopsis arborescens). Additional monocarpic 
species occur in montane forests in Africa but have received almost no study: these 
include Oreacanthus mannii, Acanthopale decempedalis, Isoglossa glandulosa, 
I. nervosa (all Acanthaceae), and Plectranthus insignis (Lamiaceae) (Duncan 
Thomas and David Kenfack, personal communication). Subtropical examples of 
monocarpy include several species of rosette trees of the genus Echium (Boraginaceae) 
(Böhle et al. 1996). There are thus likely over 100 species of monocarpic trees in 
at least 15 genera (Fig. 2.2). This tally does not include the many examples of short-
lived tropical trees that reproduce continuously (or nearly so) after the onset of 
reproduction, and so approach a monocarpic life history.

Monocarpic tree species provide an important set of examples in which the physi-
ological impacts of reproduction completely determine future plant development. 
Although there are very few formal comparative studies (Poorter et al. 2005; Read 
et al. 2006, 2008), monocarpic trees appear to be characterized by systematic differ-
ences from co-occurring polycarpic trees. Characteristics of monocarpic tree species 
include: high resource investment in reproductive structures; rapid growth; high growth 
response to increased light availability; low mortality rates, at least at certain life his-
tory stages; and an early age (though not size) at reproduction (Poorter et al. 2005). 
It has been noted that reproduction in at least some monocarpic tree species is 
triggered by damage. Cerberiopsis candelabra is characteristically a mass-flowering 

Fig. 2.2 Examples of the ~100 known species of monocarpic trees, in which a single episode of 
reproduction is followed by rapid senescence and death. (a) Tachigali versicolor (Leguminosae: 
Caesalopiniodeae), a common tree at Barro Colorado Island, Panama; (b) Cerberiopsis candelabra 
(Apocynaceae) endemic to New Caledonia and forming extensive monospecific stands; (c) Tahina 
spectabilis (Dransfield et al. 2008b) recently discovered in northwestern Madagascar. Photo 
credits: (a) Robin Foster; (b) Jennifer Read; (c) John Dransfield
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species: entire stands will flower and die synchronously (Read et al. 2008). However, 
damaged individuals of C. candelabra will commonly flower out of synchrony 
(Read et al. 2006).

Some monocarpic trees (such as Corypha spp.) have a single non-branched stem 
that eventually produces a terminal inflorescence (i.e., the Holttum architectural 
model of Hallé et al. 1978). However, this is not the case in most monocarpic trees, 
and meristem limitation alone does not appear to be a sufficient mechanism in most 
cases. An early proposed mechanism for the coordinated reproduction and senes-
cence observed in monocarpic plants was the “nutrient drain hypothesis”: that plant 
resources are so drained by reproductive structures that insufficient resources remain 
to sustain other physiological functions (Molisch 1938). However, physiological 
studies of monocarpic species (mainly agronomic crops) indicate that reproduction 
does not entirely consume all labile carbon or other resources (Kelly and Davies 
1988). A more recent formulation of the nutrient drain hypothesis is that nutrient 
and carbon sinks related to reproductive development show a feedback with veg-
etative sinks that disrupts future vegetative development (Kelly and Davies 
1988). It has also, more speculatively, been hypothesized that senescence in 
moncarpic plants may be induced by a signal (e.g., a “death hormone” produced 
in reproductive structures) that initiates whole-plant senescence (Leopold 1961; 
Noodén et al. 1997). No such substance has been identified, and it is not clear 
why plants would evolve such a process. There are some cases in which the nutri-
ent drain hypothesis, even in modified form, does not appear to be a viable expla-
nation (Kelly and Davies 1988). A role for biotic agents has also been suggested. 
Read et al. (2006) cored C. candelabra trees at the time of flowering, and found 
wood to be consistently characterized by a dark-stained, watery rot compared 
with clean, pale wood in non-reproductive individuals. This observation suggests 
that in C. candelabra a biotic agent having severe detrimental effects may trigger 
reproductive onset, or that trees lose rapidly the capacity for pathogen defense 
following reproduction.

In summary, cases of monocarpic reproduction in trees offer several potentially 
important insights into effects of reproduction on tree growth and physiology more 
generally. First, reproduction clearly is capable of causing complete loss of physi-
ological function (though the mechanism is unclear). Monocarpic trees appear to 
have arisen multiple times from polycarpic ancestors. One would therefore, from an 
evolutionary perspective, expect to find intermediate cases where reproduction has 
drastic, though not fatal, effects. Second, the “nutrient drain hypothesis”, that death 
following reproduction in monocarpic plants is driven directly by allocation of all 
available resources to reproduction, has not been supported. It follows that repro-
ductive costs can substantially outweigh the direct effects of resource allocation. 
Third, recent evidence that monocarpic trees show unusual combinations of high 
growth yet low mortality compared to co-occurring polycarpic species (Poorter 
et al. 2005) suggests that iteroparous reproduction in general results in costs in 
terms of slower growth and/or higher mortality compared to what is possible given 
biophysical constraints alone. Fourth, there are intriguing but anecdotal  observations 
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that death in at least some monocarpic tree species may be linked to biotic factors 
associated with reproduction.

6  Empirical Evidence for the “Costs of Reproduction”  
in Polycarpic Trees

The development of reproductive structures on a plant can affect a wide range of 
growth and physiological processes (Table 2.1), with implications for current and 
future survivorship and reproduction. Most, but not all, of these effects are consis-
tent with the hypothesis of a tradeoff based on costs of reproduction to current or 
future growth. Observed effects on vegetative growth range from reductions in 
diameter increment and shoot elongation, to increased shoot mortality and meristem 
initiation. Reductions in leaf size and changes in leaf morphology, chemistry, and 
physiology have also been widely observed.

Table 2.1 Observed effects of reproduction on tree functional traits based on correlations within 
or among woody plants

Effect References

Growth: Reduced stem diameter increment Table 2.2
Reduced shoot elongation Table 2.3
Reduced leaf initiation Dick et al. (1990a)
Increased shoot mortality Gross (1972)

Morphology: Reduced leaf size Tappeiner (1969), Tuomi et al. (1982), 
Caesar and MacDonald (1984), 
Chapin and Moilanen (1991), Karlsson 
(1994), Miyazaki et al. (2002), Leal 
and Thomas (2003)

Increased crown transparency Innes (1994)
Reduced leaf mass per area Caesar and MacDonald (1984), Miyazaki 

et al. (2002)

Gas-exchange: Reduced net photosynthesis Karlsson (1994), Karlsson et al. (1996), 
Obeso et al. (1998), Miyazaki et al. 
(2002), Wheelwright and Logan 
(2004)

Leaf and shoot 
chemistry:

Reduced leaf N Newell (1991), May and Killingbeck 
(1992), Karlsson (1994), Leal and 
Thomas (2003)

Reduced stem N Newell (1991)
Increased leaf C:N ratio Leal and Thomas (2003)
Reduced leaf chlorophyll content Leal and Thomas (2003)
Increased chlorophyll A:B ratio Leal and Thomas (2003)
Reduced labile C Newell (1991), Miyazaki et al. (2002), 

Ichie et al. (2005)
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6.1  Correlation vs. Causation in Analysis  
of Reproductive Costs

The majority of data related to cost of reproduction in woody plants has been based 
on correlations observed in nature. In some cases a negative correlation between 
growth and reproduction may not indicate causation: in particular, if an environ-
mental factor has a positive effect on growth but a negative impact on reproduction 
(or vice-versa) this can produce a negative correlation that might be spuriously 
interpreted as a tradeoff (Bell 1980). A recent example of this has been documented 
in Californian oak species in which rainfall is positively affects diameter increment 
but negatively affects acorn production (Knops et al. 2007). However, environmen-
tal factors commonly have positive effects on both growth and reproduction (e.g., 
Woodward et al. 1993; Despland and Houle 1997), a pattern that would in general 
obscure actual tradeoffs. Ideally analyses that control for major environmental 
drivers or experimental approaches should be used. Unfortunately, it is essentially 
always the case that the full set of important environmental drivers of tree growth 
and reproduction are not known a-priori. Experimental approaches are logistically 
challenging with trees, and may produce artifacts: for example, bud removal experi-
ments may result in wounding responses.

Much of the data pertaining to reproductive effects on tree growth and physiol-
ogy are based on observations and correlations that do not take into account envi-
ronmental correlations; the review and meta-analyses presented thus may confound 
environmental correlations with direct reproductive effects. However, it is likely 
that environmental factors are at least equally likely to affect growth and reproduc-
tion in the same as in opposite directions; thus, environmental influences are most 
likely to result in increased variance within and (particularly) among studies. In this 
regard a pooled analysis (and especially a formal meta-analysis) is much less likely to 
be influenced by environmental covariance patterns than is any given study considered 
individually. In the following sections I also specifically compare results to avail-
able experimental studies and to studies in which attempts have been made to con-
trol for environmental factors.

6.2  Meta-analyses: Literature Search  
and Analytic Methods

For effects on which there is a relatively extensive pertinent literature (>7 species 
and >7 separate publications), I present meta-analyses of available data to assess 
the generality of the hypothesized patterns. The sample of studies utilized is 
based on tracing back references in prior publications, in addition to a systematic 
search of electronic databases. Meta-analyses of relationships are based on a 
pooled analysis of correlation coefficients, following Hunter and Schmidt (1990) 
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(see also Field 2001). The Hunter-Schmidt statistic ( )r  is simply a weighted mean 
correlation calculated as:
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summations are made among k studies. The significance is tested using a Z statistic 
( r  divided by its standard error), with the associated probability calculated using the 
standard normal distribution (Field 2001). This is a “random effects” analysis, and so 
does not assume uniformity of relationships across studies. In many cases correlation 
coefficients were directly presented; in others they were calculated from original 
data or from data digitized from figures. In some cases reproduction was treated 
as a categorical variable, and correlations were calculated with non-reproductive 
stems or individuals scored as zero, and reproductives as 1. Analyses are restricted 
to publications that present data on trees that have not been subjected to breeding 
programs. There is, for example, a large literature on relationships between growth, 
physiology, and fruit production in alternate-bearing (climacteric) apples and other 
fruit trees. These agronomic taxa have been specifically bred for extreme expression 
of reproductive traits (and often for reduced stature), and therefore might be expected 
to show extreme tradeoffs between growth and reproduction.

6.3  Dendrochronological Studies

The diameter growth of trees in the temperate zone (and, as is increasingly being 
documented, of many trees in the tropics) is recorded by growth rings demarcated 
by latewood formed prior to the winter or dry season quiescent period. Diameter 
(or basal area) increment can be allometrically scaled to, and generally provides a 
good approximation of, tree biomass growth. Given that the reproductive output 
of trees generally shows high inter-annual variability, long-term records of tree 
reproductive output, in conjunction with dendrochronological analyses of tree ring 
series, provide a valuable source of information to detect and quantify the effects of 
reproduction on tree growth.

Meta-analysis results for studies examining tree ring increment in relation to 
reproductive output reveal a consistent pooled negative correlation (Table 2.2). 
The Hunter-Schmidt r  (−0.230) is significantly less than zero at P < 0.001. Negative 
patterns are also found for conifers and angiosperms considered separately: for 
conifers the Hunter-Schmidt r  = −0.271 (P<0.001), and for angiosperms the 
Hunter-Schmidt r  = −0.134 (P < 0.001). The lower value for angiosperms is largely 
attributable to low correlations found for California oaks (Knops et al. 2007), 
which represent 5 of 7 samples. The mean correlation is also significantly negative 
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Table 2.2 Summary of dendrochronological studies included in meta-analysis examining the 
correlation of reproductive output (variously measured across studies) with tree ring increment 
across years

Species Location Years r Reference

Abies grandis BC Canada 28 –0.317 Eis et al. (1965)
Abies lasiocarpa Washington USA 28 –0.044 Woodward et al. (1993)
Abies lasiocarpa Oregon USA 28 –0.222 Woodward et al. (1993)
Dacrydium cupressinum New Zealand 33 –0.304 Norton and Kelly (1988)

Nothofagus truncata New Zealand 33 –0.303 *** Monks and Kelly (2006)

Picea abies Norway 40 –0.648 *** Selas et al. (2002)
Pinus banksiana Quebec Canada 24 0.310 Despland and Houle (1997)
Pinus sylvestris Spain 11 –0.140 Alonso et al. (2007)

Pseudotsuga menziesii BC Canada 28 –0.765 *** Eis et al. (1965)
Tsuga mertensiana Washington USA 28 –0.122 Woodward et al. (1993)
Tsuga mertensiana Oregon USA 28 –0.163 Woodward et al. (1993)
Quercus lobata California USA 13 0.048 Knops et al. (2007)
Quercus douglasii California USA 13 0.007 Knops et al. (2007)
Quercus agrifolia California USA 13 –0.107 Knops et al. (2007)

Quercus chrysolepis California USA 13 0.159* Knops et al. (2007)
Quercus kelloggii California USA 13 0.078 Knops et al. (2007)

Correlation values listed in bold are partial correlations that correct for climate effects (or comparable 
analyses based on indexing). The Hunter-Schmidt r  = −0.225±0.021 (P = 0.0001)
Significant trends for studies considered individually are indicated by asterisks: *P < 0.05; 
**P < 0.01; ***P < 0.001

if one considers only studies that have included climate variables as covariates: 
Hunter-Schmidt r  = −0.208 (P<0.001). Although the data analyzed include promi-
nent examples of null results reported in the literature (e.g., Despland and Houle 
1997; Alonso et al. 2007; Knops et al. 2007), these studies tended to be of shorter 
duration and thus have reduced influence on the overall calculations. The finding of a 
highly significant meta-analysis result, in spite of the fact that relatively few studies 
are significant considered individually (Table 2.2), is common in cases where sample 
sizes of individual studies are low and/or the signal to be detected is either weak 
or variable among studies (Hedges and Olkin 1985). Detection of prevailing trends 
under these conditions is a main motivation for meta-analysis generally.

Several additional relevant studies were noted but not included in the meta-
analysis due to either a small series length, insufficient reporting of data, or lack of 
access to some older publications. Consistent with the studies in Table 2.2, these 
studies generally find negative correlations between tree ring increment and repro-
ductive output (generally fruit or cone production): for Abies balsamea in New 
Brunswick, Canada (Morris 1951), Pinus sylvestris and Picea abies in Sweden 
(Eklund 1954, 1957), Pinus ponderosa in Colorado, USA (Linhart and Mitton 
1985), Pseudotsuga menziesii in BC, Canada (El-Kassaby and Barclay 1992), 
and Fagus crenata in Japan (Hoshino et al. 2008 – notably based on a 48 year 
time series). A few additional null results have also been reported: for Pinus 
ponderosa in Washington State USA (Daubenmire 1960), Pinus sylvestris in Poland 
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(Chalupka et al. 1976), and another (much shorter-duration) study of Fagus crenata 
in Japan (Yasumura et al. 2006).

Dendrochronological studies coupled with long series of reproductive mea-
surements also provide a valuable avenue for analyses of time-lagged effects of 
reproduction, and of the interactions between climate variability, reproduction, and 
tree growth. A number of studies have employed auto-regressive moving average 
(ARIMA) models or similar techniques to examine lagged effects of reproduction 
on growth. For example, Woodward et al. (1993) detected lagged effects of coning on 
growth over the following 2 years in two montane conifer species. However, other 
studies have found effects only in the year of fruit or cone production (e.g., Selas 
et al. 2002).

Several studies have simultaneously considered climatic variability and repro-
duction as predictors of long-term tree growth patterns. Woodward et al. (1993) 
examined relationships for two conifers (Abies lasiocarpa and Tsuga mertensiana) 
between cone counts and the residuals of a growth index value that was adjusted 
both for size trends (as per standard dendrochronological indexing methods) and 
temperature and precipitation data. They report consistently negative correlations 
based on this approach (Table 2.2). Monks and Kelly (2006) found that the partial 
negative correlation between growth and reproduction in Nothofagus truncata was 
strengthened when climate variables were included in a predictive model. In con-
trast, Knops et al. (2007) found in five species of Californian oaks (Quercus spp.) 
that inclusion of precipitation as a predictor resulted in partial correlations between 
growth and reproduction not different from zero (and one case of a small apparent 
positive partial correlation between growth in reproduction). In the case of 
Californian oaks, dry conditions during the early growing season appear to inhibit 
growth while enhancing pollination success (Knops et al. 2007), a pattern that seems 
likely to be system-specific.

6.4  Reproductive Allocation and Shoot Extension  
Within Tree Crowns

Negative correlations between shoot extension growth and production of reproduc-
tive structures have been widely reported in the literature. The first observations on 
this phenomenon appear to date to Morris (1951); most often data have been 
recorded in terms of annual shoot length increment of internodes produced the year 
following a given reproductive event (e.g., Gross 1972; Fox and Stevens 1991), but 
the specific measures of reproduction and growth vary among studies.

The meta-analysis of available data provides remarkably consistent support for a 
general negative trend between shoot or branch growth and the quantity or mass of 
reproductive structures (generally fruit or cones) present (Table 2.3). All reported 
corre lations are negative, four of eight being significant considered individually. 
The Hunter-Schmidt r  (−0.341) is significantly less than zero at P < 0.001. Addi tional 
studies that did not present simple correlations (or data allowing calculations) have 
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likewise generally found negative relationships (Henriksson and Ruohomäki 2000), 
although null results have also been reported (e.g., Bañuelos and Obeso 2004).  
A number of studies also describe substantial variation among populations and 
sites, such that negative relationships between reproduction and shoot extension are 
present in some populations but not others, possibly related to local variation in soil 
resources or other factors (e.g., Obeso 1997).

As in the case of dendrochronological studies of reproductive effects, the analysis in 
Table 2.3 is based on correlative data. Thus positive responses of both reproduction 
and growth to environmental heterogeneity might be expected to mask an underlying 
tradeoff (Obeso 2002; Karlsson et al. 2006). In addition, physiological integration 
should also generally act to obscure patterns at the shoot or branch level (Bañuelos 
and Obeso 2004). Experimental approaches, primarily based on removal of repro-
ductive buds, have also been employed to test for reproductive costs at the branch 
and whole-tree level. Fox and Stevens (1991) in a bud removal experiment failed to 
find experimental evidence for negative effects of reproduction on growth in Salix 
alaxensis, in spite of a weak negative correlation between extension growth and 
reproduction. A follow-up experiment found a compensatory response to removal 
of either reproductive or vegetative buds, leading to the suggestion that bud removal 
is not a valid experimental approach to detect or measure reproductive costs due to 
artifacts related to wounding responses (Fox 1995). Nevertheless, similar studies 
have detected increased vegetative growth following reproductive bud removal in 
other woody plants (Houle 2001; Karlsson et al. 2006).

6.5  Reproduction and Shoot Demography Within Tree Crowns

Meristems are generally genetically predetermined to develop as vegetative or 
reproductive structures, and there is thus a potential for reproduction to limit future 
growth and development through meristem limitation. Reproduction may also 

Table 2.3 Summary of studies included in meta-analysis examining the correlation of stem increment 
and reproductive output within tree crowns

Species Location N r Reference

Alnus hirsuta var. sibirica Japan 206 –0.270 ** Hasegawa and Takeda (2001)
Alnus hirsuta var. sibirica Japan 49 –0.630 *** Hasegawa and Takeda (2001)
Betula alleghaniensis Ontario Canada 15 –0.518 Gross (1972)
Betula papyrifera Ontario Canada 15 –0.859 Gross (1972)
Pinus radiata Australia 6 –0.295 Cremer (1992)
Pinus strobus Ontario Canada 26 –0.170 Leal and Thomas (2003)
Pseudotsuga menziesii California USA 10 –0.838 *** Tappeiner (1969)
Salix alaxensis Alaska USA 92 –0.232 * Fox and Stevens (1991)

The Hunter-Schmidt mean r = −0.341 ± 0.013 (P = 0.0000015) 
Significant trends for studies considered individually are indicated by asterisks: *P < 0.05; 
**P < 0.01; ***P < 0.001
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sufficiently drain resources to result in subsequent crown dieback. Substantial crown 
dieback following episodes of very high seed production was observed in Betula 
alleghaniensis by Gross (1972): individuals with high a high proportion of catkins 
per terminal bud site showed progressively lower shoot growth in the subsequent 
year, and 3 of 4 individuals with >95% of terminal buds bearing catkins showed 
branch dieback (Fig. 2.3). This pattern was observed very extensively in the study 
region, with an estimated 20–50 cm loss of the upper crown common following 
an intensive regional reproductive episode (Gross 1972). Studies of reproductive 
effects on shoot demography are particularly logistically difficult in trees, and this 
remarkable early research has not been replicated to date. A few studies have been 
conducted on small-statured, accessible trees (e.g., Maillette 1987), but have not 
detected significant negative effects of reproduction on shoot demography.

6.6  Leaf-Level Gas-Exchange, Chemistry and Morphology

Proximity of reproductive structures could either act to enhance net photosynthesis 
by reducing feedback inhibition, or to reduce carbon uptake due to nutrient alloca-
tion effects. Enhanced photosynthesis in leaves near reproductive structures has been 
commonly found in herbaceous plants and cultivated fruit trees (e.g. DeJong 1986; 
Urban et al. 2003). However, reported proximity effects of reproductive structures 

Fig. 2.3 Crown dieback 
following heavy production 
of catkins in Betula 
alleghaniensis (From Gross 
1972: used by permission)
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on net photosynthesis in non-cultivated trees appear to be generally negative 
(Karlsson et al. 1996; Obeso et al. 1998; Miyazaki et al. 2002; Wheelwright and 
Logan 2004). This may be due to relatively higher nutrient limitation in natural as 
compared to cultivated systems. Patterns of leaf chemistry appear to be consistent 
with fruits and seeds constituting a significant local sink for nutrients, in particular 
nitrogen. Reduced leaf N and reduced chlorophyll content in leaves that develop in 
proximity to reproductive structures has been reported in Pinus strobus by Leal and 
Thomas (2003), who also report a large increase in the chlorophyll a:b ratio. Such 
an increase is a predicted consequence of chlorophyll degradation, since chloro-
phyll b is converted to chlorophyll a prior to further breakdown (Folley and Engel 
1999; Hörtensteiner 2006).

Ontogenetic patterns of leaf traits with tree size provide additional indirect 
evidence for effects of reproduction. Ontogenetic declines in the area of individual 
leaves have been widely observed in comparisons of saplings vs. mature trees 
(Thomas and Ickes 1995). However, the first leaves produced in tree ontogeny are 
typically very small, likely as a result of constraints imposed by seed resources. 
Average leaf size thus reaches a peak at an intermediate tree size. In a number of 
tree species this peak occurs approximately at the size of reproductive onset 
(Alvarez-Buylla and Martinez-Ramos 1992; Thomas and Ickes 1995), though in 
others the peak clearly falls earlier in development (Reich et al. 2004; Panditharathna 
et al. 2008; Thomas 2010). If biophysical processes, such as hydraulic effects on 
leaf turgor, were directly driving changes in leaf size, an increase in size early in 
ontogeny would not be expected; nor would one predict any association of this 
pattern with reproductive onset.

While many published studies addressing ontogenetic change in leaf  gas-exchange 
have compared seedlings or saplings vs. mature trees (Bond 2000; Thomas and 
Winner 2002), there have been surprisingly few efforts to characterize gas-exchange 
over the entire course of tree ontogeny (Niinemets 2002; Nabeshima and Hiura 
2008). In a recent effort to address this gap, I found that light-saturated photosyn-
thesis and leaf N reach a peak at intermediate tree sizes closely approximating the 
size at onset of maturity in three species of temperate deciduous trees (Fig. 2.4). 
In contrast, leaf traits that reflect investment in structure and defense, including 
leaf mass per area, leaf thickness, leaf tissue density, and leaf C content increased 
monotonically with tree size. Qualitatively similar patterns were found in the three 
tree species examined (Thomas 2010).

6.7  Belowground Processes

Agronomic studies of fruit trees suggest that there is commonly a very strong tradeoff 
between root growth and fruit development. For example, in alternate-bearing apple 
trees, allocation in non-fruiting years is largely directed to root growth; root pruning 
is widely used to induce reproduction in non-fruiting years (Ferree et al. 1991). 
Very few studies of non-cultivated trees have been undertaken. A masting event in 
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Dryobalanops aromatica (Diptercarpaceae) did not result in detectable declines 
in root carbohydrate levels (Ichie et al. 2005).

6.8  Reproduction Effects That Don’t Fit into a “Costs” 
Framework

There are a variety of physiological consequences of reproductive activity that do 
not fit easily into a “costs” framework. Reproductive structures serve as strong sinks 
for carbon, and in some cases photosynthetic rates of leaves near to reproductive 
structures can be enhanced, as a consequence of local carbon sink strength reducing 
feedback inhibition effects (Gifford and Evans 1981), and other factors (Urban et al. 
2003). Reproductive structures can also supply much of their own carbon demands 
through photosynthesis (Bazzaz et al. 1979; Aschen and Pfanz 2003) particularly 
through refixation of CO

2
 generated by construction respiration. Estimates of the 

proportion of the total C requirements internally generated by developing fruit 
average ~ 16%, but few measurements have been made on trees (Aschen and Pfanz 
2003). Photosynthesis of reproductive structures and carbon refixation are both 
considered cases of adaptations of plants to offset reproductive costs (Obeso 2002). 
Development of reproductive structures will also have impacts on biomechanical 
support, within-crown shading, and plant hormonal balance that may or may not 
qualify as “costs”.

Fig. 2.4 Light saturated photosynthesis (A
area

) as a function of stem diameter at 1.3 m height (dbh) 
in Acer saccharum and Tilia americana. In both cases the peak in A

area
 is closely coincident with 

the size (dbh) at reproductive onset (14.3 cm in A. saccharum and 19.8 cm in T. americana: shown 
by horizontal bars ± 95% CI). Dotted line is a 2nd-order polynomial fit to log-log transformed data 
(Modified from Thomas 2010)
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6.9  Sexual Dimorphism of Functional Traits in Dioecious Trees

An additional form of “natural experiment” for evaluating the effects of reproduction 
on growth patterns and tree functional traits is to compare the sexes of dioecious 
tree species. The production of pistillate flowers, fruit and seed generally entails a 
much higher allocation of biomass and mineral nutrients (especially N) than does 
the production of staminate flowers alone; likewise female cones of conifers require 
greater investment, particularly of N, than do male cones (McDowell et al. 2000). 
Thus, the costs of reproduction have generally been predicted (and widely observed) 
to be higher in pistillate individuals. There have been several recent reviews that 
focus in whole or in part on sexual dimorphism in plants (Dawson and Geber 1999; 
Obeso 2002; Case and Ashman 2005); here I review some main results and specifi-
cally highlight studies that examine sex differences in ontogenetic patterns.

Dioecious trees (and dioecious plants generally) commonly show pronounced 
differences between the sexes in leaf-level physiological traits, such as photosyn-
thetic capacity, leaf N, water use efficiency, and tissue water relations (Dawson and 
Geber 1999; Case and Ashman 2005). A now-classic result is the finding that female 
trees differ in responses to water stress, with males showing more conservative 
water use strategies under xeric conditions (Dawson and Bliss 1989). This pattern is 
a predicted consequence of evolved response to higher reproductive costs of water 
and nutrient supply to developing seeds and fruits, and has been found in numerous 
woody dioecious plant species (Dawson and Bliss 1989; Dawson and Ehleringer 
1993; Dawson and Geber 1999; Espirito-Santo et al. 2003; Dudley 2006). Female 
trees, as a consequence, commonly show greater drought sensitivity than males, and 
may be differentially distributed to more mesic habitats (e.g., Dawson and Ehleringer 
1993; Dudley 2006). One may infer from these results that female reproductive 
function in non-dioecious species must have comparably large impacts on whole-
tree function; moreover, increasing reproductive allocation with tree size should 
result in strong size x sex interactive effects on drought sensitivity. Along these 
lines, strong interactive effects of sex and size on diameter increment responses to 
precipitation have recently been found in a dendrochronological study of Juniperus 
thurifera in Spain (Rozas et al. 2009).

The slope of the relationship between growth rate and tree size (following the 
peak of the differential form of the growth curve) has been considered a signa-
ture characteristic of age-related declines tree growth (e.g., Bond et al. 2007).  
A strong role for reproductive effort in driving age-related decline tree growth 
would thus be indicated not simply by differences between the sexes in average 
growth rates, but specifically differences in the slope of this decline. Wheelwright 
and Logan (2004) provide one of the only pertinent data sets available, on the 
dioecious tree Ocotea tenera, which shows both lower growth rates among 
female trees, and a much steeper decline in growth with increasing size in female 
trees (Fig. 2.5). A similar pattern has also been reported for the dioecious shrub 
Rhamnus alpina (Bañuelos and Obeso 2004). Higher growth and/or reduced 
mortality of male trees late in ontogeny has also been inferred from an elevated 
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ratio of male to female trees observed in large size classes of tropical dioecious 
trees (Thomas and LaFrankie 1993).

6.10  Interactions Between Reproduction and Biotic Factors

Although costs of reproduction have figured centrally in analyses of sexual dimor-
phism in plants, males and females may also show differential evolutionary responses 
to other factors. In particular, male reproductive success depends on pollen transfer; 
there may, for example, be strong selection for increased male height in trees with 
wind-dispersed pollen or height-dependent access to pollinators (Lloyd and Webb 
1977). Higher growth rates in males (e.g., Fig. 2.5), may thus potentially be related 
to sexual selection as well as direct physiological costs. In addition, male and female 
plants may show differential levels of and tolerance of herbivory, with slow-growing 
females generally being better defended (Jing and Coley 1990; Ågren et al. 1999; 
Verdu et al. 2004). There may also be effects of reproduction on growth and physi-
ology mediated by herbivores or pathogens that primarily attack reproductive struc-
tures themselves. For example, the ash flower gall mite (Eriophyes fraxiniflora) 
attacks male flowers in many species of Fraxinus, but can cause extensive deforma-
tion of both flowers and leaves (Wawrzynski and Ascerno 1990). Such sex-specific 
effects in dioecious taxa suggest similar large secondary effects of reproduction 
more generally that are mediated by biotic agents.

Fig. 2.5 Patterns of decline in diameter increment in males (staminate: solid symbols) vs. females 
(pistillate: open symbols) in a natural population of the tropical tree Ocotea tenera. Linear regres-
sions for the later phase of growth (excluding the first two annual measurements in each case) are 
shown: for males (solid line) y = 1.063–0.085x; for females (dotted line) y = 1.954–0.273x. Slopes 
differ significantly between sexes (ANCOVA P < 0.001). Data are re-analyzed from Fig. 2.1 of 
Wheelwright and Logan (2004)
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7  Synthesis and Some Implications for Future Studies

The body of research reviewed is remarkably consistent in indicating that the “costs 
of reproduction” in trees are not trivial. Eight independent sources of data support this 
contention: (1) Among species, trees that show a smaller size at onset of maturity tend 
to show a smaller maximum size; (2) As is the case with most other organisms, various 
sources of data suggest that reproductive allocation generally increases with tree size; 
(3) Monocarpic trees provide a set of clear examples in which reproduction catastro-
phically impacts future growth and development, and comparisons with polycarpic 
trees suggest that repeated reproduction carries a consistent cost in terms of growth 
potential; (4) Dendrochonological analyses indicate an overall pattern of negative 
correlations between tree growth and reproduction, and in some cases of carry-over 
effects of reproduction that persist for >1 year; (5) Shoot extension growth within 
tree crowns is generally reduced when in close proximity to reproductive structures, 
(6) There are likewise frequently local negative effects of reproductive structures on 
leaf size, N content, and photosynthetic capacity within tree crowns; (7) Leaf size, 
N content, and photosynthetic capacity commonly increase with tree size early in 
onto geny, but show decreases only after reproductive onset; (8) In dioecious tree 
species, females generally show reduced growth, and growth analyses indicate that 
females can show much steeper reductions in growth growth rate with tree size 
than do males.

Can such costs of reproduction explain, at least in part, the general pattern of 
age-related declines in growth in trees? The meta-analyses presented above 
(Tables 2.2 and 2.3) indicate pronounced negative effects of reproduction on tree 
growth, but do not directly assess whether these negative effects increase with tree 
ontogeny. However, two lines of reasoning suggest that reproductive effects must 
increase with tree ontogeny, and likely do contribute to age-related declines in 
growth. Trees universally show a long period of pre-reproductive growth during 
which negative effects of reproduction cannot be present (Fig. 2.1). Therefore 
negative effects of reproduction on growth must at a minimum be expressed as a 
“step function”, being present only after reproductive onset. In addition, the wide-
spread pattern of increasing reproductive output and frequency with tree size and 
age suggests that the negative consequences of reproduction on growth also must 
generally increase with tree size and age. It has previously been argued that because 
tree reproduction is intermittent, reproductive cost effects are unlikely to explain 
any continuous decline in growth (Ryan et al. 1997). However, studies reviewed 
here have found evidence for carry-over effects of reproduction in prior years on 
current growth (Woodward et al. 1993) and shoot survivorship (Gross 1972).

How large is the effect of ontogenetic increases in reproductive allocation on tree 
growth? A recent study of Fagus sylvatica by Genet et al. (2010) indicates an 
increase in annual carbon allocation of from <5% in young trees to ~40% in trees 
>120 years, with a concomitant decrease in carbon allocation to stem growth. 
However, the direct mechanistic relevance of these data depend on whether the growth 
of large trees is carbon limited. Recently, a pattern of increasing non-structural 
carbohydrate concentrations in old trees (Sala and Hoch 2009) and observations of 
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little or no growth enhancement to elevated CO
2
 in mature trees (Körner et al. 2005) 

have both been interpreted as indicating a lack of carbon limitation. However, 
the Fagus stands studied by Genet et al. (2010) showed no age-related trend in 
non-structural carbohydrate concentration. Moreover, since concentrations of 
N and other mineral nutrients are generally higher in reproductive than somatic 
tissues, reproductive allocation could impact growth even in “carbon-saturated” 
trees. As noted above, observed physiological effects of leaf proximity to repro-
ductive structures commonly include reduced leaf N, chlorophyll content, and 
photosynthetic capacity, all suggesting strong impacts of N allocation.

A direct test of the effects of tree reproduction on age-related trends in growth 
and physiology is in theory possible if one could experimentally inhibit reproduction 
through all or part of a tree’s lifespan, and compare patterns to a control population. 
Experimental approaches for inhibiting reproduction could range from bud removal 
experiments to genetic modification methods, which have particular promise in 
Populus (Brunner and Nilsson 2004). This type of experiment has been utilized 
extensively in studies aimed at quantifying the costs of reproduction in short-lived 
herbaceous plants (e.g., Reekie and Bazzaz 1987a, b, c), and some woody shrub 
species (e.g., Houle 2001; Karlsson et al. 2006). While comparable experiments on 
trees appear never to have been undertaken, they may be feasible in short-lived, 
small-statured species. Candidate tree species for such experiments might include 
small-statured ephemeral pioneer trees, such as members of the genera Trema 
(Ulmaceae), Clerodendrum (Verbenaceae), and Carica (Caricaceae), and Salix 
(Salicaceae) or Populus (Salicaceae) in the temperate zone. Such experiments would 
also offer a valuable platform to better understand physiological mechanisms, 
including the relative importance of carbon limitation.

Dendrochronological studies linked to long-term records of tree reproduction – 
and where possible with experimental manipulations – will likely continue to present 
the best opportunities to understand effects of reproduction on age-related trends in 
tree growth and functional biology. Four types of dendrochronological studies stand 
out as offering great potential. First, additional analyses that link climate variability 
to trends in both tree reproduction and increment growth across a variety of species 
are essential. Work to date has not specifically sought to quantify the possible role of 
reproduction in driving age-related changes in growth patterns, and the common 
practice of removing age-related trends prior to analysis is likely to obscure such 
patterns. Studies of this type would be particularly novel and potentially revealing in 
tropical regions, where consistent annual rings are much more common than has 
commonly been believed (Worbes 2002). Second, studies of growth pattern differ-
ences between the sexes of dioecious species offer an important and under-explored 
avenue for understanding reproduction in relation to age-related trends in growth and 
physiology. Third, monocarpic trees provide a unique potential for comparative stud-
ies on age-related growth and physiology, in that there are no possible effects of 
reproduction until the end of the life cycle. It would be particularly interesting to 
examine whether patterns of age-related growth and physiology differ between 
monocarpic and polycarpic members of such genera as Tachigali and Cerberiopsis. 
Finally, there is a near complete absence of studies examining relationships between 
reproduction and root growth and functional biology in non-cultivated trees.
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In all future dendrochronological studies it will be important to statistically 
partition effects among alternative causal processes, including direct climate effects 
and reproduction (Knops et al. 2007). In addition, it would be useful to partition 
“age-related” trends in tree growth to explicit age vs. size effects, in datasets where 
there is appreciable orthogonal variation in age vs. size. As an example of this 
approach, in black spruce (Picea mariana) declines in diameter increment through 
ontogeny, and of the capacity to show release responses following harvests, were 
principally attributable to tree age rather than size (Thorpe et al. 2007).

In terms of research applications, reproductive effects on tree growth have 
long been considered a potential breeding target for enhancing growth and yield 
(e.g., Ledig and Linzer 1978; El-Kassaby and Barclay 1992; Strauss et al. 1995). 
Breeding for trees with low reproductive effort is likely to be a much easier objec-
tive than breeding to reduce effects of biophysical limitations to growth, since the 
objective is essentially a loss of function. There is also considerable interest in 
breeding for reproductive sterility in genetically engineered trees, to limit possible 
genetic pollution effects (Strauss et al. 1995; van Frankenhuyzen and Beardmore 
2004; Brunner et al. 2007). From an environmental management perspective, a 
better understanding of the links between growth and reproduction of trees is 
important in the context of anthropogenic climate change and other major perturba-
tions of forest ecosystems. Reproductive development of trees is commonly more 
sensitive to climatic variables (and to different climatic variables) than is growth 
(e.g., Woodward et al. 1993; Despland and Houle 1997; Knops et al. 2007), and 
reproduction may likewise show stronger responses to rising CO

2
 (e.g., LaDeau 

and Clark 2001). Global change impacts on tree reproductive output may thus have 
greater ecological impacts on forest community interactions and biodiversity than 
changes in total biomass accumulation (e.g., Ostfield et al. 1996; Jones et al. 1998; 
Curran and Leighton 2000).

In conclusion, reproductive effects should be looked at as one among a suite of 
processes that impact patterns of age-related growth and functional biology of trees. 
Given the centrality of reproduction and reproductive costs in life-history theory, 
research to better understand the physiology and comparative ecology of reproduc-
tive effects, and their interaction with biophysical limitations to tree growth, should 
be a priority for future research.
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Abstract Although the germinant and young seedling life stage of trees has the 
highest mortality rates, our understanding of their fundamental physiology is 
surprisingly limited in naturally-occurring environments. Field measurements for 
this life stage are particularly important because of the uniquely harsh environ-
ment these small trees experience: their proximity to the soil surface results in an 
exceptionally dynamic microclimate with large daily shifts in such parameters as 
temperature, humidity and radiation. The impact of these changing conditions is 
discussed with respect to seedling survival. Our current knowledge of anatomical and 
morphological responses of early seedlings to variation in light and water conditions 
is also reviewed. For example, research has shown that differences in light intensity 
result in divergence in vessel diameters and number in Eucalyptus grandis seedlings. 
Using these data, we calculated the theoretical hydraulic conductivity for high 
and low light-grown seedlings. This comparison showed that after 7 weeks the 
differences in xylem anatomy would result in the high light seedlings having two 
times the theoretical leaf-specific hydraulic conductivity of the low light seedlings. 
Future research in this field should include developing new techniques specific to 
the unique fragility and size of seedlings, determining the adaptive nature of differ-
ent cotyledon structures, and better quantifying the physiological and developmental 
characteristics of early germinants.
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1  Introduction

1.1  Population Dynamics and Seedlings

The primary determinant of vegetation patterns and species distributions on a global 
scale is aridity gradients (e.g., Engelbrecht et al. 2007), and moisture regimes (either 
via precipitation changes or temperature changes and related evaporative demands) 
have shifted over last 40 years (van Mantgem et al. 2009) and are predicted to con-
tinue to change. Species distributions can shift over time through adult mortality and 
less subsequent regeneration (shrinking) or through seedling establishment beyond 
current distribution boundaries (expansion). Therefore, a critical component of our 
ability to predict future species distributions is an understanding of the mechanisms 
of seedling establishment, which requires a fundamental knowledge of seedling 
physiology. In fact, the life stage (other than the seed stage) with the greatest mortality, 
by far, is the germinant seedling stage (Leck and Outred 2008) and young seedling 
performance may be more important than seed germination for determination of 
species distributions (e.g. Figueroa and Lusk 2001).

Few studies have addressed the ecophysiology of naturally-occurring current 
year seedlings (newly emerged) even though this life stage has a high mortality 
rate (e.g. Alvarez-Buylla and Martinez-Ramos 1992; Whitmore 1996; Masaki and 
Nakashizuka 2002). Possible reasons for the lack of emphasis on germinant seedling 
physiology include the difficulty in recognizing and documenting the presence of 
natural, newly emerged seedlings and the even more difficult task of acquiring 
physio logical measurements (Cui and Smith 1991; Germino and Smith 2001).  
In general, the coupling of physiological ecology (e.g. carbon gain, water relations) to 
population biology (e.g. seedling abundance and survival) appears to be an important 
omission in studies of plant biology and ecology (Ackerly and Monson 2003). Given 
that the highest mortality of all life stages often occurs during the newly-emerged 
seedling stage, emphasis on current-year seedling studies may be particularly impor-
tant as an early and sensitive indicator of community and ecosystem health.

Recent literature suggests that the newly-emerged seedling stage is becoming 
more in focus as an important life stage for understanding limitations to natural forest 
regeneration (e.g. Smith et al. 2003; Matthes and Larson 2006; Miina and Saksa 
2006). In the southern Appalachian Mountains, there appears to be a consistently 
high mortality (approximately 95%) of new Abies fraseri seedlings on a yearly basis 
(Johnson and Smith 2005), similar to measurements on Abies lasiocarpa in the 
Rocky Mountains of the western US (Cui and Smith 1991; Germino and Smith 2000, 
2001). Studies of first year survival of tropical tree seedlings have also reported high 
seedling mortality. In 7 out of 9 of the species that were measured at Barro Colorado 
Island Panama (Augspurger 1984) germinant mortality was between 69% and 100% 
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and in 50 out of 75 species studies at La Selva, Costa Rica, mortality was greater than 
75% (Li et al. 1996). However, studies of the mechanisms of establishment in 
current-year seedlings are rare in the literature. For example, most studies on Abies 
fraseri seedlings have focused only on the abundance of considerably older, estab-
lished seedlings, without addressing specific factors influencing the high mortality of 
newly establishing seedlings (Nicholas et al. 1992; Smith and Nicholas 2000).

The goals of this review are to document the microclimatic conditions of newly 
emerged seedlings and to discuss young seedling structure and function. This review 
will focus on woody tree species in particular and will attempt to provide a framework 
for important omissions and future directions for research on young seedlings. The 
purpose of this review is not to cover in detail the topics of seedling shade tolerance or 
seed mass/survival relationships, both of which have been thoroughly covered in the 
current literature (Moles and Westoby 2004a; Kitajima and Myers 2008).

1.2  Working Definitions of Life Stages

There appears to be a large discrepancy in the heights, diameters or ages of woody 
plants that are considered seedlings or saplings. For example, trees of up to 2.7 m 
have been classified seedlings (Whitmore 1996), whereas some researchers reserve 
the term for plants that still have seed reserves present (Fenner 1987). Throughout 
this chapter, we will use the term “germinant” or “emergent” for a seedling that is 
in its first growing season. Our use of the term “seedling” will refer to a young plant in 
its first few years of growth, which is a more liberal use of the term than many ecolo-
gists use (e.g., see Garwood 1996). We also use the phrase “established seedling” to 
indicate a seedling that has survived beyond its first season of growth.

1.3  Population Range Shifts and Reforestation

Worldwide changes in plant community distributions have been observed over the 
last decade (Walther et al. 2005) and further shifts are predicted with climate change 
(e.g. Iverson and Prasad 2001). However, most models predicting future patterns of 
community distribution rely on correlations between current climate and species 
current location (a species’ “bioclimate envelope,” Pearson and Dawson 2003). 
To develop mechanistic models of species and community distribution under climate 
change scenarios it will be critical to understand the constraints on seedling estab-
lishment under natural conditions. For example, recent studies in tropical forests 
have shown that emergent seedling drought tolerance is correlated strongly with 
the occurrence of that species along moisture gradients (Engelbrecht et al. 2007; 
Kursar et al. 2009). These types of studies and data could be used for predictions 
of future species distributions under changing moisture regimes. Although any 
complete picture of forest regeneration and migration would include all life stages 
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(e.g. adult mortality, flower and/or seed production, pollination), forest regeneration and 
migration into new areas ultimately depends on new seedlings establishing in the 
understory or beyond the current boundary of the community. Seedling establishment 
is critical for reforestation after clearcutting, fire or other major disturbance. Successful 
establishment and subsequent growth beneath canopy gaps is critical for stand 
regene ration as well, and for preventing encroachment by shrub species that could 
out-compete understory tree seedlings (White et al. 1985; Pauley and Clebsch 1990).

1.4  Causes of Seedling Mortality

Compared to studies focusing on older age classes, relatively few studies have 
addressed the causes of mortality during the early establishment phase of new seed-
lings. In certain communities, herbivory and/or trampling by animals appears to be 
a significant factor contributing to the mortality of young seedlings (Ehrlen 2003; 
Moles and Westoby 2004a). In other systems, drought is likely the primary cause of 
seedling death (e.g. Cui and Smith 1991; Moles and Westoby 2004b; Negussie et al. 
2008). In tropical moist forests, pathogens are frequently responsible for a large 
portion of young seedling mortality (Augspurger 1984), especially in dense shade. 
Small seedlings are particularly susceptible to uprooting due to frost heaving in 
areas with frequent frosts (Goulet 1995). Additional causes of mortality can include 
burial by substrate (e.g. sand, Maun 1998) and litterfall (Clark and Clark 1989; 
Alvarez-Claire and Kitajima 2009) as well as fire (Plumb 1980; Grace and Platt 1995; 
Edwards and Krockenberger 2006).

Reductions in carbon gain, which may result in reduced root growth (and possi-
bly desiccation) or even “carbon starvation” (McDowell et al. 2008) can also lead to 
seedling mortality. For example, current-year seedlings of A. fraseri had reduced 
photosynthetic capacity and sunlight under closed canopies (as compared to 
open canopies), which also corresponded to increased mortality (Johnson and 
Smith 2005). Lack of photosynthesis in low light environments (i.e. under closed 
canopies) appeared to be the primary cause of mortality for Quercus pyrenaica, 
as well (Rodriguez-Calcerrada et al. 2010). In the cases of A. lasiocarpa and Picea 
engelmannii, Cui and Smith (1991) found that the high mortality (>90%) in 
first-year seedlings in the forest understory appeared symptomatically to be due to 
desiccation, possibly enhanced by a lack of root growth and/or mycorrhizal infec-
tion. Additionally, Sacchi and Price (1992) observed high mortality rates in young 
seedlings of Salix lasiolepis in response to limited soil water availability. Carbon 
gain and survival were also reduced in individual seedlings growing in microsites 
with either too much or too little sunlight (Germino and Smith 2000; Johnson 
et al. 2004). This finding of too much or too little sky exposure (degree of canopy 
openness) was attributed to both positive and negative effects related to sunlight 
exposure and nighttime sky exposure. Sky exposure was influenced by the overstory 
tree canopy, plus the vegetation and inanimate structures at ground level. Earlier 
studies pointed to the possibility that a lack of photosynthetic carbon gain in less 
favorable microsites (too little or too much sunlight) led to decreased root growth 
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and desiccation-related mortality (Knapp and Smith 1982; Cui and Smith 1991). 
Seedling photosynthesis declined in response to low minimum leaf temperatures 
(predawn) as well as high sunlight the following morning, associated directly with the 
amount of sky exposure of the seedling microsite (Germino and Smith 2000; Maher 
et al. 2005). As a result, seedling survival in many species appears strongly associated 
with microsite facilitation provided by surrounding structures such as overhead canopy, 
tree islands, and ground vegetation, all of which substantially reduce seedling sky 
exposure (Hättenschwiler and Smith 1999; Germino and Smith 2001).

The amount of sky exposure strongly influences seedling growth and survival, as 
well as provides a quantitative measure of microsite and canopy openness. In addi-
tion to sunlight exposure and photosynthetic effects, the accompanying exchange 
of longwave (thermal) radiation emitted from the cold night sky is an important 
forcing variable for nighttime leaf temperatures, often driving leaf temperature well 
below air temperature (5–7°C, Jordan and Smith 1995). Other studies have also 
reported large decreases in downwelling radiation from cold night skies due to 
vegetative overstories (McLaughlin et al. 1990; Örlander 1993), and cloud patterns 
such as found at southern Appalachian sites can generate large increases in longwave 
radiation of up to 100 W m−2 on nights with fully overcast skies (Feygel’son and 
Tsvang 1974; Harrison et al. 1993). In addition, cloud immersion in high-altitude 
southern Appalachian forests has been shown to increase understory sunlight 
penetration and photosynthesis and decrease transpirational water loss in young 
seedlings (Johnson and Smith 2008). Substantial decreases in seedling temperatures 
occur on clear nights and are followed by high sunlight levels in the morning, causing 
long-term declines (up to several days) in photosynthetic carbon gain (low temperature 
photoinhibition and/or downregulation of photosynthesis) and, ultimately, reduc-
tions in root growth that have been associated with desiccation and mortality in new 
seedlings (e.g. Knapp and Smith 1982; Ball et al. 1991; Ball 1994; Ball et al. 1997; 
Cui and Smith 1991; Germino and Smith 2000).

2  Seedling Environments

First-year seedlings experience unique stresses compared to other life stages and are 
more vulnerable to both biotic and abiotic stresses, compared to older life stages. 
The unique stresses experienced by seedlings are due to their small size and the fact 
that they have not escaped the microclimate of the ground surface. The surface 
environment is dynamic, and can feature large diurnal swings in every environmental 
parameter (temperature, humidity, radiation, etc.). In contrast to larger, established 
saplings and adult trees, which have escaped the climate near the ground, emergent 
seedlings are entirely contained in the near-surface climate at the whole plant level 
and do not have height or branch complexity to escape the surface environment. 
Thus, seedling physiological ecology is affected at the whole plant level.

Seedlings emerge from the soil along a continuum of microsites, and it would be 
difficult to address all situations. Therefore, the approach in this section will be to 
compare the extremes of possible germinating environments common to seedlings. 
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The microsites described in the following sections will be a dark, forest understory 
microsite and an exposed, open canopy microsite, such as might be found for a 
seedling establishing in an alpine ecotone or during a typical old field succession 
(this could also be synonymous with forest/shade and pioneer seedling types).

Ultimately, seedling growth and survival depends on adequate carbon capture 
and processing, avoidance of hydraulic failure (i.e. desiccation), and escaping biota-
induced mortality (e.g. trampling, herbivory). Many factors directly influence the 
carbon and water balance, and thus the survival, of young seedlings.

2.1  Near-Surface Incident Radiation

Incident radiation loads on seedlings depend on both radiation intensity and duration. 
For first year seedlings, there is a delicate balance between too little versus too 
much sunlight (Germino and Smith 1999; Johnson and Smith 2005). In situations 
where there is too little sunlight, seedlings may perish because they cannot escape 
infestation by pathogens on the soil surface and/or seedlings may experience carbon 
“starvation”, where metabolic needs are not met by adequate carbon assimilation 
(Givnish 1988). Too much sunlight, especially in combination with low tempera-
tures, can result in decreased carbon gain via photoinhibition (Ball et al. 1991; 
Germino and Smith 1999; Maher et al. 2005). The optimal incident sunlight regime 
for a seedling seems to be species-specific, and may co-vary with other factors 
such as proximity to neighboring plants or rocks, microtopography, and aspect 
(see further discussion below).

Shaded understory environments can be very dark, with less than 5% of the total 
radiation at the top of the canopy reaching the forest floor (Baumgartner 1952; 
Geiger 1965; Lee 1987; Endler 1993; Grant 1997; Johnson and Smith 2005). Net 
radiation may be less than 21 W m−2 day−1 (<1 MJ m−2 day−1), with the instantaneous 
quantum flux of photosynthetically active radiation (PAR, ~400–700 nm) averaging 
between 10 and 20 mmol m−2 s−1 in deep forest shade. Total daily PAR at the ground 
is often <20 mol m−2 day−1, most of which occurs during occasional sunflecks 
(Young and Smith 1983; Lee and Downum 1991; Combes et al. 2000; Johnson and 
Smith 2005; Navrátil et al. 2007). Consequently, in the understory near the forest 
floor, sunlight intensities are rarely above the light compensation threshold for 
photosynthesis to occur, even for shade-adapted species. This low light availability 
can strongly impact carbon gain, and thus, allocation to root, stem, and lateral branch 
development. Seedlings in such light environments may not gain enough carbon for 
survival before exhausting carbon reserves (Kohyama 1983; Kobe 1997; Givnish 
1988; Walters and Reich 1999; Myers and Kitajima 2007). Furthermore, much of 
the carbon balance of a newly emerged seedling in a forest understory is dictated by 
ephemeral periods if sunlight. During these periods, seedlings must quickly adjust 
to a changing light environment to maximize carbon gain. The ability to respond to 
sunflecks by quickly upregulating photosynthetic mechanisms (i.e. the photosyn-
thetic “induction period”, Chazdon and Pearcy 1986) may be critically important 
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for seedlings inhabiting dark understories where sunflecks are the primary source of 
light for carbon gain. Little research has addressed the different responses of photo-
synthetic tissues (cotyledonous vs. primary leaves) to variable sunlight conditions, 
though there is some evidence that cotyledons may be more efficient at harvesting 
sunlight for photosynthesis (Johnson and Smith 2005; Reinhardt et al. 2009).  
It should also be highlighted that some species are remarkably adapted to low light 
environments, and seedlings of these species are able to persist for many years 
in such environments with very little growth, until opportunities for substantial 
positive carbon balance occur (often referred to as “release” in the literature), via 
dieback of canopy trees (e.g. Kobe et al. 1995).

On the other extreme, seedlings establishing into open areas of an ecotone 
(for example, beside a tree island at the alpine-treeline ecotone, into an old-field 
meadow, or into a large canopy gap) can encounter high radiation loads that affect 
the whole plant (compared to just a few leaves or branches for plants that are taller 
and/or with a more complex branch architecture). For many hours of the day in an 
open-canopy alpine scenario, instantaneous whole-seedling radiation exposure may 
be >1060 W m−2, or >2000 mmol m−2 s−1 (PAR), with daily radiation loads >30 MJ 
m−2 day−1 (>900 mol m−2 PAR per day; Lee and Downum 1991; Jordan and Smith 
1994; Larcher 2003; Reinhardt and Smith 2008). In some situations, such as in 
snowmelt concavities or in depressions of light-colored ground where there is sub-
stantial reflected sunlight, instantaneous irradiance has been reported to be even 
greater, exceeding 3500 mmol m−2 s−1 (Day et al. 1989; Germino and Smith 2000). 
Such prolonged exposure to high radiation loads can cause increased leaf tempera-
tures, photorespiration, and high-light photoinhibition. These problems with high 
radiation loads can be exacerbated if there was frost on the leaves the previous 
night. Frost occurrence on leaves typically happens via a combination of low air 
temperatures and radiative cooling (e.g. Ball et al. 1991; Jordan and Smith 1994, 
1995; Germino and Smith 1999, 2000; Maher et al. 2005).

2.2  The Effect of the Boundary Layer on Heat and Mass Fluxes

Boundary layer effects are paramount to understanding radiation (heat) and mass 
fluxes, including convection and conduction dynamics, of newly emerged seedlings. 
In some cases, boundary layers protect small seedlings from harsh environmental 
conditions and/or large diurnal variations in the environment (e.g. temperature, 
sunlight intensity, humidity, wind). The boundary layer can be described as the zone 
of air covering a surface where convection (wind) is both laminar (vs. turbulent) and 
still (due to viscosity) (Nobel 2005). Conceptually, what is considered the “bound-
ary layer” is a scaling issue and can vary by many orders of magnitude, depending 
on the system. For example, whereas the boundary layer of a forest is usually con-
sidered the area below the canopy (101–102 m), the boundary layer of an individual 
leaf surface might be on the scale of 10−4–10−3 m. The boundary layer near the 
ground in open areas is on the order of 10−3–101 m, depending mostly on surface 
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roughness and wind speed (boundary layer decreases with greater roughness and 
wind velocity), and is commonly about 5–10 cm over bare ground (Morgan and 
Rickson 1995). Therefore, small seedlings are often entirely within the near-surface 
boundary layer.

Within the near-surface boundary layer, heat fluxes of seedlings are greatly reduced 
relative to taller plants. This difference is because thermal mixing is minimized due 
to the lack of wind and turbulent eddies, and thermal transfer is dominated by con-
duction. For example, even with wind velocities at 1 m height in excess of 5 m s−1, 
wind velocities below 0.5 m height rarely exceed 1 m s−1, with most reported, and 
modeled, measurements at ground-level less than 0.5 m s−1 (Geiger 1965; Elias et al. 
1989; Jordan and Smith 1994; Tappeiner and Cernusca 1998). Deacon (1953) and 
Geiger (1965) showed that the minimum wind velocity for turbulence at 1 m height 
above the ground is 0.4 m s−1 for short grass cover and about 0.8 m s−1 for bare 
ground. As wind velocity decreases logarithmically with decreasing height (Bagnold 
1941), the wind velocity in the boundary layer does not induce turbulent mixing the 
majority of the time. This underscores that newly germinated, and small, seedlings 
are entirely within the boundary layer of the ground.

The consequences of residing within the boundary layer of still air can be benefi-
cial (protective) or detrimental (exposing). In forest understories, air temperature 
profiles are more uniform than above the canopy, and have less diurnal variation. 
The uniformity of these profiles in the understory is because air movement inside 
the thick forest is low compared to outside the forest, and the understory area is, 
effectively, one entire boundary layer. Regardless of how large the diurnal range of 
air temperature is over the course of 24 h, which can be greater than 30°C in temper-
ate forest ecosystems, forest temperatures near the ground in summer typically 
remain between 15°C and 25°C for the whole day (see Fig. 3.1; similar to the range 
higher in the canopy), mostly due to trapping and re-radiation of longwave radiation 
(Geiger 1965; Larcher 2003).

In exposed microsites outside the forest, boundary layer dynamics can be much 
more variable. In the absence of ground-level convection (as in Fig. 3.1, which was 
based on a very low wind speed of 0.5 m s−1), leaf temperatures are commonly 
~2–6°C above air temperature (Tranquillini 1979; Hadley and Smith 1987; Germino 
and Smith 2001; Johnson and Smith 2008), which is well within the limits of toler-
ance of leaf biochemistry. However, there are reports of leaf temperatures of plants 
near the ground exceeding air temperature by as much as 23°C inside a krummholz 
mat in open meadows in the alpine (Hadley and Smith 1987). Midday air tempera-
tures at the ground surface in open-canopy microsites are commonly between 40°C 
and 50°C, and in some instances can exceed 80°C, especially on dark surfaces 
(Turner 1958; Tranquillini 1979; Alexander 1987). Prolonged exposure to air 
temperatures greater than 45°C can cause “heat girdling” of stem cortex tissue in 
succulent seedlings, resulting in seedling death (see Tranquillini 1979; Alexander 
1987 and references therein). Because small seedlings are entirely within the surface 
boundary layer, with little leaf area to provide mutual shading, there are few structural 
mechanisms to ameliorate this environment. Moderately high leaf temperatures can 
lead to heat stress of photosystem II, increased respiration, as well as increased 
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photorespiration, all of which negatively impact seedling carbon balance. 
Biochemical heat stress of small seedlings may be exacerbated by decreased plant 
water status and the inability of juvenile root systems to adequately transport water 
to leaves for transpirational cooling. Root systems of first year seedlings are usually 
shallow (on the order of centimeters), and not fully developed with few lateral roots 
for tap-rooted species (Alexander 1987; Greenwood et al. 2008).

At night in open-canopy microsites, evening near-surface temperatures start off 
relatively warm compared to higher above the ground (due to soil re-radiation of 
absorbed longwave radiation during the day), but by early morning (pre-dawn) the 
temperature near the ground is the coldest section in the air profile. This cold 
temperature is primarily due to the lack of wind in this part of the profile. Such a 
situation allows for effective radiative cooling, resulting in seedling leaf temperatures 
that are commonly 2–4°C below air temperature, and occasionally as much as 8°C 
below air temperature (Fig. 3.1; Hadley and Smith 1987; Jordan and Smith 1994). 
Leaf temperature depressions can promote frost formation even when air tempera-
tures are above freezing. Thus, frost development on seedlings is likely to occur 
more frequently than on taller, adult plants and can occur at the whole plant level, 
not just on individual leaves.

Mass (e.g. CO
2
, H

2
O) fluxes of seedlings inside the near-surface boundary layer 

are also different compared to taller plants, though trends may be different between 
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2
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2
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Fig. 3.1 Comparison of seedling energy balance due to microsite. Calculated energy balances of 
seedlings during midday in open canopy (Midday Open) and understory (Midday Under) micro-
sites, as well as nighttime open canopy (Night Open) and understory (Night Under) microsites. 
Energy balance calculations are based on the equation: Radiation
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out
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flux) + L (Latent heat flux). Assumptions: leaf absorptance = 0.6, leaf emmissivity = 0.97, leaf 
size = 5 cm, wind velocity = 0.5 m s−1, leaf width = 5 cm, leaf shape = flat, horizontal leaf angle 
(angle of incidence = 0°). Variables: relative humidity = 30% (Midday Open), 80% (Midday Under), 
10% (Nighttime Open), 95% (Nighttime Under); midday stomatal resistance = 2500 s m−1; nighttime 
stomatal resistance = 10000 s m−1 (no transpiration)
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vegetation all act to concentrate CO
2
 at the ground relative to upper heights, generating 

typical CO
2
 concentrations of about 450–500 ppm near the ground during evening 

and morning hours, compared to common ambient values of about 380 ppm (Kimmins 
1987; Larcher 2003; Nobel 2005). Greater CO

2
 levels at ground level increase the 

gradient between internal leaf and air CO
2
 concentrations, allowing for a greater 

driving force for CO
2
 movement and potentially, photosynthesis. However, the pho-

tosynthetic advantage due to increased CO
2
 gradients may not be realized in young 

seedlings due to immature root, leaf, and plant architecture systems. While increased 
leaf-level photosynthesis under elevated CO

2
 concentrations has been observed in 

seedlings of tropical broadleaved tree species (Holtum and Winter 2003) and temper-
ate conifer trees (Reinhardt and Germino, unpublished data), other researchers have 
reported no difference, or slight decreases, in photosynthesis in seedlings in both 
seedbed and greenhouse experiments (Tingey et al. 2007). These decreases in photo-
synthesis and overall plant carbon balance in seedlings under elevated CO

2
 levels 

may have been due to seedlings altering allocation patterns vs. overall photosynthesis, 
as well as indirect adverse affects of elevated CO

2
 on photosynthesis, caused by 

drier soils and reduced seed quality. Compared to in the understory, in open-canopy 
microsites the concentration of ground-level CO

2
 is much less and may not differ 

appreciably from CO
2
 concentrations at a height of 1 m (~380–400 ppm), especially 

in the absence of high soil respiration and/or thick herbaceous mats.
Similar to CO

2
, H

2
O vapor concentrations close to the ground also are greater 

compared to above-ground heights typical of saplings and trees (>1 m), for the same 
reasons associated with boundary layer as mentioned above. Evaporation of surface 
soil moisture and transpiration from low growing plants such as seedlings, mosses, 
and small herbs (“surface evapo-transpiration”) is minimized within the soil bound-
ary layer, and primarily controlled by conduction. In the absence of ground-level 
(<5 cm) wind and/or radiation, near-surface air humidity is “trapped” at ground 
level and is much greater compared to higher above the surface for many hours of 
the day. Sunlight irradiance acts to increase boundary layer conductance and promote 
turbulence, even at near surface elevations, especially in spatially heterogeneous 
understory sunlight environments. Nevertheless, surface humidity in forests is 
greater, and with less diurnal fluctuation, than higher in the canopy for all hours of 
a typical day. For both deciduous and conifer temperate forests, ground-level 
relative humidity averages about 80% for a clear summer day, and typically ranges 
from about 50% to 95% during the day (Geiger 1965; Elias et al. 1989; Tappeiner 
and Cernusca 1998; Larcher 2003). At heights near and above the forest canopy, 
daily relative humidity averages about 60%, commonly fluctuating from 30% to 
90% during the day. For a conifer plantation in Europe, near surface air humidity 
was >80% for 14 h of the day, while at 10 m relative humidity was above 80% only 
8 h of the day (Geiger 1965).

When air humidity is high, H
2
O gradients between inside the leaf (assumed 

relative humidity near 100%) and the air are smaller (as is the case in still air). 
Consequently, water fluxes are minimal because the driving force for transpiration is 
reduced. In mesic forests, near-surface conditions in dark understories can be wet and 
cool 24 h a day. Such conditions in the southern Appalachian Mountains, USA led to 
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low seedling water stress (water potentials never less negative than −0.75 MPa) for 
all times of the day (Johnson and Smith 2005; Reinhardt et al. 2009). However, in 
the absence of protective snowpack, evergreen seedlings in a mesic forest may be 
exposed to extended periods of freezing conditions during the winter.

2.3  Importance of Ecological Facilitation  
to Seedling Environment

Although the presence of neighboring vegetation can result in competitive interac-
tions that can adversely affect seedling survival, many species benefit from facilita-
tive interactions. Many of the stressful environmental conditions mentioned above 
can be ameliorated to some degree by neighboring structures, such as tree canopies, 
herbaceous species, rocks, or even topographical depressions that provide some degree 
of protection against exposure (Ball et al. 1991; Berkowitz et al. 1995; Greenlee and 
Callaway 1996; Callaway and Walker 1997; Hastwell and Facelli 2003; Hughes 
et al. 2009). Such “facilitation” has been shown to protect young seedlings from high 
intensity sunlight exposure, radiative cooling at night, low temperature photoinhi-
bition, and damaging winds (e.g. Hadley and Smith 1987; Germino and Smith 1999; 
Maher et al. 2005; Maher and Germino 2006). In commercial forestry, seedlings are 
often planted in close association with “nurse trees” which can result in substantially 
enhanced seedling survival and/or growth (Schlesinger and Williams 1984; Ashton 
et al. 1997). In natural systems, facilitation plays a large role in primary succession 
and in ecotone migration (e.g. Connell and Slayter 1977). For example, Germino 
and Smith (1999) showed that emergent seedling abundance in the alpine ecotone 
in Wyoming was greatest in microsites located partially under krummholz mats 
(40–80% sky exposure), and that nighttime warming treatments (simulating protec-
tive herbaceous cover) increased Abies lasiocarpa seedling photosynthesis by about 
400%, and Picea engelmannii seedling photosynthesis by about 150%. Furthermore, 
Maher et al. (2005) demonstrated that Pinus albicaulis seedlings had less negative 
water potentials (less water stress) and greater maximal quantum efficiency (F

V
/F

M
) 

in microsites with overstory vegetation cover. Belowground ecological facilitation 
also has been shown to increase seedling growth and survival. Between 90% and 
95% of all plants benefit from associations of mycorrhizal fungae with their root 
systems. Such associations usually occur within days or weeks of germination 
(Janos 1980; See and Alexander 1996), and effectively increase the surface area of 
root systems (100- to 1000-fold) allowing for greater water uptake by plants (Smith 
and Read 2008). Furthermore, mycorrhizal infection of seedlings results in increased 
growth rates and greater nutrient uptake in many species (e.g., Janos 1980; Allsop 
and Stock 1995).

Apparently, proximity to neighboring vegetation can affect the degree of mycor-
rhizal infection of roots. Hasselquist et al. (2005) showed that colonization of spruce 
and fir seedling roots by mycorrhizae were fourfold greater in seedlings adjacent to 
tree islands compared to seedlings ~7 m away from tree islands, and that colonization 
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increased seedling water potentials. Dickie et al. (2005) found that seedlings had 
greater degrees of mycorrhizal infection near forest edges, but that there was an 
optimal distance that minimized shading while still providing benefits of a high 
degree of mycorrhizal colonization. Beyond facilitating macro-nutrient acquisition, 
recent research suggests that there is also an exchange of carbon, nutrients, and 
water between facilitating (host) plants and seedlings, occurring on time scales of 
weeks (He et al. 2006). In stressful environments where carbon gain is limited, this 
extra source of carbon may be crucial for seedling survival.

3  Early Seedling Development

Seedlings are entirely dependent on seed energy reserves until cotyledon or leaf 
machinery is developed enough for photosynthetic carbon capture and until radicle 
development has progressed to be able to supply the photosynthetic tissues with 
water and nutrients. The function of cotyledons ranges from purely storage of 
reserves for growth (e.g., Phaseolus, Quercus; de Vogel 1980; Kitajima 2003) to 
photosynthetic tissue that is physiologically indistinguishable from that of true 
leaves. Photosynthetic cotyledons can possess many of the same traits as mature 
leaves, including stomata and differentiated mesophyll tissue (e.g. Sasaki and 
Kozlowski 1969). It is noteworthy that the cotyledons of gymnosperms species are 
always green, even with no exposure to light, whereas eudicot species require light 
for cotyledon chlorophyll development (Niklas 2008).

Generally, the cotyledons maintain the same function for all seedlings of a spe-
cies, and all function in the same capacity. However, it has been documented that 
certain members of the Piperaceae have one cotyledon that functions in storage and 
transfer of reserves from within the seed coat and one that emerges (Bell 1991) and 
may be photosynthetic (Leck and Outred 2008). Both types of cotyledons exist in 
most forest types (Garwood 1996), although boreal and subalpine forests (primarily 
conifer-dominated), are populated with species with primarily photosynthetic coty-
ledons. Additionally, small-seeded species tend to have photosynthetic cotyledons 
(Fenner and Kitajima 1999). Cotyledon size and number can vary dramatically, 
even within a single family. For example, the number of cotyledons in Pinaceae 
seedlings ranges from 3 to 18 (Lubbock 1892) and cotyledon size ranges from 
several mm to over 7 cm (Griffin 1962). Most eudicots simply have two cotyledons 
(as their name would indicate) and the majority of gymnosperms have between two 
and six (Leck and Outred 2008). In general however, eudicot cotyledons have a 
much greater diversity in morphology and function than do those of gymnosperms 
(Ji and Yi 2003; Niklas 2008).

The structural and functional differences between cotyledon and primary 
leaves in a tree species have been studied most comprehensively in Abies fraseri 
(see Table 3.1). Johnson et al. (2005) found that in cotyledons and primary 
needles of A. fraseri from the same light environment, there were distinct differ-
ences in cotyledon vs. needle structure as well as in light processing properties. 
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Table 3.1 Anatomical and physiological characteristics of Abies fraseri cotyledons and primary 
needles (Numbers in parentheses are standard errors; data compiled from Johnson et al. 2005 and 
Reinhardt et al. 2009)

Leaf 
thickness

Leaf area 
palisade 
(%)

Depth of 
maximum 
[Chl]

Stomatal 
distribution A

SAT

Apparent 
quantum 
efficiency

Light 
saturation 
point

Cotyledon 355 (11) 14.7 (1.7) 325 Adaxial 2.47 (0.08) 0.031 
(0.004)

 96.3 
(1.1)

Primary 
needle

331 (24) 24.2 (0.7) 280 Abaxial 2.50 (0.19) 0.014 
(0.003)

244.3  
(74.2)

Cotyledons of A. fraseri had significantly longer palisade cells than those of primary 
needles (ca. 56 versus 46 mm, respectively), but had less palisade per unit cross 
sectional area (24% in primary needles, 15% in cotyledons). Additionally, chlorophyll 
concentrations in cotyledons were shifted toward the abaxial surface as compared to 
primary needles, as interpreted from chlorophyll fluorescence. This combination of 
characteristics resulted in deeper propagation of red and blue light into cotyledons of 
A. fraseri compared to primary needles. Reinhardt et al. (2009) found that there were 
no significant differences in maximum photosynthesis in primary needles versus 
coty ledons in A. fraseri but that the light required to saturate photosynthesis was 
two to four times greater in primary needles than in cotyledons. In addition, the 
apparent quantum yield was two times greater in cotyledons than primary needles. 
Cotyledons of A. fraseri appear to be more effective, as compared to primary needles, 
at utilizing very low levels of sunlight, which would be typical of a closed-canopy 
forest understory.

The stresses that seedlings are exposed to in the germinating environment are 
initially experienced entirely by the embryonic tissues and directly affect the tissues 
that grow from them. In general, many seedlings show a remarkable degree of phe-
notypic plasticity across environmental gradients (e.g. Greenwood et al. 2008), 
although certain traits display little variation even when there is substantial environ-
mental variation (see Day and Greenwood 2011). In the rest of this section, we 
review changes in the structure of organs and allocation of biomass to shifts in the 
availability of two main resources to seedlings: light and water.

Little work has examined the effect of light regime on the structure of cotyledons, 
but it has been shown that chlorophyll concentration increases in cotyledons of 
Pinus pinaster germinated and allowed to develop in white light (as compared to 
dark-grown seedlings, Cánovas et al. 1991) and in cotyledons of Tabebuia rosea 
grown in high light (as compared to low light, Kitajima and Hogan 2003). It is 
noteworthy that cotyledon photosynthetic potential may be inversely related to 
cotyledon thickness (Kitajima 1992), which would be the opposite of the trend in 
true leaves. For true leaves of young seedlings, a meta-analysis of five separate 
studies with varying light conditions revealed no trends in differences in specific 
leaf area (SLA; leaf area per mass) or the leaf mass ratio (ratio of leaf to total mass 
of the plant) for woody species (Wright and Westoby 2001). When different species 
were compared at a common size, though, all species had greater SLA in low vs. high 
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light (Reich et al. 1998), which was also observed across leaf size in three liana and 
two tree congenerics as well as in seedlings of Tabebuia rosea (Kitajima and Hogan 
2003; Cai et al. 2008).

At the level of the whole seedling, allocation patterns tend to change with differ-
ences in light regime. It has been widely observed that species increase shoot mass 
relative to whole plant or root mass in low vs. high light (Smith 1976; Reich et al. 
1998). What has not received as much attention is the anatomical changes in the 
wood associated with the changes in allocation. In a classic study, Denne (1972) 
found that under normal growing conditions tracheid diameter and wall thickness 
increased towards the root tip in Picea and Pinus seedlings, and that transferring 
them to shorter day lengths (decreasing integrated daily light) caused the tracheids to 
narrow throughout the plant due to slower expansion rates. In Picea this result was 
also observed when comparing high and low light intensity treatments rather than 
day length (Denne 1974). However, Denne (1976) found that after an initial decline 
in the expansion rate as a response to a decline in light, which lasted approximately 
2–3 weeks, the photosynthetic efficiency increased and then tracheid dimensions 
and number increased again, as well.

Unlike for Picea, for Eucalyptus grandis seedlings grown at constant low vs. 
high intensity light regimes, differences in vessel diameter and number continued 
for weeks (Doley 1979). Using data from Doley (1979) on changes in vessel lumen 
area, number and total vessel area: leaf area ratios over time, we used the Hagen-
Poiseuille equation (Tyree and Zimmermann 2002) to calculate theoretical values of 
hydraulic conductivity and leaf-specific conductivity (conductivity/leaf area) for 
seedlings growing in each light regime (Fig. 3.2). Each value of hydraulic function 
was calculated relative to the maximum day-7 value (7 days after germination, a 
date at which seedling sizes were not significantly different between treatments, 
Doley 1978), which for both cases was for the low light intensity seedlings. In fact, 
the seedlings growing in low light intensity had greater theoretical hydraulic- and 
leaf-specific conductivity than did those at high light at day 7 and day 14. This trend 
was reversed by day 21 after which the seedlings growing in high light intensity 
outpaced the low intensity seedlings in both measures of hydraulic efficiency. By 
day 49, the high-light seedlings had nearly 600 times the theoretical hydraulic 
conductivity that the low-light seedlings had had on day 7, and more than four times 
the value of the low light seedlings of the same age. These increases were caused by 
the addition of more and wider vessels to the xylem relative to the low light intensity 
seedlings. Increases in leaf area resulted in smaller differences in hydraulics when 
compared on a leaf-specific scale (Fig. 3.2b). However, by day 49 the leaf-specific 
conductivity of the high light grown plants was >11 times the day-7 value of the low 
light seedlings, and more than double when comparing hydraulic function of the 
low light plants on day 49.

The functional consequences of these patterns (Fig. 3.2) are apparent when the 
values from the two panels are compared. For the high light seedlings, the increase 
in the theoretical hydraulic conductivity between days 21 and 28 is insufficient to 
compensate for the increase in leaf area, and the leaf-specific value does not increase. 
The low light grown seedlings exhibit a drop in leaf-specific conductivity because 
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Fig. 3.2 The change in 
theoretical values of hydraulic 
conductivity (a) and 
leaf-specific hydraulic 
conductivity (b) over the first 
49 days after germination in 
Eucalyptus grandis seedlings 
grown under high (12.6 mol 
m−2 day−1 photosynthetically 
active radiation) and low 
(2.8 mol m−2 day−1) light 
intensity. Hydraulic values are 
relative to the maximum value 
for either growth treatment on 
day 7 (which was the low 
light value for both panels). 
Hydraulic values were 
calculated from anatomical 
data in Doley (1979)

the hydraulic conductivity did not increase in concert with the leaf expansion. 
Unfortunately, the data are not available to determine if this disconnect between 
the hydraulic supply and leaf area resulted in limited carbon assimilation due to 
stomatal closure.

A number of studies have examined the effect of limited water supply on root 
and shoot structure. In particular, Padilla et al. (2007) showed that when water is 
less available, individuals of three Mediterranean shrub species tend to elongate 
their roots relative to individuals of the same species growing under conditions of 
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greater soil moisture. This response to grow deeper roots can enhance seedling 
survival in habitats with prolonged droughts where deeper soil layers may maintain 
more moisture than the top layers (Padilla and Pugnaire 2007). When congeneric 
pairs consisting of one species from a high rainfall environment and one species 
from a low rainfall environment were grown under common and favorable condi-
tions, most low-rainfall species had lower specific root length (length per mass of 
roots) relative to their high-rainfall congeneric (Wright and Westoby 1999; Nicotra 
et al. 2002). The root systems of the low-rainfall species also showed greater 
elongation of the main axis of the root system, but fewer and shorter side branches 
(Nicotra et al. 2002). Although the theoretical axial hydraulic conductivity of the root 
systems were calculated and no differences were found between the congenerics, it 
is unclear what impact the thicker roots (i.e., lower specific root length) would have 
on the radial conductivity and thus the entire hydraulic conductance of the root 
network. As the plant hydraulic conductance is proportional to the photosynthetic 
rate (Hubbard et al. 2001; Meinzer and Grantz 1990; Sperry et al. 1993), plants 
would benefit from maximizing their root conductance, yet the tools and techniques 
to measure this value in seedlings are not currently developed.

4  Future Research

Due to their small size and fragile nature, it is difficult to measure the physiology of 
emergent seedlings. For example, it is difficult to clamp young seedlings into tradi-
tional gas exchange chambers without destroying the seedling. In addition, it typically 
requires several individual seedlings inside the same chamber to achieve a signal to 
noise ratio high enough to make the measurements reliable. Consequently, many 
seedlings end up being sacrificed for a set of physiological measurements, which is 
especially problematic when working with limited numbers of naturally-occurring 
seedlings. It is also difficult to perform water potential measurements, due to  
the small diameter of the cut end and the difficulty in recognizing the balance pres-
sure. Furthermore, measures of hydraulic conductance on emergent seedlings are 
nonexistent because our current methods are primarily designed for woody tissues. 
In addition, naturally-occurring seedlings may only be available only every few 
years due to natural cycles in reproductive output, so most researchers rely on 
planted seedlings (germinated in the greenhouse) or greenhouse studies, which may 
not be reflective of naturally-occurring seedling microclimate and physiology.

However, there are promising strategies and new methods being developed 
that could be easily adapted to emergent seedling physiology. Techniques that could 
be adapted to the study of young seedlings include chlorophyll fluorescence for studies 
of photosynthetic potential (or photoinhibition); using smaller chambers for 
measuring gas exchange of single cotyledons (e.g. LICOR Arabidopsis chamber); 
and the rehydration kinetics method (Brodribb and Holbrook 2003), previously 
used for leaf hydraulic conductance, could be used to measure seedling hydraulic 
conductance. There are also tools that are independent of size: tissue osmometry for 
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measuring solute concentrations, use of Lockhart-based analyses of growth, and 
studies of gene expression and gene product inactivation (e.g. aquaporins) with 
inhibitory chemicals.

Overarching questions about which little is known and that are likely to be fruitful 
in the near future include the following. (1) What are the adaptive nature of different 
cotyledon structures? Much work has been done on classification of seedling types 
(e.g. Garwood 1996) and on relationships between cotyledon or seed size/mass and 
survivorship (Kitajima 1996; Bonfil 1998; Moles and Westoby 2004a). However, 
we know very little about the adaptive significance of cotyledon shape (and why 
cotyledons are often very different from primarily leaves), orientation, internal 
structure, stomatal distribution, cuticular qualities, etc. An energy balance approach 
incorporating these cotyledon parameters along with the very low wind speeds 
found near the ground might be particularly elucidative. (2) What determines the 
timing of the transition between cotyledonous and the first true leaves, and is this 
transition a time of greater mortality? Does carbon balance or water status determine 
whether or not young seedlings flush a new set of primary leaves or is it more closely 
related to environmental conditions (e.g. temperature degree days, red:far-red 
ratios, etc.) or determined entirely by genetic cues? (3) What are the hydraulic 
properties of young seedlings and how are they affected by different types of stress? 
Measurements of hydraulic conductivity and conductance of various parts of emer-
gent seedlings and their vulnerability to hydraulic dysfunction during drought or 
freeze-thaw conditions could be particularly informative, especially for predictions 
of future species or community migration under climate change. A greater under-
standing of how seedling hydraulics impacts carbon gain and seedling survival will 
allow more accurate predictions of seedling establishment and population range 
shifts under different predicted scenarios of future climates.
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Abstract Through their life stages, long-lived forest trees must adapt to challenges 
resulting from vast changes in size and external environment. Trees accomplish 
this by producing new tissues and growth habits adapted to specific life stages by 
pluripotent meristems. The morphology and physiology of these new tissues are 
determined by complex interactions of the external and internal environments of 
the tree, and gene expression both within meristems and during differentiation of 
cells produced by meristems. The trajectories of various age-related changes are both 
inter-related and independent at various scales, and, for the majority of species, are 
not purely physio-mechanical responses to increased tree height. Understanding the 
relationships between tree developmental state, tree size and its environment requires 
both a whole-tree approach integrated through time to encompass life stage strate-
gies, and a molecular approach to understand the cues, transduction pathways and 
epigenetic mechanisms that regulate whole-life ontogeny.

1  Introduction

Forest trees are not only long lived but undergo immense changes in size over their 
life spans. Therefore, they must adapt not only to substantial variation in microclimate 
and edaphic conditions, but also must cope with the demands of vast increases in size 
and complexity of their vegetative bodies. Continual growth throughout the tree 
lifetime derives from its pluripotent meristems, the shoot and root apical meristems 
(SAMs and RAMs, respectively) and the cambia that provide for growth in girth. 
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Pluripotent meristems are capable of producing new tissue within a genetically 
determined range of cell types and continual replacement of meristem initials. The 
daughter cells produced by the meristem initials retain developmental plasticity 
until differentiating into specific cell types such as parenchyma, epidermal tissues, 
xylem or phloem (Steeves and Sussex 1989). As ontogeny (whole-tree develop-
ment) progresses, the behavior of meristems and tissue maturational processes that 
regulate the properties of the new plant organs undergo changes that are life-stage 
specific. For example, the frequency of reproductive organs increases and foliage 
often becomes more massive. Of particular interest to foresters, forest managers 
and others is the ontogenetic course of stem wood productivity, which is a principal 
factor in determining optimum age for harvest as well as a basis for estimating rates 
of carbon sequestration in forests.

The intricate relationships between size, age and ontogenetic life-stage results in 
significant challenges to understanding the trajectories of morphological and physio-
logical changes over a tree’s lifetime. A germinant competes for light and nutrients in 
a very restricted area both horizontally and vertically, but, as it increases in size, a tree 
exploits a habitat that expands exponentially in both dimensions. In parallel, exponen-
tial increases in size require modification in strategies for transport of water, nutrients, 
and carbohydrates, communication between plant tissues, and addressing static and 
dynamic forces. Here we review our current understanding of how temperate conifers 
cope with both changes in the external environment faced by their roots and shoots, as 
well the consequences of their ever more complex vegetative structure.

In a competitive and often physically hostile world, physiological and morpho-
logical adaptations that serve the individual well in any particular life stage may 
prove mal-adapted to survival in another life-stage. For instance, relatively low 
shoot-to-root ratios (S:R) in seedlings, which must rely on the upper soil strata for 
water, may not be adaptive in later life-stages when canopy competition for light is 
the key to survival. Size-related trajectories of changes in heritable traits such as 
height growth provide evidence for the life-stage independence of conifer ecophysi-
ological strategies. For example, the correlation between family rankings in height 
growth between first year germinants (where differences among families are highly 
significant) with those of mature trees in the same families is nearly zero (Lambeth 
1980). Many tree improvement programs have attempted to recognize individuals 
with superior growth potential in germinant/seedling stages in order to decrease 
generational turnover times. Even though heritable physiological traits have been 
identified in many of these studies, a lack of correlation between life-stages has 
made predictive efforts largely unsuccessful (Pharis et al. 1991; Greenwood and 
Volkaert 1992). Ecophysiological attributes tested in this regard include photosyn-
thetic rates and quantum efficiency, water use efficiency, chlorophyll content, spe-
cific leaf mass, shoot-root ratios, metabolic efficiency and hormone levels. These 
evaluations have been made on a wide variety of temperate conifers including Picea 
abies (Larsen and Wellendorf 1990), Pinus sylvestris (Nilsson and Anderson 1987), 
Pinus resinosa (Carter et al. 1990), and Picea mariana (Sulzer et al. 1993).

We suggest that there are two broad categories of mechanisms that regulate age- 
(or size-) related changes in tree growth habits. The best studied, though certainly 
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not yet fully understood, group of mechanisms are the physical constraints that occur 
through the interaction of the external environment with the morphological and 
physiological attributes of a tree. These biophysical constraints can be viewed as 
limitations placed on tree growth, development and/or productivity by a mechanistic 
interaction of the controlling factor(s) with a species’ phenotypic possibilities. For 
example, the role of hydraulic biophysical constraints in determining the height of the 
tallest trees has been examined by Yoder et al. (2004), Koch et al. (2004), McDowell 
et al. (2005), Domec et al. (2008), Woodruff et al. (2008), and is discussed in several 
chapters in this volume (McDowell et al. 2011; Mencuccini et al. 2011; Scholz 
et al. 2011; Woodruff and Meinzer 2011).

The second group of mechanisms acts through the behavior of meristems and/or 
the differentiating cells they produce to develop tissue and organs that exhibit age-, 
life-stage- or size-specific evolutionarily adaptive properties. These mechanisms 
may result from size-independent changes in meristem behavior or be entrained by 
“cues” in the external environment or within the tree itself followed by transduction 
of signals to the meristem and/or developing cells. The results are phenotypic 
changes that either react to or anticipate potential challenges associated with a 
particular life-stage. In many cases these pathways act to circumvent or minimize 
biophysical constraints, or they may have evolved to counteract life-stage specific 
challenges to survival.

Meristematic behavior is controlled by complex interactions of patterns of gene 
expression in response to environmental and organismal cues (Poethig 1990). Day 
et al. (2002) proposed a classification for trends in life-stage attributes based on the 
pathways controlling meristematic behavior: extrinsic, intrinsic and complex, poten-
tially synergistic, interactions (Table 4.1). Extrinsic control is characterized by 
reversible responses to cues external to the meristem. This would include not only the 
environment external to the tree, but also cues originating from the previously devel-
oped tissues and organs of the tree. Extrinsic pathways affect development of new 
cells and tissues only after their production by meristematic initials. They are readily 
reversible as external cues or stimuli change, but may or may not show reversibility 
in already differentiated tissues. Morphological and physiological attributes of sun-
adapted and shade-adapted foliage are well known examples of extrinsic control.

In contrast, intrinsic controls involve epigenetic changes in meristematic gene 
expression and tend to be relatively irreversible. The cues that initiate intrinsic path-
ways may originate within the meristem itself or may be regulated by external cues 
operating through transduction pathways. Cues internal to meristems would involve 
gene induction and epigenetic changes in genes analogous to aging in animals, 
where genetic changes result from mechanisms such as telomere shortening, his-
tone modification or DNA-methylation. While internal epigenetic “time-keeping” 
appears to occur in the meristems of some annual species, the mechanisms have not 
been elucidated, and their relevance to long-lived perennials is uncertain. However, 
intrinsic meristem behaviors entrained by cues external to the meristem do appear 
to be important drivers of age-related trends in conifers, as identified by reciprocal 
grafting among trees of various age-classes (Table 4.1). Intrinsic behaviors, such as 
the phase-change to reproductive competency, are generally irreversible by normal 
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external conditions, or may, as with branching habit, be only slowly or incompletely 
reversible (Greenwood et al. 2010).

The results of tree- and organ-level studies suggest that many age-related trends 
are complex interactions of extrinsic and intrinsic control pathways. For example, 
increasing needle width is a robust, nearly universal, age-related trend in temperate 
conifers. However, reciprocal grafting studies, where scions from donors of differ-
ent age classes are grafted onto rootstocks of the same age groups, suggest complex 
control pathways. In red spruce, grafted scions retain much of the needle width 
attributes of their donor age class, but also assume the character of their rootstock to 
a substantial degree (Fig. 4.1).

In addition to ontogenetic trajectories, evolutionarily successful, long-lived species 
also respond plastically to external (and internal) stresses that may occur seasonally, 
gradually over extended periods of time, or stochastically at any life-stage. The sepa-
ration of more ephemeral plastic changes and true ontogenetic trajectories presents a 

Table 4.1 Summary of factors affecting meristem behavior in red spruce

Life stage:

Traits regulated by:

Intrinsic factors Extrinsic factors

Germinant Acicular needles None apparent
Chlorophyll development
High root shoot ratios
Neoformed growth
No reproductive competence

Seedling Shade-tolerance response
Low foliar LMA

Neoformed growth (expressed 
under high light, moisture)

Photosynthetic capacityHigh branch density
No reproductive competence
High stomatal sensitivity to VPD

Sapling Shade-tolerance (early sapling) or 
shade-avoidance responses

Increasing LMA, decreasing 
needle L:W

Increased LMA, decreased needle L:W Increased apical control
Declining R:S ratio
Branch density declines

Precocious reproduction under 
stress

Photosynthetic capacitySome reproductive potential

Young-mature High LMA, decreasing needle L:W
Full reproductive competence
Apical control maximized?

High LMA, decreasing needle 
L:W

Maximum apical control
Photosynthetic capacity

Old growth Maximum LMA, minimum L:W Maximum LMA, minimum L:W
Full reproductive competence Apical control declines
Water use efficiency increases? Water use efficiency increases?
Carbon allocation strategy? Carbon allocation strategy?

Intrinsic factors are relatively permanent ontogenetic changes in meristem behavior. Extrinsic 
mechanisms are the responses of differentiating cells to the environment external to the meristem, 
including increased tree size. Attributes with both intrinsic and extrinsic regulation will appear in 
both columns. Question marks indicate potential but unconfirmed attributes. See text for details
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major challenge for physiologists studying tree aging processes, as they may appear 
phenotypically mixed. Extrinsically controlled developmental pathways may show 
substantial phenotypic plasticity to environmental variables such as light intensity, 
water availability and mineral resources, while intrinsic aspects and would tend to 
exhibit a lower degree of plasticity, but follow ontogenetic trends that have proved 
successful for the species in the past. Another factor critical to our understanding of 
ontogenetic trajectories is the almost inevitable relationship between life-stage and 
tree size, which may cloud our analysis of intrinsic and extrinsic mechanisms. At the 
whole-tree level, reciprocal grafting and clonal approaches have provided valuable 
insights into potential regulatory mechanisms and illuminated new directions for 
research. We are now entering a new and exciting phase, where genomics can be 
coupled with whole-tree physiology to explore age-related changes in gene expression 
that can be ultimately associated with meristem gene regulation and environmental 
and within-tree cues, and the transduction pathways that link them.

2  Regulation of Conifer Vegetative Ontogeny

The conifer ontogenetic trajectory or progression of life-stages includes phase-
change or maturation, terms more appropriately used to describe the often dramatic 
and more temporally restricted transition between vegetative and reproductive 
development. Other life-stage transitions will exhibit more gradual and less defined 
boundaries. This section describes the morphological and physiological changes 

Fig. 4.1 Needle widths of old (125 y+) scions on young (5 y) rootstock and young scions on old 
rootstock 3 years post-grafting. The right hand columns show needle widths on non-grafted 
rootstock branches for comparison. The intermediate needle widths of scions suggest that this 
characteristically age-related attribute is regulated by both intrinsic and intrinsic pathways. Letters 
indicate significant differences with Tukey’s HSD test at a = 0.05, n = 20
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associated with vegetative development in temperate conifers and their potential 
controlling pathways. Control of the transition from juvenile (pre-reproductive) to 
reproductive maturity is discussed in Sect. 3.

2.1  Germinant and Seedling Stages

The germinant stage begins with the extrusion of the embryonic radicle beyond 
the seed coat and lasts until the root system secures a source of water that permits 
further plant growth and the development of true leaves (as opposed to cotyledons), 
(Leck and Outred 2008). If this establishment process is not accomplished before 
seed resources are depleted the germinant perishes. This stage may occupy only the 
first few post-germination weeks, or may extend through much or all of the first year 
of growth. In temperate conifers, intrinsic pathways appear to dominate most onto-
genetic characteristics and trajectories of germinants (Table 4.1). Germinants and 
young seedlings show little plastic response to extrinsic environmental conditions. 
For most angiosperm germinants, light cues through phytochrome red:far-red sens-
ing and blue-light reception are critical to initiate development of photosynthetic 
systems and other seedling de-etiolation processes. However, in conifers these 
processes are usually uncoupled from light perception, with germinants developing 
chlorophyll and photosynthetic capabilities in the dark (Bogorad 1950; Shinya et al. 
2001; Matthews 2005). Pools of phytochrome analogs have been identified in Pinus 
elliottii and Pseudotsuga menziesii seedlings, although at far lower concentrations 
than typical of angiosperm seedlings, and the physiological ramifications of these 
low concentrations are not understood (Burgin et al. 1999).

In conifers early patterns in R:S allocation appear to be substantially under intrin-
sic control. That is, species differences in early growth allocation are strongly main-
tained despite variation in resource availability (Day et al. 2005; Greenwood et al. 
2008a), although response to above and below-ground resource ratios may modify 
intrinsic shoot-to-root ratios in second and third year seedlings (Day et al. 2005). 
Greenwood et al. (2008a) demonstrated that shoot-to-root ratios (S:R) in red spruce 
(Picea rubens Sarg.) and balsam fir (Abies balsamea Mill.) did not vary with soil 
volumetric water content of 15–75% during the first 105 days of growth. The timing 
of strict intrinsic control in germinants is highly species-specific. S:R and root length 
in balsam fir germinants and first-year seedlings was unaffected by light environ-
ments of 10% and 70% ambient sunlight during their first growing season (210 days). 
In contrast, red spruce responded to the higher light environment, and presumably 
greater evaporative demand, by increasing both S:R and root length after 90 days of 
growth. Consistent with the concept that early developmental patterns in conifers 
are “pre-programmed” by intrinsic mechanisms, most species exhibit limited or no 
plasticity in physiological response to varying light environments. Landhäusser and 
Lieffers (2000) found very limited photosynthetic plasticity in seedlings of cool tem-
perate and boreal conifers growing in different field light environments, and Lavigne 
et al. (2001) reported no gas exchange (photosynthetic or stomatal conductance) 
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responses to experimentally manipulated light-environments in second-year balsam 
fir seedlings.

Most temperate conifers appear to retain a large degree of intrinsic control of 
foliar morphology throughout their seedling stage. Conifer seedling foliage from 
all needle-leaved species has been consistently characterized as having the highest 
specific leaf area (SLA, cm2 g−1), lowest needle width, greatest length-to-width ratio 
and a pronounced acicular form (Steele et al. 1989; Day et al. 2001; Greenwood 
et al. 2009). In pines, seedlings have acicular primary needles borne individually on 
stems with typical fascicular bundles developing subsequently. Many of these foliar 
morphological characteristics are partially retained in the foliage produced by juve-
nile meristems grafted into the tops of mature understock for many growing seasons 
(Fig. 4.1), suggesting a genetic “memory” for these traits that is not readily and 
completely altered by external factors, a characteristic of intrinsic mechanisms (Day 
et al. 2001; Rebbeck et al. 1992; Greenwood et al. 2010).

Strong intrinsic regulation is consistent with temperate conifer reproductive 
strategies. Temperate conifers cannot be characterized as either “r-type” seed pro-
ducers (such as aspen) that produce massive quantities of widely dispersed seeds, 
or as typical “k-type” producers (such as oaks) with large seeds containing robust 
supplies of resources. In addition, conifer seeds do not exhibit the extended seed 
dormancy associated with survival in seed banks and mechanisms for detecting 
favorable germination conditions.

Conifer germinants and young-seedlings follow adaptive strategies based on 
intrinsic programming which have been proven successful in previous generations. 
Key components of the juvenile strategy are high area-based photosynthetic rates 
compared to later life-stages (Bond 2000) and relatively low per area foliar struc-
tural costs (Day et al. 2001) and neoformed growth (Greenwood et al. 2008a; Powell 
2009), all attributes being adaptive for a life-stage having needles with a high prob-
ability of loss to herbivory or physical damage, or obsolescence from competitive or 
mutual shading. Little is known about comparative photosynthetic rates between 
first-year germinants and older seedlings. In red spruce (Picea rubens Sarg.) and 
balsam fir (Abies balsamea (L.) Mill.) germinants, Zazzaro (2009) found 40–50% 
higher rates of light-saturated photosynthesis in germinants than second-year seed-
lings grown in simulated understory light environments. Such high differences in 
the germinant-seedling transition are consistent with both a strategy of maximizing 
the capture of resources needed for establishment in the germinant stage and the 
rapid changes in foliar morphology documented to occur during the earliest seed-
ling years (Day et al. 2001; Steele et al. 1989).

2.2  Seedling to Small-Sapling Stage

The transition from early seedling to sapling stages is generally marked by an 
enhanced interaction between meristems and extrinsic factors (Table 4.1). In  conifers 
with preformed growth habits this transition is often associated with a departure 
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from neoformed growth and formation of a resting bud with some or all of the 
 second-year foliar and branch primordia preformed inside (Greenwood et al. 2009). 
In shade-intolerant species with high relative growth rates the sapling stage may last 
only a few growing seasons, while in shade-tolerant species growing under an exist-
ing canopy this stage may extend for several decades (Seymour 1992). In this life-
stage resource allocation and crown development appear to be highly contingent on 
the light environment. When developing under an existing canopy, shade-tolerant 
seedlings such as red spruce and balsam fir and mid-tolerant species such as white 
pine show little height growth, in contrast to individuals growing in the open. This 
shade-tolerance response enhances the ability of seedlings and small saplings to 
survive extended periods in the understory in anticipation of future canopy distur-
bance by maximizing light capture and minimizing respiratory costs. Balsam fir 
develops a crown with greatly shortened internodes and its longest branches near 
the apex, assuming a “candelabra” appearance (Davis 1991). White pine (Pinus 
strobus) similarly minimizes orthotropic (upright) stem growth with most allocation 
going to extensive plagiotropic (horizontal) branching, which can exceed 90% of 
sapling height (O’Connell and Kelty 1994). The mechanisms underlying control of 
crown form (extension growth as opposed to branchiness) in these shade-tolerant 
species is not understood but grafting studies suggest complex extrinsic-intrinsic 
pathways in red spruce (Greenwood et al. 2010). Light intensity, red:far-red wave-
lengths and blue light wavelengths are all potential environmental cues for the 
shade-tolerance response.

In seedlings and saplings of shade-intolerant angiosperms, the ratio of red to far-
red light wavelengths (R:FR) is a determinant of stem elongation. R:FR is decreased 
by transmission and reflection from the foliage of neighbors or an existing overhead 
canopy. The lower R:FR is sensed by phytochrome, which releases stem growth 
from genetic inhibition (Franklin and Whitelam 2005). The result is the classic 
shade-avoidance response of rapid stem elongation and reduced allocation to bran-
ching and stem diameter. Gilbert et al. (2001) demonstrated that this shade avoidance 
response is far greater in shade-intolerant than shade-tolerant hardwoods. De la 
Rosa et al. (1998) enhanced stem growth in Scots pine (Pinus sylvestris) seedlings 
by 20% by providing far-red enriched sidelight. In their study overall biomass 
decreased by 15% in treated seedlings, presumably from lower relative allocation to 
light-harvesting foliage. Similar enhancements in stem allocation and height growth 
have been reported for black spruce (Picea mariana), white spruce (P. glauca) and 
jack pine (Pinus banksiana) seedlings by Hoddinott and Scott (1996). Jack pine, 
their most intolerant species, more than doubled height growth with a 21% relative 
increase in stem biomass. Ritchie (1997) reported evidence for a phytochrome 
response for Douglas-fir (Pseudotsuga menziesii) seedlings. In Picea omorika, an 
endemic pioneer from the Balkan region, Tucić et al. (2006) found that the response 
of epicotyl elongation to FR was steady and significant through the first 20 weeks 
post-germination but increased by 60% between weeks 20 and 30, suggesting a 
increasing sensitivity to environment during ontogeny. Potential reception/regula-
tion of stem elongation by blue light wavelengths in conifers has received little 
attention, but is suggested by indirect evidence in Scots pine (Sarala et al. 2007).
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The high RGR potential of seedling and sapling apical meristems has been 
 demonstrated by comparing the growth of grafted scions from juvenile and mature 
donors onto juvenile rootstock (Rebbeck et al. 1992; Day et al. 2001; Greenwood 
et al. 2010). Studies that have evaluated multiple life stages have generally found 
that photosynthetic rates in conifer seedlings or saplings tend to be higher than those 
reported for later stages (Bond 2000; Day et al. 2001). An exception is the deciduous 
conifer Larix laricina in which Greenwood et al. (1989) found greater photosyn-
thetic rates and chlorophyll content in older individuals. This may be related to 
carbon economics of the deciduous habit, a hypothesis that needs evaluation in other 
conifers with annual leaf turnover.

Red spruce juveniles exhibit greater whole-tree hydraulic conductance than 
adults (Greenwood et al. 2010) and are able to photosynthesize at higher rates when 
soil moisture is adequate. However, with low stem hydraulic capacitance, they also 
show greater stomatal sensitivity to leaf-to-air vapor pressure deficits (VPD) than 
adult trees (Day 2000). As seedling and saplings in the forest understory are usually 
subjected to less preconditioning by high VPD than adults, this observation suggests 
that stomatal sensitivity may be an intrinsic adaptive characteristic.

2.3  Late Sapling to Young-Mature (Pole) Stage

These stages are characterized by a decrease in branch density (branches per unit 
stem length) and greater relative allocation to height growth (Powell 2009). In 
shade-intolerant conifers, and shade-tolerant species growing under open condi-
tions, trees transition to this developmental state within the first few years of life. 
In shade-tolerant conifer seedlings growing under an existing canopy, this stage 
usually is initiated by an increase in resource availability due to canopy distur-
bance. Height growth greatly increases during this stage. Foliage becomes more 
massive, with needle width and LMA significantly increasing as a function of 
both extrinsic and intrinsic factors (Fig. 4.1), with parallel trends in both sun-
adapted and shade-adapted foliage (Day et al. 2001). The latter portion of this 
life-stage encompasses the “phase change” between purely vegetative growth and 
reproductive competence (Table 4.1). Both male and female strobili begin to form 
in most species, and reproductive allocation can be readily enhanced by flower 
stimulation treatments (Owens and Colangeli 1989; Caron and Powell 1989). As 
discussed later, bodies of evidence suggest that reproductive maturation is both a 
function of behavioral changes within the meristem itself (Hackett 1985; Poethig 
1990; Greenwood and Hutchison 1993), and changes within the tree external to 
the meristem (Owens and Colangeli 1989) or external to the tree (Caron and 
Powell 1989).

Because of greater allocation of resources to stemwood production, this stage 
has been commonly described as the period of greatest mean annual increment in 
commercial tree species (Smith et al. 1997). With height growth at maximal rates, 
proportional cambial increment is required for structural integrity (King 1990; 2011). 



100 M.E. Day and M.S. Greenwood

From an evolutionary standpoint this allocation to height growth defines the tree’s 
period of maximum vegetative competitiveness.

For most conifers the transition into this life stage marks a point of no return. 
Relative allocation to non-photosynthetic tissue is greatest, and results in a resource 
sink that must be continually supported by allocation to maintenance respiration. 
Trees overtopped by competitors in the “race to the upper canopy” are likely to per-
ish from the effects of a negative carbon balance (Niinemets 2006). Contrary to the 
more general probability of mortality decreasing with ontogeny in trees until maxi-
mum ages are reached (Harcombe 1987), Kneeshaw et al. (2006) found that once 
shade-tolerant conifers leave the seedling or early sapling stage the probability of 
mortality increases during the period of transition to the upper canopy. They ascribed 
this to the inability of trees beyond that transition to reassume a crown form adap-
tive to shaded habitats with horizontally spreading branches and minimal height 
growth. Hemlocks (Tsuga spp.), the most shade-tolerant of temperate conifers, are 
an exception to this rule and often survive multiple release and suppression periods 
in their journey into the canopy.

The cue or cues that initiate vegetative transitions to this life-stage are poorly 
understood, and may act asynchronously with reproductive competence (see below). 
Numerous studies have linked the growth rates of sapling and pole-sized trees to 
light environment and release from competition, and there is indirect evidence that 
R:FR sensing may be involved (Harper et al. 2009). However the phytochrome 
pathway has not been experimentally isolated from the effects of light fluence and, 
perhaps, blue-wavelength growth stimulation in conifers. Once initiated, crown for-
mation during this life-stage appears to be largely directed by the leader SAM 
through apical control mechanisms (Wilson and Gartner 2002; Cline and Harrington 
2007). These studies suggest that the leader SAM limits carbohydrate availability to 
subtending branches by creating strong cambial sinks through auxin production, 
maximizing growth in the primary stem. In this model the leader SAM is intrinsi-
cally entrained by an extrinsic condition or combination of cues. The vigorous elon-
gation growth may result from a combination of hormones and resource balance 
unique to this life stage. The results of a 7 year reciprocal grafting study with red 
spruce supports this model, and further suggests that similar cues influence lateral 
branch terminal buds. Greenwood et al. (2010) found enhanced elongation growth 
and less branch density in juvenile scions grafted into the crowns of pole-sized trees 
compared to the crown forms of natural juveniles and juvenile-juvenile self-grafts. 
Further evidence supporting hormone-mediated control by the leader comes from 
decreasing apical control and greater light-environment control of growth responses 
with distance down the stem from the SAM (Baldwin et al. 2000; Mäkelä and 
Vanninen 2001).

Trees in this middle-age life stage may benefit from their substantial stem hydraulic 
capacitance as most temperate conifer species maintain several years, even decades, 
of hydraulically functional xylem tissue. In more xeric climates, such as the 
Intermountain West in North America, conifers have been shown to exhibit greater 
stomatal sensitivity to leaf-to-air vapor pressure deficit (VPD) with increasing age 
(Hubbard et al. 1999) and stronger midday depression in stomatal conductance 
(Yoder et al. 1994). In contrast, red spruce in the more mesic northeastern North 
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American Acadian Forest shows the greatest sensitivity to VPD in seedlings and 
small saplings with limited stem capacitance (Day 2000) and similar patterns of 
midday depression across age classes, with no difference between middle aged and 
old trees (Fig. 4.2).

Fig. 4.2 Diurnal trends in gas exchange attributes between foliage from juvenile 10 y / 1 m (−−), 
mid-aged 54 y / 10 m (− −), and old 130 y / 21 m (−▼−) red spruce: A assimilation of CO

2
, and B 

stomatal conductance to water vapor. Mid-aged and old trees were not different at any time and age-x-
hour interactions were not different (P > F = 0.55 for A, and 0.99 for g

s
) between age classes. (n = 30). 

Age-classes refer to mean age of study trees. Trends calculated on a projected area basis showed the 
same patterns and statistical relationships as those on a mass basis (Data from Adams 2006)
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2.4  Old-Growth Stage

The transition to the old or “old-growth” stage (Table 4.1), most noticeable as a 
marked change in growth habit of the leader SAM, appears more gradually than that 
between seedling to young sapling and middle aged trees. In this transition, leader 
elongation declines, apical control lessens, and needles become gradually more 
massive with increases in width and leaf mass per area (LMA), and continued 
decrease in needle length-to-width ratios (Steele et al. 1989; Bond 2000; Day et al. 
2001; Apple et al. 2002; Greenwood et al. 2010; Ishii 2011). In red spruce, grafting 
of old scions onto juvenile rootstock suggests that a persistent generic “memory” 
for old tree needle anatomical characteristics may be maintained indefinitely in api-
cal meristems (Day et al. 2001). With decreased apical control, the top of the crown 
becomes flattened and height growth becomes minimal (Fig. 4.3). Reproductive 
output generally remains high for many decades or even centuries after the old life-
stage is reached (Powell 2009; Greenwood et al. 2010).

The gradual transition into this stage is also associated with a decline in the 
mean annual increment of stemwood. Until recently it was widely believed that 
total tree productivity and/or the productivity per unit of foliage decreased dra-
matically during this stage. In red spruce stemwood production per unit leaf area 
decreases by over 50% between 60 and 120 years old (Day et al. 2001; Seymour 
and Kenefic 2002). However, recent findings have cast doubt on this paradigm. 
Sillett et al. (2010) provide evidence that peak rates of productivity may continue 
in redwoods and eucalypts that have reached their old life-stage and near maxi-
mum height growth. For lodgepole pine, Sala and Hoch (2009) report that old trees 
have greater non-structural carbohydrate contents, suggesting that their growth is 
not limited by net primary production. In a 7 year reciprocal grafting study in red 
spruce (Greenwood et al. 2010), the mid-aged to old change in growth habit is not 
associated with a decline in meristem vigor. Meristems from old-growth trees 
grafted onto juvenile rootstock are just as vigorous as those from mid-aged trees 
that exhibit peak MAI, although they exhibit the old-tree characteristics of greater 
branch density and less extension growth of lower order (main) branches. 
Conversely, scions from mid-aged and old donors on mid-aged and old rootstocks 
displayed identical vigor.

Although studies have suggested decreasing rates of photosynthesis with age 
in conifers (Bond 2000; Day et al. 2001; Steppe et al. 2011), it is potentially mis-
leading to draw broad conclusions on productivity from these results for several 
reasons. Most studies of age-related trends in conifer photosynthesis have relied 
on spot measurements of maximum photosynthetic rates (A

max
). Few studies com-

pare repeated diurnal measurements by age class. For example, Yoder et al. (1994) 
found A

max
 to be greater in old compared to younger ponderosa pine and lodge-

pole pine (Pinus contorta Dougl. Ex Loud.) in the early morning, but became 
significantly lower during the mid-day, a result of age-related variation in sto-
matal limitations. Similarly, Day et al. (2001) reported a trend to lower rates in 
120 y old compared to 60 y old red spruce, based on spot measurements. However, 
subsequent diurnal tracking of the same population shows these two age classes 
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to have statistically identical diurnal trends in A
max

 (Fig. 4.2). A better approach 
compares photosynthetic capacity (carboxylation and/or electron transport rates), 
which is less subject to variation from environmental conditioning prior to mea-
surement (Niinemets 2002). Photosynthetic capacity is indicative of resource 
allocation to assimilatory systems and generally represents a balance with longer-
term carbon demands (Paul and Foyer 2001). In red spruce, measurements of 
photosynthetic capacity corroborate the trends reported from diurnal tracking 
(Adams 2006). A still better approach includes a broader view of age- or size-
related tends in carbon economy (Körner 2003), which couples net primary pro-
duction with carbon requirements. However, this has been evaluated in only a few 
conifer species. In red spruce (Fig. 4.4) as in western North American pines (Sala 
and Hoch 2009; Sala et al. 2011) non-structural carbohydrate concentrations sug-
gest old trees are not carbon resource limited. Carbon economy may relate to 
photosynthetic rates and capacities via both short- and long-term feedback mech-
anisms (Paul and Foyer 2001), which have been experimentally demonstrated in 
diverse conifers (Myers et al. 1999; Equiza et al. 2006).

Reciprocal grafting studies suggest that photosynthetic rates and capacities are 
under extrinsic control. Grafting studies on a wide range of conifers including sugi 
(Cryptomeria japonica D. Don) (Matsuzaki et al. 2005), Scots pine (Pinus sylves-
tris L.) (Mencuccini et al. 2005), Douglas-fir (Bond et al. 2007), and red spruce 
(Ward 2005; Adams 2006) have universally indicated that the extrinsic (to the mer-
istem) environment is the principle factor governing age-related differences in pho-
tosynthetic rates. However, grafting of old scions onto juvenile rootstock has 
indicated a persistent meristematic “physiological memory” may be retained in 
some species, at least over several post-grafting growing seasons (Rebbeck et al. 
1992; Day et al. 2001).

Fig. 4.3 Mid-aged, 60 y, (left) and old, 150 y, red spruce crowns showing the difference in growth 
habit between age-classes. Insets show extension growth of upper-crown lateral shoots (From 
Greenwood et al. 2010)
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A decrease in d13C with tree age has been reported for such diverse species as 
redwood (Koch et al. 2004), Douglas-fir (Woodruff et al. 2008), lodgepole pine 
(Yoder et al. 1994), sugi (Matsuzaki et al. 2005), loblolly pine (Drake et al. 2010), 
and red spruce (Greenwood et al. 2008b), and is reviewed in this volume (McDowell 
et al. 2011). This phenomenon has often been suggested as evidence that old trees are 

Fig. 4.4 Midday nonstructural carbohydrate concentrations (sugar panel a and starch panel b) in 
the foliage of red spruce from juvenile, mid-aged, and old trees. Higher NSC concentrations are 
indicative of “excess” photosynthetic capacity over growth sink demands. Bars give standard 
errors and letters designate different classes for percent starch (Tukey’s HSD a = 0.05, n = 30) 
(Data from Adams 2006)
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more likely to experience stomatal limitations to assimilation. This may be true in 
very tall trees where xylem resistance and gravitational effects may reduce water 
potential well over −2 MPa in a 100 m tree (McDowell et al. 2002, 2005, 2011; 
Domec et al. 2008), but its importance for 10 and 20 m trees in mesic habitats is 
questionable. Alternatively, the lower carbon isotope discrimination values can be 
interpreted as reflecting greater water use efficiency and a more conservative gas 
exchange strategy. This interpretation is supported by data from red spruce, where 
whole-tree conductance was equal between 10 and 12 m high mid-aged and 20–25 m 
old trees, while carbon isotope discrimination was significantly lower in the older 
individuals (Greenwood et al. 2008b). This strategy may be particularly important in 
more xeric or drought-prone environments (e.g., Drake et al. 2010). A more conser-
vative water use strategy is consistent with the continuing trend of decreasing needle 
surface to volume ratio from mid-aged to old trees (Day et al. 2001; Ishii 2011).

The emerging paradigms for carbon dynamics offers new insight on the issue of 
age-related trends in productivity and provides a much more complex picture of 
age-related “decline”. If our past perception based on stemwood production proves 
to be an inadequate metric (Sillett et al. 2010), the transition to the old life stage may 
represent changed allocation priorities rather than decreasing productivity. An alter-
native hypothesis might include increased carbon costs of tissues in old trees. Wood 
scientists have long observed that old trees have denser wood with thicker cell walls 
that are not only more costly to produce in terms of cellulose (Panshin and de Zeeuw 
1980), but also have a greater proportional concentration of lignin with a construc-
tion respiration cost of nearly two times that of cellulose (Penning de Vries et al. 
1974). Lachenbruch et al. (2011) have suggested that age-related trends in radial 
patterns in the xylem are regulated by the interaction of developmental, structural-
mechanical and hydraulic factors. They view the relative importance of intrinsic and 
the two extrinsic factors in regulating wood properties as a function of ontogenetic 
state of the cambium. Likewise, the costs of foliar tissue appear greater in old coni-
fers which are more robust with greater lignin content and waxy cuticles (Steppe 
et al. 2011). In Douglas-fir Apple et al. (2002) found an increase in density and 
sclerenchyma tissue as trees age, and in red spruce Greenwood et al. (2008a) report 
a 28% decline in internal air space in the denser needles of old trees. Other untested 
possibilities include greater allocation to branch construction, secondary defensive 
compounds, reproduction, reproductive structures and carbon reserves.

3  Regulation of the Vegetative-Reproductive Transition  
and Reproductive Effort

3.1  Intrinsic Regulation of Precocity and Fecundity

Flowering in conifers is influenced by a variety of factors, both extrinsic and intrin-
sic to the meristem, including genetics and maturational state associated with 
increased size. The ability of a woody plant meristem to become determined as a 
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reproductive structure (reproductive competence) may not occur for decades in 
some conifer  species, but occurs relatively early in others. There are obvious 
advantages to ontogenetic limitations to flowering, where reproductive competence 
is delayed while seedlings and saplings compete for space and resources (Thomas 
2011). During the transition to reproductive competence intrinsic changes within 
the meristem interact with the extrinsic effects of increased size. This includes 
increased distance from the root system, which will affect water stress and avail-
ability of root-produced growth regulators. Even though flowering is uncommon in 
the first few years of development, precocious flowering has been observed in 
many species.

There are distinct differences in precocity within the genus Pinus. About 25% 
of 5 year-old jack pine (Pinus banksiana Lamb.) saplings in a plantation produced 
flowers (Wright 1964), and nursery-grown seedlings have flowered in their first 
year (Rudolph 1979). In contrast loblolly pine (Pinus taeda L.) saplings in wide-
spaced plantations rarely flower before 10– years of age (Wright 1964; Dorman 
and Zobel 1973), and strobili are totally absent on nursery seedlings. In addition, 
since jack pine, a boreal species, grows more slowly than loblolly pine, its flower-
ing begins on much smaller individuals. There are also some extreme examples of 
precocious flowering within the genus Pinus, where both ovulate and staminate 
strobili have been observed on germinant stage seedlings less than a year old, but 
at very low frequencies (Smith and Konar 1969). This suggests that intrinsic epige-
netic mechanisms that suppress gene expression needed for reproductive develop-
ment until a critical size and maturation state is reached can, on rare occasions, be 
overcome.

In later life-stages, fecundity is not only under genetic control, but is also strongly 
influenced by the external environment. Fecundity is highly variable among individual 
genotypes within a species. Variation in flowering among 17 clones of red spruce is 
shown in Table 4.1. The ramets of each clone resulted from grafted scions taken from 
mature trees, selected from desirable growth characteristics, and were 1.5–2.5 m tall 
about 8 years after grafting. Considering the male and female flowering response of 
the untreated control trees in the rightmost two columns, note that there are orders of 
magnitude of variation among the clones. In addition, both water stress and exogenous 
applications of the hormone gibberellin affect clonal response. Similar variation has 
been described among 18 clones in a loblolly pine seed orchard (Schmidtling 1983). 
Genetic effects accounted for 50% of the variation, and there were significant clone by 
year interactions. Thus fecundity is highly heritable among conifers.

3.2  Effect of Size and Meristem Maturation: Grafting Studies

Further evidence for the regulatory roles of both size and maturation state on both 
precocious flowering and fecundity comes from grafting studies, where the flower-
ing response of scions of different maturation states are grafted onto rootstocks 
ranging from juvenile to mature. Seed orchard establishment usually involves 
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 grafting scions from mature select trees onto juvenile rootstock. Few strobili are 
produced by either juvenile or mature scions for several years following grafting  
(e.g. Greenwood et al. 1989), probably until a minimum size is attained. Forcing 
growth under greenhouse conditions greatly reduces the time to flowering in fruit 
trees and conifers as well, indicating that size, not chronological age, is a determi-
nant of reproductive competence (Hackett 1985).

Once flowering commences, mature scions of most conifers generally flower 
more prolifically than juvenile scions. Scions from 12 year old donors of loblolly 
pine produced 6 and 129-fold more female and male strobili respectively than sci-
ons from 1 year-old donors of the same half- sib families (Greenwood 1984). Grafted 
scions of eastern larch (Larix laricina (Du Roi) K. Koch, a precocious species) from 
juvenile and mature donor trees of the same half-sib families produced few strobili 
2 years after grafting, even when subjected to optimal conditions in a heated green-
house. However, in the second and third growing seasons, juvenile scions actually 
produced more female strobili than mature scions, but the latter produced more 
male strobili. The total number of strobili was slightly higher on juvenile scions. 
The different responses of juvenile scions between loblolly pine and larch may be 
due to larch being more reproductively precocious, increasing in fecundity with 
increased size much more rapidly than loblolly pine. Again this may be an adapta-
tion to slower growth rates in the boreal range of larch, or perhaps the much shorter 
return interval between destructive crown fires in boreal ecosystems. As conifer 
saplings become reproductively mature, female strobili appear first, and the male to 
female ratio gradually increases over time (Greenwood and Hutchison 1993). Thus 
the time when the male to female sex ratio stabilizes may be a better indicator of full 
reproductive maturity than female fecundity.

Grafting juvenile scions into the tops of mature trees (topworking), used in 
attempts to achieve earlier fecundity (Greenwood and Schmidtling 1981), can 
also further inform us about the relative roles of size and meristem maturation in 
reproductive competence. Juvenile scions of loblolly pine topworked into the 
crowns of mature seed orchard trees produced very few strobili 2–3 years after 
grafting, although most of the neighboring branches of the understock were pro-
ducing male strobili.

Like loblolly pine, virtually no strobili are found on open-grown red spruce 
regeneration 10–12 years old, which also appear juvenile in terms of foliar char-
acteristics. We followed reproductive development during a reciprocal grafting 
study, where both juvenile and mature scions were grafted onto juvenile root-
stock as well as topworked into the upper crown of reproductively mature trees 
(Greenwood et al. 2010). In topworked grafts female and male strobilus produc-
tion by juvenile scions was eightfold less than that observed on mature scions, 
even seven growing seasons after grafting. In addition, juvenile foliar character-
istics were retained on juvenile grafts. Scions from all ages of donors produced 
few strobili on juvenile root stock after 2–3 years, but those that were observed 
occurred on mature scions. Thus meristem maturation appears to be a major 
determinant in reproductive competence in conifers, with increased size playing 
a lesser but significant role.
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3.3  Effects of Shoot Growth Habit and Budset  
on Reproductive Development

Discussion of all the intrinsic and extrinsic factors that affect shoot development in 
relation to flowering is beyond the scope of this review, but some environmental and 
hormonal effects are informative about how size and maturation affect bud develop-
ment in relation to reproductive development.

The grafting studies described above clearly indicate that increased size does not 
completely overcome suppression of flowering in juvenile scions on mature root-
stock nor conversely that decreased size suppresses the greater tendency of mature 
scions to flower on juvenile rootstock. This raises the question of the nature of the 
mechanisms, both intrinsic and extrinsic, which regulate flowering.

The fact that GA
3
 promotes flowering in seedlings of the Cupressaceae and 

Taxodiaceae suggests that failure of juvenile trees to flower may be due to lack of suf-
ficient levels of gibberellins (Kato et al. 1959). However, only GA

4/7
 has been found to 

promote flowering in the Pinaceae, and its promotive effects have only been demon-
strated on sexually mature trees (Zimmermann et al. 1985). Endogenous GA

4/7
 or 

other GAs may play a critical roles in either initiation or differentiation of strobili 
through the SOC1 transcription factor pathway, but their regulatory pathway in coni-
fers is still unclear at present (e.g. Smith 1998). Furthermore, hypotheses suggesting 
that the primary determinant for flowering requires minimal levels of specific GAs or 
other growth regulators that are lacking in juvenile plants seem unlikely to be true, 
since one would expect that prolifically flowering rootstock branches would export 
GAs to neighboring topworked juvenile scions in sufficient quantities to largely offset 
the effects of maturation. An alternative hypothesis is that flowering is extrinsically 
suppressed by root-produced inhibitory substances (perhaps cytokinins), which will 
be diluted with increased distance from the root system. This may play a role in the 
delay in flowering observed when mature scions are grafted onto juvenile rootstock. 
Smith and Greenwood (1995) showed that exogenously applied cytokinins inhibited 
flowering in black spruce, while root pruning had a promotive effect, possibly by 
decreasing the supply of root-produced cytokinins. Thus, the limited effect of root-
stock on overcoming the effect of maturation state on flowering is probably due to the 
effects of plant growth substances, which, in turn, may be regulated by environmental 
factors such as drought. However, empirical studies suggest that the intrinsic matura-
tion state of the meristem dominates these effects.

Meristem response to treatments that stimulate flowering is highly variable and 
is strongly influenced by crown position; female flowering is most abundant in the 
upper quadrant of the live crown, while male flowering is most abundant in the 
lower quadrants. Irrigation significantly decreased female flowering in a red spruce 
seed orchard, while having little effect on male flowering (Table 4.2), and lack of 
irrigation enhanced the effect of exogenously applied GA

4/7
 in promoting female 

flowering. GA application significantly promoted female production, but the smaller 
increase in male flowering was not significant.

In addition, the intrinsic sensitivity of meristems to growth regulators or other flower 
stimulation treatments may change with meristem maturation. GA

4/7
  significantly 
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enhanced the ratio of female to male strobili on scions from 1 year-old eastern larch 
donor trees grafted onto juvenile rootstock, but this ratio gradually declined the older 
the donor tree, and GA

4/7
 had no effect at all on the sex ratio in scions from donors 

older than 33 years (Eysteinsson and Greenwood 1993). When loblolly pine scions on 
juvenile rootstock from donors aged 1,4, 8 and 12 years were grown under a 24 h 
photoperiod were suddenly subjected to 12 h ambient photoperiod (when moved 
outside in the spring), they temporarily set bud and many of the trees later developed 
strobili later in the summer, and pollen was shed with no intervening dormancy period. 
This treatment was significantly more effective with increasing scion donor age, with 
the oldest scions producing fourfold more strobili than the youngest. In addition, the 
younger the scions began to flush earlier and produced more vegetative growth cycles 
which resulted in longer shoots. These observations provided evidence that meristems 
of different maturation states respond differently to flower enhancing treatments and 
also suggest an inverse relation between the tendency to produce vegetative growth 
and ability to flower.

An inverse relationship between conditions which favor the development of veg-
etative organs and ability to flower has been proposed for jack pine and loblolly pine 
(Larson 1961; Greenwood 1981). Also, irrigation significantly promoted height 
increment in red spruce and at the same time inhibited the female strobilus production, 
suggesting a negative tradeoff between formation of reproductive and vegetative 

Table 4.2 Variation in flowering response among 17 clones in a red spruce clonal seed orchard, 
with and without GA foliar sprays and irrigation

Clone

Irrigated Not irrigated

GA spray No GA GA spray No GA

♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂
1 133 134  2  49 243   229  1  4
2  19  3  1  2  38    3  1  5
3 106 117  9 385 152   143  7 321
4  11  1  1  1  27    3 11 147
5 137 347  3 129 168   443 34 127
6  2  20  1  5 147   10  5  13
7  59  2  2  1 101    1  8  32
8  42  68  2 216  76   147  3  58
9  94 195  1  10 119    1  2  53
10 168 251 21 293 160   168 82 385
11  85 142 17 174 337   329 48 310
12 266 437  0  36 420 1,451  5 188
13  45  23  6 241 166   235  4  35
14  64  15  6 106 107   12  2  46
15  26 319  2 175 104   394  7  24
16  5  11  2  21  12   12  1  18
17  2  20  1  5 173   10  5 123
MEAN  75 ± 25 126 ± 34  5 ± 2 110 ± 29 173 ± 35   210 ± 86  13 ± 5 113 ± 29

Two blocks received irrigation (2–3 cm/week June through September) and two did not. Ramets of 
each clone within each block either received a GA

4/7
 spray applied weekly for 8 weeks beginning 

in mid-May or was an untreated control
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shoot primordia. Additionally, in loblolly pine, female strobili occur in the upper 
quadrant of the crown on the most vigorous shoots, which can flush several times 
during the growing season, whereas male strobili occur lower down on less vigorous 
shoots that flush only once. Thus the timing of bud set, which is affected by both 
maturation and the external environment, may be critical in terms of the initiation 
and differentiation of reproductive primordia.

3.4  Genetic Regulation of Reproductive Competence

Recent advances in understanding the regulation of flowering and budset also 
contribute to our understanding of how reproductive competence may be regulated. 
For example, Populus orthologs of the genes that make up the CO/FT regulatory 
module, that is necessary for regulation of flowering by day length in Arabidopsis, 
also control the timing of flowering as well as seasonal growth cessation in Populus 
(Bohlenius et al. 2006). This module consists of two genes (An et al. 2004; Huang 
et al. 2005), CONSTANS (CO) and FLOWERING LOCUS T(FT). In Arabidopsis, 
CO, whose expression is modulated by the circadian clock and day length, encodes 
a putative transcription factor under long days which in turn upregulates FT. FT 
then produces a transcription factor that is translocated to the shoot apex, where it 
binds to the promoter for APTALA1 (AP1), a floral meristem identity gene. In turn, 
AP1 orchestrates up- and downregulation of an array of organ identity and gibberel-
lin metabolism genes, which specify the formation of floral organs (Kaufmann et al. 
2010). Thus the FT gene product appears to meet the criteria for a mobile florigen 
(a flower-inducing substance).

In Populus tremuloides, when PtCO2 expression peaks before the end of the day 
then PtFT1 expression increases; if PtCO2 peaks in early darkness then there is no 
change in PtFT1 expression, and budset occurs. Budset occurs under longer photo-
periods in provenances that occur at higher latitudes, and is associated with low 
levels of both FT and CO expression towards the end of the day.

Suppression of PtFT1 expression may prevent precocious flowering in Populus. 
Male P. tremula x tremuloides hybrid stem segments transformed via Agrobacterium 
tumefaciens with 35 S::PtFT1(a Populus homolog of FT linked to a promoter gene 
so that the gene is constitutively expressed) initiated flowerlike structures within 
4 weeks, compared with a normal flowering time of 8–20 years. This would suggest 
that suppression of this gene occurs in younger plants, accounting for the failure to 
flower. Indeed the expression of wild type FT in Populus is relatively low in younger 
plants (Fig. 4.5).

Could PtFT1 expression play a key role in conifer ontogeny? In Populus PtFT1 
expression steadily increases from age 2 to 6 years, suggesting that reduced reproductive 
competence in younger trees may be due to reduced expression of this gene. 
Gyllenstrand et al. (2007) have shown that expression of a homolog of FT in Norway 
spruce (Picea abies L. Karst.), PaFT4, plays a role in photoperiodically-induced bud 
set in Norway spruce seedlings, so some form of the CO/FT regulatory module 
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appears to be active in conifers as well as angiosperms. These findings give rise to 
the hypothesis that changes in expression of an FT homolog, as well as CO homologs, 
could play a role in maturational changes. More specifically, the intrinsic suppres-
sion of flowering in juvenile plants may due to the epigenetic suppression of FT 
expression, which continues even when juvenile scions are grafted onto reproduc-
tively competent rootstock.

Another possibility is that juvenile shoots are incapable of responding to the floral 
stimulus. Juvenile scions do not flower even in the close proximity of flowering 
shoots of the understock. This is in contrast to grafting studies with photoperiodically-
induced herbaceous plants where the floral stimulus can be transmitted from the 
induced scion throughout the non-induced rootstock and vice versa (e.g. Lang 1965). 
This would imply that the FT gene product may be translocated only short distances 
in conifers. In the crowns of reproductively competent conifers flowering shoots are 
often found in close proximity to non-flowering shoots, suggesting that reproductive 
competence occurs on a shoot-by-shoot basis, perhaps due to localized variation in 
production or distribution of flowering stimulus. The hypothesis that localized expres-
sion of the FT gene product is repressed in juvenile shoots on both juvenile and 
mature rootstock could be tested by comparison of expression of the CO/FT module 
homologs in juvenile and mature scions grafted onto juvenile and mature rootstock. 
This would confirm whether or not local FT expression over time is intrinsically 
regulated within juvenile and mature shoots independent of tree size. These studies 
should be initially carried out on Populus as well as coniferous species, which will 
provide a broader picture of how the CO/FT module works in woody species.

Focus on the CO/FT regulatory module is desirable because of the obvious 
importance of its gene products in the regulation of flowering and timing of budset 
in Populus. A more complete understanding of how budset and flowering is  regulated 

Fig. 4.5 The expression of PtFT1 in ramets of a single field-grown clone of Populus trichocarpa 
x tremuloides relative to simultaneous expression of the ribosomal 18 S gene. This clone flowers 
for the first time between age 5–6 years (Graph from supporting online material from Bohlenius 
et al. 2006. www.sciencemag.org/cgi/content/full/1126038/DC1)
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in woody plants has many potential applications. For example, if the period of 
maximum growth potential exhibited by seedling meristems could be prolonged 
by genetic selection or genetic engineering in desirable species, yields could be 
increased. Also, manipulation of reproductive development to induce early flower-
ing for breeding purposes or increase fecundity in seed and fruit orchards would be 
of great value. Finally, a more complete understanding of how the timing of budset 
and bud break is regulated will assist in developing strategies to assure adaptation 
of critical woody species to changing climate.

4  Life Stages and Evolutionarily Stable Strategies

Forest scientists have traditionally addressed age-related changes in form and func-
tion by considering stresses and restrictions placed on trees by the interaction of their 
morphology and physiology with physiomechanical and physiochemical constraints 
that occur with increased size. This approach has worked well for the interesting and 
quite seductive question of what limits the heights of the world’s tallest trees and has 
provided many insights into the processes of age-related change. However, these 
advances have fallen short of providing a holistic paradigm for ontological trends in 
the majority of tree species, which exhibit characteristics of old life-stage behavior at 
a fraction of the height obtained by the tallest species. Understanding age-related 
trends in the vast majority of species and biomes will require a different perspective, 
a whole-life perspective with a focus on maintaining a species through successful 
reproduction, i.e. an evolutionarily stable strategy (ESS) perspective (e.g. Vincent 
et al. 1996). Based on game theory, an ESS maintains a species presence by prevent-
ing a competitor from displacing it from its niche. In this regard, we would suggest 
Ecologically Stable Strategy as an ecophysiologically more appropriate term that 
incorporates both biotic and abiotic challenges to the survival of a species.

An overview of the life-stage approach summarizes how the ecologically stable 
perspective could be applied to the typical temperate conifers considered in this 
review. With minimal seed reserves and limited ability at sensing their environment, 
germinants generally develop following intrinsic genetic programming, reflecting 
selection of strategies that have proved successful for past generations in their par-
ticular habitat. If establishment is successful, the intrinsic programming is modified 
by extrinsic conditions with the meristem creating a crown structure that maximizes 
light capture under shade or extension growth under high light intensity. Seedling 
and sapling foliage exhibits minimal structural investment (high SLA, low density), 
reflecting a greater probability of loss to herbivory and mutual shading by new foliar 
cohorts. With a minimal capacity to buffer carbohydrate sources and sinks, invest-
ment in photosynthetic capacity is maximized. Shade-adapted crown structure will 
be abandoned when higher R:FR or more intense light is detected, and saplings to 
middle aged individuals maximize allocation to extension growth of the main stem, 
maintained by strong apical control. Suppression by being overtopped during this 
stage is usually fatal, so allocation to carbohydrate reserves is minimized in favor of 
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height growth (Iwasa et al. 1985). When individuals are successful in obtaining upper 
canopy status, allocation to extension growth can be safely minimized and resources 
redirected to enhanced branchiness and a more conservative allocation strategy. 
Foliage, now with a much lower probability of functional obsolescence by competi-
tion or mutual shading, is thicker, denser and better protected by investment in cutic-
ular waxes, sclereids, and secondary defensive metabolites. Seed cones are often 
protected by heavy excretions of resins. Concurrently, foliar trends result in increased 
water use efficiency (assimilation/transpiration) by decreasing surface to volume 
ratios and increasing WUE through stomatal regulation. A spreading crown, with 
lower branch extension and more densely packed foliage provides for maximizing 
light capture, development of new photosynthetically efficient foliage and, perhaps, 
better occupation of physical growing space to the disadvantage of competitors. As 
an effective ESS, species-level reproductive efforts are maximized by longevity of 
individuals in the upper canopy.

Evolutionarily-ecologically stable strategy theory also provides a potential explana-
tion as to why most trees assume the structural attributes of an old life-stage (Fig. 4.3) 
on reaching upper canopy status. Continuing growth above co-occurring trees increases 
the risk of damage from physical disturbance agents, which is likely to increase expo-
nentially for emergent individuals that no longer are protected from extreme winds by 
canopy boundary layers and cannot rely on mutual support of surrounding trees to 
reduce bending stress. In addition, additional height growth requires not only a greater 
resource investment in stem extension, but a concurrent, and much greater overall, 
biomass investment in girth to support the increased static and dynamic loads on the 
stem (King 1990; 2011) and the increasing costs of maintaining hydraulic efficiency 
(Midgley 2003). Both increased risks and resource costs suggest a conflict between 
continual height growth (runaway competition) and maximizing long-term reproduc-
tive effort. Continually strong photosynthetic capacity and increased NSC reserves and 
water use efficiency are also suggestive of a conservative strategy during the old life-
stage. Models of interspecific interactions suggest that an EES of maximizing height 
growth would be limited to environments with abundant water and nutrient resources 
and low rates and intensities of physical disturbance, i.e. environments where evolu-
tionary success is primarily driven by competition (Falster and Westoby 2003).

5  Overall Conclusions

Meristem behavioral changes associated with the progression through life stages 
include the transition from neoformed to preformed shoot, induction of shade-
avoidance and shade-tolerance growth strategies, increases and declines in shoot 
growth potential, changes in foliar and branching habits, and the onset of reproduc-
tive competence. Accumulating evidence at many levels suggests that they are 
 complex functions of intrinsic changes (meristem maturation) and extrinsic effects 
of increased size (such as water stress or hormone balance) and external  environment 
(such as red:far-red irradiance ratios). It is also clear that the time frames of various 
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ontogenetic processes may both act independently and interactively depending on 
the trajectory involved. To date, most physiological research on these questions has 
occurred at the tree- or organ-level. Research approaches at these levels have often 
been confounded by the correlation between ontogeny, tree size and external envi-
ronment. However, studies that control for size and environment using reciprocal 
grafting and clonal approaches have provided many insights in to the mechanisms 
regulating ontogeny. Our current understanding also indicates that many of these 
life-stage- (or size-) related trends result from epigenetically induced changes in 
gene expression patterns within meristems. In order to fully understand how these 
changes are regulated, molecular approaches are now essential, and will serve to 
overcome the many logistical difficulties of experimental manipulation of organ-
isms as large as mature trees. Remarkable progress has been recently reported at the 
molecular level on the regulation of bud development and flowering in Populus, 
which provides a template for understanding these processes in conifers.

A challenge to tree physiologists is identifying the cues and control pathways for 
inter-stage transitions. For example, there is strong circumstantial evidence that R:FR 
light and, likely, the phytochrome extrinsic-intrinsic pathway functionally controls the 
seedling to sapling transition. The evidence becomes much weaker for environmental 
control over allocation during the sapling and middle aged pole stages, and is non-
existent for the middle aged to old life-stage transition. Genomic techniques and 
advances in understanding conifer carbon dynamics provide promise for understand-
ing developmental regulation by revealing patterns of gene expression and resource 
allocation that become active during certain life-stages and are dominant in others. Of 
particular potential are recently described genes associated with light quality, neigh-
bor sensing and branchiness in Arabidopsis (Finlayson et al. 2010). However, physi-
ologists must be mindful of integrating molecular approaches with an understanding 
of whole-tree function and the roles of ontological trajectories in EES life strategies.
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Abstract Woody stems, branches, and roots display large progressive changes in 
structure and function from the pith outwards, a pattern known as the core/outerwood 
or juvenile/mature wood pattern. For example, the typical radial pattern (TRP), char-
acterized mostly for commercial softwoods, includes increases in wood density by a 
factor of up to 1.5, tracheid width by a factor of 2, and tracheid length by a factor of 
up to 4. These large changes will have substantial effects on the success or failure of 
the plant. Our knowledge of the drivers and the universality of the typical radial pat-
tern are minimal in spite of 150 years of research that has been concentrated mostly 
on commercial softwoods. This chapter (1) provides a brief description of the nature 
and magnitude of the structural and functional changes along the radius of woody 
stems, (2) clarifies whether ring number from the pith or size best explain the typical 
radial pattern, and (3) introduces and briefly evaluates hypotheses for the functional 
significance of the radial patterns, with developmental, hydraulic, and mechanical 
hypotheses. The chapter indicates major knowledge gaps in different biomes and 
plant types, and provides examples of systems in which research advances could be 
made. An improved knowledge of why wood develops into the structures we observe 
will provide a basis for better predictions of woody plant behavior across environ-
ments. It is also essential for tree breeders in developing adapted stock for different 
environments, and foresters and wood processors in predicting end-product quality.
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1  Introduction

Throughout their lives, animals reinvent themselves by replacing their cellular 
structure at various rates. Juvenile characteristics are lost even in bone. Trees and 
other woody plants, on the other hand, do not reabsorb their structural elements, so 
that their entire morphological history is recorded in the wood as the cells die. Apart 
from the deposition of materials to form heartwood, block conduits, and increase 
the resistance to decay by microorganisms, little else happens to the original wood 
structure throughout the life of the plant – which can sometimes be thousands of 
years. Therefore, the wood properties at a specific location within a plant reflect any 
plastic response to the environment superimposed on the plant’s ontogenetic stage 
at the time when the wood was formed. The anatomical, chemical, physical and 
mechanical properties of wood vary considerably within plants; these variations 
exist between different plant parts (such as main stems, branches, and roots) and 
within any given plant part. If these wood properties reflect adaptations to the plant’s 
needs, then the study of their variation may help us to identify the most important 
factors that through natural selection have shaped plants, and especially their xylem, 
at different stages of their lives.

As a plant grows, a given point within it will experience changes in both its exter-
nal environment and its internal physiology (Day et al. 2002; Day and Greenwood 
2011). It is likely that plants experience shifts in the relative importance of various 
hydraulic and mechanical demands that vary systematically with the position in the 
plant and with time. Firstly, a small plant will experience the environment at a finer 
scale than will a larger plant with respect to many factors (such as water and light 
availability). Secondly, a small plant will also have a lesser ability to buffer its inter-
actions with the environment (such as transient high evaporative demand, short-
term low temperatures, and localized disturbance from herbivory or stem breakage) 
because of its lesser biomass for storage (Scholz et al. 2011), and its smaller spatial 
extent for averaging patchy resources and disturbances (Johnson et al. 2011). Lastly, 
any location in a plant will experience changing hydraulic and mechanical demands 
as the biomass distal and/or proximal to it changes in extent (through growth, repro-
duction or breakage) and/or physiology (such as stomatal behavior or root uptake 
capacity). Therefore, it is likely that species have evolved mechanisms to produce 
xylem that functions appropriately for the stresses encountered at any given stage of 
growth. Because xylem serves a number of roles, there will be tradeoffs among the 
many potential roles that the xylem can play. For example, Meinzer et al. (2009) 
showed that species with low capacitance (water storage) and dense wood tend to 
have high daily maximum xylem tensions and structural adaptations that help them 
resist embolism at these tensions. In contrast, species with higher capacitance and 
less dense wood are able to use the stored water to avoid the transient high maxi-
mum xylem tensions, and they have wood that is less resistant to embolism at the 
high tensions (which will rarely occur). Other examples for specific situations 
include the within-plant tradeoff of specific hydraulic conductivity and resistance to 
embolism (Domec et al. 2008, 2009) and the between-plant tradeoff of basic density 
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and vulnerability to embolism (Hacke et al. 2001; Rosner et al. 2008; Meinzer 
et al. 2010), or decreases in specific conductivity that can occur if compression 
wood is produced (Spicer and Gartner 1998; Mayr and Cochard 2003).

In this chapter we concentrate on the radial variation in wood structure and 
properties within main stems (i.e. differences in the xylem from the pith toward the 
bark) of angiosperm and gymnosperm trees, which are generally more pronounced 
than variation within the same growth ring along the stem (Zobel and van Buijtenen 
1989). The radial patterns of wood structure may reflect the changing hydraulic 
and mechanical demands placed upon woody plants as they grow, thus providing a 
relatively simple case study in structure and function. Because the structure is 
recorded in the wood, one can infer the function with assumptions, as elaborated 
here. We acknowledge that patterns may vary by species and environment, and 
even along the compass directions of the same annual ring (e.g. Lachenbruch et al. 
2010), but this variation may illustrate, rather than take away from, the thesis that 
the variation has a functional significance. The focus on radial variation is a good 
starting place because of the relatively large amount of information available, and 
because it can be of economic importance if we can manipulate it. Moreover, to a 
first approximation, the vertical pattern of wood properties (from the tip downward 
to the base) is similar to the radial pattern (from the pith outward) allowing use 
cambial age information from a basal disk to estimate vertical distributions of 
properties.

Within a tree, the wood located in the region close to the pith, which generally 
exhibits relatively large radial gradients in properties, is commonly referred to as 
‘corewood’ owing to its location near the pith or ‘juvenile wood’ on account of the 
young age of the vascular cambium at the time that it was formed, whereas wood 
located outside this zone is often referred to as ‘outerwood’ or ‘mature wood’ 
(Fig. 5.1, and Cown 1992; Zobel and Sprague 1998). Note that the terms ‘juvenil-
ity’ and ‘maturity’ in wood are unrelated to the same terms used to describe the 
ability of a plant to reproduce. Some of the earliest observations of radial variation 
in wood properties were reported by Sanio (1872) who found that the length of 
tracheids in Scots pine (Pinus sylvestris) stems and branches increased from pith 
towards the bark reaching a final value in a quasi-asymptotic manner. The typical 
radial pattern of variation (called TRP in this chapter) is discussed in more detail 
in Sect. 2.2, but briefly, it involves rapid inter-annual changes in characteristics 
such as cell length, lumen diameter, cell wall thickness, microfibril angle in the S2 
layer of the cell wall (MfA, measured with respect to the cell’s axial direction) and 
density in the first few years of tree growth. Eventually, a cambial age or distance 
from the pith is reached at which these radial changes are extremely gradual or are 
swamped by variation caused by the environment. The age of transition between 
corewood and outerwood, which is very dependent on the analysis methods used 
and the characteristic under consideration, is often reported as somewhere 
between 5 and 20 years (Bendtsen 1978; although Abdel-Gadir showed the age 
ranged from 15 to 38 in a sample of Pseudotsuga menziesii), after which if there 
are still continued changes in traits, they are very slight and are not of notable 
economic value. The time scale over which this occurs can be very long indeed. 
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Fig. 5.1 Mechanistic hypotheses for the location of the corewood/outerwood transition. 
Corewood is white, and outerwood is gray. (a) Location determined by the position of the live 
crown. (b) Location determined by cambial age. Shown schematically for transition age of 
9 years, with each sheath of the tree representing 3 years’ growth. At any stage of tree growth, 
corewood is produced at cambial age of £ 9 years and outerwood is produced at cambial age of 
>9 years (arrow). (c) Location determined by cambial age. Shown schematically for transition 
age of 9 years for a slow-grown and a fast-grown tree. (d) Location determined by diameter
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For example, Gerry (1916) reported that tracheid length in Douglas-fir 
(Pseudotsuga menziesii) was still increasing slowly in the 400th growth ring 
from the pith, while Baas et al. (1986) found that tracheids in Pinus longaeva 
were still increasing in length after more than 2,000 years, with no sign of level-
ing off. These typical radial patterns are not seen in all species, a fact that may 
provide us with plant material for use in comparative studies to better understand 
why (and under which circumstances) the TRP exists.

Although published studies on wood anatomy date back almost 150 years, the 
research concerning radial variation is not well-distributed taxonomically: it has 
been concentrated in the conifers that have an abrupt transition from earlywood to 
latewood (such as Pinus taeda, P. radiata, and Pseudotsuga menziesii), which 
include most of the valuable timber species that are used in construction. In these 
species, knowledge of the radial variation has been used in tree breeding pro-
grams and has helped silviculturalists anticipate the wood quality they are produc-
ing. It has also been very useful for processing and utilizing the lumber. In contrast, 
we have much less information on all of the following: conifers with a gradual 
transition (such as members of the Cupressaceae, and several genera in Pinaceae 
such as Abies, Picea, and Tsuga), hardwoods with diffuse-porous wood that is 
often reputed to be relatively uniform across the cross-section (such as Alnus 
rubra or hybrid poplar) and which are not used to the same extent for strength 
properties, hardwoods with ring-porous wood structure which tend to produce an 
earlywood band of constant width, and thus whose many properties are largely 
tied to variation in the width of the latewood band, and tropical hardwoods, includ-
ing not only trees, but woody plants that have phases with different degrees of 
mechanical support (such as lianas and hemi-epiphytes). Data are also rare on 
shrubs, whose wood density is often high and whose growth form is often distinct 
from that of a tree. In general, the TRP is much less marked in hardwood trees 
than conifer trees.

Moreover, there have been very few adaptive explanations of the TRP. The early 
literature on wood variation mainly focused on anatomical characteristics that could 
be examined through transmitted light microscopes and on mechanical properties of 
boards cut from different radial positions within a tree. Quite sophisticated meth-
ods, some automated, are now available for characterizing radial variation, and 
unlike most of the work undertaken during the twentieth century, there is now care-
ful physiological work in addition to anatomical and mechanical work characteriz-
ing radial changes in structure and function. Much of this chapter is concerned with 
what we can infer from knowing whether the radial variation in function is more 
closely related to ring number from the pith (cambial age) or size (more strictly 
referred to as radius or overall diameter). We use the term ‘size’ rather than stem 
radius because the tree’s functions (related to allometry, physiology, and/or mechan-
ics) depend on its three-dimensional form rather than a simple linear or quadratic 
function of radius. For example, tree size is related to traits such as how deep is the 
canopy and at what range of water potentials does the tree transpire (for water 
needs), the extent to which the canopy’s mass is offset (for bending stresses), or the 
stem’s taper (for axial load).
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This chapter has three main objectives:

To provide a brief description of the nature and magnitude of the typical structural •	
and/or functional changes along the radial direction of a stem at any height (the 
TRP). We will use breast height as the standard height in order to reduce the num-
ber of factors discussed, but most of this discussion would pertain to locations 
higher or lower in the bole as well.
To clarify whether ring number from the pith or size best explains the TRP in self-•	
supporting trees that are not subjected to any unusual mechanical environments.
To briefly introduce and evaluate hypotheses for the functional significance of •	
the structural variation exhibited in the TRP. We also suggest plant material/
environment systems in which these hypotheses can be further tested.

If the evaluations proposed here improve our knowledge of why wood develops 
into the structures we observe, we will have a good basis for better understanding 
the woody plant habit and predicting its behavior in various environments. Moreover, 
knowledge of the extent and location of variation in wood properties within a stem 
is of importance to foresters and wood processors as it has major implications for 
end-product quality.

2  Radial Variation’s Terminology, Patterns, and Effects  
on Wood Utilization

In this section, we review the terminology, location, and structure of corewood and 
outerwood and its effects on wood utilization. We then briefly discuss three mecha-
nistic theories to explain the typical radial pattern (TRP) that is observed in selected 
wood properties.

2.1  Terminology

The terminology used to describe the wood found at different positions within a tree 
has been the source of much debate (e.g. Larson 1969; Amarasekara and Denne 
2002; Burdon et al. 2004). In the wood technology and wood science literature, 
wood located near the pith is commonly referred to as juvenile wood, and wood 
found further from the pith as mature wood. However, Larson (1969) argued that the 
term juvenile wood is a misnomer as it can only adequately describe the type of 
wood formed in young trees and not the wood formed higher up in the stem of older 
trees. He stated that it would be appropriate to refer to this type of wood from a 
positional perspective as ‘core wood’ or from a developmental perspective as 
‘crown-formed wood’. In fact, the term ‘crown-formed wood’ has been in existence 
since at least the 1930s, when it was used by Trendelenburg (1935, cited in Paul 
1957) to describe the core of low density wood in a tree, and reflects the effect that 
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proximity to the active crown has on the properties of the wood that is formed. 
‘Crown-formed wood’ has the disadvantage of not distinguishing between wood 
that is truly in close proximity to foliage and/or terminal meristems, and wood that 
is instead near long branches, which may not be influenced by crown-derived 
hormones. While the terms ‘juvenile wood’, ‘core wood’ and ‘crown-formed wood’ 
have often been used synonymously, Amarasekara and Denne (2002) proposed that 
the term ‘crown-formed wood’ should be used to describe fluctuations in wood 
structure associated with the size of the crown, which are superimposed upon the 
trends due to cambial age. There are also overlaying patterns resulting from the 
effects of gravity and wind (e.g. Chiba 2000). These perspectives were advanced 
further by Burdon et al. (2004) who developed two separate concepts: juvenility 
versus maturity to describe axial variation in wood properties; and corewood versus 
outerwood to describe variations from pith to bark. They argued that these terms 
should be used in conjunction with each other, rather than as alternatives. For exam-
ple, wood located near the pith at the base of the tree would be referred to as juvenile 
corewood, while further up the tree it would be referred to as mature corewood. We 
will use the term corewood to refer to the wood located near the pith at all heights 
in a tree where there is considerable radial variation in wood properties, and outer-
wood to refer to the wood exterior to the core. We will also use the term typical 
radial pattern (TRP) to describe the radial variation at any given height.

2.2  The Typical Radial Pattern (TRP)

Radial variation exists not only in the length of cells within a stem, but in most other 
cell characteristics. In softwoods, growth rings near the pith usually consist of a large 
proportion of earlywood tracheids (which have larger diameter and thinner  cell walls 
than latewood tracheids), that gradually transitions to a larger proportion of latewood 
tracheids with increasing ring number from the pith. Earlywood tracheid diameter 
increases with cambial age and together these two properties control most of the 
variation in density, which is the most widely studied physical wood property. (Unless 
stated otherwise, we will use the term density to mean basic density, which is dry 
mass per unit green volume.) Tracheid shape and length have relatively minor effects 
on density, and the density of the cell wall itself is almost constant at approximately 
1,530 kg m−3 (reviewed in Siau 1984). Automated x-ray densitometers have greatly 
aided in data acquisition on radial density patterns. For conifers in the Pacific 
Northwest of North America, mean ring-level density generally follows a pattern 
where there is an initial decrease for the first 5–20 growth rings outward from the 
pith, followed by a rapid increase until a maximum value is reached asymptotically 
(Kennedy 1995). The typical pattern in many hard pines, including Pinus radiata and 
P. taeda, as well as a number of other species is to have no initial decrease in density, 
just a rapid increase in density with ring number, followed by a leveling off (Turnbull 
1948, reviewed in Zobel and van Buijtenen 1989). With the advent of rapid x-ray 
diffraction technology such as SilviScan (Evans et al. 1999), within-tree variation in 



128 B. Lachenbruch et al.

MfA has been studied in great detail for a number of species. In softwoods, MfA 
generally declines rapidly in the first few growth rings out from the pith before it 
approaches a minimum value asymptotically (Cave and Walker 1994; Mansfield 
et al. 2009); however, other radial patterns do exist.

There is no universal position within a stem at which wood properties reach a 
quasi steady-state value; the progression from corewood to outerwood is usually 
gradual, and the steady-state values as well as the pattern themselves can vary 
between wood properties, as well as between individual trees and sites (Cown et al. 
1991; Fabris 2000). Therefore, for convenience, the extent of the corewood zone 
(i.e. the number of rings from the pith or the area that it occupies at a given height 
in a tree) can be defined by an arbitrarily assigned threshold in a systematically 
changing property. In many cases, the number of rings from the pith has been used 
to identify the extent of the corewood zone, but in other cases, distance from the pith 
has been used (see Sect. 3). In southern pines (primarily Pinus taeda and Pinus 
elliottii) its extent is commonly based on visual assessments of latewood percentage 
(Larson et al. 2001). Its extent has also been delimited using densitometry (which 
gives an estimate of wood density that is in turn related to mechanical properties) 
(e.g. Abdel-Gadir et al. 1993; Fabris 2000), or fiber or tracheid length (e.g. Shiokura 
1982; Mansfield et al. 2009). More recently, microfibril angle has been used to iden-
tify corewood because of its influence on wood stiffness, shrinkage potential and 
dimensional stability (e.g. Cown et al. 2004).

The radial extent of corewood differs by species, between individuals within a 
species, by height within the stem, and with the property used to define it (Zobel and 
Sprague 1998). For example, in Pinus taeda, the juvenile core is generally taken to 
consist of the inner ten growth rings (Larson et al. 2001), whereas in lodgepole pine 
(Pinus contorta) Mansfield et al. (2009) found that the transition from corewood to 
outerwood occurred at 31, 18 and 15 years based on the analysis of radial profiles of 
wood density, tracheid length and MfA, respectively. For a particular property the 
age at which the transition from corewood to outerwood occurs within a species 
appears to be under a degree of genetic control (e.g. Gapare et al. 2006). Irrespective 
of the property or properties used to define the extent of the corewood zone, the 
change from corewood to outerwood is usually not abrupt. Almost all woods of self-
supported woody plants show a transition from corewood to outerwood, which can 
be called the transition zone (Zobel and Sprague 1998). The discussion of this zone, 
or the properties of the wood contained within it, adds little to our insights while 
adding to the complexity of an already uncertain concept and, therefore, will not be 
pursued further in this chapter.

Differences between corewood and outerwood have been studied for many species, 
particularly conifers. Zobel and Sprague (1998) summarized the general characteris-
tics of corewood and outerwood in both conifers and hardwoods. Here we present 
what we are calling the typical radial pattern (TRP), which is most likely biased by the 
larger number of studies on softwoods than hardwoods, and on traits of traditional 
importance to wood processors and tree breeders (such as wood density and microfi-
bril angle) rather than on other physical and biological traits (such as critical strain, or 
peak transpiration/sapwood area). This pattern is typical for self-supported plants; 
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those plants that are supported externally for some or all of their life will not 
necessarily conform to the TRP, nor will those that have other unusual mechanical 
loads such as from a prevailing wind, or from self-weight if the whole stem is leaning. 
As more growth forms, habitats, and environments are studied, many of the general-
izations about the TRP may well shift significantly. The main TRP discussed in this 
paper includes the following differences in key characteristics of corewood compared 
to outerwood:

Shorter cells with smaller diameter and thinner cell walls.•	
Smaller contribution (in conifers) of the S2 wall layer to the double cell wall •	
thickness.
Lower specific gravity. In some pine species (mostly hard pines) the specific •	
gravity of outerwood can be as much as double that of corewood, but 10–20% 
differences are more common.
High microfibril angle (40–50° is common for softwoods such as pines; 25–35° •	
is more common for hardwoods such as eucalypts, poplar and birch).
Low modulus of elasticity and strength due to lower specific gravity and higher •	
microfibril angle. Specific stiffness (the ratio of modulus of elasticity to specific 
gravity) is also generally lower in corewood.
High spiral grain angle (the angle of the longitudinal cells with respect to the •	
stem’s axis). In many species spiral grain reaches a maximum in the first few 
rings from the pith, and then declines to a low value in the outerwood.
Higher lignin and lower cellulose content.•	
Higher incidence of reaction wood, i.e. compression wood in softwoods and •	
tension wood in hardwoods.
Greater propensity for distortion when wood is dried because of higher longitu-•	
dinal shrinkage (associated with high microfibril angle), spiral grain angle and 
incidence of reaction wood.
Greater susceptibility to internal checking (Ball et al. •	 2005).

These properties listed above have been studied because of their effect on wood 
utilization. The following characteristics of corewood have been found by tree 
physiologists:

Lower specific conductivity (Mencuccini et al. •	 1997; Spicer and Gartner 2001; 
Domec et al. 2005).
Lower vulnerability to embolism in conifers (e.g. Domec and Gartner •	 2002, 
2003; Domec et al. 2005; Rosner et al. 2006).

In addition, gene expression studies are showing that there are differential 
activities and products produced by the cambium at different ages; essentially, 
rather than explaining why the physical and physiological traits exist, these 
studies are providing a new set of traits that follow the TRP. For example, Cato 
et al. (2006) showed that the expression of many genes of developing tissues 
have monotonic gradients from the cambial zone of corewood to that of outer-
wood in Pinus radiata. Similarly, Paiva et al. (2008) sampled Pinus pinaster 
trees along a height (and thus cambial age) gradient. They showed that the 
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 relative expression of genes for processes of importance in the corewood region 
(a cluster of 71 genes) was higher in cambial material from the top than the bot-
tom of the tree, and that the relative expression of genes for processes of impor-
tance in the outerwood region (a cluster of 53 genes) was higher at the bottom 
than the top of the tree.

There is usually markedly less radial variation in wood anatomy within hard-
woods than within softwoods (Panshin and deZeeuw 1980; Zobel and Sprague 
1998), although Wiemann and Williamson (1988) found that tropical pioneer angio-
sperm species can have very high radial variation in wood density. Diffuse-porous 
species have patterns that are roughly similar to those in softwoods, and generalized 
curves were presented by Maeglin (1987), showing that fiber length, cell diameter 
and wood density increased with ring number from the pith while MfA decreased. 
A study in Alnus rubra showed, however, that some diffuse-porous species have no 
significant variation in density from pith to bark, in spite of an increase in vessel 
proportion and a decrease in fiber proportion (Gartner et al. 1997). In ring-porous 
species (those species with markedly wider vessels at the beginning than the end of 
the growth ring), there is a very large difference between earlywood and latewood 
densities. This fact coupled with the tendencies to have narrower growth rings at 
higher ring number from the pith but to maintain approximately constant earlywood 
width, results in ring-porous hardwood species tending to decrease in density from 
the pith outward (Lei et al. 1996; Woodcock and Shier 2002).

Several characteristics can be classed as exhibiting a radial pattern, but which are 
actually integrative values that depend not only on the currently produced structure, 
but on the structure elsewhere in the tree. One example is leaf-specific conductivity, 
which is a measure of how conductive the xylem is relative to the leaf area that it 
supplies. In most trees, the corewood has lower leaf-specific conductivity than the 
outerwood (Zimmermann 1978; Ewers and Zimmermann 1984; Domec et al. 2005). 
However, leaf-specific conductivity at a particular location depends on both the 
conductivity at that location and all of the leaf area distal to that point. Another 
example is the growth stress at a location (the force per unit cross-sectional area 
which the xylem exerts on its surrounding wood). Longitudinal growth stresses dis-
play strong radial gradients, with the outer layers (xylem in the outer part of the 
radius) contracting and inner layers (xylem within about the inner 2/3 of the radius) 
expanding upon removal from surrounding tissues (Jacobs 1945; Boyd 1950; Archer 
1986). These values, however, depend on the characteristics of the wood that had 
already been laid down: the growth stress exerted by the newest growth layer will 
result in a different stress profile within the stem depending on what the previous 
profile had been (Fournier et al. 1990).

2.3  Effects of Radial Variation on Wood Utilization

Much of the interest in the radial variation in wood properties and the size of the 
corewood zone arises from their importance to the wood processing industry. As 
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a result there is a substantial body of literature on both the effects of different 
silvicultural practices on the size of the corewood zone (particularly the per-
centage of log volume occupied by corewood) as well as on the effects of core-
wood on the performance of different products for a large number of tree species, 
mostly commercially-important softwoods. We highlight some of the major 
corewood/outerwood differences and the implications for manufacturers; inter-
ested readers are directed to the reviews by Zobel and van Buijtenen (1989), 
Zobel and Sprague (1998), and Larson et al. (2001). Without genetic and silvi-
cultural intervention, the proportion of corewood in the commercial forest 
resource worldwide will inevitably continue to increase for several reasons. The 
proportion of timber originating from plantations has increased substantially in 
the last few decades but outerwood in many cases does not yield much higher 
prices than corewood. Therefore, to maximize the rate of return on investment 
in land and silviculture, there has been a move toward harvesting trees much 
younger than in the past, and also in increasingly using the trees that are removed 
during thinning operations.

Corewood is generally regarded as being of lower quality than outerwood for 
most structural uses, although it is actually preferred for certain products such as 
medium density fiberboard and for some types of paper. Zobel and Sprague (1998) 
caution that the large number of publications focusing on the adverse properties 
of corewood have led to it being labeled as “bad wood”, whereas they argue that 
from a utilization perspective it should be considered as “different wood” with 
advantages of its own. The relatively low density of juvenile softwood affects 
pulp and paper properties mainly through the greater collapsibility of the trache-
ids. Kraft pulp handsheets produced from corewood have higher tensile strength 
but lower tear strength than those produced from outerwood. Printing paper pro-
duced by the thermo-mechanical process from young radiata pine (Pinus radiata) 
has high structural uniformity, optical performance and surface smoothness 
(Burdon et al. 2004). The strength properties of medium density fiberboard panels 
produced from the corewood of black spruce (Picea mariana) were found to be 
superior to those of panels produced from outerwood taken from the same trees 
(Shi et al. 2005).

Corewood does, however, present real problems for sawmills producing struc-
tural timber. For these uses, the low density and high microfibril angle of corewood 
results in timber with low modulus of elasticity (low stiffness) and bending strength 
(Bendtsen and Senft 1986), an often high incidence of compression wood (Barger 
and Ffolliott 1976; Timell 1986), and a longitudinal shrinkage as much as ten times 
greater than that of outerwood (Voorhies and Groman 1982). This results in poor 
dimensional stability, meaning high shrinkage or swelling in response to changes in 
ambient humidity. These strong property gradients lead to warping and twisting of 
timber that contains both corewood and outerwood. Such dimensional instability 
can cause significant serviceability problems in timber structures, even if it only 
affects a small number of the pieces of timber within a structure. Numerous studies 
have shown that engineered wood products such as oriented strand board have 
poorer performance if they are made from corewood (e.g. Cloutier et al. 2007); 
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however, corewood can be placed in certain locations in some engineered wood 
products where it will not adversely affect overall performance (e.g. in the middle 
layers in laminated veneer lumber or glulam beams; e.g. Kretschmann et al. 1993). 
Corewood also tends to have a higher proportion of knots by virtue of its location in 
the tree and geometry; these knots negatively impact grade recovery and strength, 
but are not the subject of this chapter.

3  Developmental Controls of the Typical Radial Pattern

Gradual radial changes in many xylem properties are the rule, rather than the 
exception, in most woody plant species that have been investigated, but what 
mechanism is responsible for these changes? Are the patterns ontogenetically 
fixed, or are they plastic, triggered by factors that vary as the plant increases in 
size? The radial pattern may be of adaptive value regardless of whether the control 
is ontogenetic or plastic because natural selection can favor a similar radial pat-
tern through either developmental route. Knowledge of the nature of the driver, 
however, can tell us whether the variation we observe is genetic or is related to the 
environment that the plant lives in, and can also give us tools to use if we want to 
alter the pattern of wood development. In this section, we review terminology that 
make more explicit the meaning of ‘fixed’ and ‘plastic’ control, then present three 
hypotheses for the mechanism responsible for the TRP. While we acknowledge 
that it is likely that a combination of fixed and plastic mechanisms is involved, for 
simplicity we will examine the potential mechanisms separately. We then focus 
on rings from the pith vs. diameter (a special case of ‘age vs. size’) and ask why 
it may be useful to understand which factor is more important, and then give 
examples of studies that supported the importance of either ring number or diam-
eter for determining the TRP. The examples show that for both conifers and hard-
woods, in some cases age is more strongly correlated with a trait and in other 
cases it is size. It is not surprising to find such variability in the control (fixed or 
plastic) or the type of factors (age or size) that describe the development of the 
TRP in the woody plants: given the physiological, developmental, and mechanical 
interactions that occur within woody plants, one would not expect an extremely 
simple set of rules to orchestrate the development of adaptive patterns in all trees 
and under all circumstances.

Day and colleagues (Day et al. 2002; Day and Greenwood 2011) define three 
models of potential pathways controlling age-related changes in the development of 
plant shoots. Intrinsic control results from internal factors (those within the mer-
istem itself) that result from programmed changes in gene expression (the typical 
meaning of ‘ontogenetically fixed’ or ‘developmentally controlled’). Environmental 
(plastic) control can be broken down into two types. Extrinsic control results from 
external factors (those beyond the meristem—but that can include environmental as 
well as within-plant signals) that act on the products of the meristem such that they 
develop differently (for example, the effect of light on developing leaf tissue). In 
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this case, the meristem remains inherently the same over time, but the signals 
change. Extrinsic-intrinsic control results from changes in gene expression that are 
induced by environmental factors. Extrinsic-intrinsic control appears to be more 
common than extrinsic controls.

Although the theory makes clear distinctions among these controls, in prac-
tice we are not always able to discern which type of control is acting, and so our 
ability to distinguish among these types of control is somewhat blurred. An onto-
genetically fixed (intrinsically controlled) pattern could be manifested by a tight 
correlation of a trait with cambial age but a poor correlation with diameter (e.g. 
Fig. 5.2a), as discussed by Day et al. (2002). A fixed pattern could also be mani-
fested by the reverse, a tight correlation with diameter but a poor correlation with 
cambial age (e.g. Figs. 5.2b and 5.3). In the first case, the cambium’s algorithm 
would be triggered by a time-related metric such as the number of dormancy 
periods experienced, and in the second case, by a diameter-related algorithm 

Fig. 5.2 Radial distribution 
of fiber length at breast height 
from small (S), medium (M), 
and large (L) diameter 
plantation grown trees.  
(a) Eucalyptus grandis 
(14 years old, mean DBH of 
21.7, 28.0, and 37.9 cm, 
respectively, n = 6 trees/size 
class) showing dependence of 
fiber length on cambial age, 
not stem diameter. (b) Acacia 
auricuriformus (11 years old, 
mean DBH of 14.1, 19.1, and 
25.8 cm, respectively, n = 4 
trees/size class) showing 
dependence of fiber length  
on stem diameter, not 
cambial age (From Kojima 
et al. 2009. Used with 
permissions)
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such as number of periclinal divisions that the cambium has undergone. It should 
be noted that a good correlation with diameter but a poor correlation with cam-
bial age could also result from plastically-controlled development, if the growth 
algorithm was triggered by a force acting beyond the cambium itself, such as a 
bending stress. In this case, the magnitude of the force depends on factors such 
as the amount of biomass distal to the xylem sample, as well as its geometric 
distribution. Unlike a size-related pattern that is ontogenetically controlled, a 
plastically-controlled one could be altered with manipulations of the driving 
force, such as staking plants in the example in which the TRP is driven by changes 
in bending stresses.

To investigate the extent of ontogenetic (intrinsic) vs. plastic (intrinsic/extrin-
sic) control of wood development, Lenz et al. (2010) estimated the heritability of 
eight traits that follow the TRP for rings 1–16 in Picea glauca. If a trait was 
highly heritable, then its control was most likely ontogenetic, and likewise if it 
had low heritability, then its control was most likely plastic. Near the pith, there 
was little evidence to support ontogenetic control: none of the traits were strongly 
heritable, with the highest heritability values there being 0.3–0.4 (for earlywood 
radial cell diameter and earlywood and latewood MfA). Heritability then 
increased markedly for earlywood traits from the first to the 16th growth ring for 
five of the eight traits studied (wood density, specific fiber surface, cell wall 
thickness, tangential cell diameter, radial cell diameter), with heritability at ring 

Fig. 5.3 Influence of tree spacing on the radial pattern of wood specific gravity at breast height in 
Pinus taeda (loblolly pine) growing in the Piedmont of South Carolina showing the dependence of 
specific gravity on cambial age, not stem diameter. Mean diameter at breast height (and height) of 
trees at the closest spacing was 20.3 cm (20.9 m) and at the widest spacing was 28.7 cm (22.5 m) 
(From Clark and Saucier 1989. Used with permissions)
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16 exceeding 0.7 for three of these traits. The authors inferred that ontogenetic 
control becomes more important for these traits at increasing ring number. 
Similar research on other factors and in other taxa would be very valuable for 
determining the degree to which the patterns can be changed through genetic 
selection vs. through environment.

3.1  Mechanistic Hypotheses Explaining the Location  
of the Corewood/Outerwood Transition

Proposed mechanisms controlling the TRP are the number of rings from the pith 
(pattern ontogenetically fixed), diameter (usually treated as a plastic response, but as 
shown above, could also be ontogenetically fixed), and the location with respect to the 
position of the live crown (plastic). We refer to these hypotheses as mechanistic, as 
distinct from the adaptive hypotheses (Sect. 4) that explain the functional advantages 
of such radial variation.

3.1.1  Transition Occurs in Response to Ring Number  
from the Pith (Cambial Age)

This hypothesis proposes that the transition from corewood to outerwood is related 
to the age of the cambial initials (synonymous with the terms ‘cambial age’, and 
‘number of growth rings from the pith’) at a particular height within the stem 
(Fig. 5.1b, c); the TRP is intrinsically controlled. At young cambial ages (in a young 
tree or higher up the stem in an older tree), the products of the cambial initials have 
xylem properties that are characteristic of corewood (e.g. short cells with narrow 
diameter and relatively high MfA). As a tree grows outward, the older cambial 
 initials at the base of the tree are the first to reach the transition from corewood to 
outerwood as shown by these properties, while younger cambial initials higher in 
the tree are still producing corewood (Fig. 5.1b) but will be reaching the transition 
in the future. As discussed in more detail in Sect. 3.3, there are many examples in 
which ring number is a better predictor of the trajectory of the TRP than is stem 
diameter, in both softwoods (e.g. Herman et al. 1998; Clark and Saucier 1989) and 
hardwoods (e.g. DeBell et al. 1998).

3.1.2  Transition Occurs in Response to Stem Diameter

This hypothesis proposes that the transition from corewood to outerwood is related 
to stem diameter (Fig. 5.1d). One possible explanatory mechanism for this is that 
the cambial cells in a small-diameter stem would need to have a much higher 
proportion of anticlinal divisions (those that produce tangentially-aligned cambial 
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cells) than would those in a larger stem to produce a new radial increment. 
However, true anticlinal divisions are rare; cells generally divide pseudo-trans-
versely (i.e. rather than having a cell divide into two thin cells of the same length, 
the cell divides into two shorter cells, one above the other, but with some overlap 
of the bottom and top of the resulting cells). This mode of cell division would 
depress the apparent tendency for cambial initials to increase in length with 
increasing cambial age, and would explain the gradual increase in cell dimensions 
as the cambium develops a lesser radius of curvature at larger sizes (discussed in 
DeBell et al. 1998). Indeed, Bannan (1967) found that tracheids arising from 
pseudotransverse divisions are considerably shorter and therefore the radial pat-
tern of tracheid length can be interpreted in terms of the relative frequency of 
pseudotransverse divisions.

However, diameter is actually a one-dimensional trait that serves as an index of 
the size of the tree (see King 2011), in which the size also encompasses its mass, 
height, center of mass, foliage quantity, and other factors. While the signal to transi-
tion from to corewood to outerwood could be fixed such as the total number of cell 
divisions in the cambium (which would give an index of diameter) or the current 
number of divisions/number of cells in the cambium (which would give an index of 
the cambium’s radius of curvature, and thus its distance from the pith), it could also 
be plastic, triggered by a factor such as self-weight, compression, tension, or torsion 
sensed in the cambial zone or hormones produced in a specific location (such as 
crown or root).

3.1.3  Transition Occurs in Response to Location with Respect  
to the Live Crown

The crown position hypothesis proposes that crown-produced auxins favor produc-
tion of corewood, and their absence favors production of outerwood (Fig. 5.1a and 
Larson 1969). Larson (1969) further states that xylem in the crown region has a 
greater proportion of earlywood and thinner cell walls overall. There are no defini-
tive studies that are strongly supportive of this hypothesis, although some are mildly 
supportive (e.g. Amarasekara and Denne 2002; Gartner et al. 2005).

Crown position may well be an important factor for determining the radial 
pattern of xylem traits, and it may follow the mechanism describe here, but it could, 
alternatively follow other mechanisms. For example, the production of plant growth 
regulators in the crown or the sensitivity of the cambium to these regulators could 
be related to factors such as the rate of change in water potential, the amount of 
available water storage, or the quantity of sunlight that reaches the bark (Gartner 
1996). The crown-position hypothesis is the basis for suggestions that silvicultural 
treatments which affect the depth of the live crown, such as pruning or manipulation 
of stand density (i.e. through initial spacing and/or thinning), will lead to different 
patterns of corewood and outerwood in same-aged trees (see the critical review in 
Briggs 1995). We do not discuss this hypothesis further in this paper, but it may be 
a fruitful area of future research.
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3.2  Why Ask Whether Age or Size Is a Better Predictor of Traits?

As stated before, ring number from the pith is related to the age of the cambium at a 
given height, and diameter at that location is related to the size of the tree, so these 
characteristics can represent age and size. Clarification of whether the TRP is more 
closely related to ring number from the pith or diameter for a particular wood property, 
species, and environment may give insight to physiologists seeking to understand the 
factors that have influenced wood structure and function, on both the short-term and the 
evolutionary time scales. Limits to the inferences, however, include the possibility (a) 
that age and size are correlated with one another so strongly that we will learn little 
from knowing with which variable a trait has the stronger correlation, (b) that age (or 
size) exhibits the stronger correlation with the trait of interest but that size (or age) was 
a simpler path for natural selection to use, and (c) that an observed correlation with age 
or size is spurious and the relationship is actually evolutionarily neutral.

Assuming that these caveats are noted, we can address the implications of size 
vs. age correlations. As an example, if age is more strongly correlated with a mor-
phological trait than is size, we can infer that evolution favored an age-related factor 
(such as the hydraulic redundancy provided by having numerous growth rings) over 
some size-related factor (such as the physical stress caused by the canopy in the 
wind) as the better predictor of appropriate function. Physiologists can then develop 
and test hypotheses in accordance with age rather than size to further understand 
plant biology. Knowledge of whether traits are more closely correlated with number 
of rings from the pith or with diameter can be very useful to forest managers in situ-
ations in which the incidence of corewood will affect value or use (Kojima et al. 
2009). This knowledge can be used to manipulate tree growth to maximize log 
value. It can also be used to predict the value of logs knowing the management his-
tory, to better schedule when to harvest a stand, and to better target log sales and 
processing for their appropriate use.

3.3  Is There a Small Set of Potential Drivers of Age- or Size-
Dependent Changes in Xylem Traits?

It is instructive to list the most apparent similarities and differences one would 
expect between a small and a large tree of the same age, and a young and an old 
tree of the same size. If the lists are short, it may be simple to infer the factors of 
importance for the plant during passage from one size or age to the next. These 
factors could then be explored with respect to the radial changes in wood proper-
ties. While not exhaustive, Table 5.1 illustrates that there are numerous candidate 
functions on which natural selection may have acted, and that there is no one set of 
similarities or differences from which we can infer why a certain species and trait 
is more closely correlated with one of the independent variables (age or size) than 
with the other.
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Table 5.1 Similarities and differences between trees that differ in age but not size, or in size but 
not age, and their relevance for development of hypotheses to explain radial variation in xylem 
structure. These attributes do not take into account any mitigating differences in wood structure or 
function, such as the centrifugal increase in modulus of elasticity and cell length

Small tree compared to large tree of same agea

Similarities Potential relevance

Both have been subjected to environmental 
factors for the same length of time (e.g. 
freeze-thaw cycles, oxidation)

Both may exhibit similar deterioration or 
changes due to physical and chemical 
environment

Both have same likelihood of experiencing 
infrequent extreme events (e.g. fire, 
extreme wind, ice-storms, pest outbreaks, 
oxidation)

Both are at similar risk for damage (although 
magnitude of damage is probably size-
related)

Both have had same number of growth and 
dormancy periods

Both have had same number of cues, if species 
has mechanism to count periods to assess age

Both may have same number of plies 
(growth increments), and same number of 
branch clusters if determinate growth

Both may have similar numbers of growth rings 
through which water must traverse from 
inner to outer wood

Both have had same number of years to 
reach current architecture

Both should have similar morphology and 
perhaps physiology at same-aged locations, if 
meristems have age-dependent behavior

Both may have expended reproductive effort Small tree may have further reduced growth

Differences Potential relevance
Small tree has shorter internodes if 

determinate growth
Small tree may have more closely spaced 

branches, foliage, reproduction
Small tree has shorter stem overall Small tree may have less hydraulic resistance 

due to force of gravity and due to path length
Small tree has fewer total divisions at 

meristem over lifetime
Small tree may be more homogeneous geneti-

cally and may track the environment more 
poorly, if meristematic divisions are 
associated with somatic mutations

Small tree has lower lever arm, smaller 
crown relative to stem, less self-weight/
stem cross-sectional area

Small tree may need less investment in structural 
support

Small tree has more growth layers per cm of 
wood

Small tree may have tougher stem if latewood 
zones retard crack propagation

Small tree may have lower leaf area Small tree may have lower absolute carbon gain, 
less leaf redundancy so more vulnerable to 
leaf loss (from herbivores, pathogens, 
physical factors)

Small tree may have narrower sapwood, 
shallower or less dispersed rooting and/or 
less stored water per leaf area

Small tree may be more subject to drought stress 
if drought conditions are limiting

(continued)
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Young tree compared to old tree of same sizeb

Similarities Potential relevance

Both have same physical environment – 
wind, light, temperature

Both have same spatial patterns of wood properties 
if species responds plastically to these factors

Both have undergone roughly same number 
of division in meristems

Both have same spatial pattern of wood properties, 
if species has intrinsic meristematic controls 
that change with size (as number of divisions)

Both have same spatial distribution of 
mechanical stresses in all the axes: 
axially, radially, and tangentially along 
bole, and along individual branches and 
roots (if distribution of elastic properties 
were the same in both trees)

Both have wood designed to same mechanical 
safety factor if species can anticipate 
(probably through intrinsic controls) or react 
to (through extrinsic controls) magnitude of 
stresses

Both may have same water potentials 
(assuming similar leaf area, root area, 
and specific conductivities)

Both have wood designed to same hydraulic 
safety factor if species can anticipate 
(probably through intrinsic controls) or react 
to (through extrinsic controls) magnitude of 
drought stress

Both may have roughly same abilities to 
capture assimilate (assuming similar leaf 
area, fine root area, and whole-plant 
architecture)

Both may have similar growth efficiencies, 
carbon to allocate to defenses, re-growth 
after damage, etc.

Differences Potential relevance
Young tree has experienced environment for 

shorter period
Young tree has had less time to deteriorate from 

ongoing, predictable processes
Young tree is less likely to have experienced 

any particular environmental perturbation
Young tree is less likely to have been damaged 

by extreme events
Young tree has had fewer growth and 

dormancy periods
Young tree is developmentally behind, if 

development is influenced by years
Young tree has fewer but wider layers 

(‘plies’), and either the earlywood, 
latewood or both will be present in wider 
expanses

Young tree may have different stress distribution, 
access to stored water, risk (due to diff. 
amount of redundancy in structure), 
depending on importance of plies to these 
factors

Young tree has had fewer years to reach 
current whole-plant architecture

Young tree is more heterogeneous, has less 
redundancy in structure if determinate 
growth (ex: loss of one branch whorl causes 
a greater biomass loss)

Young tree may not have expended 
reproductive effort

Young tree may have more vigor

Young tree architecture may be more 
hierarchic, with older tree consisting of 
repeated hierarchic units

Young tree’s productivity possibly less tied to 
demography of the units, and thus less 
buffered

a Comparisons are of idealized trees that arrive at different sizes for the same age but that grew 
without constraints related to tree social status (such as being dominant vs. suppressed). For illus-
tration, consider small (5 m) vs. large trees (30 m) of the same age (50 years)
b Comparison of idealized trees that require different ages to attain the same size but that grew 
without constraints related to environment (such as differences in rainfall). For illustration, con-
sider young (10 years) vs. old (50 years) trees of the same size (10 m)

Table 5.1 (continued)
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3.4  Examples of Age- or Size-Related Xylem Traits

One type of experiment of use for testing age vs. size dependence is to find or develop 
plant material with a common age but that differs in size. (It would be redundant to 
also compare trees of the same size but different age because this situation is also 
found by dissecting the larger tree back to the point at which it had the same size, but 
different age, as the smaller tree.) The criterion of same-aged but different sized trees 
is often met in silvicultural trials that have variable thinning, fertilization, or irrigation. 
It may also be met in a cohort of trees that have established following a disturbance.

In the conifers, most such studies have shown that ring number from the pith is 
more closely correlated than is diameter to the values of traits, although there are 
examples of each outcome (reviewed in Zobel and Sprague 1998, pp. 9–11). For 
example, in thinning or spacing trials, the transition from corewood to outerwood 
was more closely related to ring number for wood density in two species of southern 
pine (Pinus taeda and P. elliottii, Clark and Saucier 1989) (Fig. 5.3) and for tracheid 
length in two species of spruce (Picea mariana and P. glauca, Yang 1994). A simi-
lar study with Norway spruce (Picea abies) also showed that tracheid length and 
MfA were more closely related to ring number from the pith, but that tracheid diam-
eter was more closely related to diameter (Saranpaa et al. 2000). Many studies also 
show no effect of radial growth rate on wood density. Zobel and van Buijtenen 
(1989), summarizing 59 studies on hard pines, reported that 59% of the studies 
showed no significant relationship between radial growth rate and wood density, 
19% showed a large negative relationship, 15% showed a small negative relation-
ship, and 7% showed a positive relationship. One must be cautious in labeling this 
a TRP, however, because density can be driven by changes in latewood proportion 
that could have more to do with tree spacing and foliage area, rather than changes in 
latewood or earlywood density (e.g. Cown 1973, 1974).

In hardwoods, there are too few studies to conclude which pattern is more common, 
but as with conifers, there are examples of both age and diameter having the strongest 
influence. Two projects studied the radial pattern of wood density in tropical hard-
woods of different size but the same age: plantation trials in a secondary successional 
species in Brazil (de Castro et al. 1993), and cohorts of four self-seeded pioneer species 
in Costa Rica (Williamson and Wiemann 2010). In most cases in both studies,  
the small-diameter trees had significantly greater slope of the density on radial distance 
relationship than did the larger-diameter trees of the same cohort. Moreover, there  
were no significant differences between the densities of the outer wood in the smallest 
vs. the largest individuals in most of the species-stand combinations, indicating that 
density was more closely related to cambial age than to diameter. Studies have also 
compared the radial patterns of fiber length in trees whose radial growth rates were 
manipulated. In some studies (e.g. Populus, DeBell et al. 1998, and two Eucalyptus spe-
cies, Kojima et al. 2009), fiber length was more closely related to cambial age than to 
diameter (Fig. 5.2b). However, Kojima et al. (2009) studied four taxa (two Acacia spe-
cies and two accessions of one species of Paraserianthes, formerly Albizia) in which 
fiber length was more closely related to size than to cambial age (e.g. Fig. 5.2a).
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4  Hypotheses for Why Trees Develop Radial Changes  
in Wood Properties

The TRP is sufficiently common for us to infer that it has evolved through natural 
selection to help the plants survive and reproduce. This inference is not necessarily 
correct, of course: patterns can develop randomly, or as incidental by-products of 
another function upon which selection has acted. An example of an incidental 
by-product is the color of wood, which is not thought to be of adaptive value itself, 
but to result incidentally from the materials of which wood is formed and by which 
it is chemically defended.

In this section we present three hypotheses for the evolutionary drivers of the TRP 
related to developmental constraints (D), maintaining adequate water distribution 
(H), and maintaining structural integrity of the tree subjected to its own body forces 
as well as external loads such as wind (M) (summarized in Table 5.2). We then give 
examples of comparisons to help us link specific structures and functions with the  
H and M constraints. Although we treat these hypotheses separately, it is unlikely 
that any plant was shaped through evolution solely by one of these types of con-
straint. The magnitude of different constraints surely vary among species, plant parts 
(e.g. stems vs. roots), and cambial ages, and in the xylem of individuals in different 
habitats. As pointed out by Zimmermann et al. (2004) in their review of hydraulic 
mechanisms, trees are most likely to have evolved ways to use all the available physi-
cal and biological avenues to maximize their chances of survival. This includes the 
ability to respond to both long-term and short-term environmental changes, where 
‘environment’ refers to all external influences including climate, gravity, day length, 
latitude, terrain, soil properties, competition from other plants and predation—and, 
of course, silvicultural conditions related to regimes such as spacing, thinning, and 
pruning. For this reason, making inferences about which constraint was the most 
important may be difficult: disparate constraints and tradeoffs may dampen any sig-
nature of one constraint over another. Thus, we may learn the most about the adaptive 
significance of wood structure and function through comparisons of wood that devel-
oped in extremes of the H and D constraints—through manipulation of plants, or 
choosing plants living in extreme hydraulic or mechanical environments.

4.1  Development (D): Production of Sequentially More Optimal 
Xylem as Cambium Matures

Hypothesis D (developmental constraints) states that the TRP strategy is a by-
product of the need for the young cambium to mature before it can produce the 
most adaptive wood (Table 5.2). This view suggests that a developmental con-
straint prevents the meristem from producing the ‘good’ wood from the beginning 
and that corewood has no particular adaptive value other than that the tree must 
produce it before its cambium matures to the point of producing the outerwood. 
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Table 5.2 Adaptive hypotheses for the purposes of the typical radial pattern (TRP) in  secondary 
xylem of woody plants

Purpose of TRP When young or small When old or large
Structure and/or 
function involved

D: Byproduct of 
the need for the 
young cambium 
to mature 
before it can 
produce the 
most adaptive 
wooda

The cambial initials have 
derived from the apical 
meristem, where cells 
are small, and so they 
are constrained to 
produce small, short 
cells with high 
microfibril angle

By virtue of the 
number of cambial 
divisions already 
made, the initials 
have had opportuni-
ties to ‘mature’ 
gradually, making 
products that are 
now optimal for the 
tree

All characteristics, 
including 
morphological 
and 
physiological

H: To permit 
higher 
resistance to 
embolism in 
corewood, and 
to permit higher 
specific 
conductivity in 
outerwoodb

Need to allow more 
negative pressure 
before hydraulic or 
mechanical failure 
because young axes 
have less readily 
available stored water 
(and thus, less 
buffering capacity) 
than outerwood, 
because of their 
smaller mass, and in 
young plants, smaller 
root system

Need more water 
transport capacity 
to compensate for 
increased resistance 
caused by friction 
over longer path 
and gravity on taller 
path

Cell lumen 
diameter, cell 
wall thickness, 
cell length, pit 
characteristics, 
MfA

M: To permit a 
higher critical 
strain in 
corewood, and 
to permit 
greater strength 
and stiffness in 
outerwoodc

Small diameter trees need  
to be flexible to bend 
through large angles in 
response to applied 
loads (e.g. from wind), 
and to have a high 
critical strain so it 
won’t fracture with this 
bending. Low stiffness 
wood also permits 
more effective stem 
re-orientation by the 
growth stresses 
associated with 
reaction wood

As trees increase in 
size, stem needs 
increased wood 
strength and 
stiffness in order to 
avoid failure from 
both self-weight 
from the stress 
produced when the 
stem is bent by 
applied wind or 
snow loads

MfA and wood 
density, which 
in turn affect 
critical strain, 
stiffness and 
strength

aRelated to developmental (D) constraints on type of wood the young cambium can produce
bRelated to maintaining hydraulic (H) integrity of the water distribution network
cRelated to maintaining structural (M) integrity of the tree

This hypothesis can explain all characteristics that change along the radial transect, 
as long as the outerwood is presumed to have universally superior function over the 
corewood. The TRP reflects the decreasing intrinsic control and the increasing 
production of wood that is optimal for the tree (Fig. 5.4).
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A general understanding of the vascular cambium supports this hypothesis if the 
size and shape of the cambial initials constrains the size, shape, and ultrastructure of 
the cambium’s products. The apical meristem lays down cells that differentiate to 
become the vascular cambium. These vascular cambium cells (the fusiform cambial 
initials) produce secondary xylem immediately exterior to the growth that had been 
laid down by the apical meristem. It is logical to expect that these first fusiform 
initials will be relatively short. Bailey (1920) showed that for branch and stem seg-
ments of 13 gymnosperm taxa the tracheid length was about the same length as 
(or up to 10% longer than) the cambial initials, although he did not survey wood 
immediately adjacent to the pith. Therefore, these first fusiform initial cells in coni-
fers, if short, may be incapable of producing the extremely long axial cells that are 
found in outerwood, unless their products are capable of a large amount of intrusive 
growth. In angiosperms, however, Bailey (1920) reported that fiber tracheids were 
often more than twice as long as the fusiform initials, showing their ability to exhibit 
this high intrusive growth.

Hypothesis D is supported by data for some characteristics, particularly for the 
first several growth rings from the pith, which often appear to be the same size 
regardless of environment. For example, Christensen-Dalsgaard et al. (2008, dis-
cussed below) show a cross-section of a distal root 1 m from the bole, in which 
they observed that vessel diameters increased markedly for the first 2 mm, even 
though their calculations show no change in the mechanical strain across the time 
period during which this wood is developed. From this discrepancy the authors 
state that these early changes may well result from ontogenetic requirements 
rather than adaptive responses (either plastic or evolved). They did not estimate 
hydraulic needs for the small plants, however, so the patterns could have con-
formed to the hydraulic constraints hypothesis (below). Another example is that 
it is often noted that growth ring structure often ‘takes a few rings to settle down.’ 
For example, ring-porous woods may look diffuse-porous in the first several growth 

Cambial age (years)
0 5 10 15 20

D:  Constraints from
      meristem

H:  Resistance to
      hydraulic failure

M:  Flexibility and/or
       pliability

Corewood strategy
Outerwood strategy

corewood outerwood

Corewood strategy

D:  Optimal properties

H:  Specific conductivity

M:  Strength

Outerwood strategy

Fig. 5.4 Schematic diagram of hypotheses for why trees develop radial changes in wood proper-
ties, showing the changing strategy expressed in the corewood (dashed curve, left axis) and the 
strategy expressed in the outerwood (solid curve, right axis). See Sect. 4 for explanations of the 
developmental (D), hydraulic (H), and mechanical (M) hypotheses
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rings, and in conifers it is often much more difficult to distinguish earlywood 
from latewood in the early rings using either lumen diameter or cell wall thickness 
as criteria. Another example is the typical pattern of increasing cell lengths in the 
first several growth rings, suggestive that the cambium can only make short cells 
near the pith.

Hypothesis D is not supported by several kinds of evidence. First, this hypoth-
esis assumes that the corewood characteristics are not of value. This assumption is 
violated by physiological evidence that corewood’s hydraulic characteristics (such 
as its high resistance to embolism) are helpful for survival (e.g. Domec and Gartner 
2002, see Sect. 4.2), and mechanical evidence that compression wood, which helps 
a stem re-orient when it is bent, is more common in corewood than outerwood 
(Pillow and Luxford 1937).

Secondly, structural evidence often shows that the cambium is capable of pro-
ducing very abrupt radial changes in anatomy, suggesting that the cambial products 
are not entirely constrained. Compression wood can be detected within days of a 
stem’s being bent (reviewed in Timell 1986, pp. 680–686). When individuals that 
transition from self-supported to semi- or totally-supported experience a change in 
their mechanical environment, they often exhibit coincident radial anatomical 
changes (Ménard et al. 2009). An example is shown with the tropical liana 
Condylocarpon guianense. Rowe and Speck (1996) present a cross-section in which 
the inner 0.9 mm of xylem is extremely dense and has vessels that average about 
50 mm in diameter. Immediately adjacent is xylem that is not dense in which vessels 
average about 200 mm in diameter. This abrupt change in anatomy implies plasticity 
with very rapid cambial response.

Lastly, Hypothesis D is not supported by data for characteristics that largely 
are invariant across the radius. Root tracheids provide such an example: in sev-
eral studies in conifers, the tracheids in the first rings adjacent to the pith are 
similar in length to those found in the outerwood (Sanio 1872; Matsumura and 
Butterfield 2001; Peterson et al. 2007). Peterson et al. (2007) reported that the 
tracheids in the first two growth rings from the pith averaged 3.8–4.7 mm in 
length for the Pseudotsuga menziesii roots examined; the same roots had a mean 
of 3.8–4.1 mm at 40–41 rings from the pith. Other studies show that conifer root 
wood produced in the first cm (Matsumura and Butterfield 2001, Pinus nigra, P. 
radiata) or the first 8–13 years (Sanio 1872, Pinus sylvestris) has very long 
tracheids. In hardwoods, Sun and Suzuki (2001) reported a lack of radial varia-
tion in vessel element and fiber lengths for two of the five mangrove species 
investigated; the main environmental difference was that the two species that 
lacked the radial gradient lived in sites with less wind, less force from shifting 
tides, and less inundated sites than did the other three species. Certain rosette 
plants also lack a radial gradient in axial cell length (e.g. Carlquist 1962). This 
research shows that the young cambium is not necessarily canalized into pro-
ducing short axially-oriented cells. More research is needed to help us tease 
apart the relative contributions of intrinsic controls vs. plastic responses to 
environment for the many traits that do exhibit radial changes throughout the 
secondary xylem.
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4.2  Hydraulics (H): Maintaining Adequate Water Distribution  
as Cause for the TRP

Hypothesis H (hydraulic constraints) states that the TRP strategy permits corewood 
to withstand high negative pressures and allows the outerwood to have high specific 
conductivity. There is ample evidence of a tradeoff between resistance to embolism 
and specific conductivity (Domec and Gartner 2002; Rosner et al. 2008; Domec 
et al. 2008), depending on the scales compared (Meinzer et al. 2010). The rationale 
for Hypothesis H, detailed below, is that young/small axes have little access to stored 
water, and they may not have a steady supply of water from their root systems, sug-
gesting plants could benefit from allowing high negative pressures in the corewood 
before conduits fail mechanically or hydraulically. Large/old axes, in contrast, can 
buffer the water potentials with stored water and soil water to a greater extent 
(Scholz et al. 2011). However, as trees grow, resistance to water transport will 
increase from both the longer and taller path, suggesting that old/large trees could 
benefit from high specific conductivity in the outerwood (Table 5.2). The TRP 
reflects the changing strategy from hydraulic safety to efficiency as the tree increases 
in age/size (Fig. 5.4).

4.2.1  Corewood

First, young/small trees may need to operate with more negative water potentials 
than old/large trees because they are likely to have less developed root systems and 
therefore less certainty of access to a steady water supply. Secondly, young/small 
plants have been shown to have less water storage, and thus to be less capable than 
larger plants at modulating their water tensions (Scholz et al. 2011). Phillips et al. 
(2003) showed that young trees can have lower volume of sapwood per leaf area, and 
that there is a decreasing reliance on stored water with increasing plant size in two 
coniferous and one hardwood species. Cermak et al. (2007) showed that in old-
growth Pseudotsuga menziesii trees, most of the stored water comes from stem 
sapwood, with the largest amount coming from the lower stem. The spikes in tension 
gradient were buffered to a larger extent lower in the stem (in the outerwood) than 
higher up (in the corewood). Thirdly, if the corewood is located higher on the stem 
than is the outerwood, the upper position will experience greater xylem tension 
because of the resistance from the greater path length, and because of the effect of 
gravity acting on the taller water column.

Hydraulic failure in the corewood can occur through air-seeding of embolisms or 
through conduit collapse. In either case, the driving force is a water tension that 
exceeds some critical value, and plants need be protected from both failure modes 
simultaneously. Physiological and acoustic measurements in conifers show that core-
wood (Domec and Gartner 2002; Domec et al. 2009; Rosner et al. 2006, 2008, 2009) 
and branches (e.g. Domec and Gartner 2002; Mayr et al. 2003; Dunham et al. 2007) 
are often more resistant to embolism than is outerwood. Anatomical evidence also 
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suggests this higher resistance to embolism and/or collapse in corewood than 
outerwood. Hacke et al. (2001) calculated a wall reinforcement factor to explain 
collapse of a simplified conduit, using engineering equations for a plate that has the 
width of the cell lumen diameter (t) and the thickness of the double cell wall (b). This 
wall reinforcement factor, (t/b)2, is positively correlated with conduit collapse, but it 
is also positively correlated with the resistance to embolism (Hacke et al. 2001). 
Domec et al. (2009) showed that two coniferous species maintain higher safety fac-
tors to air-seeding of their xylem than to collapse, but that the values relative to one 
another are similar (at about 2:1) throughout the plant. Moreover, these two species 
had higher (t/b)2 in corewood than in outerwood. The higher MfA of corewood 
(i.e. running at more of an angle to the cell axis than in outerwood) may also contrib-
ute to the higher collapse-resistance of corewood; a model such as that by Innes (1995) 
could be parameterized to test the sensitivity of collapse to MfA. Moreover, resis-
tance to embolism is positively correlated with structural features that are observed 
more frequently in corewood than outerwood, such as small pit apertures, low pit 
frequencies, and narrow tracheids (Pittermann and Sperry 2003; Domec et al. 2006) 
and low capacitance (water storage, Meinzer et al. 2009; Barnard et al. 2011).

On first glance, some of the research on internal checking appears to run counter 
to Hypothesis H, but in fact, it may not. There has been much research on break-
age in xylem in which the wood separates within a growth ring along the radial 
plane, termed internal checking, intra-annual cracks, frost cracks, and collapse. It 
has been studied from points of view of wood utilization, material science, dendro-
chronology, tree nutrition, and tree physiology. Some studies report that these break-
ages occur more frequently in the inner part of the cross-section than in the outer 
part, and that they occurred (based on resin or growth intrusions) when the wood 
was sapwood rather than heartwood (Cherubini et al. 1997; Pang et al. 1999, dis-
cussed in Ball et al. 2005). When it occurs in wood that is at moisture contents 
above the fiber saturation point, the stress is generated by transpiration or wood-
drying and is transferred to the inside of the conduit walls where the water tension 
pulls inward (e.g. Innes 1995; Booker 1999; Grabner et al. 2006). If it pulls to 
failure of the cell wall, it will cause a check or crack. Rosner et al. (2010) called 
this stress the tension stress to distinguish it from shrinkage stress (which occurs 
only in very rare pockets of the stem of living plants where the wood is drier than 
the fiber saturation point). It is likely that the internal checking, if more prevalent 
in corewood than outerwood, is caused by additive factors beyond the water ten-
sion in the wood, which may not differ significantly from the corewood to the 
outerwood (e.g. Domec et al. 2009). Through elegant experimentation, Rosner 
et al. (2010) deduced that the cell wall deformation from tension stress was much 
lower in corewood than outerwood for all water tensions more negative than about 
1 MPa in Picea abies. The lesser deformation in the corewood was related to its 
higher wall reinforcement, (t/b)2. Thus, at a given tension stress, the corewood 
will deform less than the outerwood. All things being equal, a modeling approach 
from material science showed that wider growth rings (as are usually found in the 
corewood) will be more prone to this internal checking (Nairn 2010). Other stud-
ies have shown that internal checking is more prevalent in wood with lower 
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earlywood density (Grabner et al. 2006) or with altered cell wall infrastructure 
(Putoczki et al. 2007) or chemistry (Downes and Turvey 1986).

4.2.2  Outerwood

Old/large trees need to have high specific conductivity (K
s
) to meet their water 

transport demands. As shown above, the corewood will have lower K
s
 because 

of the heightened importance in corewood of embolism resistance, and the neg-
ative relationship between resistance to embolism and K

s
. Specific conductivity, 

K
s
 (kg s−1 m−1 MPa−1), is defined in Eq. 5.1 as

 
− −= 1 1

s sK F L P A  (5.1)

in which F is water flow rate (kg s−1), L is segment length (m), P is the pressure 
difference across the segment’s length (MPa), and A

s
 is the segment’s sapwood 

cross-sectional area (m2). Higher (K
s
) in outerwood is almost always observed.

Leaf-specific conductivity (K
l
) is similar to K

s
 but it is normalized by the distal 

leaf area (A
l
, that it supplies with water) rather than by the sapwood area (across 

which the water flows) (Eq. 5.2):
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Therefore,

 
1

l s l sK K A A−=  (5.3)

Leaf-specific conductivity (K
l
) typically increases greatly with stem diameter (Tyree 

and Zimmermann 2002) by a factor of 3–10. In an extreme example K
l
 increased by 

a factor of 300 from outerwood at the tip to the corewood at the base (Tyree et al. 
1991; Tyree and Ewers 1991). Leaf area/sapwood area (A

l
 A

s
−1) often (but not always) 

decreases as trees grow, by a factor of 20% over a height range of 50 m (McDowell 
et al. 2002). Assume for this exercise that there is no change. If a tree were con-
structed entirely from wood with the K

s
 of corewood, then to achieve a 300-fold 

increase in K
l
 from its smallest to its largest stem diameter, it would need 300 times 

more sapwood than observed— i.e. have a basal stem diameter of 6.9 m rather that 
0.4 m—or else maintain only 1/300th of its leaf area. Clearly, trees benefit by having 
an increase in K

s
 from the corewood to the outerwood.

Data are largely supportive of Hypothesis H, that K
s
 increases from corewood to 

outerwood (Spicer and Gartner 2001; Domec and Gartner 2002), and that these are 
related to the tree’s changing hydraulic needs as it grows from young/small to old/large. 
While this hypothesis touches on functional behavior caused by the morphology of cells 
(length, diameter), inter-conduit pits, and their membranes, it is not centered on MfA or 
density, both of which are known to change in the TRP. The following mechanical hypo-
thesis relates to MfA and density, which in turn affect wood stiffness and strength.
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4.3  Mechanics (M): Maintaining Adequate Structural Integrity 
as Cause for the TRP

Hypothesis M (mechanical constraints) states that the TRP strategy permits small stems 
(and branches) to bend without breaking in response to applied loads such as those 
from wind and snow; provides old/large trees with the strength needed to withstand 
the forces due to their self-weight as well as from applied loads such as from wind, 
ice, and snow; and facilitates more effective use of growth stresses to re-orientate the 
stem (Table 5.2). The strength and rigidity of the stem are functions of its size (diam-
eter) and wood properties (Niklas 1992), and the tree is genetically programmed to 
adjust both of these in order to maintain adequate mechanical stability for a given situ-
ation. A number of studies have investigated the scaling that occurs between diameter 
and height (or length in the case of branches) to ensure that a tree maintains its struc-
tural integrity (e.g. Greenhill 1881; McMahon and Kronauer 1976; King and Loucks 
1978; Wilson and Archer 1979; Bertram 1989; Niklas 1994; King 2011). In the case 
of branches, Bertram (1989) suggested that the more slender form of peripheral branch 
segments enables them to bend in response to wind and to reduce the associated drag, 
while the more robust form of non-peripheral segments is due to the need to resist 
greater bending loads. Material properties also play an important role, particularly if 
structural integrity is to be maintained using a minimum of material. While some stud-
ies have considered material properties in scaling analyses (e.g. Anten and Schieving 
2010), in most studies the radial variation in these properties within a tree has been 
ignored. We hypothesize that the TRP is necessary to enable a tree to change its strat-
egy from compliance to resistance in terms of its response to applied loading as it 
increases in size (Fig. 5.4).

4.3.1  Corewood

Stems and branches of small diameter can avoid large wind loads by becoming 
streamlined and therefore presenting a smaller frontal area to the wind (Bertram 
1989; Vogel 1989; Steinberg 2002). Not only is this aided by the increased flexibil-
ity of peripheral branch segments (Bertram 1989), but also by the increased flexibil-
ity of the upper part of the stem in more mature trees (Hedden et al. 1995). Therefore, 
it is an advantage for the tree to be flexible below a given diameter over the whole 
height of the tree. The alternative, a stem of small diameter that remains relatively 
rigid in the wind, would require wood with higher stiffness and strength to avoid 
breakage due to the larger wind (or other) force acting on it. These concepts can be 
illustrated by using a simple model where a tree stem or branch is represented as a 
cantilever beam of uniform diameter (d) and modulus of elasticity (E) along its 
length subjected to a lateral point load (P) at its free end. The deflection x at any 
point z along the height (H) of the idealized stem is given by:
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It is readily apparent from Eq. 5.4 that for a given applied force (P), an increase in 
stem diameter (d) results in a reduced tree deflection (x(z)). Furthermore, for a given 
diameter the amount that a tree deflects under an applied load is inversely propor-
tional to the modulus of elasticity (E) of the wood. Therefore, wood with a lower 
value of E would allow a tree stem to deflect more. E is strongly dependent on 
microfibril angle and density (e.g. Cave and Walker 1994; Barnett and Bonham 
2004; Lachenbruch et al. 2010); wood with a high MfA and low density has low 
stiffness and in softwoods Cave and Walker (1994) reported that E can increase by 
a factor of 3–5 during the first 30 years of growth.

The large deflections permitted by this strategy will result in an additional bend-
ing moment due to the offset mass of the stem and crown; when the tree is small, 
these second-order effects due to the displaced mass are comparatively small and 
it is at lower risk of mechanical instability caused by such large deflections. 
However, for this strategy to be successful the corewood requires a high fracture 
strain ( maxε ) to allow the tree to bend through a large angle without rupture of  
the wood fibers. The strain in the outermost part of the stem depends on the mag-
nitude of the deflection (x) as well as the length over which the deflection is acting 
and the stem diameter (d). For the simple case of the cantilever beam with uniform 
circular cross-section, the surface strain (e) at the base resulting from a deflection 
(x) at the tip is given by:

 
2

3

2

xd

H
=e  

(5.5)

By re-arranging Eq. 5.5, it is apparent that the maximum amount a tree can deflect 
before failure is governed by the fracture strain of its wood. Lichtenegger et al. 
(1999) advanced this further and showed theoretically that in order for the tip of a 
stem or branch to bend by a certain amount without buckling or fracture of the wood 
requires the optimization of 2

max Eε . While data on the radial variation of fracture 
strains are rare, particularly for wood in the saturated condition found in a living 
tree, Reiterer et al. (1999) present data for Norway spruce which show an almost 
fivefold increase in 2

max Eε with a change in MfA from 5º up to 30º. Therefore, the 
high MfA found in the first few growth rings from the pith, would allow corewood 
to undergo large amounts of deformation with a lower risk of mechanical failure. 
This strategy is assumed to be further aided by the higher spiral grain angle often 
found in corewood, which enables considerable energy absorption to occur in young 
stems as they bend and twist in the wind (Kubler 1991; Skatter and Kucera 1997; 
Schulgasser and Witztum 2007).

4.3.2  Outerwood

As a tree gets larger, body forces (i.e. those associated with self-weight) will 
increase, but the wind load will also increase as the crown increases in size and the 
tree increases in height (larger force × longer moment arm = larger bending moment 
at the base of the stem) (Niklas 1992). Lichtenegger et al. (1999) showed that for the 
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case of an applied lateral load (F
L
), the height that a tree of a given diameter can 

grow is limited by the strength of its wood ( maxσ ), i.e.

 
max

2

L

I
H

dF
< s

 
(5.6)

where I is the second area moment of inertia (= 4 / 64dπ  for a beam with circular 
cross section). This is supported by empirical observations (e.g. Putz et al. 1983) 
showing that trees which fail by stem fracture in wind storms have less strength (as 
well as lower wood density and stiffness) than trees that are uprooted. For the case 
of a vertical compressive force (F

G
), Lichtenegger et al. (1999) showed that the 

maximum height that a vertical column of a given diameter can reach before buck-
ling occurs is a function of E, i.e.
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Clearly, these two situations do not occur independently. When a tree is displaced 
by a lateral wind load, there will be an additional bending moment due to the offset 
mass of the stem and crown, termed the p-delta effect (Megson 2005). This can lead 
to instability as the p-delta effect increases the deflection of the tree, which in turn 
further increases the p-delta effect. This is particularly the case for tall, slender 
trees. In this situation, the tree is on the verge of falling over when the increase in 
deflection means that the toppling moment from the p-delta effect just exceeds the 
restoring moment provided by the rigidity of the stem. Increased strength is required 
to resist this additional moment due to the p-delta effect, and additional rigidity is 
required to reduce the risk of instability. The first requirement can be satisfied if 
wood strength increases as tree size increases. This is consistent with measured 
radial profiles of wood strength that show a substantial increase from pith to bark 
(e.g. Bendtsen and Senft 1986; Evans II et al. 2000).

When a tree adds new wood to the outside of the stem the rigidity of the stem 
(EI) increases not only because diameter increases, but also because this new mate-
rial is as stiff or stiffer than material previously laid down (i.e. there is an asymp-
totic radial increase in wood stiffness up to a maximum value). Because this new 
material is added furthest from the neutral axis of the stem (assumed here to coin-
cide with the pith), the overall stiffness of the stem is highly dependent on the 
stiffness of the outermost material (Lundstrom et al. 2008). If the tree only added 
wood with the same value of E as found in the first few growth rings, it would need 
to add considerably more material to achieve the same overall rigidity. However, 
there is an upper limit to the value of E that can be achieved, which is dependent 
on the product of the relative proportion of cell wall material in a tracheid and the 
E value of this cell wall material. The relative proportion of cell wall material in a 
tracheid will be limited by hydraulic conductivity requirements, while the E value 
of this cell wall material will be limited by MfA; once MfA reaches a value of 
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around 10º, further reductions in MfA will only have a relatively small effect on 
cell wall stiffness. From a biomechanical perspective, it is also unlikely to be 
advantageous for a tree to keep producing increasingly stiff wood as it grows. This 
is due to the requirement for strain compatibility in the longitudinal direction 
within the stem (Archer 1986), which means that the bending stresses due to 
applied loads such as wind will be resisted by the stiffest material. If the tree con-
tinues to add successive increments of increasingly stiff material, then the bending 
stresses will be transmitted through the outermost thin layer of high stiffness mate-
rial. This situation can be avoided if E remains approximately constant with 
increasing radial position after it has reached its maximum value; such a radial 
profile of wood stiffness will ensure that bending stresses are distributed over a 
larger area.

The radial profile of wood stiffness typically found in trees also enables trees to 
more effectively use their growth stresses to re-orient their stem or branches 
(Alméras and Fournier 2009). Such re-orientations are either a negative gravitropic 
response (e.g. bending of the stem to correct a lean or to induce upward inclination 
and/or minimize downward inclination of a branch), or a phototropic response to 
asymmetric light conditions (Matsuzaki et al. 2006). In the case of tree stems and 
branches that have finished elongating, the gravitropic response occurs via the inter-
nal bending moment generated by the asymmetric pattern of growth stresses in their 
wood (Archer 1986; Alméras and Fournier 2009). This asymmetric growth stress 
pattern is due to the presence of reaction wood. For example, in conifers compres-
sion wood is formed in response to a lean (Timell 1986). Compression wood has an 
unusually thick S2 cell wall layer with a very high MfA so that on maturing, the cell 
will tend to lengthen (Archer 1986; Schulgasser and Witztum 2007), resulting in a 
longitudinal compressive growth stress which a tree uses to “push” its leaning stem 
back to the vertical position. The bending moment provided by the addition of a new 
growth layer is a function of the growth stress differential generated by the asym-
metric distribution of reaction wood in this layer and the effective distance that this 
acts from the neutral axis of the stem (Timell 1986). In turn, the change in curvature 
that this moment is able to generate is inversely related to the stem diameter and is 
positively related to the ratio of E in the new growth layer to the effective stiffness 
of the inner section of the stem (Alméras and Fournier 2009). This ratio increases 
with an increasing radial gradient in wood stiffness, so that trees with a large radial 
gradient in wood stiffness are able to use their growth stresses more effectively than 
trees having a smaller gradient.

While more detailed studies are required to fully test Hypothesis M, the principle 
that the radial changes in wood properties from corewood to outerwood are related 
to the tree’s changing requirements for mechanical support as it grows from young/
small to old/large is supported by other published studies (e.g. Bertram 1989; 
Woodcock and Shier 2002, 2003). Woodcock and Shier (2002, 2003) suggest that 
radial increases in wood density are characteristic of early-successional species and 
reflect a pattern of growth in which there is a shift in allocation of resources from 
growth in height, associated with production of low-specific gravity wood, to greater 
structural reinforcement of the stem, associated with the production of denser wood. 
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If trees germinate in the understory, this additional reinforcement may be required 
as they reach the canopy and are subjected to increasing stresses associated with 
wind loading. The strongest radial gradients occur in tropical pioneer species that 
have very low density wood near the pith (Wiemann and Williamson 1988). 
Woodcock and Shier (2002) suggest for those species in which there is a radial 
decrease in wood density, that the structural reinforcement can be achieved by 
diameter growth. This latter argument is also supported by Larjavaara and Muller-
Landau (2010) who argue that a large stem of low-density wood can have greater 
strength at lower construction cost than a thinner stem of high-density wood. 
However, this conclusion is based on the assumed relationships between wood stiff-
ness, strength and density. Because wood stiffness and strength are functions of 
both density and MfA (Evans and Ilic 2001; Via et al. 2009; Lachenbruch et al. 
2010), radial increases in these two properties could still occur in species showing 
a radial decrease in density if the reduction in MfA was sufficient.

4.4  Comparative and Experimental Approaches to Inferring 
Hydraulic and Mechanical Causes of the TRP

The diversity of wood patterns and environments in nature suggest that with careful 
comparisons, we may be able to infer the relative importance of developmental, 
hydraulic, and/or mechanical constraints on the TRP. The clearest comparisons for 
inferring the relationship of xylem structure to a type of constraint may be manipu-
lations that develop, or natural comparisons that display, extreme levels of an envi-
ronmental factor that one could categorize as hydraulic or mechanical. This approach 
can be used for different species, genotypes, individuals, and plant parts of individu-
als. Alternatively, one can start by identifying species, genotypes, individuals, and 
plant parts that differ in anatomy or properties, and work the other direction to infer 
drivers for these differences. Both approaches will help us avoid study of patterns in 
which the structure is a rather neutral reflection of multiple factors resulting in a 
compromise wood structure (either plastic or fixed but evolved) that bears little 
clear signature of any one driving force.

Note that these experiments need to be designed to study the radial variation, and 
not simply the ecological wood anatomy of the trait itself. The former is rarely done 
(with the exception of work in tree breeding programs for specific cases in commer-
cially-important woods that exhibit ‘problems’ with corewood), whereas the latter 
is a mainstay in physiological ecology. For example, most studies on within-plant 
variation in structure and function only characterize the outer wood of a given posi-
tion (i.e. Dunham et al. 2008; Lintunen and Kalliokoski 2010) rather than the radial 
variability. Many of the studies only characterize selected factors of importance to 
either hydraulics or mechanics, but not both, and they may not be the characteristics 
of most interest for distinguishing among the hypotheses in Table 5.2. For example, 
Peterson et al. (2007) looked at radial patterns in tracheid length and wood density 
for trunks, root, and branch of four 65-year old Pseudotsuga menziesii trees to learn 
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if there is a TRP in all three plant parts. They concluded there are distinct radial 
patterns, but they did not ask whether hydraulic or mechanical issues appeared more 
important in one location than another. Several studies have characterized the TRP 
of hydraulic and mechanical characteristics, but have not used another factor such 
as water availability or diameter to tease out the adaptive significance of the observed 
patterns (e.g. Mencuccini et al. 1997). Therefore, targeted research on within-plant 
variability is necessary to help us understand why plants produce the observed radial 
patterns in wood structure and plant function.

4.4.1  Comparisons of Species or Genotypes That Vary in Radial Pattern

One experimental approach is to compare taxa that differ in the radial pattern of a 
set of wood traits, and ask (correlatively) what characteristics of the species or envi-
ronment may be responsible for these differences. On a large scale, consider soft-
woods vs. hardwoods, softwoods having much greater radial variation in wood 
density, cell length, and microfibril angle than hardwoods. Both taxa can attain sim-
ilar sizes. At first glance, this suggests that the TRP is unlikely to be related to 
mechanical considerations. However, the radial pattern of growth stresses also dif-
fers greatly between softwoods and hardwoods (Fournier et al. 1990), and in the 
outer wood, softwoods have much lower growth stresses than hardwoods, both of 
which could compensate for the mechanical considerations above, again, putting 
mechanics as a possible adaptive driver of the TRP. On a smaller scale, many tests 
of the hydraulic and mechanical hypotheses could be undertaken.

There is also much potential in comparing between genotypes that show varia-
tion in their radial pattern of a target characteristic. Clonally-reproduced plant mate-
rial can provide replicate individuals within a treatment. One could study the 
correlations of the TRP of wood density, MfA, propensity to produce reaction wood, 
or height/diameter ratio, to learn whether they track environment, appear to have 
intrinsic control, or show signs of doing both simultaneously. There are many excel-
lent and comprehensive studies with wood properties of commercial value, particu-
larly with components of wood density in pines (e.g. Cown and Ball 2001; Cown 
et al. 2002), that have been interpreted in part to partition the variation into intrinsic 
(‘genetic’) and environmental (‘phenotypic’) variation. Breeding programs that 
seek to decrease the type and/or quantity of lignin, thereby producing wood with a 
lower stiffness, could also be used in this type of research. Increasingly, we will be 
able to use genomics approaches for studying these vegetative changes (Greenwood 
et al. 1989; Brunner and Nilsson 2004; Willmann and Poethig 2005; Cato et al. 
2006; Paiva et al. 2008).

4.4.2  Comparisons of Individuals or Species from Different Environments

Another approach is to compare radial patterns for individuals or species that have 
contrasting mechanical or hydraulic environments to infer the role of those radial 
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differences on function. These environments can be found or produced experimentally. 
Mechanical environments may derive from wind, ice loads, self-weight, mechanical 
stimulation, effects of neighbors, bending, compression, tension, addition of weights, 
reduction of force with pulleys, inclination at various angles, etc. Likewise, hydraulic 
environments may derive from drought, freezing, leaf area/sapwood area, root area/
leaf area, short vs. long paths for the water transport, wood with low vs. high hydraulic 
resistance, nutrient status/soil fertility, etc. The plant material can also involve clones 
(common in forestry, agriculture, and horticulture) to provide closely-related plants 
that differ in an hydraulic aspect (such as leaf area/sapwood area) or a mechanical 
aspect (such as the tendency to lean). If groups growing in different hydraulic and 
mechanical environments have similar radial wood patterns, one can infer that the 
constraint is intrinsic (such as for earlywood and latewood densities in ten families of 
22-year old Pinus radiata, grown at seven sites, Cown and Ball 2001). If, for example 
different hydraulic environments are associated with different radial patterns, one 
can interpret that the pattern is related to a putative hydraulic function. Another twist 
to this type of study would be to study radial patterns in monocarpic vs. polycarpic 
species to ask if there is an effect of reproductive effort on the structure and function; 
the monocarpic species would have no reproductive effort until the end of their lives 
(Thomas 2011).

Many observations have been made on individuals or species that differ 
hydraulically or mechanically from the typical plant. Mature lianas, for example, 
typically provide little of their own mechanical support, but some individuals 
may remain self-supporting (e.g. Gartner 1991a, b). A comparison of free- 
standing and supported individuals of Croton pullei indicated that the  mechanical 
environment constrained growth form: if an individual had to support itself, its 
wood was stiff throughout the radial transect, but if an individual was supported 
by external objects, there was a radial progression (or even a switch) to having 
less stiff (Gallenmüller et al. 2001) and less hydraulically conductive wood 
(Carlquist 1991). The less stiff outerwood contrasts with the pattern typical of 
softwoods, but the more conductive outerwood is consistent with what is seen in 
softwoods (Spicer and Gartner 2001).

4.4.3  Within-Plant Comparisons, with Known Environmental  
or Radial Differences

Yet another approach for inferring whether the TRP is caused more by mechani-
cal or hydraulic constraints is to study radial variation among plant parts within 
an individual where those plant parts are known to have contrasting mechanical 
or hydraulic environments. An example in tropical hardwoods compared radial 
patterns of hydraulic conductivity and longitudinal strain at several locations in 
three species of buttressed trees (Christensen-Dalsgaard et al. 2008). Theoretical 
conductivity was estimated from measurements of vessel frequency and vessel 
diameter on wood samples from the upper trunk (above the buttress), from the 
buttress near its top where it attaches to the trunk (proximal buttress), and from 



1555 Radial Variation in Wood Structure and Function in Woody Plants…

the buttress near its base and far from the trunk (distal buttress). They estimated 
the strain that would have been present when the wood was developing for the 
inner, middle, and outer radial positions of the proximal and distal buttresses. 
The proximal buttress had very high levels of strain that were similar at all radial 
positions. The distal buttress, in contrast, had very low strain in the inner posi-
tion, higher strain at the middle position, and much higher strain at the outer 
position. These strains, however, were still much lower than the strain in the 
proximal buttresses. (They were estimated at 15% and 35% of the strain values 
of the middle and outer positions, respectively, of the proximal buttress). In the 
trunk above the buttresses in all three species, theoretical conductivity increased 
markedly from the inner to the outer wood of the trunk, as expected for the TRP. 
Theoretical conductivity showed no meaningful radial change in the proximal 
buttresses, but increased markedly from the inner through middle and then outer 
radial position for the distal buttresses. The research suggests that the radial vari-
ation in hydraulic characteristics was induced by the mechanical environment, 
with very different hydraulic patterns at these three locations.

Just as the buttresses can have quite different mechanical demands at different 
locations and cambial ages, many lianoid and hemiepiphytic species also will have 
within-plant variation in mechanical demands. Lianas, for example, are often self-
supporting when young. This pattern is reflected in large radial changes in wood 
anatomy (reviewed in Carlquist 1991) including dense wood with small vessels near 
the pith, and new wood of lower density (Caballé 1998) and dramatically lower 
stiffness when the plant becomes supported (Rowe and Speck 1996; Ménard et al. 
2009). Rowe and Speck (1996) noted that the properties did not progress smoothly 
from bottom to tip of an axis, giving evidence that the radial changes are functional 
responses to the mechanical environment, rather developmentally-induced trends.

Domec and Gartner (2002) made a within-plant comparison of safety factors to 
embolism and buckling in the temperate softwood Pseudotsuga menziesii. This 
study examined trunkwood from 4- and 10-year old saplings and 98-year old trees. 
Samples from the outer sapwood were tested for vulnerability to embolism, and the 
authors used the air entry point for calculations of safety factor, which is the inflec-
tion point early on the sigmoidal vulnerability curve at which wood has a sudden 
decrease in conductivity. Density of this outer sapwood was also determined, 
empirical relationships with density were used to estimate modulus of elasticity 
(E), and this estimated E was used with tree geometry to estimate the critical buck-
ling height of the tree. The safety factor for the air entry point was low throughout 
the tree, and hovered near unity, meaning that the trees were on the verge of becom-
ing embolized. In contrast, the safety factor for buckling was much higher (ranging 
from 1.5 to 10), suggesting that the trees were at greater risk from hydraulic rather 
than mechanical failure. Moreover, simplistic modeling of corewood in the place 
of outerwood and outerwood in the place of corewood showed much larger effects 
of wood type for hydraulic safety factors than for mechanical safety factors. This 
result is suggestive that the selection pressure is currently higher for hydraulics 
than mechanics. It may have previously evolved in such a way that the mechanical 
challenges were largely met.
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A further type of within-plant comparison could involve study of the radial 
patterns within the sequentially-produced ramets of plants such as Rubus alcei-
folius, which make a series of increasingly robust self-supporting shoots that 
increase markedly in pith area, stem cross-sectional area, and internode length 
(Baret et al. 2003). As one shoot begins to wither, the next shoot is developing. 
The interpretation is that the first shoot is water-limited, but that sequentially-
produced shoots are less water-limited. The growth culminates with the produc-
tion of a shoot that initially is self-supporting. It grows very long, and develops 
vine-like mechanical (and probably hydraulic) characteristics at its developing 
and arching tip. One could predict that the first shoot will have radial wood prop-
erties that are adapted to producing a small upright stem, and each subsequently-
produced ramet could have a radial pattern reflective of less hydraulic constraint. 
Another system of interest could be original axes vs. re-sprouts (such as after 
coppicing or a burn, e.g. Utsumi et al. 2010). One could expect the re-sprouts to 
have much more water available/leaf area, and so a much lessened hydraulic 
constraint. What would this signature be on the radial wood pattern?

5  Conclusions

Woody plants experience very different environments as they get older and larger. 
In most cases they display pre-set (ontogenetic) or plastic changes in their xylem’s 
structure and function. It is presumed that the observed characteristics of core-
wood and outerwood mostly represent evolutionary ‘solutions’ to the particular 
design tradeoffs facing the individual as it gets older and often larger. This chapter 
has shown that these solutions may change with size and age, and they are more 
varied than has been widely understood. Until recently, much of the research on 
these radial patterns has focused on characteristics of importance for wood utili-
zation, and perhaps for that reason, there was an underlying assumption that core-
wood, which is more flexible and weaker than outerwood in the axial direction, is 
the best that a young cambium can make, and that as the cambium matures, it can 
produce the stiffer, stronger xylem that is of higher quality for the tree as well as 
for humans. The view in this paper is that the radial progression of structure and 
function has evolved to increase the chances of survival of the whole plant at all 
stages of vegetative growth. In some cases the TRP will have evolved more for 
hydraulic than mechanical purposes and in other cases it will have evolved for 
mechanical rather than hydraulic purposes. The extraordinary plasticity of the 
cambium ensures that the tree can respond rapidly to environmental variation by 
favoring one or more mechanisms over others, thereby greatly altering hydraulic 
and mechanical functionality. This view is an extension of Larson’s (1962) pre-
scient work in which he stated that we can only advance our understanding of 
wood quality through looking at how the environment affects the plant biology, 
rather than the wood directly.
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This paper shows that the particular radial patterns are variable in hardwoods vs. 
softwoods, and among growth forms, species, environments, and plant parts. There 
are sets of traits that are most common for a given category of plants (such as plastic 
response to the mechanical environment in semi-self-supporting species), but the 
literature is scant on some of these categories and so our knowledge is quite incom-
plete. The paper also shows that there are numerous examples of changes that are 
determined ontogenetically and other examples in which the changes are plastic; both 
types of example can be found in softwoods and hardwoods. With what is now known, 
it is not easy to predict whether changes are intrinsically or plastically controlled, with 
a few exceptions (such as the tendency for MfA and tracheid length in aboveground 
stems to be under intrinsic control). It is important to note that while this paper focuses 
on radial changes, there are also changes that occur with height that were considered 
beyond our scope.

The paper presents three frameworks. The first framework (Sect. 3.1) discusses 
the possible triggering mechanisms responsible for the production of the radial 
changes in wood. Elucidation of these proximal mechanisms could be very useful 
for management of forests to increase the value of logs and wood. The second 
framework (Sect. 3.3) delineates a range of abiotic, developmental, mechanical, 
and architectural attributes that are likely to be similar, and another set of attributes 
that are likely to differ, between same-aged small and large plants, and same-sized 
young and old plants. This framework shows that no selective factors stand out 
above others to help us interpret the TRP. The third framework (Sect. 4) introduces 
three hypotheses for why woody plants have evolved a TRP. Our intention was to 
illustrate that there are numerous hypotheses for patterns, and, indeed, we would 
not expect one hypothesis to describe the functioning of a plant at all times. With 
careful comparisons, we should be able to better elucidate the conditions during 
which different types of radial variation are adaptive.

These changes in xylem structure and function are not trivial. They make sub-
stantial contributions to the success or failure of the plant. We will benefit greatly 
from an understanding of the physiology and structure of xylem as humans con-
tinue to impact the environment; as natural plant ranges are disrupted and more 
plants are left with maladapted traits in their altered environments; as economic 
pressures push foresters to both accelerate growth and harvest trees younger; as 
processing technologies for wood change the material requirements for products; 
as agricultural practices change in response to economic factors, availability of 
natural resources, prevalence of competing vegetation, pathogens, and herbivores; 
as industrial agriculture and horticulture increasingly develop new clonal materials 
that need to be evaluated; as new uses for plants are adopted such as for biofuels, 
carbon sequestration, and as chemical factories; and as scientists increasingly 
relate gene function to development, structure, and function. The appreciation of 
the diverse functions of xylem and its heterogeneity will help physiologists move 
forward on many fronts. The vascular cambium that produces xylem is also pro-
ducing phloem (Mencuccini et al. 2011), and so future work at the whole plant, 
whole lifespan level will benefit from the study of xylem and phloem together, at 
developmental, anatomical, and ecophysiological levels.
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Abstract As trees grow larger and older they show characteristic changes in their 
proportions and growth rates. This paper explores the hypothesis that mechanical 
support costs of growing trees contributes to tree height limitation and general 
growth decline in aging trees. The chapter reviews scaling hypotheses, including 
geometric similarity, elastic similarity, stress similarity, and the pipe model, as well 
as the patterns in tree allometry that have been reported. It then uses the remarkable 
published record of diameter, volume and height growth, deriving from stem analysis, 
of one 437-year-old, 83-m-tall noble fir (Abies procera) to evaluate the degree to which 
different scaling models apply at different stages in that tree’s life. The analysis 
suggests that the overall pattern of height growth could be related to tree allometry 
and wood production rates, but that the tree showed substantial decadal variation 
around the general patterns. The chapter suggests that many more studies are needed 
to characterize individual trees, either with known environments or after manipula-
tions that alter allometry, and in different ecosystems beyond the Pacific Northwest 
and California. Such data will enable scientists to analyze the degree to which these 
allometric models pertain in different plant types and at different life stages, and 
will give insight into the role of mechanical and hydraulic support in the limitation 
of tree growth and productivity.

1  Introduction

As trees grow larger and older they show characteristic changes in their proportions 
and growth rates. Forest or plantation-grown trees that are exposed to overhead sun 
typically attain maximum height growth rates early in life followed by prolonged 
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declines to very low extension rates that may be terminated by top breakage or 
 dieback (Ishii et al. 2000; Bond et al. 2007). Trunk diameter growth also declines in 
aging trees, but usually to a lesser extent than height growth. Concurrently, the ratio 
of trunk diameter to tree height increases, as is necessary to insure mechanical 
stability and reduce the likelihood of breakage by extreme winds. Trees also appear 
to have an upper limit to height that depends on species, genotype and environment 
(Thomas 1996; Ryan and Yoder 1997), which is consistent with this decline in 
height growth.

Proposed mechanisms for limits to height and general declines in growth in aging 
trees have emphasized size-related limitations to water transport and other size-related 
changes in morphology and physiology (Ryan and Yoder 1997; Koch et al. 2004; 
Woodruff et al. 2004; Domec et al. 2008; Ishii 2011; McDowell et al. 2011; Mencuccini 
et al. 2011; Sala et al. 2011; Steppe et al. 2011; Woodruff and Meinzer 2011). 
Reciprocal grafting experiments between seedlings and older trees by Mencuccini 
et al. (2005) and Bond et al. (2007) have shown that declines in height growth rate 
are related to increases in tree size rather than meristem age, consistent with the 
above hypotheses. Foresters have recognized that trees subjected to early suppres-
sion and release show subsequent growth rates that are similar to non-suppressed 
trees of similar size but not age (Spurr and Barnes 1980), an observation that also 
supports size-related influences on growth.

Other proposed mechanisms that may limit tree height include size-related 
increases in allocation to other tree parts and processes (Ryan and Waring 1992; 
Thomas 2011). King (1990) predicted evolutionary limits to height based on the 
assumption that the fraction of gross production allocated to stem maintenance 
respiration increases substantially with height. However, direct measurements of 
respiration do not support this assumption (Ryan et al. 1997; Pruyn et al. 2002).

Tree size may also influence the course of height growth via the scaling of mecha-
nical support costs. The proportions of trunks, branches and crowns are important in 
enabling trees to withstand mechanical forces, intercept light and transport water to 
their foliage. The relation between tree proportions and size (allometry) can be viewed 
as both the result of cumulative past growth and an influence on future growth. 
As trees increase in size, their interception of light and photosynthetic output 
gene rally increase, but so do the construction costs of growing yet taller and broader. 
The minimal design criterion that a trunk be thick enough to prevent itself from 
buckling under its own weight requires that trunk biomass increase with the fourth 
power of tree height (McMahon 1973). This disproportionate increase in support 
costs requires a slowing in height growth with increasing height (King 2005).

However, there is uncertainty regarding the extent to which allometric constraints 
may explain observed patterns of height growth. Recent studies have advanced our 
understanding of mechanical constraints on tree architecture and their influence on 
the tradeoffs between support costs and photosynthetic benefits (e.g. Givnish 1995; 
van Gelder et al. 2006; King et al. 2006; Sterck et al. 2006; Anton and Schieving 2010). 
But these studies have not explicitly considered the influence of allometry on height 
growth rate. Whereas models of forest growth commonly incorporate allometric 
relations, these models are designed to predict wood production or forest dynamics 
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(Shugart 1984; Monserud 2003) and have not emphasized the links between 
allometry and height growth.

This chapter addresses the potential influence of allometry on the course of 
height growth by first reviewing past scaling hypotheses and observed patterns 
in tree allometry. Several simple models of the scaling of wood production and 
allometry and their predictions of height growth are presented – which may apply to 
different stages of growth in trees of even-aged forests. A life-long record of the 
course of growth in stem diameter, volume and height derived from stem analysis of 
a 437 year-old, 83 m tall noble fir (Abies procera) by Herman et al. (1975) is used 
to evaluate this approach and suggest further directions for research.

2  Models of Tree Allometry

The scaling or relation of trunk dimensions to tree size has been derived from 
several structural models, which may be viewed as tree scaling hypotheses. These 
include the pipe model (Shinozaki et al. 1964) and the principles of geometric 
similarity, elastic similarity and stress similarity (McMahon 1975; McMahon and 
Kronauer 1976; Wilson and Archer 1979; Bertram 1989; Niklas and Spatz 2000), 
described as follows:

2.1  Geometric Similarity

Geometrically similar objects have the same proportions, regardless of size, i.e., a 
small tree is an exact miniature of a large one – though this conceptualization is 
generally applied only to the stem and branches and not the leaves. Thus, crown 
width and length and stem diameter at a given fraction of total height are all directly 
proportional to tree height – and stem volume is proportional to tree height cubed. 
This model is not necessarily related to any specific mechanical principle, but serves 
as the simplest null model of tree proportions. Under certain conditions geometric 
similarity is predicted by the stress similarity model, as described below.

2.2  Elastic Similarity

Elastically similar columns or rods show the same angle of deflection from base 
to tip due to bending under their own weight when held out at a given angle to 
the vertical. For rods of a given material that are untapered or with the same 
proportional taper from base to tip, elastic similarity implies that basal diameter is 
proportional to total rod length raised to the 3/2 power, i.e. D ∝ L3/2 (McMahon and 
Kronauer 1976).
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Of more importance for tree stems, the minimum diameter required to prevent a 
vertical pole from bending over under its own weight due to elastic instability is also 
proportional to pole height to the 3/2 power. More specifically, for a cylindrical, 
untapered pole, the critical buckling diameter

 
1/2 3/2

crit 1.42( / )D G E Hρ=  (6.1)

(Greenhill 1881), where E is Young’s modulus of elasticity, G is the gravitational 
force per unit mass at Earth’s surface (9.8 N kg−1), r is the pole material density, H is 
the pole height, and all quantities are expressed in the same system of units – here 
Standard International units involving newtons, kilograms, seconds and meters – for 
both height and diameter. Young’s modulus denotes the resistance of wood to stret-
ching or compression parallel to the trunk and is closely associated with resis tance 
to bending. This relation may also be expressed as the buckling height for a pole of 
given diameter, H

crit
 = 0.792 (E/Gr)1/3 D2/3. Note that for dimensional comparisons 

with living trees, the density and elastic modulus of green wood should be used.
The same proportionalities apply for poles with a given proportional taper (for 

example having conical or parabola-shaped longisections) or for weighted poles 
having a given top weight to pole weight ratio (King 1986). However, the diam-
eter scaling constant (1.42 for cylindrical poles) is smaller for tapered poles and 
larger for weighted poles. The calculation of this constant is mathematically 
rather challenging and may require iterative techniques, but the fundamental 
scaling relation of D

crit
 ∝ H3/2 for poles of a given material and taper can be 

demonstrated as follows.
Consider a slender vertical pole that is slightly bent to one side and is just at the 

point of elastic instability where the torque or bending moment due to the offset 
weight of the pole (T

w
) is just matched by the restoring moment (T

r
) generated by 

the strains within the wood – stretching along the grain on the side opposite the 
direction of the bend and compression on the other side. At the pole base,

 w  pole weight  mean horizontal offset.T = ×  (6.2)

For a pole of given taper, pole weight ∝ D
b

2H, where D
b
 is basal diameter and H 

is again total height.
Regarding the offset, if we assume that the bending pole takes on a parabolic arc 

as measured from the vertical axis, then the horizontal offset of any point is propor-
tional to the square of its height above the base – as defines a parabola. Hence, both 
the tip offset and the mean offset of the pole weight (which is a certain fraction of 
the tip offset) will also be proportional to H2. In general, a pole at the instability 
limit will not form a parabolic arc, as this arc is determined by the balance between 
bending and restoring moments along the whole pole and will vary with stem taper. 
But if the curvature at the base is assumed constant and the relative shape of the arc 
is independent of total height H, then the above relationship (mean offset ∝ H2) will 
apply. Thus, relation (6.2) implies that

 
2 3

w bT D Hµ  (6.3)
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The restoring bending moment or torque generated by the wood near the base is 
proportional to the cross sectional area (∝ D

b
2) × mean strain across either the side 

in tension or compression (∝ D
b
 for a given stem curvature) × mean distance of the 

stretched or compressed fibers from the neutral plane bisecting the stem (also ∝ D
b
). 

Thus, the resisting torque

 
4

r bT Dµ  (6.4)

Setting T
w
 = T

r,
 i.e., D

b
2H3 ∝ D

b
4, thus yields D

b
 ∝ H3/2 for poles at the buckling 

point.
Basically, the great benefit of a thick stem for rigidity is partly offset by its greater 

weight – while increasing total height also increases weight and substantially 
increases the offset of a pole with given degree of curvature at the base. So a dispro-
portionate increase in diameter is required to maintain stability as height is increased.

Stem diameter D (as measured at a given fraction of total height) should be pro-
portional to H3/2 for trees as well as poles, assuming that the trees being compared 
have identical wood properties, stem taper, ratio of crown to trunk weight and ratio 
of actual to critical buckling diameter – i.e., the same buckling safety factor. For 
such trees, stem volume and biomass (∝ HD2) are proportional to H4 – rather than 
the H3 proportionality expected for geometrically similar trees. This difference in 
the scaling of biomass has a substantive influence on the scaling of height growth 
rate, as explored below.

2.3  Stress Similarity

According to concept of stress similarity or uniform stress, trees are designed such 
that the peripheral compressive and tensile stresses on either side of a bent limb are 
equal along the length of the limb or among limbs, so that no one cross section is more 
vulnerable to breakage than any other. Here stress is defined as force per unit cross 
sectional area. However, stress similarity leads to different predictions depending 
on whether the stress is due to wind forces or gravitational loads.

This scaling concept is closely related to that of strain similarity and plants may 
in fact sense and respond to local strains rather than stresses (Coutand and Moulia 
2000). However, for wood of given physical properties, strain (relative deformation) 
is proportional to stress, so similar allometries should result.

A rod of uniform material with a circular cross section will experience maximal 
stretching and compressive stresses along the lines running along its uppermost and 
lowermost surfaces, respectively, as it bends under its own weight. These stresses will 
be constant along the length of the rod if it is tapered such that rod diameter is pro-
portional to the square of the distance from its tip – with the provisos that the bending 
angle from base to tip is small and the rod is relatively slender. The same taper 
relation applies to a repeatedly ramifying leafless branch that is self similar – such 
that the branching pattern remains similar from branch base to the infinitely slender 
tips (McMahon and Kronauer 1976). This relation also applies to the basal diameter 
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of separate branches of differing length, but similar ramification – and angle to the 
vertical. That is, d

b
 ∝ l2, where d

b
 is branch basal diameter and l is total branch 

length.
This rapid increase in diameter with length is required for gravitational stress 

similarity because stress resistance ∝ diameter3, but weight ∝ diameter2 × length and 
bending moment ∝ diameter2 × length2, so making a branch thicker to make it more 
stress resistant substantially increases its bending moment. However, gravitational 
stress similarity also predicts that steeply ascending branches will be considerably 
thinner than horizontal branches because the bending moment is proportional to 
the horizontal projection of the branch tip from the base – which decreases to zero 
for a vertical branch. But a glance out the window in winter at the bare crowns of 
deciduous trees shows little evidence of this pattern and small and intermediate-sized 
branches are generally much over-designed with respect to breaking under their 
own weight. Furthermore, tree branches are not as steeply tapered as predicted by 
this theory (McMahon and Kronauer 1976). Thus, limbs are generally not designed 
to equalize gravitational stresses.

Gravitational forces do become important as branch size increases or trees lean. 
In these cases trees develop elliptical limb cross sections which more efficiently 
resist gravitationally induced bending stresses than do circular cross sections. Large, 
old spreading limbs often produce reaction wood that is placed under tension in 
angiosperms or compression in conifers, which keeps branches from drooping 
excessively as their bending moments increase with growth (Wilson and Archer 
1979). Branches also tend to sag increasingly as they grow older and larger (Wilson 
and Archer 1979), a pattern which results in lower branch angles near the crown 
base thereby spreading the foliage over a larger area. Severe ice storms greatly 
increase branch weights and may cause permanent bending in small trees (typically 
<10 cm dbh), stem breakage in somewhat larger trees and severe branch loss in yet 
larger trees (Greene et al. 2007).

Stress similarity implies different scaling relations if wind rather than gravity 
is considered as the stress-generating force. For slow, steady winds causing small 
deflections to branches that are geometrically similar in foliar outline, the foliage cross 
sectional area perpendicular to the wind and presumably the wind force are pro-
portional to branch length squared. Thus, the bending moment (= force × distance 
to the center of force) is proportional to branch length cubed. The resistive ben-
ding moment of a limb with a given peripheral stress is proportional to the branch 
wood cross sectional area × branch diameter, i.e. to diameter cubed. Hence, 
branch diameter should be directly proportional to branch length, as would 
occur for branches that are geometrically similar in thickness as well as in foliar 
distribution.

Among trees of similar crown proportions exposed to winds of the same 
(low) speeds, stress similarity also predicts geometrically similar stem proportions, 
i.e. D

b
 ∝ H. However, within forests wind speeds increase rapidly with height in the 

canopy (Quine and Gardiner 2007) and taller trees may bear proportionately larger 
crowns than their shorter, more crowded neighbors. So, among trees of differing 
height in a given forest a substantially greater increase in diameter with total height 
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is required to maintain stress similarity. In addition, trees subject to damaging 
high-velocity winds show much stem bending and crown streamlining that reduces 
wind forces and bending moments, especially for small, relatively slender trees 
(Vogel 1984, 1989).

A different relation is predicted for the stem taper of forest trees, as measured 
below the crown base. Here the bending moment = wind force on the crown x distance 
below the center of wind force (L), i.e. bending moment ∝ L. As the resistive 
bending moment for constant stress is again ∝ D3, where D is the stem diameter at 
distance L below the center of wind force, setting the resistive and wind associated 
bending moments equal yields D ∝ L1/3.

Among forest-grown conifers, trunk taper below the crown base often approxi-
mates this wind stress-equalizing relation (Büsgen and Münch 1929; Morgan and 
Cannell 1994). Small slender trees and saplings, which may bend nearly to the 
ground before breaking, typically show steeper tapers, i.e. D ∝ L³0.5, particularly 
among hardwoods (King 1986). Under large deformations a steeper taper (slenderer 
upper stem) is predicted to equalize breaking stresses in wind bent trees, as the 
bending moment on the upper stem is much reduced if it arcs over to become nearly 
parallel to the ground (Leiser and Kemper 1973). Trees sway in response to wind 
gusts and the taper of the branching system seems well suited to dampen this sway-
ing (Quine and Gardiner 2007). Variation in wind profiles, crown streamlining and 
dynamic responses to wind gusts makes stress equalization from tree base to twigs 
across all weather conditions unlikely (Niklas and Spatz 2000).

However, the principle that trees allocate wood so as to move towards stress 
equalization appears to govern the repair of wounds and other defects (Mattheck 
and Kubler 1995). Cracks, holes and constrictions to diameter growth all produce 
high local stress concentrations that can initiate breakage and trees preferentially 
allocate new wood so as to reduce these dangerous stresses (Mattheck and Kubler 
1995; Mattheck 1998).

2.4  Pipe Model

The pipe model is based on an idealized hydraulic view of stem proportions that 
considers stems and branches to be composed of parallel pipes of constant diameter 
from trunk base to leaves (Shinozaki et al. 1964). Thus, the cross sectional area of 
any stem should be equal to the summed cross sectional areas of all of the higher 
limbs that branch off the stem and to the leaf area borne by those limbs – in young 
plants or branches which have not yet shed any of their leaves. The pipe model also 
includes the concept of disused pipes leading to abscised leaves and shed branches, 
as needed to explain the taper of tree branches and trunks below their foliated parts 
(Mäkelä 2002; Mäkelä and Valentine 2006).

Although the hydraulic conductivity per unit cross sectional area varies among 
species (Tyree and Zimmermann 2002), the pipe model may nonetheless yield 
satisfactory predictions of empirical patterns. Shinozaki et al. (1964) found that this 
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model adequately predicted the within-canopy scaling of stem cross sectional areas. 
Sapwood cross sectional area at the crown base is highly correlated with foliage 
biomass, as predicted by the pipe model (Maguire and Hann 1989), though the 
ratio of sapwood area to foliage biomass varies substantially among species (Pruyn 
et al. 2005). Within Douglas-fir (Pseudotsuga menziesii) trees, Long et al. (1981) 
found that sapwood cross sectional area was roughly proportional to foliage biomass, 
whereas heartwood cross sectional increased with distance below the crown base 
such that overall taper approximated that of the wind stress similarity model. That 
is, the progressive formation of heartwood allowed trees to meet both hydraulic and 
support requirements in an efficient way.

3  Observed Patterns in Tree Allometry

As trees cannot read these erudite theories and face varying biotic and abiotic 
stresses throughout life, they generally do not follow any one model from seedling 
to old age (Farnsworth and Niklas 1995). However, specific models do apply over 
restricted size ranges and environmental conditions. In evaluating tree allometries it 
is important to bear in mind the particular forest type and management practices 
involved, e.g. all-aged multi-species old growth forests vs. even-aged single-species 
forests or plantations, with or without thinning treatments.

3.1  Conifers and Dicotyledonous Trees

McMahon (1973) found that for record-sized trees of species of the USA, diameter 
at breast height (dbh) was roughly proportional to H3/2, as predicted by the elastic 
similarity model – though with substantial scatter. These trees averaged about eight 
times as thick as the critical buckling diameter for wooden columns of similar 
heights – but they were chosen by a point system based on trunk circumference in 
inches plus height in feet plus one-fourth of crown width in feet. This procedure 
often selects trees of extreme girth, but less than maximum height, and diameter 
at breast height (dbh) is also inflated by butt swell in such stout trees. King et al. 
(2009) found that for mature adults of species of widely varying stature in tall, 
dense tropical forests of Malaysia, dbh (or diameter above the buttress in larger 
species) was also proportion to H3/2. However, these trees were much closer to 
the critical buckling diameter than the above record-sized trees. Other studies of 
forest-grown trees of all life stages have found that small-crowned trees of interme-
diate size may approach buckling limits, but that both the smallest and the largest of 
trees show greater safety factors (e.g. King 1981; Sterck and Bongers 1998), as 
described below.

Among old forests with trees of all ages, the relation between trunk diameter 
and tree height varies with tree height and is in part linked to variation in crown 



1736 Size-Related Changes in Tree Proportions…

width – which varies among species (King 1996; Sterck and Bongers 1998). Small 
juvenile trees <10 m. tall often approach geometric similarity in stem allometry, 
while taller trees up to the height of the overstory canopy lie closer to the elastic 
similarity model (diameter ∝ H3/2) (Osunkoya et al. 2007). Diameter often increases 
yet more steeply with height for upper canopy and emergent trees, particularly 
among species with broad crowns at full size (King 1996; Poorter et al. 2006). Very 
old trees often lose height due to top dieback and/or breakage, though such damaged 
individuals are typically omitted from allometric analyses. Asymptotic models that 
predict linear relations between diameter and height for the smallest individuals 
and an asymptotic approach to a maximum height with increasing diameter often 
provide adequate fits to allometric data (Kira 1978; Thomas 1996).

Among even-aged, monospecific forests and plantations the relation between 
mean trunk diameter and mean height per stand may approximate the elastic similarity 
model over an intermediate range in stand age and height. But within any given 
stand, diameter increases with a higher power of height, reflecting the fact that 
shorter than average trees have small crowded crowns that are more sheltered from 
wind than are the larger crowns of stand dominants (e.g. Beck and Della-Bianca 
1970; King 1990).

Small saplings seem mechanically over designed compared to larger trees (King 
1987; Niklas 1994), but are subject to damage from falling debris (Aide 1987) and 
mammalian herbivores (Ickes et al. 2003). In young saplings lacking heartwood, the 
pipe model relationship of sapwood cross sectional area ∝ leaf biomass should lead to 
increasing buckling safety factors with decreasing sapling height – if corresponding 
changes in Young’s modulus of elasticity are small.

Among temperate saplings subject to snow loads, species with spreading ever-
green foliage are substantially thicker stemmed than are deciduous species with 
large leaves and thus sparsely branched crowns – comparing saplings of the same 
height and crown width (King 1991). But larger trees of these contrasting leaf habits 
show little difference in allometry. This observation is consistent with the fact that 
crown area and potential snow and ice loads increase with a substantially lower 
power of height than does stem weight, making this loading less important with 
increasing tree size.

Wood properties may vary with stage of development – which is not usually 
accounted for in allometric theories (Niklas 1993). The juvenile wood produced 
in the first decade or so is often lower in density and substantially less stiff than 
adult wood (Lachenbruch et al. 2011) – though these differences tend to be more 
pronounced in shade intolerant species than in shade tolerant ones (Wiemann and 
Williamson 1989; Zobel and van Buijtenen 1989). Perhaps more importantly, the 
presence of rot generally increases as trees age (Van Pelt and Sillett 2008). This 
pattern makes old trees more susceptible to toppling and breakage (Frelich and 
Reich 1996) despite their relatively thick stems. Decay of the central heartwood 
increases the likelihood of breakage by shearing along radial cracks in the remaining 
peripheral wood (Ossenbruggen et al. 1986), while surface defects cause stress 
concentrations that initiate breakage under lower overall bending stresses (Mattheck 
and Kubler 1995).
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3.2  The Contrasting Allometry of Palms

The allometry of palms differs from that of the dicotyledonous trees and conifers 
considered heretofore – because palms lack branches and a vascular cambium. As a 
result, palms show limited increases in crown size as they grow in height (Rich 
et al. 1995) and cannot add new wood to their stem peripheries. Palms do increase 
the density and stiffness of their stems by increasing the cell wall thickness  
and diameter of existing vascular fibers – particularly those fibers near the stem 
periphery (Rich 1987a). This increase in fiber diameter along with the expansion 
(and sometimes division) of the surrounding parenchyma cells also causes varying 
amounts of stem expansion (Waterhouse et al. 1978; Tomlinson 1990). However, 
the increase in stem diameter as palms grow in height is considerably less than that 
observed in co-occurring dicotyledonous trees and scarcely occurs at all in columnar 
palms (Rich et al. 1986). The latter are substantially overbuilt in youth, but not in 
adulthood. The adults of some palm species exceed the stability limits for cylindrical 
columns of typical wood properties. Their very dense and stiff peripheral wood, 
particularly near the stem base, enables these palms to keep their relatively small 
crowns erect (Rich 1987b).

3.3  Local Influences on Tree Proportions

Tree spacing has a pronounced effect on crown width and length and on trunk 
thickness. Isolated open-grown trees typically bear much broader and longer 
crowns than do forest-grown trees of similar height. Open-grown oaks may be as 
broad as they are tall, whereas open-grown conifers tend to be somewhat narrower 
crowned than angiosperms (Ek 1974). Trembling aspen (Populus tremuloides)  
of even-aged, self-thinning stands have crowns that are only 1/3 of the width of 
open-grown aspen (Ek 1974; King 1981). Open-grown trees typically bear crowns 
that extend most of the way to the ground, but the crowns of mature even-aged 
aspens occupy only the upper third of the stem (King 1981). Such forest-grown 
aspen have stems that are 2/5 as thick as open-grown aspen of similar height. Thus, 
the large well-illuminated crowns of open-grown trees are more productive than 
those of forest-grown trees, but they allocate correspondingly larger masses of wood 
to their trunks and branches. The fact that the greater productivity of widely spaced 
trees is offset by greater support costs may explain the observation that height 
growth is relatively insensitive to tree spacing (Sjolte-Jorgensen 1967), justifying 
the use of height growth curves to specify site productivity (Spurr and Barnes 1980). 
However, lower height growth rates have been reported for both widely spaced and 
very crowded trees (Alexander et al. 1967; Flewelling et al. 2001)

Trees respond to changes in crowding by varying the thickness of their current 
annual growth rings as viewed in longisection and by varying their ratios of height to 
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diameter growth. The rings of young plantation-grown conifers are initially thickest 
at the base, but rings produced later in life, when the trees are more crowded, tend 
to be thicker towards the treetop (Kozlowski 1971, p. 78). After stand thinning, 
wood allocation initially shifts towards the base, resulting in a temporary increase 
in stem taper (Kozlowski 1971, p. 110). Bormann (1965) observed that diameter 
growth at breast height declined to near zero, while height growth continued in 
Pinus strobus trees undergoing increasing suppression by their taller neighbors – a 
response that prolongs access to light in such trees.

Stem diameter is also related to topographic position and exposure to wind. 
Trees of wind-exposed ridges are shorter and squatter than those of sheltered slopes 
(Lawton 1982), whereas trees that are guy-wired to prevent swaying grow less 
in diameter than freely swaying trees (Jacobs 1954). Holbrook and Putz (1989) 
found that Liquidambar styraciflua saplings that were both guy-wired and shaded 
from the sides grew nearly twice as fast in height as the open-grown controls, 
but often buckled under their own weight when their supports were removed. 
Trees allocate wood preferentially to stem sections experiencing greater bending 
and Coutand et al. (2009) found that in Populus, a single stem flexion activated 
genes that increased cambial growth over the stressed area in subsequent days. 
Thus, trees seem able to sense environmental stressors and modify their growth in 
an adaptive fashion.

In summary, tree allometry varies with tree size, species, crowding by neighbors 
and exposure to light and wind. However, there are general allometric trends, par-
ticularly for trees of specified forest conditions, such as the even-aged stands or 
plantations for which much information on growth and wood yield has been pub-
lished. In general, small forest-grown trees (<10 m tall) lie closer to the geometric 
similarity model, whereas larger trees often approach the elastic similarity model. 
Yet older trees show even greater increases in diameter vs. height, particularly if 
they have suffered top breakage or dieback. Site specific patterns include shifts in 
allometry over time in response to increased crowding by neighbors or increased 
exposure to light and wind following thinning or natural disturbances.

4  Linking Allometry and the Course  
of Height Growth

The height growth rates of trees can be related to the factors influencing stem 
wood production (photosynthesis, respiration and allocation) – and the allocation of 
that wood between height and diameter growth. These processes all vary as trees 
grow and age and experience varying competitive relations, which complicates 
the analysis of the factors influencing height growth. However, allometric growth 
models employing the simplest of assumptions regarding the relation between 
stem wood production and tree size are useful in isolating the effects of tree 
proportions on growth. This approach considers the tree to be a simple, self-growing 
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machine that approximates the allometries and production efficiencies of real trees 
(King 2005). The following three cases are instructive.

 1. Geometric similarity in crown and stem proportions, with stem wood production 
proportional to crown area. Thus, stem biomass M ∝ H3, crown area ∝ H2 and hence 
stem wood production rate, dM/dt ∝ H2. Such relations might pertain to a dominant 
tree in a very young stand that can increase its crown size as it grows taller.

 2. Geometric similarity in crown proportions, elastic similarity in stem proportions 
(M ∝ H4) and again dM/dt ∝ H2. Such relations might apply to a dominant tree in 
an intermediate-aged stand.

 3. Elastic similarity in stem proportions (M ∝ H4), but a constant wood production 
rate. This constant wood production might be associated with a tree that main-
tained the same crown size as it grew taller or a tree that increased its crown size 
but showed a commensurate decline in stem wood production per unit crown 
area – due to some combination of declining photosynthetic efficiency and 
declining allocation of photosynthate to stem wood production (Ryan et al. 
1997). Such relations might pertain to an aging tree.

For a specified stem allometry, the height growth rate is given by the product of 
the rate of stem wood production (dM/dt) and the height growth increment per unit 
of wood added to the stem (dH/dM). That is, dH/dt = dH/dM x dM/dt by the chain 
rule of calculus, which is equivalent to

 ( ) ( )d / d d / d / d / dH t M t M H=  (6.5)

For case 1, M ∝ H3, so dM/dH ∝ H2 and the height growth rate is constant, i.e.

 d / dH t C=  (6.6)

where the constant C depends on the rate of wood production per unit crown area 
and the ratio of diameter to height.

One can make sense of this relation without resorting to formal calculus by 
considering the special case of a solid cube that adds a thin slab of material of given 
thickness to each side. The rate of mass accumulation is proportional to the area of 
its sides, i.e. dM/dt ∝ H2, where H is now the height of the cube. Since the cube 
maintains geometric similarity as it grows, M ∝ H3. Thus the cube shows the same 
proportional relations for mass growth (dM/dt) and the material cost of height 
growth (dM/dH) as the geometrically similar tree. Since it is adding the same annual 
growth increment to all sides, it obviously has a constant height growth rate. Of 
course, a solid cube would grow much more slowly than a tree because its material 
cost would be much greater than that of the tree.

For case 2, M ∝ H4, so dM/dH ∝ H3 and the height growth rate is inversely 
proportional to height,

 d / d 1 /H t Hµ  (6.7)

For case 3, M ∝ H4, but dM/dt is constant, so

 
3d / d 1 /H t Hµ  (6.8)
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Thus, a doubling of height causes the height growth rate to decline to one-eighth of 
its initial value for this case, as shown in Fig. 6.1.

As cases 1, 2 and 3 may apply approximately to young, intermediate-aged and 
old stands, respectively, this analysis suggests that the general decline in height 
growth rate in aging stands could be linked to shifts in allometry and efficiency of 
stem wood production.

To further examine this premise it is useful to consider the height growth curves 
derived by foresters to assess site productivity for the even aged stands commonly 
managed for timber production. An example curve for Douglas-fir was chosen 
because it extends to a relatively old age for this long-lived species and was based 
on stem analysis of sample trees, a method considered more reliable than the 
temporary plots used in earlier American studies (Monserud 1984, 1985). In stem 
analysis each tree is sectioned at many heights and counts of annual rings are used 
to determine its height growth history.

As shown in Fig. 6.2a, the height vs. age curve gradually levels off, implying a 
declining height growth rate. This pattern is shown more clearly in the graph of the 
height growth rate, which is the derivative of the height curve taken with respect to 
time (Fig. 6.2b). It is even more useful to plot the height growth rate not against age, 
but against tree height (Bond et al. 2007). Figure 6.2c shows that the height growth 
rate peaks as the trees attain a height of 10–12 m and then declines. This decline is 
nearly linear as tree height surpasses 20 m, while the declines predicted above for 
either case 2 or case 3 are more curvilinear.

However, the height growth patterns of individual trees are more variable than the 
smooth curves fit to many trees of varying age and site productivity. The particular 
functions fit to the measured patterns may also introduce biases, particularly for the 
more sparsely sampled older trees. The growth pattern derived from a detailed stem 
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Douglas-fir Height vs. Age
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Fig. 6.2 Tree height vs. age (a), height growth rate vs. age (b) and height growth rate vs. tree height 
(c) for dominant Douglas-fir trees growing in even-aged stands on good sites at higher elevations 
in the Cascade Mountains of Oregon and Washington, as projected by Curtis et al. (1974), based 
on data from stands of a wide range in age and site quality
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analysis of an old Douglas-fir by Winter et al. (2002) (Fig. 6.3a, b) shows a roughly 
constant height growth rate over the 8–28 m height range followed by a curvilinear 
decline.

The curve in Fig. 6.3b is consistent with some combination of changing allometry 
and wood production efficiency, but more information on allometry and wood 
production is needed to distinguish these possible mechanisms. Such infor mation 
was published for an extremely tall noble fir by Herman et al. (1975) to illustrate the 
method of stem analysis. They sliced the tree into 45 sections and measured the posi-
tions of every tenth growth ring over the 437-year life of the tree, as shown in Fig. 6.4. 
These data can be used to calculate the volume of wood added to the trunk and the 
corresponding height growth over each 10-year period, as well as the relationship 
between trunk diameter and tree height over the entire life of the tree.
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Fig. 6.3 Height growth rate vs. tree age (a) and tree height (b) for the intensively studied Douglas-fir 
tree of Winter et al. (2002)
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The height growth rate of this tree is plotted as a function of height in Fig. 6.5, as 
compared with the projected height growth rates of even-aged noble fir stands on 
productive and very productive sites. The tree’s early height growth rate is lower 
than projected, followed by a spike in growth at a height of 19–26 m. The growth 
rate then declines, following the curve for trees on very good sites until reaching a 
height of 60 m. From here on the observed height growth rate declines more 
gradually than does the projected growth rate. However, Herman et al. (1978) noted 
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Fig. 6.4 Shape of the stem of a 437 year-old noble fir tree (shown lying on its side) at 10 year 
intervals, as given by Herman et al. (1975). Note the exaggeration of the scale for trunk radius; the 
tree was actually quite slender for its height

Noble fir

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 10 20 30 40 50 60 70 80 90
Tree height (m)

H
ei

g
h

t 
g

ro
w

th
 r

at
e 

(m
/y

r)

Extremely good site

Good site

Single tree

Fig. 6.5 Height growth rate of the noble fir tree sectioned by Herman et al. (1975), as compared 
to the projected height growth rate of dominant noble fir trees in even-aged stands determined by 
Herman et al. (1978). Each point shows the sectioned tree’s growth rate over a 10-year interval



1816 Size-Related Changes in Tree Proportions…

prolonged height growth in very old trees and therefore omitted trees >260 years old 
from the data used to construct the height growth curves.

This pattern of height growth can be related to the allometry and wood produc-
tion of the tree over its life. However, diameter measured at breast height is a biased 
measure of stem thickness due to increasing butt swell (Fig. 6.6) and dbh is a poor 
predictor of the volumes of large old trees (Van Pelt 2001). Diameter at 1/10th of 
tree height avoids the region of butt swell and is hence used instead.

Based on diameter at one-tenth of tree height, Fig. 6.7 indicates that the tree was 
relatively thick-trunked until it reached a height of 19 m, whereas diameter was 
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directly proportional to height as it grew from 25 to 50 m. The stem showed 
anomalously low diameter growth during the decade in which the tree grew from 
19 to 26 m (Fig. 6.7) and this transient change in allometry is associated with the 
spike in height growth rate over this interval (Fig. 6.5).

A remarkable feature of this tree is that diameter at 1/10th height was almost exactly 
proportional to H3/2 over the last 300 years of its life, as it grew from 50 to 83 m tall. 
During this long period, the tree was only about 30% thicker than the minimum diam-
eter that an untapered pole of similar height would require to keep from bending over 
under its own weight – calculated for the physical properties of green noble fir wood 
(USDA Forest Products Laboratory 1999).

The stem volume growth rate increased curvilinearly with height for the first 
200 years of life and then remained relatively constant as height exceeded 60 m 
(Fig. 6.8). Because stem diameter ∝ H3/2 over this latter interval, the prediction of 
case 3 that dH/dt ∝ 1/H3 should apply. The observed height growth rate showed 
a substantial, but variable decline over this interval (Fig. 6.5). This variation may 
be due to the variation in volume growth (Fig. 6.8) and transient shifts in stem 
taper, which would change dM/dH, the biomass increment per unit height growth. 
However, the observation that the height growth rate for the tree at 80 m was about 
2/5 of that at 60 m agrees closely with the prediction of case 3 that the 80 m height 
growth rate should decline to (3/4)3 = 42% of the rate at 60 m.

This analysis suggests that overall patterns of height growth can be related to 
tree allometry and wood production rates, though trees may show substantial 
decadal variation about these general patterns (Figs. 6.3 and 6.5). An important 
caveat is that the example tree considered here was likely selected for illustration 
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by Herman et al. (1975) for its extreme height, which was only 7 m less than the 
90 m height of the current tallest known noble fir (Van Pelt 2001). The noble fir trees 
used for analysis by Herman et al. (1978) were each chosen as the single tallest 
undamaged dominant tree per 0.1 ha plot within stands dominated by even-aged 
trees. Although the tree considered here may be atypical, the general tendency of 
diameter to scale with an increasingly higher power of height as trees grow taller 
(Observed Patterns section) will cause height growth rates to decline, thereby 
contributing to the universal decline in height growth rate among aging trees.

5  Discussion

Tree proportions vary with microenvironment and species as reviewed in this 
chapter. However, tree stems commonly show increases in the ratio of diameter to 
total height as trees age. This shift in allometry may be particularly apparent in 
large, long-lived species, such as coast redwood (Fujimori 1977). Among trees of 
even-aged stands, height growth rates decline with increasing stature after peaking 
at a young age. This pattern was linked in part to changes in allometry for the 
example 83-m-tall noble fir considered here. However, other factors may limit 
the ultimate maximum heights of trees (Koch et al. 2004; Domec et al. 2008).

Whole stand rates of stem wood production and wood production per unit leaf 
area or light interception commonly decline as stands age (Ryan et al. 1997) and this 
effect will also reduce height growth rates by increasing the time required to synthe-
size the wood required for a given height increment. The cause of this decline is still 
uncertain, though it is likely related in part to water transport (Ryan et al. 2006; 
Martinez-Vilalta et al. 2007). The extent of the decline is also uncertain, as it is 
based primarily on forest growth and yield tables that are mostly derived from 
young to intermediate aged stands, as are commonly managed for wood production 
(e.g. Curtis et al. 1982). Thorough measurements of wood production in old-growth 
trees by Sillett et al. (2010) indicate that the world’s tallest species, coast redwood, 
shows little further decline in the efficiency of stem wood production after an initial 
decline during the first 200 years of growth – on the most productive sites.

For the example tree considered here, gravitational constraints on stem thickness 
coupled with a more or less constant rate of stem wood production later in life 
accounted for the overall decline in height growth rate from midlife on. However, 
the links between height growth and mechanical constraints are inexact, as there is 
no strict requirement for a particular allometry, other than that the critical buckling 
diameter be exceeded – in free standing trees. Although breakage is a common 
cause of tree death (Putz et al. 1983), tradeoffs between height growth and mechani-
cal safety are expected and will vary with environment, crowding by competitors 
and the ecological characteristics of trees (Givnish 1995).

The loose nature of mechanical constraints is nicely illustrated by the anomalously 
high height growth rate between ages of 57 and 67 years for the example noble fir 
tree (Fig. 6.5). During this interval diameter growth was lower over the lower bole 
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and higher over the upper bole than in the preceding and following 10-year intervals 
– and the taper of the stem top shifted to a more slender form that was progressively 
reversed over the following decades (Fig. 6.4). However, continuation of the reduced 
lower bole thickening that contributed to this high extension rate would have put the 
tree at increasing risk of breakage.

Although support requirements eventually cause unavoidable declines in height 
growth rate, they do not necessitate the cessation of extension growth or directly 
limit tree height. Maximum height growth rates are typically attained when trees are 
less than 1/3 of their maximum heights (e.g. Curtis et al. 1974) and the factors 
affecting height growth may vary over the life of a tree. Trees of particularly long 
lived species may show more pronounced increases in the ratio of diameter to height 
growth than the tall noble fir considered here, as might be expected if other factors 
were limiting extension growth later in life. Recent studies indicate that the maxi-
mum heights of two of the tallest species, coast redwood and Douglas fir are limited 
by water transport (Koch et al. 2004; Domec et al. 2008).

On the other hand, old-growth trees may be more susceptible to breakage and 
tip up than trees of younger stands, despite their proportionately thicker stems – due 
to increases in wind speed with height and the prevalence of rot and other wood 
defects in old trees (King 1986; Frelich and Reich 1996; Van Pelt and Sillett 2008). 
The breaking strength of wood decreases with beam size, even for sound wood, 
due to increases in the probability of encountering stress-concentrating wood 
defects – though this effect is small (Bohannan 1966). Thus, continued diameter 
growth, as needed to overgrow rotten or damaged areas and maintain functional 
sapwood, likely increases long-term survival in trees not subject to overtopping 
by neighbors.

Many old trees cease height growth due to top breakage facilitated by fungal decay 
(Van Pelt and Sillett 2008) or dieback that may be due to hydraulic limits to water 
transport that are exacerbated during severe drought years. More than half of the 
450 year-old Douglas-fir trees examined by Ishii et al. (2000) showed top dieback or 
broken tops. Species that are longer lived than noble fir, such as  Douglas-fir, western 
redcedar (Thuja plicata) and coast redwood (Sequoia sempervirens) may attain maxi-
mum height in midlife preceding top breakage (common in Douglas-fir), pronounced 
top dieback and partial replacement (western redcedar) or localized top dieback and 
replacement (coast redwood) (Van Pelt 2001; Van Pelt and Nadkarni 2004; Koch 
et al. 2004). Stem diameter growth continues throughout life – independently of 
height increase or decrease in this late stage of growth.

Trees of old, all-aged forests exhibit high variation in growth and the growth rates 
of small juveniles are much reduced by the shade of taller neighbors (e.g. Clark and 
Clark 2001; Condit et al. 1999). Trees of such forests may also show substantial 
alterations in the ratio of height to diameter growth as they grow up towards the 
canopy, likely reflecting shifts in light environment and the positions of neighboring 
crowns (Sumida et al. 1997). Saplings of shade tolerant Abies species vary greatly in 
crown shape and branch vs. leader growth, with umbrella shaped crowns that provide 
efficient light interception in shade and conical crowns that achieve greater height 
growth per biomass increment in forest openings (Kohyama 1980; King 1997).
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Thus, there is much circumstantial evidence that trees regulate apical and cambial 
growth in an adaptive fashion that depends on size and exposure to light and wind, 
as cited in this review. The physiological and genetic mechanisms that underlie this 
regulation are beyond the scope of this chapter, but are an area of ongoing research 
(e.g. Day and Greenwood 2011). However, the need for a general slowing of height 
growth to prevent undue risks of breakage or toppling suggests that declines in 
water potential and turgor pressure with increasing height (Woodruff et al. 2004; 
Woodruff and Meinzer 2011) could act as a positional signal to reduce extension 
growth, as well as directly limiting growth.

5.1  Future Research Needs

Expanded measurements of whole tree growth and allometry are needed to better 
define the links between height growth and allometry and integrate them with 
hypothesized physiological controls of growth, as listed below.

 1. Direct measures of the allometric trajectories of individual trees are needed, as 
illustrated for the example noble fir. Many allometric analyses are based on 
samples of trees of varying size, drawn from forest plots, with the tacit assump-
tion that individual trajectories will on average mirror the allometries derived 
from trees of differing size measured at one time. But most current forests are 
undergoing succession and even among all-aged forests in quasi-equilibrium, the 
juveniles that survive to reach the canopy may differ in proportions from current 
populations that include many suppressed trees that are destined to die.

 2. Direct measures of the wood production of individuals are also needed, as trees 
of different crown classes show different efficiencies of wood production (Binkley 
et al. 2002), and trees may shift in crown position as stands age. Estimates 
of stem volume and growth are often inferred from dbh, based on empirical 
 allometric equations fit to the stands of interest. But, the allometric trajectories of 
growing individuals may differ systematically from the within-stand allometries 
measured at a given time, as noted above. Furthermore, the thickness of annual 
growth rings at breast height vs. the average ring thickness along the whole 
bole varies conside rably with degree of crowding and stand disturbance history 
(Kozlowski 1971). Thus, inferring past production from ring widths at breast 
height is problematical. Dbh is a poor predictor of stem volume for large trees 
due to butt swell (Van Pelt 2001), and diameter must be measured well above 
the progressively rising buttresses to insure accurate growth histories for large 
tropical trees.

These direct measures of growth and proportions could be accomplished by 
stem analysis (Herman et al. 1975; Monserud 1985), although this method is 
limited to temperate and boreal trees and certain tropical species, mostly from 
forests with strong dry seasons, where annual growth rings can be reliably mea-
sured (Brienen and Zuidema 2005) – but see Fichtler et al. (2003) regarding 
growth rings in wet tropical forest trees. Climbing and coring trees from base to 
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top is a less destructive method of gaining this information for those skilled in 
climbing trees (Sillett et al. 2010).

 3. Further studies of the physiological controls of height growth that might integrate 
mechanisms related to allometry, carbon balance and water transport are also 
needed. One possible approach would be to alter allometry by cutting treetops and 
assessing the degree and rapidity of top replacement as a function of tree height 
and age – and any corresponding shifts in the distribution of diameter growth along 
the bole. Many trees experience stem breakage during the course of their lives and 
the capacity for rapid regrowth would be of particular advantage for trees of young 
stands, where height growth is still relatively rapid and the costs of failing to keep 
abreast of neighboring trees are greater than for more widely-spaced old-growth 
trees. Top cutting might also increase water potentials near the cut by reducing 
foliage area and hence water demand at this point. Hence, there may be links 
between allometric recovery and shifts in water potential.

 4. Studies of allometric trajectories and the size dependence of height growth and 
wood production are also needed for regions outside of the Pacific Northwest and 
California, where different climatic and/or ecological conditions pertain, resulting 
in the evolution of trees with different crown proportions and height growth patterns 
than the tall, long-crowned conifers emphasized here (Falster and Westoby 2003). 
For example, lowland tropical forests contain a high diversity of understory and 
midstory species and the tallest trees tend to be widely spaced emergent species 
that expand their crowns out in all directions above the surrounding canopy 
(King 1996; Richards 1996). Certain disturbance-associated tropical trees, such 
as balsa (Ochroma pyrimidale), show extremely rapid height growth in youth, 
but slow greatly through adulthood. Palms show stem and crown allometries that 
differ substantially from those of dicotyledonous trees (Rich et al. 1986, 1995; 
Tomlinson 1990) and the implications of these differences for the course of 
height growth have yet to be explored.

Acknowledgements I thank Robert Monserud and an anonymous reviewer for helpful comments 
on the manuscript.
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Abstract As trees develop, they undergo morphological and physiological changes 
that can influence not only their performance, but also their interactions with 
herbivores. The expression of their defenses is influenced by changes in the selective 
pressures exerted by herbivores and by the plant’s tradeoffs in resource allocation, 
and can result in ontogenetic trajectories that show increases, decreases, or mixed 
trends in the expression of anti-herbivory traits. In some species, these trajectories 
occur as gradual transitions among ontogenetic stages, but in other species there 
are pronounced phase changes marked by heterophylly or by abrupt changes in 
chemical, physical, or biotic defenses. This chapter discusses the patterns of such 
trajectories and the multiple factors that can influence them, including the specific 
herbivores feeding on trees, the activities of herbivores’ natural enemies, the switches 
among the different defensive mechanisms that trees can express to reduce 
herbivory, the particular ecosystem in which they grow, and the influence of phylo-
genetic constraints that restrict or allow the evolution of onto genetic trajectories in 
plant defense. Studies that integrate the role of ontogeny into evolutionary ecology 
theory will advance our understanding of how natural selection can target the ontoge-
netic trajectories of plant defense. Such research will also have application for 
targeting pest control onto vulnerable ontogenetic stages, and for selection of lines 
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with improved defensive mechanisms to protect rare and endangered species as well 
as promote productivity in commercial stands.

Keywords Defenses • Herbivory • Ontogeny • Resistance • Tolerance

1  Why Is Plant Ontogeny Influential for Plant-Herbivore 
Interactions?

As plants develop, they undergo important morphological and physiological changes. 
These changes, defining their ontogenetic trajectories (Fusco 2001), can be particu-
larly striking for trees, given that they develop from small seedlings to very large and 
long-lived individuals. Such morphological and physiological changes are likely to 
influence not only the performance of individual trees, but also their interactions with 
many species, for example, their herbivores. Overall, as trees develop, changes in the 
selective pressures exerted by herbivores, together with plant resource allocation 
tradeoffs, influence the expression of plant defense. Thus, the ontogenetic trajecto-
ries in anti-herbivory traits can be characterized by increases, decreases, or mixed 
trends in the expression of such traits. In some species, these ontogenetic trajectories 
occur with pronounced phase changes marked by heterophylly or abrupt changes in 
chemical, physical, or biotic defenses (e.g. Eucalyptus globulus, and many ant plants), 
while most other tree species show more gradual transitions among ontogenetic stages. 
As we will discuss in this chapter, the patterns of such trajectories can be influenced 
by multiple factors, including the specific herbivores feeding on trees, the activities of 
herbivores’ natural enemies, the switches among the different defensive mechanisms 
that trees can express to reduce herbivory, the particular ecosystem in which they 
grow, and the influence of phylogenetic constraints that restrict or allow the evolu-
tion of ontogenetic trajectories in plant defense.

2  External and Internal Factors Driving Ontogeny-Related 
Changes in the Quality of Trees as Food for Herbivores

Herbivory has been identified as a biotic interaction that usually has negative impacts 
on plant fitness (Harper 1977; Dirzo 1984; Crawley 1997). Such impacts however, 
may depend on the ontogenetic stage at which trees are attacked (Ehrlén 1995; 
Weiner 2004). Seeds and seedlings, for example, are particularly vulnerable to 
herbivore attack and they commonly get killed, especially when eaten by mamma-
lian herbivores (Dirzo et al. 2007). As trees develop and acquire more biomass, the 
impacts of herbivore damage are less drastic but can still cause important reductions 
in their growth rates, survival and reproduction (Marquis 1984; Domínguez and 
Dirzo 1994; Boege 2005b). These negative impacts commonly represent an impor-
tant selective force that has favored the evolution of defensive mechanisms that 
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allow plants to deal with their consumers. Defenses have been classified into  
(i) resistance traits that reduce the amount of damage received, which can be physical 
(e.g., spines, thorns or leaf toughness), chemical (secondary metabolites), or biotic 
(e.g., traits maintaining or enhancing the activity of natural enemies of herbivores); 
(ii) tolerance mechanisms that reduce the impact of herbivore damage once it 
has occurred, and (iii) escape strategies that reduce the probability of plants to be 
found by their consumers (Lubchenco and Gaines 1981; Dirzo 1984; Rosenthal and 
Kotanen 1994; Crawley 1997). Because the most dramatic impacts of herbivores on 
plant fitness occur during the youngest stages (Dirzo 1984; Marquis 1984), natural 
selection by herbivores is predicted to promote trees to have higher levels of any of 
these defensive mechanisms early than later during their development (Spiegel and 
Price 1996; Boege and Marquis 2005; Barton and Koricheva 2010).

However, despite the selective pressure of herbivores and the adaptive value of 
defensive mechanisms, plants are likely to optimize their levels of defense through-
out ontogeny, depending on the priorities of other functions that also can influence 
plant fitness, such as growth, reproduction or maintenance, which commonly com-
pete for the limited resources available for plants (Herms and Mattson 1992). The 
amount of resources allocated to each function, and in particular to defense against 
herbivores, depends on the physiological priorities at each ontogenetic stage and on 
resources available for plants at that particular moment of their lives. For example, 
in young plants it may be a priority to express high growth rates to establish and 
outcompete their neighbors; in contrast, when entering into their mature phase, 
reproduction may become a priority for resource use. In the specific case of trees, 
resource allocation to different functions during ontogeny also depends on the type 
of ecosystem and particular conditions in which they grow (e.g., open areas vs. 
forests, tree gaps vs. understory, and nutrient-poor vs. nutrient-rich soils). For 
instance, after producing the primary root system, seedlings growing in the under-
story of forests soon deplete the carbon stored in cotyledons, so further growth 
depends on the accumulation of new photosynthetic tissue (Swaine and Whitmore 
1988; Martínez-Ramos et al. 1989; Bryant et al. 1991). Because in closed forests 
understory growth is constrained until a light gap is opened, saplings may remain in 
the same stage for many years, and allocate the few resources they can acquire to 
prevent herbivore attack on their limited amount of leaf area. As soon as light 
becomes available (after, for example, a branch or tree fall), growth can resume and 
is likely to have a priority over other functions, allowing plants to balance their 
root:shoot ratio and acquire enough above-ground biomass to reach the canopy 
(Blundell and Peart 2001). However, during such growth, as trees become larger 
and are able to accumulate resources, they can also start allocating them to other 
functions, such as defense or storage. Finally, when trees reach the canopy and enter 
into their mature stage, reproductive structures may compete for resources with 
defensive traits (Bryant et al. 1991; Boege and Marquis 2005). Thus, from the 
resource allocation perspective, two peaks of increased plant defense are likely 
to occur as plants develop: one at the seedling stage, when plants have enough 
maternal resources to defend their developing tissues, and a second one after they 
have reached a balance in their root:shoot ratio and before reproduction commences 
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(Bryant et al. 1991, and see Boege and Marquis 2005, Fig. 1). In contrast, in open 
areas or treefall gaps within forests, tradeoffs between growth and defense are 
likely to be defined by nutrient or water availability rather than by light limitation, 
and tolerance is likely to have a priority over the production of resistance traits 
(Coley 1983). For example, pioneer species in tree fall gaps of forests have a priority 
to grow fast to outcompete their neighbors (Blundell and Peart 2001). Having 
enough light and resources, their rapid intrinsic growth rates allow them to tolerate 
herbivore damage, by efficiently replacing the tissues lost to herbivores with no need 
to produce high levels of resistant traits. Once trees have reached the canopy, they 
are likely to keep compensating but also to allocate some resources to resistance and 
reproduction. Nevertheless, there are no available studies assessing switches in 
defensive strategies of pioneer species and this warrants further investigation. In the 
particular case of environments where water availability is the limiting factor for 
growth, distinct ontogenetic patterns in defense expression may be absent or weak if 
the same traits function for both water conservation and defense, as is the case with 
sclerophyllous leaves (Turner 1994). However, the specific role of water availability 
on the ontogeny of defense has not received much attention and remains unclear.

Interestingly, if we consider the magnitude of the impacts of herbivores through-
out ontogeny, one would expect to observe a decline in the quantity or quality of 
defensive traits as plants develop, given that the young stages are more vulnerable, 
and thus should be better defended than old stages. In contrast, when considering 
resource allocation tradeoffs between defense and growth or reproduction, and the 
resources available for plants to produce defenses, the opposite pattern is expected 
(Barton and Koricheva 2010). As we will describe in the rest of the chapter, empirical 
evidence suggests that a combination of both mechanisms drives the ontogenetic 
trajectories of defense observed in trees. Furthermore, ontogenetic patterns in defense 
vary among tree species depending on the particular guild and abundance of 
herbivores feeding on them, on the type of defenses expressed, as well as on the 
ecosystem in which the trees grow.

3  Changes in the Quality of Trees as Food for Herbivores: 
Ontogenetic Patterns in Resistance

Several studies have detected that the number of herbivores feeding on trees and 
the amount of damage they produce are strongly dependent on the age of trees. 
In some cases herbivore abundance, performance and/or damage has been reported 
to increase with tree age (Tahvanainen et al. 1985; Jachmann 1989; Jogia et al. 1989; 
Kearsley and Witham 1989; Swihart and Bryant 2001; Boege and Marquis 2006), but 
in many others the opposite pattern has been found (Zagory and Libby 1985; Price 
et al. 1987; Kearsley and Witham 1989; Karban 1990; Fritz et al. 2001; Van Bael 
et al. 2003). In fact, a recent meta-analysis has detected that the overall pattern is 
that mammalian herbivores prefer to consume more tissue from mature than from 
juvenile trees, but the patterns of abundance and preference of insect herbivores is 
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rather more variable and presents no general trend (Barton and Koricheva 2010). 
Plant quality as food for herbivores is highly dependent on the type and amount of 
resistance traits they produce, and on the expression of other defensive strategies, 
such as tolerance or escape. Thus, changes in the defensive strategies during the 
development of trees are likely to be responsible for the observed patterns in herbi-
vore preference and performance. Only two studies have examined developmental 
trajectories of defense throughout the entire ontogeny of trees, and these reveal 
differences among kinds of plant resistance. In Ryparosa kurrangii (Achariaceae), 
levels of cyanogenic glycosides decrease from the cotyledon to the autonomous 
seedling stage, and further decrease from the juvenile to mature tree stage (Webber 
and Woodrow 2009). Interestingly, the decrease in cyanogenic glycosides occurs 
simultaneously with an increase in leaf mass per area, measured as a proxy for leaf 
toughness, suggesting an ontogenetic switch from chemical resistance during early 
ontogeny to physical resistance in late ontogeny (Webber and Woodrow 2009). This 
study, however, did not explore other possible defensive traits that might also have 
changed during ontogeny. An ontogenetic switch has also been observed in Populus 
tremuloides (Salicaceae), although in this case it is a switch among classes of 
secondary compounds (Donaldson et al. 2006). As ramets age from 0 to 25+ years, 
concentrations of condensed tannins increase while concentrations of phenolic 
glycosides decrease significantly (Donaldson et al. 2006). Neither of these studies 
examined herbivore damage, and so the relationships between the ontogenetic 
switches observed and herbivore performance and damage remain unclear.

Although general conclusions about whole-ontogeny patterns cannot be drawn 
from only two studies, additional insights can be gained by considering studies 
focu sing on patterns of resistance within a single or across two ontogenetic stages. 
For example, the few studies comparing tree seedlings of different ages in different 
species show a consistent increase in plant defense with developmental age, specifi-
cally for phenolics (Close et al. 2001; Fritz et al. 2001) and terpenoids (Bryant and 
Julkunen-Tiitto 1995). A single study examining the pattern in chemical resistance 
from the seedling to the juvenile stage reports a decrease in levels of leaf resin 
terpenoids (Feibert and Langenheim 1988). Within the juvenile stage, consistent 
increases have been observed for physical defenses (Nomura et al. 2001; del-Val and 
Dirzo 2003), while chemical resistance shows no clear pattern. Comparing saplings of 
different ages, it has been shown that concentrations of cyanogenic glycosides increase 
with plant age (Goodger et al. 2007), that alkaloids decrease (Liu et al. 1998), and 
that the levels of phenolics may increase or decrease, depending on the tree species 
(Bonell and Selander 1974; Basey et al. 1988; Laitinen et al. 2005). These patterns 
suggest that in trees, plant defense increases via secondary chemistry in seedlings and 
then via physical defenses in saplings. Developmental patterns in secondary chemistry 
during the sapling stage vary among species and among classes of secondary com-
pounds. However, it should be noted that these patterns rely on data from relatively few 
species; additional studies are needed to ascertain their generality.

In contrast, many more studies have examined the expression of defense traits 
across the transition from the juvenile to the mature stages of trees, revealing 
again that the ontogenetic pattern varies among species and among defense traits. 
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As a measure of physical defense, leaf toughness tends to increase from the juvenile 
to the mature stage of trees (Kearsley and Witham 1989; Macedo and Langenheim 
1989; Loney et al. 2006; but see Boege 2005b). Ontogenetic patterns in pheno-
lics are variable: some species show increases from the juvenile to mature stage 
(Eck et al. 2001; Erwin et al. 2001; del-Val and Dirzo 2003; Gowda and Palo 2003; 
Boege 2005a, b; Boege and Marquis 2006; Goodger et al. 2006; Neilson et al. 2006), 
while other species show a decrease (Rousi et al. 1987; Basey et al. 1988; Loney 
et al. 2006; Neilson et al. 2006). Similarly, a general pattern fails to emerge for 
terpe noids, given the increases (Sinclair and Smith 1984; Goralka and Langenheim 
1996; Loney et al. 2006) and decreases (Reichardt et al. 1984; Sinclair and Smith 1984; 
Langenheim et al. 1986; Macedo and Langenheim 1989) that have been reported. 
The single study we found comparing the induction of total phenolics in juveniles 
versus mature trees reports a greater inducibility in mature trees of the tropical 
deciduous Casearia nitida (Salicaceae; Boege 2005b). In addition, considering that 
cyanogenic glycosides are regarded as inducible defenses (Karban and Baldwin 
1997), there is existing evidence of an increase of these compounds from the juve-
nile to the mature transition of several species of the genus Eucalyptus, (Gleadow 
and Woodrow 2000; Goodger et al. 2004; Goodger et al. 2006; Neilson et al. 2006), 
although Eucalyptus cladocalyx var. nana is a striking exception to this general 
pattern (Goodger et al. 2006). Considering the vast diversity of compounds within 
the broad classes of phenolics and terpenoids, it is perhaps not surprising that we do 
not detect general ontogenetic patterns for these classes (Barton and Koricheva 2010). 
Furthermore, investigations into the ontogeny of induced defense will need to con-
sider how plant architecture changes as plants grow and develop. The transmission 
of signaling compounds within small juvenile plants is likely to result in a more 
synchronized induced response to herbivory, while the modularity and limited 
connectivity among branches within large mature trees may limit induction or even 
lead to induced susceptibility (Nykänen and Koricheva 2004). Additional studies on 
more species including several defensive traits may help clarify these ontogenetic 
trajectories. Moreover, variability among patterns can be explained by additional 
factors, such as the guild of herbivores feeding on trees, the particular habitat where 
tree species grow, life history strategies, and tradeoffs between types of defense 
(e.g., direct vs. indirect defense strategies), as we will discuss below.

4  Tree Ontogeny and the Impact of the Natural  
Enemies of Herbivores: Indirect Defenses

Traits facilitating the visitation or colonization of mutualistic animals that defend 
the plants against herbivores, such as plant food rewards, nesting space or chemical 
cues that attract herbivores’ natural enemies (predators and parasitoids) are defined 
as indirect defenses. As we discuss below, these defensive strategies can include the 
interaction with mutualistic or non-mutualistic animals, and can change during 
the development of trees.
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4.1  Indirect Defenses Involving Defensive Mutualisms

The most commonly documented indirect defense, myrmecophytism (Janzen 1966, 
1969), involves plant-ant mutualisms, whereby the myrmecophytic plant provides 
nesting space in structures known as domatia, and sometimes offers food rewards 
directly, in the form of extrafloral nectar and/or nutritious food bodies (Fiala 
and Maschwitz 1992), or indirectly, via, for example, coccoid-produced honeydew 
(Gaume et al. 1998). In turn, ants protect host plants from herbivores (Janzen 1966; 
Schupp 1986; Fiala et al. 1994; Heil and McKey 2003). Additionally, in a few 
documented cases, such defensive mutualisms occur between wasps and plants, and 
in these cases the plant provides a reward in the form of floral nectar (Domínguez 
et al. 1989; Narbona and Dirzo 2010).

The fundamental driver of the ontogenetic shifts observed in plants with defensive 
mutualistic relationships is an ontogenetic constraint imposed by the fact that mutua-
listic plants do not start their lives associated with their defending insects. Instead, 
they have to acquire their defenders in the course of their ontogeny. Typically, a 
mutualistic plant starts with a size and morphology that cannot maintain a colony of 
ants, given that young (uncolonized) plants have not developed functional domatia, 
nor structures for the production of food bodies or nectar (extrafloral nectar in 
the case of myrmecophytic plants, or floral nectar in the case of wasp-mutualistic 
plants). This, coupled with the fact that young stages of the myrmecophytic plant 
are particularly vulnerable to the impacts of herbivory, leads to the hypothesis that 
in the absence of defenders during this critical stage of their ontogeny, uncolonized 
plants may be more dependent upon direct defenses than older (colonized) plants 
(del-Val and Dirzo 2003; Heil and McKey 2003). Assuming that colonized plants are 
sufficiently defended against herbivores, we might then expect to see a reduction in 
direct defenses upon colonization by ants or wasps. This would lead to an ontogenetic 
switch from direct defenses in young uncolonized plants to indirect defenses in 
older colonized plants.

Only a handful of studies are available to assess these expectations. Table 7.1 
summarizes the results derived from seven independent studies involving seven 
different tree (with one exception, Croton suberosus, a shrubby plant) species. In six 
of these species, biotic, indirect defense has been found to be present in the older 
(colonized) plants, while younger stages lack such biotic defense. In most of these 
studies, plant palatability has been measured as a proxy of direct (chemical or physical) 
defense (eight comparisons, Table 7.1), while four comparisons examined natural 
herbivory in the field. Only one study (del-Val and Dirzo 2003) examined, in addi-
tion to herbivory and palatability, direct defenses in terms of plant phenolics, tannin 
concentration, and pubescence in colonized and uncolonized plants of the myrme-
cophyte Cecropia peltata. One study also compared herbivore survival in young and 
old plants (also a proxy of direct defenses) of the myrmecophyte Macaranga under 
controlled conditions with captive animals (Nomura et al. 2001).

The specific hypotheses for the comparisons of Table 7.1 are that, in contrast with 
old plants, young plants should be: (i) less palatable, (ii) have higher levels of direct 
defenses (phenolics and tannin concentrations, and pubescence), and (iii) should cause 
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lower survival of captive generalist herbivores. Only five out of eight tests found 
that uncolonized young plants were less palatable than older plants. The other 
three studies found the opposite pattern or no difference between young and old 
plants. Survival of generalist herbivores was lower on young plants than in older 
plants, supporting the prediction that direct defense decreases with plant age. 
Finally, patterns of herbivore damage were generally similar across ontogenetic 
stages, suggesting that direct and indirect defense provide similar levels of protection 
against herbivores. A striking exception to these results was observed in Cecropia 
peltata, in which young plants lack direct defenses (chemical and physical) as well as 
indirect defenses (ants). This resulted in higher palatability and levels of herbivore 
damage of young plants compared to older plants (del-Val and Dirzo 2003). Clearly, 
young C. peltata plants lack resistance against herbivory, and the authors suggest 
that perhaps they rely instead on tolerance (del-Val and Dirzo 2003). Although tole-
rance has not been tested in C. peltata, a study with a related species, C. obtusifolia, 
found that artificial defoliation during the uncolonized stage had no effect on plant 
survival or growth compared to undamaged control plants (Frías 1996), suggesting 
that tolerance may be indeed important in Cecropia juveniles.

As mentioned above, our predictions about ontogenetic switches in direct 
and indirect defense were only partially supported by the evidence presented in 
Table 7.1. In some cases, the inconsistency of the results can be explained on the 
grounds of methodological differences. For example, it has been found that young 

Table 7.1 Studies that have examined ontogenetic changes in defense strategy among tree species 
with indirect defenses involving mutualistic animals (ants, or wasps) present in the old but not 
young ontogenetic stages

Plant species
Indirect 
defense Variable measured

Comparison  
young vs.  
old plants Source

Macaranga 
myrmecophytes

Ants Palatability 
Herbivore survival

Young < old Nomura et al. (2001)
Young < old

Cordia alliodora Ants Palatability Young ~ old Trager and Bruna (2006)

Cecropia peltata Ants Palatability Young > old del-Val and Dirzo (2003)
Herbivory Young > old
Chemical defense Young < old
Physical defense Young < old

Omphalea oleifera Ants Palatability Young ~ old R. Dirzo, unpublished
Herbivory Young ~ old

Cordia alliodora Ants Palatability Young < old Llandres et al. (2010); 
Narbona and Dirzo 
(2010)

Croton suberosus Wasps Palatability Young < old
Herbivory Young ~ old

Acacia cornigera Ants Palatability Young < old R. Dirzo, unpublished
Herbivory Young ~ old

Populus  
tremuloides

Ants Extrafloral 
Nectaries

Young > old Wooley et al. (2007)

Chemical defense Young > old
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Cordia alliodora plants are either less palatable (Llandres et al. 2010) or similarly 
palatable (Trager and Bruna 2006), when compared to older plants. Such discre-
pancy could be due to the facts that in Trager and Bruna’s (2006) study, their young 
(1 year-old) plants included saplings that had domatia already occupied by ants, while 
in the other study all young plants were uncolonized. The young but occupied saplings 
of the former study might have already foregone direct defenses (see Llandres 
et al. 2010). In addition, the palatability trials in Trager and Bruna’s study were 
performed using the Cordia-specialized beetle Coptocyla leprosa, while the other 
study used a generalist herbivore, the larvae of the lepidopteran Hypercombe sp. 
Conceivably, the specialized beetle might be more capable of dealing with the 
secondary compounds of C. alliodora than the larvae of the generalist herbivore, thus 
rendering the palatability of plants from the two stages indistinguishable. A similar 
interpretation can be applicable in the case of the Neotropical tree Omphalea oleifera 
(Table 7.1) in which only the old trees produce extrafloral nectar that attracts a 
variety of ants, while the young plants do not produce such a reward. In contrast, in 
the case of Populous tremuloides, the density of extrafloral nectaries is actually 
greater in young trees (1 year old) than in 4- and 10-year-old trees (Wooley et al. 
2007), and there is no detectable trade-off between this indirect defense and direct 
chemical defenses or tolerance (Sugiura et al. 2006; Wooley et al. 2007).

Limited as it is, this set of studies collectively suggests that young uncolonized 
trees may invest in direct defenses to reduce herbivory, and then relax these defenses 
upon colonization by their animal defenders. Future studies measuring chemical, 
physical, and tolerance traits in young uncolonized and old colonized plants are 
needed and will provide key new insights into ontogenetic switches and trade-offs 
between direct and indirect defense. Furthermore, explicit comparisons of generalist 
and specialist herbivores will reveal whether direct and indirect defenses are in fact 
redundant, and thus involved in an ontogenetic switch, or whether they may act in 
synergy to defend plants against a wide range of herbivores.

4.2  Indirect, But Non-mututalistic Defense and Ontogeny

In some cases, plant species are defended by animals that are not engaged in mutua-
listic interactions with the plant. Such indirect defense is known in herbaceous 
plants and some trees, but knowledge is extremely scarce as to whether this exhibits 
any kind of ontogenetic trajectory. One relevant study (Van Bael et al. 2003) 
investigated how predators affected herbivore abundance and levels of herbivory 
in saplings and adult trees in three tropical tree species. Using cages to prevent 
access to bird predators, they found that caging dramatically increased herbivore 
abundance and levels of herbivory on trees but had no effect on saplings. Although 
a variety of factors could potentially account for these results, a proximate interpre-
tation is that the third trophic level has a greater impact on the plant’s herbivores at 
the older but not younger ontogenetic stages and that the levels of herbivory on adult 
trees would be significantly higher in the absence of predatory, top-down controls. 
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The consequences of such patterns on ontogenetic trajectories of plant defense and 
on plant fitness remain to be investigated.

Further evidence for the importance of tritrophic interactions on the ontogeny of 
plant defense and herbivory comes from studies on the dry forest deciduous tree 
species, Casearia nitida. Comparisons of caged and non-caged saplings and mature 
trees found that the foraging intensity of bird predators was significantly higher in 
mature trees (Boege and Marquis 2006). Moreover, foraging of parasitoid wasps 
was restricted to the canopies of mature trees, and they did not forage in saplings 
(Boege 2005a). Together with ontogenetic increases in total leaf phenolics, these 
patterns of indirect and direct defense led to significantly higher herbivore den si-
ties and levels of damage in saplings compared to mature trees (Boege 2005a). 
Determining whether the ontogenetic increases in predation and parasitism observed 
in these studies reflect general patterns requires further tests in additional species. 
Particular focus on the potential ontogenetic change in expression of plant volatile 
organic compounds (VOC’s) may reveal a mechanism by which tritrophic interac-
tions change during plant development. Although VOC release has been shown to 
decrease with plant age in cultivated herbs (Cole 1980), information about their 
ontogenetic patterns in trees remains unknown.

5  Ontogenetic Patterns in Escape and the Influence  
of Biogeography

Developmental patterns in herbivory may occur for reasons other than top-down 
(i.e. indirect) or bottom-up (i.e. defensive chemistry) forces. Specifically, apparency to 
herbivores (Feeny 1976) may change as plants grow and develop, leading either 
to ontogenetic increases or decreases in escape from herbivores. Several different 
mechanisms can drive developmental patterns in apparency to and escape from 
herbivores, including associational resistance, distance from conspecific trees, lag 
time in the herbivore colonization of young trees, phenology, and limited access 
to trees as they grow. Furthermore, these developmental patterns often show bio-
geographical variation.

There is a strong spatial component to developmental patterns in apparency 
and escape, evidenced by the importance of plant neighbors and distance from 
conspecific trees. Associational resistance occurs when susceptible plants escape 
from herbivory by growing in close proximity to well-defended plants. Typically, 
it is small and/or young plants that gain associational resistance from neighbors, 
sometimes called nurse plants (Niering et al. 1963). Associational resistance is often 
provided by nurse plants with physical defenses that effectively protect seedlings from 
mammalian herbivores (Rousset and Lepart 2000; Baraza et al. 2006; Vandenberghe 
et al. 2009), but can also be mediated by secondary chemistry (Smit et al. 2006). 
Although it has rarely been compared among species, associational resistance seems 
to be especially important for seedlings that lack their own resistance or tolerance to 
herbivory (Vandenberghe et al. 2009).
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Spatial relationships of individuals within species are also important for escape 
from herbivory. In this case, it is distance from, rather than proximity to, an adult tree 
that provides a benefit to young and small plants. As proposed by the Janzen-Connell 
hypothesis (Janzen 1970; Connell 1971), seedlings and juveniles growing near 
conspecific adults receive high loads of specialist herbivores from nearby adult 
trees, leading to relatively high mortality near adults and a decrease in herbivory and 
mortality with distance from conspecific adults. A meta-analysis of 23 studies 
testing the Janzen-Connell hypothesis in seedlings confirmed that distance from 
conspecific adults increases seedling survival (Hyatt et al. 2003), but that this pattern 
is more common in tropical forests. In contrast, temperate species tend to show 
higher survival near conspecific adults, perhaps indicating that suitable establishment 
sites are limited (and associated with conspecific adults) and that the distribution of 
individuals from the same species is more homogeneous in temperate forests, in 
contrast with tropical forests. Like escape by associational resistance, distance from 
conspecific adults provides only an ephemeral defense against herbivory. As trees 
grow, herbivores will undoubtedly locate and colonize them, but by that time, the 
plants are likely to have started expressing their own resistance and tolerance traits.

To our knowledge, only two studies have explicitly linked ontogenetic patterns in 
defense traits with Janzen-Connell patterns of herbivory and mortality (Langenheim 
and Stubblebine 1983; Sánchez-Hidalgo et al. 1999). Both studies examined tropical 
tree species showing relatively high seedling survival beneath parental trees, notable 
exceptions to the Janzen-Connell hypothesis. Furthermore, in both studies, it was 
demonstrated that the surviving seedlings had distinct secondary chemical profiles 
compared to the adult trees. It was concluded that parent trees produced genetically 
variable offspring and that herbivores consumed only those seedlings with profiles 
similar to the parent trees, leaving chemically differentiated seedlings to survive. 
By consuming a specific subset of the seedling pool, these herbivores would be 
selecting for ontogenetic patterns in plant secondary chemistry, thereby creating a 
moving-target (sensu Adler and Karban 1994) and allowing seedlings to escape 
from herbivory.

Associational resistance and the Janzen-Connell hypothesis illustrate how space 
affects herbivore-seeking behavior, thereby driving developmental patterns of escape. 
Time is similarly important for escape from herbivory, and can lead to ontogenetic 
differences in herbivory resulting in the simple observation that herbivore loads 
increase over time, as trees develop, and more herbivores find and colonize them. 
Temporal increases are most commonly reported for insect herbivores (Guedes 
et al. 2000; Fonseca and Benson 2003; Campos et al. 2006) and may also apply to 
other invertebrate herbivores, such as slugs and snails, but have not been explicitly 
tested. In addition, phenological changes are also involved in the ability of plants to 
escape from herbivory. For example, young saplings of Acer mono flush their leaves 
earlier than their adult relatives, increasing their probabilities of escaping from 
predators and pathogens (Seiwa 1999).

In contrast to the previous examples showing how seedlings and juvenile plants 
escape from herbivory, some species escape from herbivory as adults. In particular, 
trees are able to escape from ground-dwelling mammalian herbivores only when they 



204 K. Boege et al.

outgrow the reach of these browsers. Due to the high densities of ground-dwelling 
mammalian herbivores, this phenomenon is especially common and well-documented 
in boreal forests (Swihart and Bryant 2001). Intense herbivory on juvenile, but 
not on adult plants, results in an ontogenetic decrease in the selection pressure on 
resistance traits. Indeed, feeding trials with the relevant ground-dwelling browsers 
(hares, deer, voles) reveal that juvenile plant tissue is much less palatable than adult 
plant tissue (reviewed in Swihart and Bryant 2001), and the limited evidence from 
studies examining plant resistance traits indicates that levels of secondary compounds 
can be as much as 96% higher in juvenile plants than in conspecific adults (Reichardt 
et al. 1984). For these species, escape from ground-dwelling herbivores occurs with 
a concomitant ontogenetic shift away from chemical defense in adult trees.

Interestingly, developmental patterns in escape and associated ontogenetic swit-
ches in defense vary biogeographically. In boreal forests, seedlings and juveniles 
experience herbivory by mammals and express high levels of chemical defense, 
while adults show lower levels of chemical defense and escape from mammalian 
herbivores. Unlike boreal trees, temperate and tropical species show weak ontoge-
netic patterns in herbivory and tend to increase chemical defense across ontogeny 
(Barton and Koricheva 2010). Biogeographical trends in key herbivores may explain 
this diffe rence. In temperate and tropical forests, insects (Coley and Barone 1996) 
and mollusks are the most important herbivores, and these taxa are not limited 
by tree height in the same way that boreal mammals are. Ontogenetic increases in 
chemical defense of temperate and tropical species (Barton and Koricheva 2010) may 
reflect allocation constraints during development that limit production of secondary 
chemicals and physical defenses in seedlings (Herms and Mattson 1992). Future 
research explicitly measuring ontogenetic patterns in herbivore selection pressure 
and growth-defense trade-offs in temperate and tropical tree species would shed 
light on this striking biogeographical pattern.

Although still under-studied, these examples illustrate how escape from herbivory 
can change as trees grow and develop. Future research should further explore the 
mechanisms driving developmental patterns in escape with particular focus on 
biogeography, the role of herbivore feeding guild (mammalian browsers vs. insect 
defoliators, etc.), and how escape is involved in ontogenetic switches among defense 
traits. Studies of non-model tree species, particularly in the temperate and tropical 
forests, are needed to ascertain the generality of these patterns.

6  Ontogenetic Patterns in Tolerance to Herbivory

For many plants, resistant traits reduce levels of herbivory but are unable to 
completely eliminate damage. In these cases, tolerance can become an important 
plant defense strategy. Tolerance occurs when herbivore damage induces changes 
in plant traits that allow for compensation, or replacement of lost tissues, and the 
maintenance of fitness levels comparable to undamaged conspecifics. Although it 
remains unclear which mechanisms are most important, commonly studied tolerance 
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traits include increases in photosynthesis rates, activation of dormant meristems, 
utilization of stored reserves, shifts in allocation patterns, and changes in phenology 
(Tiffin 2000). Considering the small size of seedlings with their limited photo-
synthetic area, minimal stored reserves, and nearly non-existent bud bank, we would 
predict that tolerance increases dramatically during plant ontogeny. Interestingly, 
the relatively few studies examining the ontogeny of tolerance in trees suggest that 
the pattern is actually more complex than this simple prediction.

Only four studies have explicitly tested how tolerance changes with plant age or 
ontogeny in woody plants (Weltzin et al. 1998; Warner and Cushman 2002; Boege 
2005b; Hódar et al. 2008), but our synthesis can be expanded if we include a 
recent meta-analysis that compared studies that separately measured compensation 
in seedlings, saplings, and mature trees (Nykänen and Koricheva 2004). In general, 
seedlings experience significant reductions in growth following herbivory and are 
unable to compensate for lost tissues (Weltzin et al. 1998). Demonstrating the 
importance of even small differences in age (and, probably more importantly, size) 
during early ontogeny is the observation that 5-week-old honey mesquite (Prosopis 
glandulosa, Fabaceae) seedlings compensate for defoliation significantly better 
than 3-week-old seedlings. However, 3-week-old seedlings show higher survival 
after ten successive defoliations than 5 week old seedlings (Weltzin et al. 1998), 
demonstrating that the fitness currency used (survival vs. growth) can influence 
interpretations of tolerance.

As juveniles develop from seedlings to saplings, they show significant increases 
in compensation for herbivory (Nykänen and Koricheva 2004; Hódar et al. 2008), 
presumably due to increases in photosynthetic area, stored reserves, and bud bank. 
Following a peak at the sapling stage, compensation appears to decrease as plants 
mature (Warner and Cushman 2002; Nykänen and Koricheva 2004; Boege 2005b). 
This is likely due to a combination of factors, including shifts in allocation priorities, 
increased sectoriality of large trees, and senescence. During the vegetative juvenile 
stage, resources for growth are allocated entirely to vegetative tissues. After the onset 
of reproduction, however, allocation patterns shift, and reproductive tissues may be 
produced at the expense of vegetative growth. Following herbivory, these resource 
allocation shifts can limit compensation in mature plants. Thus, under-compensating 
mature plants may actually have high tolerance if they are preferentially allocating 
resources to reproduction at the expense of growth.

Compensation may decrease from the sapling to mature tree stage because secto-
riality increases with plant size, so that large trees have few physiological connections 
among branches. As a result, herbivore-induced tolerance traits are localized on the 
damaged branch, and whole-plant measures of compensation are low (Haukioja and 
Koricheva 2000). Moreover, gradual activation of dormant buds due to release from 
apical dominance may reduce the bud bank in mature trees compared to saplings, 
further limiting compensatory growth following herbivory (Lehtilä 2000).

Finally, mature plants may experience lower compensation for herbivory than 
saplings because they have relatively more senescent leaves. As Nykänen and 
Koricheva (2004) demonstrated, trees are more responsive to herbivory early in the 
season when leaves are more “vigorous” (sensu Price 1991). As the season progresses, 
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leaves begin to senesce and show limited responses to herbivory. This is consistent 
with the general observation that actively growing leaf tissue can better detect and 
respond to herbivory than older, inactive leaves (Herms and Mattson 1992; Karban 
and Baldwin 1997).

Determining whether the observed non-linearity in the ontogeny of compensation 
and tolerance is the result of shifts in allocation priorities, sectoriality, senescence, or 
some combination of these factors, requires further research. Additional questions 
that will shed light on the ontogeny of compensation and tolerance include the 
following: (1) Does tolerance to invertebrate vs. vertebrate herbivory differ in seed-
lings vs. mature trees? Mammals and mollusks account for most of seedling 
herbivory, while insects cause most of the damage experienced by mature trees. 
Because tolerance mechanisms are likely to differ for vertebrates versus invertebrates 
(Haukioja and Koricheva 2000), it is important to test these responses separately 
at each stage. (2) Do deciduous and evergreen trees differ in their ontogenetic 
patterns? Herbivory tends to reduce growth in evergreens more than in deciduous 
trees (Nykänen and Koricheva 2004), but it remains unclear whether this response 
is consistent across ontogenetic stages. (3) Do the mechanisms of tolerance differ 
among ontogenetic stages? Despite the general assumption that compensatory growth 
increases fitness, there are very few tests of the relationship between compensation 
and reproductive output (Tiffin 2000). Thus, it remains unclear whether compensatory 
growth actually acts as a mechanism by which plants tolerate herbivory. Furthermore, 
plant responses to herbivory can be confusing. In their meta-analysis, Nykänen and 
Koricheva (2004) found that herbivory increases the rate of photosynthesis, concen-
trations of carbon and phenolics, but decreases concentrations of carbohydrates, 
terpenes, and plant growth. Apparently, damaged plants were unable to achieve growth 
rates comparable to undamaged control trees despite increases in photosynthesis. 
Examination of other putative tolerance traits in seedlings, saplings, and mature plants 
would provide new insights into how trees compensate for defoliation and would 
elucidate how tolerance changes across ontogeny.

7  Mixed Strategies: Switching Between Defensive  
Mechanisms During Ontogeny

During their prolonged life span trees are usually attacked by several species of 
herbivores, which have different impacts on their performance. On the other hand, 
resource allocation constraints and costs of defense are also likely to change during 
plant development. Hence, because the efficiency and the benefit:cost ratios of the 
different defensive mechanisms are likely to vary throughout tree development, it is 
not surprising to find that plants can switch from one defensive strategy to another 
as they develop. However, few studies have examined suites of defense traits 
across plant ontogeny (Boege et al. 2007), and only one has formally assessed such 
switches for the particular case of trees. Webber and Woodrow (2009) demonstrated 
that cyanogenesis decreases during ontogeny while a proxy of physical defense 
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(leaf weight per unit area) increases in the tropical understory tree Ryparosa kurrangii 
(Achariaceae). Additional data from independent studies and observations suggest 
that ontogenetic switches in plant defense are an important aspect of plant-herbivore 
interactions. For example, as explained above, it is well known that trees can 
be defended through associational resistance as seedlings, and then switch from 
escape to secondary chemistry, physical defenses or tolerance later in development. 
In addition, when seedlings then become juveniles and mature trees, switches 
between tolerance and chemical defense are also likely to occur, driven by the risk of 
attack and resource allocation trade-offs between growth and defense (Boege 2005b). 
For example, saplings of the tropical tree Casearia nitida show greater ability to 
compensate for intense levels of herbivory (75% of leaf damage) but present lower 
concentrations of secondary metabolites (phenolic compounds) than mature trees, 
which show a lower ability to compensate damage but have higher concentration of 
phenolics (Boege 2005a, b). In addition, as discussed in Sect. 4, trees may shift from 
direct to indirect (biotic) defense as they age, particularly in the case of tropical 
trees where defensive mutualisms are particularly prominent.

An additional case of switches in defensive mechanisms occurs in systems where 
mammalian herbivores cannot climb or reach the canopy of trees (e.g., rabbits in 
boreal zones, deer in temperate and tropical zones). In those systems, it is common 
that physical defenses such as spines and thorns, which are effective largely against 
mammalian herbivores (Hanley et al. 2007), are expressed only early in ontogeny, 
when these herbivores have access to the branches of young trees. Once trees out-
grow the reach of these herbivores, the expression of such defensive traits is likely 
to decrease, as they do not provide further benefits to plants (Gowda and Palo 2003). 
Hence, a switch in defensive strategies is likely if damage in older ontogenetic stages 
is performed by insects that can reach high canopies. In this case, the expression of 
tolerance or other resistance traits (e.g., trichomes, secondary metabolites, etc.) or 
indirect, biotic defense could be expected. Nevertheless, such expected switches 
have not been assessed and deserve further research.

8  Ecological and Evolutionary Implications of Ontogenetic 
Changes in Plant Defense

As mentioned in previous sections, ontogenetic changes in plant defense are likely to 
be promoted by resource allocation adjustments to physiological priorities of trees 
during their development, but also by the relative impact and intensity of herbivore 
attack as trees grow and mature. Overall, ontogenetic changes in defense should allow 
plants to reduce the costs of defense by restricting their production to only those 
stages in which (a) defenses have reduced physiological or ecological costs and/or 
(b) fitness is severely reduced by herbivore damage. Because reducing the costs of 
defense should be translated into greater plant fitness, natural selection should favor 
genotypes whose ontogenetic patterns of defense minimize the cost:benefit ratio of 
defense production. This adds a level of complexity to the traditional approach to 
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study the evolution of plant defense, which has implicitly focused on investigating 
how natural selection targets different defensive traits at a given ontogenetic stage 
of trees (Latta and Linhart 1997; Andrew et al. 2007; Bailey et al. 2007, Donaldson 
and Lindroth 2007). In contrast, here we propose that natural selection could target 
directly the ontogenetic trajectories in plant defense. However, for this to be  
possible, the variation in ontogenetic trajectories in a population should have a 
genetic component. That is, some plant genotypes should present greater degree of 
ontogenetic change than others, and this variation should have relevant impacts on 
plant fitness. Genetic variation in ontogenetic trajectories has been detected for some 
herbs and shrubs (Bowers and Stamp 1993; Schappert and Shore 2000; Barton 2007), 
and only for two tree species (Donaldson et al. 2006, Rehill et al. 2006). Thus, 
exploring the genetic component of the ontogenetic trajectories in trees warrants 
further research, as a starting point to understand the microevolutionary patterns of 
the ontogenetic trajectories of defense in plants.

9  Phylogenetic Signal

Studies documenting genetic variation in and natural selection on developmental 
trajectories of defense traits would inform us about the microevolution of the 
onto geny of defense. To understand macroevolutionary patterns in the ontogeny of 
defense, we must adopt a phylogenetic context for these studies. Phylogenetics is 
typically applied to plant defense research in the following ways: (i) to avoid pseu-
doreplication in tests of trade-offs among defense traits across species (Rudgers 
2004; Agrawal and Fishbein 2008), (ii) as phylogenetic contrasts for testing a 
specific hypothesis, such as the growth rate hypothesis (Van Zandt 2007), and (iii) to 
examine within-lineage patterns of evolution, such as escalation (Agrawal et al. 2008; 
Agrawal et al. 2009). Of these three areas, the use of phylogenetic contrasts for 
testing hypotheses is likely to be the most useful for understanding the ontogeny of 
plant defense.

A recent meta-analysis on the ontogeny of plant defense and herbivory revealed 
several key questions that could benefit from a phylogenetic contrast approach 
(Barton and Koricheva 2010). First, as discussed in Sect. 5 of this chapter, deve-
lopmental patterns in herbivory suggest that the ontogeny of defense varies biogeo-
graphically. Herbivores in boreal forests show a strong preference for adult plant 
foliage compared to juvenile foliage, while herbivores in temperate and tropical 
forests tend to show the opposite pattern, preferring juvenile foliage (Barton and 
Koricheva 2010). However, this result is confounded by herbivore type: studies in 
boreal forests focused on mammalian herbivores, but studies in the temperate and 
tropics were limited to insect and mollusk herbivores. Phylogenetic contrasts could 
be used to separately test how latitude and herbivore type influence the ontogeny of 
plant defense. In the first case, a single replicate would consist of a phylogenetic trio 
(related species from each of a tropical, temperate, and boreal forests), and onto-
genetic patterns would be compared among the three geographical regions for as 
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many phylogenetic replicates as possible. Similarly, phylogenetic replicates could 
be used to compare ontogenetic patterns in defense traits in species experiencing 
herbivory by different herbivores (mammals vs. mollusks vs. insects). Typically, 
phylogenetic replicates consist of congeners (e.g. Rudgers et al. 2004; Van Zandt 
2007), but in the case of the ontogeny of defense, it will be important to consider 
phylogenetic patterns at the plant family level in addition to the generic level, 
considering the evidence that the ontogeny of defense varies significantly among 
plant families (Barton and Koricheva 2010).

A key insight from previous research on the macroevolution of plant defense that 
is relevant to the study of the ontogeny is the general failure to detect trade-offs 
among defense traits, as evidenced by a lack of negative correlations among them 
(reviewed in Agrawal 2007). However, some trade-offs become apparent when 
multivariate analyses are conducted on suites of traits or “defense syndromes” 
(sensu Agrawal and Fishbein 2006). Because plants encounter different herbivores 
and express different defense traits across ontogeny, multivariate analysis provides 
a method for simultaneously examining these factors.

10  Conclusions

Ontogenetic patterns in plant defense and herbivory are complex, involving shifting 
suites of herbivores, switches among defense traits, and changing resource alloca-
tion priorities. Yet, many studies continue to overlook this key aspect of plant ecology. 
Integrating the role of ontogeny into evolutionary ecology theory provides new 
perspectives to our understanding of the interaction of trees with their herbivores, 
and in particular on how natural selection can target the ontogenetic trajectories of 
plant defense. Furthermore, this perspective can have important applications for 
forest management. For example, identifying when trees are most susceptible to be 
attacked by herbivores, and when they are likely to express particular defensive traits 
could help to concentrate pest control efforts on the ontogenetic stages that are not able 
to resist or tolerate herbivore damage, or on those stages with greater risk of attack. 
If genetic variation in ontogenetic trajectories in plant defense is found, selection 
of lines which best optimize the expression of defensive mechanisms throughout 
ontogeny could enhance productivity of commercial stands and help conserve rare 
and endangered species suffering from stage-specific herbivory. In the near future, 
it is imperative as well to incorporate the insights of emerging fields such as func-
tional genomics, to understand the epigenetic regulation of developmental changes 
in trees (Brunner et al. 2004), in particular, to identify the genes responsible for the 
ontogenetic trajectories of plant defense traits. Within this framework, evo-devo 
research offers new avenues to determine how environmental factors affect develop-
mental processes at a mechanistic level and how they influence the expression of 
phenotypes during the life history of plants. In particular, the understanding of 
the genetic bases and transduction patterns of ontogenetic changes will help to 
understand their ecological and evolutionary consequences (Sultan 2005).
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Abstract With increasing height within the crowns of tall trees, leaves tend to 
become smaller and thicker and shoots shorter. In tall trees, the vertical variation in 
leaf/shoot morphology is largely driven by water status. Morphological changes 
associated with increasing height in the crown present static constraints on photo-
synthesis, such as decreasing light intercepting area relative to leaf mass and 
decreasing CO

2
 diffusion rate inside the leaf. Despite high light availability, leaf-

area-based photosynthetic rates at the tops of tall trees tend to be low and this may 
limit height growth. However, the observed changes in leaf/shoot morphology as 
well as xylem/leaf anatomy, and crown architecture may compensate for various 
physiological constraints associated with increasing tree height. Continuous renewal 
of branches and foliage through epicormic shoot production and the change from 
hierarchic to polyarchic crown architecture may allow large trees to maintain physi-
ological function and continue to grow.

1  Introduction

Leaf and shoot morphology change with height in the crown of a tree. With 
 increasing height in the crown and increasing light intensity, leaves tend to become 
smaller and thicker and shoot length tends to increase (Kozlowski and Pallardy 
1996). Shade leaves are found in the lower crown and show morphological and 
physiological adaptations to low-light conditions, whereas sun leaves in the upper 
crown are adapted to high-light conditions. Shade leaves are arranged with minimum 
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overlap so that they do not cast shadow on each other (self-shading, Leverenz and 
Hinckley 1990) and usually have only one layer of palisade cells (Fig. 8.1). The 
amount of chlorophyll b, the light harvesting chlorophyll, increases relative to chlo-
rophyll a in shade leaves. Shade leaves have lower maximum photosynthetic rate 
than sun leaves, but their photosynthetic rate at low light levels is higher and they 
are able to maintain positive net photosynthetic rates in deep shade (lower light 
compensation point). Sun leaves have multiple layers of palisade cells and more 
chloroplasts per leaf area, which allows them to utilize the strong light of the upper 
crown to realize higher maximum photosynthetic rate. In conifers, sun leaves are 
densely packed along the shoot axis. Strong light penetrates into the dense foliage, 
but when the light is weak, such as on a cloudy day, leaf overlap results in self-
shading and the photosynthetic rate declines. Sun leaves have higher photosynthetic 
productivity and this results in greater shoot elongation in the upper crown. In trees 
over 50 m tall, however, the maximum shoot elongation occurs in the middle of the 
crown (Ishii et al. 2007) and shoots at the tops of tall trees are short and stunted 
(Greenwood et al. 2010). This suggests that despite high light intensity, shoot growth 
in the upper crown of tall trees is constrained by some limiting factor.

As trees grow taller and larger, the height and distance over which water must 
travel to reach transpiring leaves increases. With increasing height in the crown, 
water must be transported against gravitational force. The negative pressure required 
to transport water upward decreases at a rate of approximately 0.01 MPa per vertical 
meter (Zimmermann 1983; Bauerle et al. 1999). This is known as the hydrostatic 
gradient and indicates that, in order to transport water upward, 0.1 MPa of negative 
pressure is needed for each additional 10 m of tree height. Furthermore, as the 
branches of the tree extend, frictional resistances associated with long-distance 
water transport increase (Mencuccini 2003). And with each year of extension 

Fig. 8.1 Morphological characteristics of upper-, middle- and lower-crown (a) (left to right) 
 current-year shoots of a 15-m-tall Picea jezoensis tree. In the upper crown, the shoot is longer and 
the leaves are thicker, shorter and densely packed along the shoot axis, whereas in the lower crown 
the shoot is shorter and the leaves are thinner, longer and arranged with less overlap. The upper-
crown leaves (b) have more than one layer of palisade cells (brackets), while lower-crown leaves 
(c) have only one layer
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growth, the number of internodes, which form constrictions in the hydraulic path-
way, increases. As a result of these compounding effects on water transport, the 
terminal leaves of large, tall trees are believed to be under constant water stress 
caused by negative xylem pressure.

The hydraulic limitation hypothesis postulated that reduced photosynthesis result-
ing from water stress sets the upper limit for tree growth (Ryan and Yoder 1997).  
In tall trees, photosynthetic rate declines on sunny afternoons because as the air 
dries, more and more water is lost through transpiration from stomata. As a result, 
the tree closes its stomata in order to conserve water at the cost of not being able to 
take in carbon dioxide needed for photosynthesis. Although the decline in photo-
synthesis due to decreasing stomatal conductance partially explains the decline in 
growth rate with increasing tree height, it may not be the only cause (Barnard and 
Ryan 2003; Martinez-Vilalta et al. 2007). In Norway spruce (Picea abies) and Scots 
pine (Pinus sylvestris), both photosynthetic rate and stomatal conductance decreases 
with increasing tree height, but the decrease in maximum photosynthetic rate rela-
tive to intercellular CO

2
 concentration is greater than the decrease in stomatal con-

ductance (Niinemets 2002). In Douglas-fir (Pseudotsuga menziesii), the decrease in 
photosynthetic rate with increasing tree height is associated with leaf anatomic 
characteristics such as increasing leaf thickness, which results in decreasing meso-
phyll conductance (Woodruff et al. 2009). These observations suggest that in 
 addition to the dynamic constraints on leaf photosynthesis related to stomatal 
 conductance, morphological changes associated with increasing tree height pose 
fixed constraints on photosynthetic rate.

The name sun-/shade-leaf implies that light is the main determinant of leaf mor-
phological and physiological properties and that photosynthetic rate should be 
higher at the tops of tall trees. However, as explained above, in tall trees, the water 
status of leaves changes greatly with height in the crown. Thus morphological and 
physiological acclimation to the vertical light gradient is simultaneously affected 
by the hydrostatic gradient. For example, in Scots pine, light intensity increases 
exponentially with increasing height in the crown, but the rate of change in leaf 
morphology decreases, resulting in a non-linear relationship between morphology 
and light intensity (Stenberg et al. 2001). Leaf morphology also tends to be differ-
ent between the top-most leaves of tall and short trees even when both are growing 
in similar light conditions (Woodruff et al. 2008; Ambrose et al. 2009; Mullin et al. 
2009). The leaves of an epiphytic sapling growing atop a 30-m tall Japanese cedar 
(Cryptomeria japonica) tree tend to be more expanded than the leaves of its mother 
tree, even though both leaves occur adjacent to each other in the same light 
 environment,  suggesting that light is not the only factor influencing leaf morphol-
ogy in tall trees (Fig. 8.2).

Leaf morphology and the arrangement of leaves on shoots determine the photo-
synthetic light-intercepting area (Stenberg et al. 2001). Therefore, leaf/shoot mor-
phology is an important factor affecting tree growth. In this chapter, I will explore 
how constraints on leaf and shoot morphology limit photosynthesis at the tops of 
very tall trees. I will also discuss how morphological changes at various scales (from 
leaf and xylem anatomy to crown architecture) might compensate for the physiolog-
ical constraints associated with increasing tree height.
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2  Hydrostatic Constraints on Morphological Development  
and Exploitation of Light

The water status of the leaf is especially important during morphogenesis because 
turgor pressure must be sufficient for cell elongation (Boyer 1968; Hsiao 1973; 
Woodruff and Meinzer 2011) . In 60-m-tall Douglas-fir (Pseudotsuga menziesii) 
trees, insufficient turgor pressure due to hydrostatic limitation results in reduced leaf 
and shoot elongation in the upper crown (Woodruff et al. 2004; Meinzer et al. 2008). 
In addition to such direct effects of water status on leaf morphology, there are also 
indirect effects involving biochemical properties and carbon allocation. Under con-
stant water stress, more carbon is allocated to non-structural, soluble carbohydrates. 
By increasing the concentration of solutes inside cells, the leaf is able to take up more 
water via osmotic adjustment (Morgan 1984). This change in carbon allocation may 
occur during leaf morphogenesis in order to maintain turgor pressure at the cost of 
allocation to leaf structure.

Increasing leaf thickness also prevents water loss from the leaf by decreasing the 
ratio of leaf surface area to mass. The opposite ratio, leaf mass per area (LMA), is a 
measure of dry mass allocation to light intercepting area. LMA increases with 
increasing height in the crown and increasing light intensity, indicating that more 
mass is allocated per light intercepting area in the upper crown where light intensity 

Fig. 8.2 The leaves of an epiphytic sapling of Japanese cedar (arrow) are more expanded than 
those on the adjacent branch of its mother tree (background), even though both leaves developed 
under similar light conditions
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is high. In the upper crown of very tall trees, however, the increase in LMA is not 
correlated with the increase in light intensity (Ishii et al. 2008). In coast redwood 
(Sequoia sempervirens), the tallest living tree species, which can reach heights over 
115 m, leaf and shoot morphology change markedly with height in the crown 
(Fig. 8.3). Leaf/shoot morphology and leaf chemistry of the tallest redwood trees 
change continuously with height in the crown, whereas light intensity increases 
exponentially (Fig. 8.4). In the lower-crown, where light intensity is low, leaf/shoot 
morphology and leaf chemistry are linearly correlated with the light environment, 
but in the upper crown, where light intensity is high, the changes in leaf/shoot 
 morphology and leaf chemistry do not correspond to the marked increase in light 
availability. This indicates that light is not the primary factor determining leaf mor-
phology in the upper crown of the tallest coast redwood trees.

In the tallest redwoods, leaf water status changes linearly with height in  
the crown and bulk leaf water potential of treetop leaves regularly approaches the 
 cavitation threshold for this species (−2 MPa) during the day (Koch et al. 2004;  
Ishii et al. 2008), indicating that leaf water supply is indeed constrained by gravity 
near the tops of the tallest trees. Such hydrostatic constraints appear to limit photo-
synthetic exploitation of light in the upper crowns of coast redwoods (Ishii et al. 
2008). Although light intensity is highest in the upper crown, tall trees may not be 
able to realize maximum photosynthetic rates if they are unable to produce leaves 
with structural and biochemical properties capable of fully exploiting the available 
light. In coast redwood, photosynthetic rate per unit leaf mass decreases linearly with 

Fig. 8.3 Vertical change in leaf and shoot morphology in a 112 m-tall coast redwood (Sequoia 
sempervirens) tree in northern California. Numbers indicate the height in the crown (m) where the 
branches were sampled
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increasing height in the crown as more mass is allocated to photosynthetic tissue 
where light intensity is highest (Fig. 8.5). With increasing height in the crown, LMA 
increases and mesoporosity (proportion of leaf cross section devoted to air space) 
decreases (Oldham et al. 2010), which leads to slower CO

2
 diffusion inside the leaf 

Fig. 8.4 Leaf mass per area (LMA), silhouette to projected area ratio (SPAR) and chlorophyll content 
(Chl) all change continuously with height in the crown of the world’s tallest coast redwood (Sequoia 
sempervirens) trees. On the other hand, light intensity (measured by canopy openness) increases 
exponentially with increasing height in the crown. All three variables are correlated with light in the 
lower crown where canopy openness values are low, but change very little despite the marked increase 
in light intensity in the upper canopy. Solid lines indicate statistically significant relationships 
(P < 0.05), while broken lines indicate insignificant relationships (after Ishii et al. 2008)
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(Parkhurst 1994; Hanba et al. 1999; Mullin et al. 2009; Steppe et al. 2011) and 
reduced photosynthetic rate per leaf area near the tree top (Ishii et al. 2008; Ambrose 
et al. 2009). In contrast to the linear decrease in mass-based photosynthetic rate, the 
highest photosynthetic rate per leaf area is observed around 70–90 m above the 
ground. In tall coast redwoods, the 70–90 m zone may be the threshold height where 
water stress does not limit shoot morphological development and leaf performance 
too much so that photosynthetic rate per light intercepting area is maximized.

3  How Morphological Changes Might Compensate  
for Constraints Associated with Increasing Tree Height

Crown architecture is the cumulative result of branch production and elongation, the 
main objective of which is the acquisition of space for light interception (Barthelemy 
and Caraglio 2007). Crown architecture also represents the hydraulic pathway 

Fig. 8.5 Photosynthetic rate 
per leaf mass decreases 
linearly with increasing 
height in the crown of the 
world’s tallest coast redwood 
(Sequoia sempervirens) trees, 
whereas photosynthetic rate 
per leaf area (light intercepting 
area) reaches maximum 
around 70–90 m (after Ishii 
et al. 2008)
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through which water travels to reach transpiring leaves and optimization of water 
transport is important for maintaining hydraulic functional status, especially in 
large trees (Mencuccini 2003; Buckley and Roberts 2005; Mencuccini et al. 2011).  
The crown architecture of young trees is hierarchic such that architectural units are 
sequentially connected in order of decreasing size from the main stem to primary 
branches to small twigs. In contrast, the crown architecture of large, old trees is 
polyarchic such that architectural units are repeated at various positions within the 
tree (Millet et al. 1999, Fig. 8.6). Hierarchic architecture is the result of sequential 
branching, where new growth units are produced by regular elongation of terminal 
and lateral buds, whereas polyarchic architecture is the result of reiteration, where 
new architectural units are produced by irregular sprouting from dormant or adven-
titious buds on large-diameter axes such as the main stem and large branches 
(Briand et al. 1992; Remphrey and Davidson 1992; Begin and Filion 1999; Ishii 
et al. 2002). Reiteration from dormant buds is also known as epicormic shoot 
production.

Although the physiological mechanism controlling epicormic shoot production 
is not clear, auxin produced in the shoot apex and leaves is believed to inhibit the 
release of basal buds, which then become dormant (Bowersox and Ward 1968; 
Vogt and Cox 1970; Wignall and Browning 1988). Decapitation of the apex by 
pruning or injury leads to the release of the suppressed, dormant buds in various 
woody species (e.g., Guimond et al. 1998; Bellingham 2000; Kerr and Harmer 
2001; Millet and Bouchard 2003). Epicormic shoot production is also associated 
with reduced cambial activity (Bachelard 1969; Nicolini et al. 2001). In large, old 
trees, epicormic shoot production occurs regularly in the absence of any injury or 
trauma, suggesting that it may be the result of internal factors, such as reduced 
meristem and cambial activity (Kauppi et al. 1991; Nicolini et al. 2003; Ishii et al. 
2002). In large, old trees,  epicormic shoot production is an important mechanism 
that maintains physiological function by mitigating the various factors that may 
lead to reduced growth, such as increasing hydraulic resistance, increasing respira-
tion/photosynthesis ratio, and meristem aging (Ishii et al. 2007). Other chapters in 
this book provide details on the effects of these factors on physiological function. 
Here, we will consider how  morphological changes, including epicormic shoot 
production and the change from hierarchic to polyarchic crown architecture might 
compensate for the various stresses associated with increasing tree size to maintain 
physiological function.

3.1  Improvement of Hydraulic Architecture

Epicormic shoot production shortens the hydraulic pathway to transpiring leaves 
and improves the hydraulic functional status of large, old trees by compensating for 
increasing hydraulic resistance. In mature Cinnamomum camphora trees,  leaf-specific 
conductivity of epicormic shoots is higher than that of terminal shoots on the same 
branch (Otoda and Ishii 2009). The leaves on epicormic shoots of Eucalyptus globulus 
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are less resistant to water stress than terminal leaves suggesting they developed 
under more favorable water status. (Ito and Suzaki 1990). The improved water  status 
of epicormic shoots may be the result of their direct connectivity to large-diameter 
branch axes, which have high conductivity. This is similar to stump sprouts, which 

Fig. 8.6 The crown architecture of large, old trees is polyarchic, where architectural units are 
repeated within the crown. Sprouting from epicormic buds produces repeating architectural units 
(reiterations) such as seedling-like structures on the branches of coast redwood (upper) and 
Cinnamomum camphora (lower)
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have higher hydraulic conductance than seedlings because of their connectivity to 
well-developed root systems (Kauppi et al. 1990; Ito et al. 1995).

In C. camphora, however, hydraulic conductance is similar between epicormic 
and terminal shoots when light conditions are more favorable at the branch termi-
nal (Otoda and Ishii 2009). This suggests that some compensating mechanism may 
work to improve water transport to terminal shoots where greater photosynthetic 
gain can be obtained (Sellin and Kupper 2005). In branches of tall coast redwood 
trees, leaf-specific hydraulic conductivity, sapwood to leaf area ratio, and resis-
tance to xylem cavitation all increase with increasing tree height (Burgess et al. 
2006; Ambrose et al. 2009). This suggests increasing water transport efficiency 
along with increasing hydraulic safety at the tree top. The sapwood to leaf area 
ratio of the trunk, however, decreases with increasing tree height, suggesting that 
hydraulic compensation occurs at the branch level, but not in the trunk of the tall-
est coast redwoods (Ambrose et al. 2010). Measurements of leaf water relations 
characteristics indicate that bulk leaf water potential at turgor loss may increase 
with height in the crown, suggesting that the tree-top leaves may not be so water-
stressed (Fig. 8.7). In redwood, the number of transfusion tracheids, which trans-
port water and solutes between the leaf vein and mesophyll, increases with 
increasing height in the crown. In addition, they become deformed, suggesting 
they may collapse under water stress and act as a hydraulic buffer that decreases 
the probability of xylem dysfunction (Oldham et al. 2010). Morphological and 
anatomical traits that contribute to improved water status may compensate for 
hydraulic limitation to promote photosynthesis at the tree top and branch terminal 
where light availability is highest.
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Fig. 8.7 Bulk leaf water potential at turgor loss (Y
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) in relation to height in the crown for two 
of the world’s tallest coast redwood (Sequoia sempervirens) trees. The Y
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 increases with height 

in the crown of the shorter tree (open symbols, thin line, P < 0.05), while in the taller tree, it is 
constant from 60 to 80 m and then increases above 90 m ( filled symbols, thick line, P < 0.05)
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3.2  Reduction of Maintenance Respiration

Epicormic shoot production may also compensate for increasing respiration/photo-
synthesis ratio with increasing tree size. A classic explanation for decreasing growth 
in large, old trees is that, with increasing tree size, the proportion of non-productive 
tissue (e.g., branches and the trunk) increases relative to productive tissue (leaves) 
(the respiration hypothesis sensu Ryan and Yoder 1997). This hypothesis is based 
on the notion that leaf area culminates with increasing size, while secondary tissue 
continues to accumulate because the surface area over which the tree must put on a 
new layer of xylem increases with each year of radial growth. As a result, increasing 
maintenance respiration relative to photosynthetic production might lead to reduced 
net photosynthesis and growth decline (Clark 1983). However, recent studies indicate 
that large trees may not necessarily be carbon limited (Sala et al. 2011).

There are several processes that could potentially prevent increase in mainte-
nance respiration with increasing tree size. In mature trees, shaded branches in the 
lower crown die. This process is called “self-pruning” because it appears that the 
tree is getting rid of unnecessary, non-productive branches (Makinen 1999). To 
take the place of the self-pruned branches, both conifers and broadleaved trees 
produce epicormic branches originating from suppressed buds in the branch axil 
(Jemison and Schumacher 1948; Krajicek 1959; Lanner 1996; Ishii and Wilson 
2001; Nicolini et al. 2001; Burrows et al. 2003). The newly produced branches 
have low C/F ratio (dry mass ratio of non-productive to productive tissue) sug-
gesting that epicormic branching may contribute to reducing maintenance respira-
tion (Remphrey and Davidson 1992). In Douglas-fir, epicormic branches from the 
trunk begin to appear after ca 100 years and their number and proportion continue 
to increase with increasing tree age, such that in trees ca 650 years old, nearly 
90% of the live branches are either epicormic or from reiterated trunks (Van Pelt 
and Sillett 2008). In large, old trees of Douglas-fir and coast redwood, epicormic 
shoot production also occurs regularly on small-diameter branch axes (Fig. 8.8). 
The newly produced epicormic shoots eventually grow on top of the parent branch 
and this process is repeated so that, when viewed from above, the entire length of 
the branch is covered with waves of newly produced foliage. The overtopped, par-
ent branch eventually dies back, a form of self-pruning within branches. Epicormic 
shoot production results in constant renewal of foliage while preventing increase 
in the C/F ratio. It appears as if the tree is anticipating the eventual decline of 
existing branches by producing the next generation of epicormic branches to 
eventually take their place.

3.3  Prevention of Meristem Aging

Meristem aging has also been suggested as a factor leading to growth decline in 
large, old trees (Day et al. 2002). Early experiments using scions taken from young 
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Fig. 8.8 (a) Epicormic shoot 
production from the main stem 
of old-growth Douglas-fir 
(arrow). Note that the 
epicormic branch has 
produced epicormic shoots of 
its own near the base 
(brackets). (b) Epicormic 
shoot production from the 
branch axis in old-growth 
coast redwood (arrows).  
The distal end of the branch 
is to the left. (c) Top-view of 
a branch of old-growth 
Douglas-fir covered with 
waves, or layers of newly 
produced epicormic shoots
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and mature trees grafted onto common root stock suggested the existence of a 
genetically programmed cellular senescence of the apical meristem that is irre-
versible (Bender 2004). However, more recent experiments have shown that 
growth rates are a function of tree size, not meristem age (e.g., Matsuzaki et al. 
2005; Bond et al. 2007; Mencuccini et al. 2007) and that cellular senescence may 
be reversible, possibly through DNA demethylation (Fraga et al. 2002). Reciprocal 
grafting experiments using scions of red spruce (Picea rubens) from young, 
mature and old growth trees showed that leaf/shoot morphology is affected by 
both meristem age and tree size, while shoot elongation and apical control are 
determined by tree size only (Greenwood et al. 2010). These results suggest that 
intrinsic changes due to meristem aging interact with extrinsic factors, such as 
water status and hormone concentration, which are affected by tree size (Day and 
Greenwood 2011).

Epicormic shoot production may also compensate for the negative effects of 
increasing size on meristem vigor. In large, old trees of Douglas-fir, epicormic shoot 
production occurs from branch axes nearly 60-years old (Ishii et al. 2002). 
Theoretical explorations using a simulation model of branch growth (Ford et al. 
1990), indicate that epicormic shoot production increases branch longevity by suc-
cessful reiteration of productive architectural units, as well as compensate for mul-
tiple stresses associated with increasing tree age (Kennedy et al. 2010). For example, 
the maximum age of simulated branches in Douglas-fir was nearly 350 years 
(Kennedy et al. 2004), similar to actual maximum branch ages observed on old trees 
(Ishii et al. 2002; Winter et al. 2002). In contrast, that of grand fir (Abies grandis), 
which does not produce epicormic shoots regularly, was less than 200 years. 
Suppressed buds, which originate in the leaf axils, continue to grow with the expand-
ing cambium for several years (Kozlowski 1971). In arboriculture, it is empirically 
known that the success rate of scions is higher for epicormic sprouts than for ter-
minal branches. This suggests that relative to sequential buds, which continue to 
elongate, the physiological age of epicormic buds, which have undergone less cell 
division, may be younger.

4  Conclusions

The hydraulic limitation hypothesis proposed direct effects of water stress on pho-
tosynthetic rate through reduction in stomatal conductance (dynamic constraints 
sensu Woodruff et al. 2009). However, as discussed in this chapter, the mechanisms 
underlying reduced photosynthetic rates in tall trees may be more complex, involv-
ing interactions among water transport, biochemical properties, leaf/shoot morphol-
ogy, dry matter allocation, and crown architecture. There may also be compensating 
mechanisms that increase tolerance to the multiple stresses associated with 
 increasing tree height. Researchers are now attempting to separate the confounding 
effects of these factors on photosynthetic and growth rates of tall trees. In order to 
fully understand the physiological changes associated with tree growth, we must 
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develop a further understanding of the causes and consequences of multiple stresses 
associated with increasing size and how trees respond to these stresses over the 
course their lifetime (Ford 1992; Ishii et al. 2007).

The arrangement of leaves on the shoot axis is an important morphological 
property determining photosynthetic gain of the tree. Leaf and shoot morphology 
affect photosynthetic productivity by influencing how trees utilize light within the 
crown. The ratio of shoot silhouette area to projected leaf area (SPAR) is an index 
of the degree of leaf overlap within conifer shoots. Tree species with higher maxi-
mum SPAR (SPAR

max
) tend to have higher leaf area index (LAI, the amount of leaf 

area per unit land area) (Leverenz and Hinckley 1990). This indicates that species 
with high SPAR

max
 are able to fully utilize the vertical gradient in light intensity 

from the strong light in the upper canopy to the weak light in the lower canopy. The 
SPAR

max
 of coast redwood is nearly 1.0 (Ishii et al. 2008), indicating that there is 

very little overlap among shade leaves arranged along the shoot axis. The high mor-
phological plasticity of its foliage may allow this species to utilize light across a 
wide gradient of light intensities within crowns up to 98 m deep (S.C. Sillett per-
sonal communication). Redwood forests have the highest observed LAI among for-
ests of the world and greatest aboveground biomass (Westman and Whittaker 1975; 
Sillett and Van Pelt 2007).

In coast redwood forests, tree-level wood production, derived from direct mea-
surement of branches in the canopy, increases with age up to and including trees 
over 112 m tall and 1850 years old (Sillett et al. 2010). At the whole tree level, the 
ratio of respiratory demand to photosynthetic capacity seems to be independent of 
tree size. Although diameter growth at breast height decreases with increasing tree 
size, wood production of the whole trunk and crown does not. Indeed the notion that 
wood production reaches an early peak followed by a decline with increasing tree 
size and age may not be true of coast redwoods. (Sillett et al. 2010). With increasing 
size and age, single trees may become as complex as the whole forest canopy, com-
prising reiterated stems and branches of various sizes that interact with each other 
as the tree continues to grow (Sillett and Van Pelt 2000). Ground-level measure-
ments may indicate decreasing growth of the lower trunk with increasing size and 
age, but the crown may comprise vigorously growing young branches and reiterated 
trunks.

In order to understand how age/size-related changes in leaf/shoot morphology 
and crown architecture affect whole-tree growth rate, we must elucidate functional 
architectural units within large, old trees. For example, what is the unit of turnover 
resulting from reiteration by epicormic shoot production? What is the rate of turn-
over and is there a limit to their dynamics that may lead to eventual growth decline? 
How does crown disturbance affect these dynamics? Answering such questions 
would provide further insight toward answering the age-old question “Why do trees 
grow so big and live so long?”

Acknowledgements I thank Dr. S.C. Sillett for constructive comments on earlier versions of  
this chapter.
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Abstract Understanding how leaf-level physiology changes with tree size and age 
is important for scaling single leaf measurements to the whole plant and stand level 
and for quantifying carbon fluxes from forest ecosystems. This chapter reviews what 
is known about the influences of tree height and age on gas exchange and foliar struc-
ture in both gymnosperm and angiosperm trees. We address how the key physiological 
processes, photosynthesis, respiration and stomatal conductance vary with tree 
height and age. To help explain the observed patterns, the underlying factors that 
can be responsible for the changes in leaf physiology are assessed, including tree 
size- and age-related trends in foliar anatomy, morphology and chemistry. In addition 
to modifications in foliar morphology and chemistry, biochemical limitations to net 
assimilation rates associated with the diffusion of carbon dioxide from the atmo-
sphere to the sites of carboxylation are examined. Our review emphasizes that a 
variety of factors collectively are responsible for tree height- and age-related decline 
in net photosynthetic rates, and that the importance of different limitations varies for 
different species and between gymnosperm and angiosperm trees. While there is still 
much to be learned, what is clear from our current understanding is that more inte-
grated studies that consider the simultaneous roles of leaf structure, chemistry and 
stomatal and mesophyll factors are needed to disentangle and assign importance to 
the various factors responsible for decreases in carbon gain with tree age and size.
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1  Introduction

As trees grow older, they increase in size. Numerous structural and physiological 
characteristics change with tree size and age, including net assimilation rate and 
stem hydraulic conductance (Ryan and Yoder 1997; Bond 2000; Niinemets 2002; 
Mullin et al. 2009) as well as foliar dry mass per unit area (Niinemets and Kull 
1995; Niinemets 2002). These profound adjustments in leaves have an impact on 
tree growth and forest net primary production due to their direct influence on pho-
tosynthetic carbon gain (Gower et al. 1996; Ryan et al. 1997). An understanding of 
changes in leaf physiology and leaf anatomy, morphology and chemistry that affect 
foliar photosynthesis with tree size and age is important for scaling single leaf mea-
surements to the whole plant and stand level and thus, for quantifying carbon fluxes 
from forest ecosystems. It also helps to explain observed size- and/or age-dependent 
declines in forest net primary productivity.

In this chapter, we review the influences of tree height and age on gas exchange 
and foliage structure in gymnosperm and angiosperm tree species. We address how 
the key physiological processes, photosynthesis, respiration and stomatal  conductance 
vary with tree height and age. To help explain the observed patterns, the underlying 
factors that can be responsible for the changes in leaf physiology are assessed, includ-
ing tree size- and age-related trends in foliar anatomy, morphology and chemistry. In 
addition to modifications in foliar morphology and chemistry, biochemical limita-
tions to net assimilation rates associated with the diffusion of carbon dioxide from 
the atmosphere to the sites of carboxylation are examined. The current review empha-
sizes that a variety of factors collectively are responsible for tree height- and age-
related decline in net photosynthesis rates, and that the importance of different 
limitations varies for different species and between gymnosperm and angiosperm 
trees. We highlight both consistencies and inconsistencies in the changes that species 
undergo with age and size. We also examine the studies that have addressed the fas-
cinating question whether these changes are attributable to genetic changes with age 
or to the physiological stresses imposed by increasing size.

2  Changes in Gas Exchange and Leaf Morphology  
with Tree Size and Age

2.1  Age- and Size-Related Modifications in Net  
Photosynthesis in Gymnosperm Trees

As trees age and concurrently grow larger, the rate of net photosynthesis can change 
dramatically. There is a generally consistent pattern among gymnosperm tree species 
in size- and age-related changes in light-saturated net photosynthesis (photosynthetic 
capacity) based on leaf mass (A

M
). A

M
 is highest in the youngest and smallest trees, and 

declines precipitously from the seedling stage through the first decades of growth 
(Fig. 9.1). It then continues to decline linearly with progressive increases in size and 
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age. This declining pattern is often, but not always, similar when photosynthetic capac-
ity is calculated on a leaf area basis (A

A
). In Pseudotsuga menziesii, A

A
 declined in a 

manner consistent with those shown in Fig. 9.1, with A
A
 decreasing about 40% in trees 

between 5 and 55 m in height (Woodruff et al. 2009). This was also reported for Picea 
rubens, in which there was a 37% decline in A

A
, and a 64% decline in A

M
 with increas-

ing tree age from 3 year and height from 0.5 m to 127 year and 17 m (Greenwood et al. 
2008). In Pinus contorta and Pinus ponderosa trees, A

A
 was significantly lower in older 

(275 year for P. contorta and 229 year for P. ponderosa) than in younger (45 year for P. 
contorta and 54 year for P. ponderosa) trees (Yoder et al. 1994). In Picea abies and 
Pinus sylvestris, the changes in rates of net photosynthesis with tree height and age 
were almost identical on either a mass or area basis (Kull and Koppel 1987; Niinemets 
2002). However, in other species shown in Fig. 9.1, including Pinus aristata (Schoettle 
1994) and Sequoia sempervirens (Mullin et al. 2009), and in other studies (Pinus pon-
derosa, Grulke and Retzlaff 2001; Pinus pinaster, Magnani et al. 2008; Picea abies, 
Merilo et al. 2009) it was reported that either A

A
 or the maximum rate of carboxylation 

on an area basis did not change significantly with tree age or size.

2.2  Age- and Size-Related Patterns in Net Photosynthesis  
in Angiosperm Trees

Although studied in only a few angiosperm tree species, net photosynthesis vs. tree 
age and size relationships are often different from the patterns in gymnosperm trees. 
For example, the change in A

M
 over the 0–20 m height range for angiosperm trees is 
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generally small or nonexistent (Fig. 9.2), although for some species, patterns similar 
to gymnosperms can be observed (e.g. temperate deciduous trees Acer amoenum 
and Acer mono in Fig. 9.2).

When comparing A
A
 among angiosperm trees, the contrast with gymnosperms 

is even more distinct. In many instances, photosynthetic capacity on an area basis 
increases with tree size and age, e.g., in topical evergreens Duguetia surinamen-
sis, Vouacapoua americana, Dicorynia guianensis, Goupia glabra (Rijkers et al. 
2000), and Dipterocarpus globosus, Dryobalanops aromatica, Shorea acuta, 
Shorea beccariana, Shorea macroptera (Kenzo et al. 2006), in Mediterranean 
evergreens Quercus ilex (Juárez-López et al. 2008) and in temperate deciduous 
Fagus sylvatica (Herbinger et al. 2005), Betula maximowicziana and Fraxinus 
mandschurica (Koike 1984; Koike et al. 1986). In other instances, A

A
 does not 

change with tree size and age, e.g., in temperate deciduous Acer mono (Nabeshima 
and Hiura 2004; Nabeshima and Hiura 2008), Acer amoenum and Acer japoni-
cum (Nabeshima and Hiura 2008) and in Mediterranean deciduous Quercus fag-
inea (Juárez-López et al. 2008). A decrease in A

A
 with increasing tree size and 

age has been observed only in a very few cases, e.g., in temperate deciduous Acer 
platanoides and Fraxinus excelsior (Abdul-Hamid and Mencuccini 2009) and 
Prunus serotina (Fredericksen et al. 1996 for a comparison between seedlings 
and trees in late season). However, in some of the cases, especially in the studies 
in dense tropical canopies, light and tree height have changed simultaneously, 
making it difficult to disentangle the effects of environment from age and size 
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per se (e.g., Kenzo et al. 2006; Rijkers et al. 2000 for confounding modifications 
of light with tree age and size).

2.3  Age- and Size-Related Changes in Mesophyll Diffusion, 
Stomatal Conductance and Respiration Rate

Along with photosynthetic capacity, many other changes occur in the leaves of trees 
as they age and increase in stature. Alterations in mesophyll CO

2
 diffusion conduc-

tance (g
m
) generally parallel the changes in A

A
 or A

M
 (Woodruff et al. 2009; Mullin 

et al. 2009). For example, in Sequoia sempervirens foliage, there was a steady 
decline in g

m
 per leaf mass across trees ranging in height from approximately 

30–110 m, corresponding to an analogous pattern in A
M

 (Mullin et al. 2009). In the 
same trees, there was no change in either g

m
 per area or A

A
 with tree height or age. 

Likewise, in Pseudotsuga menziesii, g
m
 per area and A

A
 followed identical patterns 

of decline across trees ranging from 5 to 55 m in height (Woodruff et al. 2009).
Stomatal conductance to water vapor (g

s
) typically declines with tree height and 

age. This observation is consistent over a range in age or height in both angiosperm 
and gymnosperm tree species that exhibit a decrease in A

M
 or A

A
 with age or height 

(Hubbard et al. 1999; Niinemets 2002; Nabeshima and Hiura 2004; Greenwood 
et al. 2008; Ambrose et al. 2009). Stomatal conductance also decreases with age or 
height in species that exhibit no change in A

M
 or A

A
 with age or height (Schoettle 

1994; Juárez-López et al. 2008; Magnani et al. 2008; Nabeshima and Hiura 2008). 
Only a few studies have reported no change in g

s
 with age. In one study, constancy 

of g
s
 was associated with a decrease in A

M
 with tree age (Picea rubens, 60 vs. 

120 years-old; Day et al. 2001) and in another with an increase in A
A
 (Fagus syl-

vatica, 2 vs. 60 years-old; Herbinger et al. 2005). Associated with changes in A
M

, A
A
 

and g
s
 with age and height is the relative enrichment of leaf carbon by the heavier 

isotope (13C), resulting in increased leaf d13C values (McDowell et al. 2011), inter-
preted as an enhancement of the water use efficiency of leaves on taller and older 
trees (Koch et al. 2004; Greenwood et al. 2008; Magnani et al. 2008). However, 
enrichment of leaf carbon by the heavier isotope can also partly be associated with 
reductions in mesophyll diffusion conductance, thereby reflecting the overall greater 
limitation of photosynthesis by CO

2
 availability (Woodruff et al. 2009).

Surprisingly, there is very little information available about changes in leaf respi-
ration rate with increasing tree age and size and no broad conclusions can be drawn. 
In Pinus ponderosa, Grulke and Retzlaff (2001) reported no significant differences in 
leaf dark respiration across five tree age classes ranging from 0–10 to 41–60 years-
old. In Sequoia sempervirens, Mullin et al. (2009) observed that leaf dark respiration 
increased substantially with increasing tree height, on an area basis from 1.6 mmol 
m−2 s−1 in 30 m tall trees to 5.9 mmol m−2 s−1 in 110 m tall trees, and on a mass basis 
from 6.8 nmol g−1 s−1 in 30 m tall trees to 10.3 nmol g−1 s−1 in 110 m tall trees.
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2.4  Changes in Photosynthetic Attributes: Age or Size?

An obvious but hard to answer question is whether the changes observed in gas 
exchange and leaf morphology are due to age-dependent genetic changes (accu-
mulation of mutations and/or altered gene expression), or altered physiological 
and environmental stresses due to tree height. As tree age and size are commonly 
correlated, it is difficult to separate the age- and size-dependent controls by field 
studies. Correlation analyses in large datasets using both height and age as inde-
pendent variables have suggested that tree size correlates more strongly with the 
observed foliar modifications than tree age (Niinemets 2002; Ambrose et al. 2009). 
However, correlation analyses cannot provide conclusive insight into the relative 
importance of size and age. Several studies have attempted to address this ques-
tion by grafting shoots of different ages onto rootstocks of common age. The foli-
age produced by the scions of different ages showed physiological characteristics 
related to the age of the original cutting in experiments with Pinus taeda 
(Greenwood 1984) and Picea rubens (Rebbeck et al. 1992). There were signifi-
cant differences in rates of net photosynthesis observed between juvenile and 
mature Larix laricina scions consistent with the age of the original cutting 
(Hutchison et al. 1990). However, in a similar study with cuttings from Pseudotsuga 
menziesii trees the opposite was observed: within 2 years after grafting the scions 
of various aged shoots all exhibited photosynthetic and growth characteristics of 
the rootstock (Bond et al. 2007). Another study using Pinus sylvestris cuttings 
from trees ranging in age from 36 to 269 years-old found a comparable result with 
no effect of scion age on foliage photosynthetic characteristics 4–5 years after 
grafting (Vanderklein et al. 2007).

In comparison to the work in conifers just described, much less experimental 
work has been done on age- vs. size-determinants of photosynthetic changes in 
angiosperms. In Acer pseudoplatanus and Fraxinus excelsior, large old trees had 
lower photosynthesis rates than young trees, but scion age altered foliage photo-
synthesis to a minor extent, suggesting that tree size was dominating the reduc-
tion in photosynthesis in older and larger trees (Abdul-Hamid and Mencuccini 
2009). Mencuccini et al. (2007) reviewed the available evidence and suggested 
that the discrepancy among the studies may have resulted from study-to-study 
differences in scion and rootstock size and age. It has further been concluded that 
the age factor affecting the photosynthetic characteristics is only significant during 
the first years of tree development, while further the size effects dominate 
(Mencuccini et al. 2007; Ambrose et al. 2009). Thus, both age and environmental 
effects can play a role in the observed decline in photosynthesis in mature rela-
tive to young trees, but clearly more work with different-sized and aged root-
stocks and scions is needed to gain conclusive insight into the relative significance 
of tree age and size in determining the observed decline in assimilation with tree 
growth and maturation.
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3  Underlying Factors Responsible for Size- and Age-Related 
Changes in Leaf Physiology

The decline in photosynthesis rates with tree size and age was initially only studied 
with respect to reductions in stomatal conductance due to longer (or more complex) 
hydraulic pathways and reduced allocation to roots as a tree increases in size (Yoder 
et al. 1994; Bond 2000; Day et al. 2001; Greenwood et al. 2008; Niinemets et al. 
2009; Ishii 2011). However, as manipulations of photosynthetic rate in younger 
trees by decreasing hydraulic conductivity or in older trees by reducing transpira-
tion often yield ambiguous results, the universal applicability of the hydraulic limi-
tation model has been questioned (Day et al. 2001). If hydraulic limitation is the 
main driving variable, a steady decrease would be expected with increasing age 
and size, while this is not always the case (e.g., Greenwood et al. 2008). These 
observations suggest that size- and/or age-related hydraulic limitations do not act 
on photosynthesis as the sole driving variable and that other factors such as foliar 
anatomy, morphology or chemistry might also play a key role in the size- and age-
related decline.

3.1  Trends in Foliar Anatomy, Morphology and Chemistry

Foliar phenotypic modifications in anatomy and morphology in response to the 
plant’s developmental stage is known as heteroblasty (Sinnott 1960; Kozlowski 
1971). As a result of maturation or phase change within the apical meristem, leaf 
primordia with different morphologies are produced as the plant ages and grows 
(Greenwood et al. 2008), resulting in dramatic changes in leaf morphology and 
anatomy in taller and older trees. Such structural changes play a key role in 
determining age- and size-dependent changes in net photosynthesis rate per unit 
area (A

A
 = A

M
 times foliar dry mass per unit area, M

A
) and in internal diffusion 

limitations.

3.1.1  Modifications in Foliar Dry Mass per Unit Area (MA)

In virtually all instances, M
A
 increases substantially with tree height and age. This 

has been described for several gymnosperm trees including Picea abies (Kull and 
Koppel 1987; Niinemets and Kull 1995), Picea rubens (Greenwood et al. 2008), 
Pinus taeda (Greenwood 1984), Pinus sylvestris (Niinemets 2002), Pseudotsuga 
menziesii (Bond 2000), Sequoia sempervirens (Ambrose et al. 2009; Mullin et al. 
2009) and Sequoiadendron giganteum (Ambrose et al. 2009) (Fig. 9.3a) as well as 
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for angiosperm trees, including Eucalyptus regnans (England and Attiwill 2006), 
Acer mono (Nabeshima and Hiura 2004), Quercus faginea (Juárez-López et al. 
2008), Quercus ilex (Juárez-López et al. 2008) and several tropical tree species 
(Rijkers et al. 2000; Kenzo et al. 2006) (see Nabeshima and Hiura 2008 for an 
exception) (Fig. 9.3b).

Although one might expect that age-related morphological trends are compli-
cated by canopy position, it has been demonstrated that M

A
 increases with age in 

both sun and shade-adapted foliage (Niinemets and Kull 1995; Day et al. 2001). 
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The most pronounced increases in M
A
 were across age classes <40 years, with the 

rate of change lessening across the mature age classes. This relatively more rapid 
change of needle morphological characteristics in younger and shorter plants than 
in taller and older plants has also been observed in other conifers (Niinemets 2002). 
Niinemets (2002) reviewed the influence of both height and age on M

A
 in a data 

set consisting of 114 published studies and found a hyperbolic increase with 
increasing size (Fig. 9.3a) and age, and this increase was attributed to a greater 
foliar dry mass in larger and older trees. A similar hyperbolic relationship was 
observed for Eucalyptus regnans (England and Attiwill 2006) (Fig. 9.3b). 
Ambrose et al. (2009) studied the increase in M

A
 with increasing height in 

trees >20 m and found strong linear relationship in California redwoods, with 
different slopes for Sequoia sempervirens and Sequoiadendron giganteum. This 
linear part of the relationship in trees with a height >20 m is observed in all 
instances shown in Fig. 9.3.

The age- and size-dependent increases in M
A
 are still not fully understood, but 

they are possibly caused by the greater water stress in leaves of large trees (Niinemets 
and Kull 1995; Woodruff et al. 2004; Ambrose et al. 2009; Niinemets et al. 2009). 
Increased M

A
 is known to reduce water loss, because there is less leaf evaporative 

surface area per unit of foliar mass (Richardson et al. 2000). Photosynthetic capacity 
is also affected by increased M

A
 and this has been associated with changes in the 

ratio of internal air space and mesophyll area to total area (Sect. 3.1.2). In addition, 
greater M

A
 may also imply increased respiration rate per leaf surface area, reducing 

net carbon gain per unit leaf area (Koch et al. 2004).

3.1.2  Modifications in Leaf Size and Internal Architecture

An important factor responsible for larger M
A
 in taller and older trees is the decrease 

in foliar surface area. In line with the hypothesis of greater water stress in larger 
trees, the functional significance of smaller leaves is reduced area for transpiration, 
and improved efficiency of heat exchange due to a reduced boundary layer resis-
tance (England and Attiwill 2006). Smaller leaves can result from greater water 
limitation and lower leaf turgor in crowns of taller trees (Woodruff et al. 2004; 
Ambrose et al. 2009). According to Lockhart’s equation (1965), above the wall 
yielding threshold and if plastic extensibility is constant, cell expansion depends 
directly on turgor pressure and is sensitive to drought stress (Niinemets 2002; Steppe 
et al. 2006; Saveyn et al. 2007). The decline in leaf turgor with increasing height in 
response to decreasing xylem water potentials causes reduced cell expansion and 
slower cell division (Niinemets 2002; England and Attiwill 2006; Woodruff et al. 
2004; Ambrose et al. 2009; Woodruff and Meinzer 2011).

All these changes not only reduce leaf size, but also result in increased M
A
 

(Niinemets 2002; England and Attiwill 2006; Ambrose et al. 2009). England and 
Attiwill (2006) suggested that leaves of Eucalyptus regnans become more xeromor-
phic with increasing tree age and height. In their study, leaf area decreased about 
50% from 6–7 years-old to 240 years-old, while M

A
 increased by about 27% from 

6–7 years-old to 240 years-old trees (England and Attiwill 2006).
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Apart from the surface area, leaf cross-sectional area can also vary with tree size. 
Greenwood et al. (2008) found that not only the total cross-sectional area of needle 
mesophyll tissue in Picea rubens increased with increasing tree size, but it increased 
relatively as a percentage of the cross-sectional area (from 61% to 66% across tree 
age classes from 3 to 127 years-old). These more massive leaves of taller trees have 
to deal with a longer pathway from the stomata to the innermost mesophyll cells, 
increasing the resistance to CO

2
 diffusion within the needle. On the other hand, 

increased mesophyll thickness provides a greater cell wall area available for CO
2
 

diffusion that may contribute to decreased CO
2
 liquid-phase resistance in mature 

trees (Terashima et al. 2005; Evans et al. 2009).
Different from Picea rubens, Apple et al. (2002) found a reduction in relative 

mesophyll cross-sectional area with increasing tree size in Pseudotsuga menziesii. 
Such limited investment of biomass in mesophyll can reduce photosynthesis per 
unit leaf mass. In addition, in Picea rubens, the internal air space between cells 
steadily declined with increasing age from 29% to 21% across tree age classes from 
3 to 127 years-old (Greenwood et al. 2008). Decreased air space also decreases the 
surface area of mesophyll diffusion for gas exchange. The final effect of alterations 
in internal architecture on photosynthesis depends on modifications in cell wall 
thickness, in exposed to total chloroplast surface area ratio, in diffusion pathway 
lengths and in the fraction of mesophyll airspace (Terashima et al. 2005; Evans et al. 
2009). Unfortunately, all these parameters together have not yet been determined 
for trees of varying size and age, calling for additional detailed anatomical studies 
to gain insight into the role of anatomy in limiting photosynthesis in various-sized 
and -aged trees.

3.1.3  Modifications in Leaf Thickness and Density

To further understand the role of variations in M
A
 in leaf photosynthesis, it is useful 

to distinguish between its components, leaf density (D) and thickness (T, M
A
 = D × T). 

For species with complex three-dimensional leaf cross-section, M
A
 is the product of 

D and leaf volume to area ratio (Niinemets 1999; Poorter et al. 2009). In conifers, 
the size- and age-dependent increase in M

A
 is primarily associated with enhanced 

foliage density, while both thickness and density increase in broad-leaved species 
(Niinemets 1997a; Niinemets et al. 1999; England and Attiwill 2006; Juárez-López 
et al. 2008; Niinemets et al. 2009).

Thickness and density can have a different effect on photosynthesis. Leaves 
with a greater density generally have smaller and more tightly packed cells as well 
as thicker and more lignified cell walls than leaves of lower density, resulting in a 
lower volume of intercellular air space and longer diffusion path lengths from 
intercellular air space to the outer surfaces of cell walls as well as through the cell 
walls. Leaves with a greater density are also less elastic (higher leaf bulk elastic 
modulus) (Niinemets 2001), allowing them to develop a larger water potential gra-
dient between soil and needles with lower tissue water loss. Their greater capacity 
for extracting water from the soil associated with greater density and, thus, thicker 



2459 Tree Size- and Age-Related Changes in Leaf Physiology…

cell walls and more structural non-photosynthetic biomass, can lead to a lower 
photosynthetic capacity. It is noteworthy that an important difference exists when 
larger M

A
 arises from greater thickness because increases in foliar thickness allow 

accumulation of photosynthetic biomass per unit area, but should not necessarily 
increase mesophyll diffusion limitations (see Niinemets 1999 for a review). In 
Eucalyptus regnans the increase in M

A
 was associated with a significant increase in 

leaf thickness of about 17% from age 6–7 years-old to 240 years-old (England and 
Attiwill 2006), and similar modifications have been observed in other broad-leaved 
trees (Malkina 1983; Niinemets et al. 1999).

3.1.4  Modifications in Cuticle Thickness

Increases in cuticle thickness with tree age and size have been found in both 
conifers and broad-leaved species. Richardson et al. (2000) reported a 40% increase 
from age 15 to 145 years-old in a spruce hybrid. Mean cuticle thickness increased 
linearly with tree height by 0.044 mm m−1 for Pseudotsuga menziesii along a height 
gradient of 53 m (from 7.25 mm for the 5 m height class to 9.5 mm for the 58 m 
height class) (Woodruff et al. 2010). In Eucalyptus regnans a clear increase in 
cuticle thickness was found with age and height from 7.7 mm at 6–7 years-old to 
10.3 mm at 58 years-old, with no subsequent increase in cuticle thickness in older 
and larger trees (England and Attiwill 2006). Although there is no general correla-
tion between cuticle thickness and the rate of cuticular transpiration across species 
(Burghardt and Riederer 2006), within species, the rate of cuticular transpiration 
has been shown to be negatively associated with cuticle thickness (e.g., DeLucia 
and Berlyn 1984). Thus, such increases in cuticle thickness with tree age and height 
may improve canopy water relations. In addition, a thicker cuticle may reflect a 
greater fraction of incident solar radiation and result in lower leaf temperatures 
(Slaton et al. 2001).

3.1.5  Modifications in Foliar Nitrogen Content

Reduction in nutrient availability with stand age has been suggested to play an 
important role in age-dependent decreases in growth rate and photosynthesis (Gower 
et al. 1996). Worldwide, there is a negative correlation between nitrogen content per 
mass (N

M
) and M

A
 (e.g., Wright et al. 2004). Provided age-dependent species-specific 

changes in M
A
 fit the global trends, N

M
 is expected to decrease with age- and size-

dependent increases in M
A
. There is experimental evidence of reductions in foliage 

nitrogen content with increasing tree size in several studies (Niinemets 1997a; 
Merilo et al. 2009; Woodruff et al. 2009). Other studies, however, suggest that foliar 
nitrogen contents do not necessarily change with increases in tree size and age 
(Yoder et al. 1994; Day et al. 2001; Niinemets 2002; Nabeshima and Hiura 2008) or 
may even increase with increasing tree size (Nabeshima and Hiura 2004). In fact, 
variations in nutrient availability across stands on various soils and at different 
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geographical locations seems to play a more important role in foliage nitrogen 
content than do tree height and age-related adjustments in foliar chemistry 
(Niinemets 2002; Juárez-López et al. 2008).

3.1.6  Modifications in Lignin Content

There is evidence that the leaves of older and taller trees are more lignified (Niinemets 
1997b). Higher foliar lignin contents in larger trees further suggest that the diffusion 
resistance between leaf intercellular air space and carboxylation sites in the chloroplasts 
is greater in taller trees (Niinemets 2002), because lignification dramatically decreases 
the permeability of cell walls to both water and CO

2
 (Brett and Waldron 1996).

3.2  Trends in Biochemical Limitations

In addition to modifications in foliar anatomy, morphology and chemistry just 
described, an understanding of the biochemical limitations to foliage net assimila-
tion rates associated with the diffusion of carbon dioxide from the atmosphere to the 
sites of carboxylation is important to be able to explain the observed size- and age-
related photosynthetic decline.

3.2.1  Limitations Due to Stomata

To separate between the various limitations of photosynthesis, foliage net assimila-
tion rate (A) is conventionally expressed as (e.g. Nobel 1991):

 ( ) ( )s a i m i cA g C C g C C= − = −  (9.1)

where g
s
 is the stomatal conductance to CO

2
, g

m
 is the mesophyll diffusion con-

ductance to CO
2
, C

a
 is the ambient CO

2
 concentration, C

i
 is the CO

2
 concentration 

in sub-stomatal cavities, and C
c
 is the CO

2
 concentration in chloroplasts. As noted 

above, many studies have demonstrated that g
s
 decreases with increasing tree size, 

reflecting increases in leaf area to sapwood area ratio (Fischer et al. 2002; Köstner 
et al. 2002) as well as reductions in stem and leaf hydraulic conductance (Fischer 
et al. 2002; Mencuccini 2002; Martínez-Vilalta et al. 2007; Greenwood et al. 2008) 
with increases in tree age and size. However, changes in g

s
 alone do not necessarily 

mean that the reduction in A is due to stomata. A and g
s
 are often strongly correlated 

(Wong et al. 1979; Ball and Berry 1982; Wong et al. 1985), and may also decrease 
in parallel throughout tree ontogeny. In fact, the degree to which stomata limit pho-
tosynthesis is characterized by the CO

2
 drawdown ( s a i/A g C C= − ) implying that 

the magnitude of g
s
 relative to assimilation rate (photosynthetic capacity) deter-

mines the degree to which stomata constrain photosynthesis.
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Several studies do demonstrate that C
i
 is reduced in taller trees (Nabeshima and 

Hiura 2004; Herbinger et al. 2005; McDowell et al. 2005; Juárez-López et al. 2008) 
and this has also been inferred based on carbon isotope composition of leaf material 
(Yoder et al. 1994; Martínez-Vilalta et al. 2007; Greenwood et al. 2008; Woodruff 
et al. 2009; McDowell et al. 2011). On the other hand, contrasting observations have 
been made in other studies. Ambrose et al. (2009) showed that A/g

s
 did not vary with 

tree height in Sequoia sempervirens, indicating that A and g
s
 changed in parallel, 

while A/g
s
 increased in Sequoiadendron giganteum, demonstrating that g

s
 was 

reduced more than A in taller trees. In Pseudotsuga menziesii, A/g
s
 also did not cor-

relate significantly with tree height, which was different from what had been pre-
dicted on the basis of carbon isotope discrimination (Woodruff et al. 2009). 
Analogous patterns were observed in Picea rubens (Greenwood et al. 2008). These 
data collectively demonstrate that it is very important to examine the CO

2
 draw-

down (A/g
s
) when making inferences on the control of stomata on photosynthesis in 

different-sized trees.
Lack of a clear indication of stronger stomatal limitation in larger trees is paral-

leled by contrasting trends in bulk canopy hydraulic characteristics. In some studies, 
leaf area to sapwood area ratio was negatively associated with tree size (Fischer 
et al. 2002; Martínez-Vilalta et al. 2007; Abdul-Hamid and Mencuccini 2009), and 
sapwood to basal area ratio and leaf hydraulic conductance were either independent 
(Sequoiadendron giganteum) or positively (Sequoia sempervirens) associated with 
tree size (Ambrose et al. 2009).

Most of the work on control of photosynthesis by g
s
 in different-size trees has 

focused on steady-state g
s
 values under light-saturated conditions. However, g

s
 is a 

highly variable quantity, changing during the day, between days and during the 
season. An important aspect in stomatal control of photosynthesis in different-sized 
trees is how rapidly stomatal conductance changes in response to environmental 
perturbations such as light, temperature and humidity alterations during the day as 
well as in response to soil drought. Not much work on the sensitivity of g

s
 to envi-

ronmental drivers in different-sized trees has been conducted, but there is evidence 
that foliage in taller trees has greater cavitation resistance at the expense of reduced 
water transport capacity and efficiency (Woodruff et al. 2008; Ambrose et al. 2009) 
and is able to maintain higher leaf average g

s
 and photosynthesis at lower leaf water 

potentials than that in smaller trees (Woodruff et al. 2007). This may mean that 
under environmental stress, stomatal controls on carbon gain are less in larger old 
than in smaller young trees. In some species, this has been supported by carbon 
isotope discrimination data (Donovan and Ehleringer 1991, 1992).

3.2.2  Limitations Due to Mesophyll Conductance

Mesophyll diffusion conductance from sub-stomatal cavities to chloroplasts (g
m
) 

constitutes a large part of the total diffusion conductance from the ambient air to the 
chloroplasts, often more than 50% (Niinemets et al. 2009). As with g

s
, the impor-

tance of mesophyll diffusion on photosynthesis scales with the CO
2
 drawdown 
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( / m i cA g C C= − ) rather than with g
m
 alone (Eq. 9.1). Worldwide, there is a strong 

positive correlation between A/g
m
 and M

A
, suggesting that mesophyll diffusion lim-

its photosynthesis more in leaves with more robust structure (Niinemets and Sack 
2006; Niinemets et al. 2009). Given this strong relationship, it is reasonable to 
expect that mesophyll diffusion conductance also limits photosynthesis more in 
taller trees having foliage with greater M

A
. However, many fewer studies have inves-

tigated the variation in g
m
 than in g

s
 in different-sized trees. To our knowledge, g

m
 

variation in different-sized trees has only been studied in Mullin et al. (2009) and 
Woodruff et al. (2009). In Mullin et al. (2009), A and g

m
 on leaf mass basis, and in 

Woodruff et al. (2009) A and g
m
 per unit area decreased with increasing tree height. 

However, the ratio A/g
m
 was independent of tree height in both studies (Mullin et al. 

2009; Woodruff et al. 2009), suggesting that g
m
 limited photosynthesis similarly 

independent of tree height. Clearly more work on g
m
 limits in different-sized trees 

is needed to confirm whether the tree-size dependent variations in g
m
 limitations of 

photosynthesis within given species indeed depart from world-wide trends described 
across multiple species.

3.2.3  Limitations Due to Biochemical Capacities

Foliage biochemical capacities, the maximum carboxylase activity of Rubisco per 
leaf mass (V

cmax/mass
) and the capacity for photosynthetic electron transport per mass 

(J
max/mass

) can be expressed as the products of independent foliage chemical and 
structural characteristics. V

cmax/mass
 can be expressed as follows:

 cmax /mass cr R M6.25V V F N=  (9.2)

where V
cr
 is the specific activity of Rubisco, i.e. the maximum rate of ribulose-1,5-

bisphosphate carboxylation per unit Rubisco protein, F
R
 is the fraction of leaf nitro-

gen in Rubisco, N
M

 is leaf nitrogen content per dry mass and 6.25 is the nitrogen 
content of the Rubisco protein (Niinemets and Tenhunen 1997). J

max/mass
 can be 

expressed analogously (Niinemets and Tenhunen 1997). Area-based characteristics 
can be further found by multiplying by M

A
. As demonstrated above, the bulk of the 

studies report a reduction in A
M

 with tree height and size. On the other hand, fewer 
studies have found a negative correlation between A

A
 and tree height (Sect. 1) and 

some even a positive correlation, reflecting the confounding positive effect of tree 
height on M

A
.

Equation 9.2 demonstrates that the reduction in mass-based foliage photosyn-
thetic potentials can result from lower bulk foliage nitrogen content (N

M
) as well as 

from reductions in foliage nitrogen allocation to photosynthetic machinery. Although 
there is no general trend in N

M
 across the studies (Sect. 3.1.5), reduced N

M
 clearly 

has limited the formation of high-capacity photosynthetic apparatus in several studies 
and is partly responsible for size-dependent reductions in mass-based foliage pho-
tosynthetic potentials in these studies (Niinemets 1997a; Merilo et al. 2009; 
Woodruff et al. 2009). Reduced nitrogen in such studies is also compatible with 
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overall reductions in photosynthetic mesophyll and increases in support biomass 
(Apple et al. 2002).

It has been suggested that in higher M
A
 leaves, a greater proportion of leaf nitrogen 

is invested in defense and structural functions, which implies less nitrogen available 
for photosynthetic processes (Juárez-López et al. 2008), i.e., lower F

R
 (Eq. 9.2). 

Although very few studies have currently looked at nitrogen partitioning in different-
sized trees, there is evidence of a lower fraction of nitrogen in the photosynthetic 
apparatus in older and larger trees (Niinemets 2002; Juárez-López et al. 2008; 
Merilo et al. 2009).

4  Conclusions and Directions for Future Research

Although the information at the mechanistic level is highly incomplete, evidence in 
this chapter indicates that there is no single factor that is universally responsible for 
the reductions in foliage photosynthesis rates in different-sized and -aged trees 
observed across the studies. Different factors explain the reduction in different stud-
ies, and more commonly, multiple factors are responsible for the observed reduc-
tions. Thus, integrated studies considering leaf structure, chemistry and stomatal 
and mesophyll factors are needed to disentangle the various factors responsible for 
decreases in carbon gain with tree age and size. Also, more experimental work is 
needed to gain insight into the role of the reduced physiological activity on plant 
competitive potential and tree responsiveness to stress, given that the severity of 
different stresses changes with changing tree size (Niinemets 2010). Additional 
emphasis needs to be placed on studies in angiosperms of size- and age-related 
effects on leaf morphology, physiology and biochemistry. There also is a critical 
need for an improved understanding of the basic causes of the changes that have 
been observed over the lifetime of trees. Creative approaches that allow the contri-
bution of age (caused by changes in genetic expression) to be separated from that 
due to the physical limitations imposed by size, are especially needed in order to 
better understand the fundamental changes that occur over time in trees, which rep-
resent some of the largest and oldest organisms on earth.
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Abstract Understanding how tree size impacts leaf- and crown-level gas exchange 
is essential to predicting forest yields and carbon and water budgets. The stable 
carbon isotope ratio (d13C) of organic matter has been used to examine the relation-
ship of gas exchange to tree size for a host of species because it carries a temporally 
integrated signature of foliar photosynthesis and stomatal conductance. The carbon 
isotope composition of leaves reflects discrimination against 13C relative to 12C during 
photosynthesis and is the net result of the balance of change in CO

2
 supply and 

demand at the sites of photosynthesis within the leaf mesophyll. Interpreting the 
patterns of changes in d13C with tree size are not always clear, however, because 
multiple factors that regulate gas exchange and carbon isotope discrimination (D) 
co-vary with height, such as solar irradiance and hydraulic conductance. Here we 
review 36 carbon isotope datasets from 38 tree species and conclude that there is a 
consistent, linear decline of D with height. The most parsimonious explanation of 
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this result is that gravitational constraints on maximum leaf water potential set an 
ultimate boundary on the shape and sign of the relationship. These hydraulic con-
straints are manifest both over the long term through impacts on leaf structure, and 
over diel periods via impacts on stomatal conductance, photosynthesis and leaf 
hydraulic conductance. Shading induces a positive offset to the linear decline, con-
sistent with light limitations reducing carbon fixation and increasing partial pres-
sures of CO

2
 inside of the leaf, p

c
 at a given height. Biome differences between 

tropical and temperate forests were more important in predicting D and its relation-
ship to height than wood type associated with being an angiosperm or gymnosperm. 
It is not yet clear how leaf internal conductance varies with leaf mass area, but some 
data in particularly tall, temperate conifers suggest that photosynthetic capacity 
may not vary dramatically with height when compared between tree-tops, while 
stomatal and leaf internal conductances do decline in unison with height within 
canopy gradients. It is also clear that light is a critical variable low in the canopy, 
whereas hydrostatic constraints dominate the relationship between D and height in 
the upper canopy. The trend of increasing maximum height with decreasing minimum 
D suggests that trees that become particularly tall may be adapted to tolerate particu-
larly low values of p

c
.

1  Introduction

Understanding how tree size impacts gas exchange is essential to predicting forest 
yields, carbon budgets, hydrology, and regional climate, each of which has scien-
tific, economic, and policy impacts throughout the globe (IPCC 2007; Bonan 2008). 
The stable carbon isotope ratio (d13C) of organic matter has been frequently used to 
examine the relationship of gas exchange to tree size (Ryan et al. 2006) because it 
carries a temporally integrated signature of foliar photosynthesis and stomatal con-
ductance (Ehleringer 1993; Seibt et al. 2008). This tool works because carbon iso-
tope discrimination (D) against 13C relative to 12C during photosynthesis is driven by 
the net effect of CO

2
 supply and demand on the CO

2
 mole fraction at the sites of 

photosynthesis within the mesophyll (Farquhar et al. 1982). Interpretation of the 
patterns of D with tree size is not always clear, however, because multiple factors 
that regulate gas exchange and D co-vary with height, such as solar irradiance 
(Farquhar et al. 1982; Ehleringer et al. 1986) and hydraulic conductance (Waring 
and Silvester 1994). In the last two decades a relatively large volume of data regard-
ing the relationship between D and tree height has been published; however, no 
synthetic review has yet been undertaken. Such a review may allow improved inter-
pretation of size–D relationships and hence better utilization of d13C as a tool to 
understand adjustments in gas exchange as trees grow larger. Our objective was to 
review published datasets along with five additional, unpublished datasets on D–size 
patterns in relation to environmental and physiological factors that change as 
trees become larger. In addition, we examined a case study of the gas exchange 
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characteristics of short and tall mountain beech (Nothofagus solandrii) trees to 
examine potential mechanisms driving D patterns with height.

A brief review of the dependence of tissue d13C on gas exchange is required to 
provide a hypothesis framework for the size-related factors that may influence D. 
The two stable isotopologues (molecules that differ only in their isotopic composition) 
of CO

2
, 13CO

2
 and 12CO

2,
 represent approximately 98.9% and 1.1% of atmospheric 

CO
2
, respectively. Discrimination against 13CO

2
 during photosynthesis arises mainly 

from gaseous diffusion from the atmosphere through the stomatal pores to the outer 
mesophyll cell walls (4.4‰, a in Eq. 10.1), and carboxylation by the enzyme 
Rubisco (~27‰, b). Discrimination associated with liquid diffusion across mem-
branes to the sites of carboxylation in the chloroplasts is typically lumped into 
parameter b (Brugnoli and Farquhar 2000; Bickford et al. 2010). These processes 
are captured in Eq. 10.1 (Farquhar et al. 1982):

 
( ) c

a

p
a b a

p
•∆ ≈ + −

 
(10.1)

where p
c
 and p

a
 are the chloroplast and atmospheric partial pressures of CO

2
, respec-

tively (Hultine and Marshall 2000; Seibt et al. 2008). Thus, anything that affects p
c
 

affects D. This is a simplified representation of the processes that influence D but it 
provides an initial hypothesis framework.

Gas exchange characteristics may change as trees become larger due to size-
dependent variation in environmental and structural factors and their interactions, 
such as changes in light availability, hydraulic conductance, and carbon allocation 
(e.g., Yoder et al. 1994; Gower et al. 1996; Ryan and Yoder 1997). Some traits, such 
as leaf mass per area and sexual maturation, vary with meristem age independently 
of size (Bond 2000; Bond et al. 2007; Greenwood et al. 2008; Thomas 2011); how-
ever, developmental changes in gas exchange are driven by tree size rather than age 
(Day et al. 2002; Mencuccini et al. 2005; Bond et al. 2007; Steppe et al. 2011). 
Thus, we use the term size rather than age throughout this paper (McDowell et al. 
2005). We know from Fick’s law that photosynthetic assimilation (A) and conduc-
tance to CO

2
 from the atmosphere to chloroplast (g

c
, which includes stomatal g

s
, and 

internal g
i
) control p

c
 when p

a
 is relatively stable:

 
c a

c

A
p p

g
≈ −

 
(10.2)

The interaction of tree size, physiology (Eqs. 10.1 and 10.2), and some environmen-
tal variables was originally conceptualized in a seminal paper by Francey and 
Farquhar (1982).

One important size-related environmental change is increased shading within 
tree crowns (Francey et al. 1985; Ehleringer et al. 1986; Hanba et al. 1997; Carswell 
et al. 2000; Parker et al. 2002; Poorter et al. 2005; Lloyd et al. 2009) which raises p

c
 

because A declines via reduced light interception. This change in the light environment 
occurs within the height profile of individual trees within closed-canopy forests, but 
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does not occur at the tops of canopy-dominant trees or in open-grown trees. Other 
environmental factors influencing p

c
 and D that may change during forest growth 

include atmospheric CO
2
 concentration (Medina and Minchin 1980; Sternberg et al. 

1989), humidity, temperature and wind speed (Baldocchi et al. 2002), and water and 
nutrient availability (Yoder et al. 1994; Gower et al. 1996; Magnani et al. 2000; 
Niinemets 2002; Martínez-Vilalta et al. 2007a).

There are numerous structural factors that may impact D as trees grow. Plant size 
directly impacts gas exchange through the relationship of hydraulic supply and 
demand (e.g. Meinzer and Grantz 1990; Mencuccini and Comstock 1999) including 
impacts on hydraulic conductance associated with increasing soil-to-leaf pathlength 
(above and belowground) (Yoder et al. 1994; Mencuccini and Grace 1996a; Ryan 
and Yoder 1997; Phillips et al. 2002; Mencuccini 2003). This relationship can be 
conceptualized via Darcy’s law (Whitehead 1998):

 

( )s s l s
c

l

k A
g

hA D

−
≈

y y
h  (10.3)

in which k
s
 is specific conductivity of the xylem, A

s
 and A

l
 are sapwood and leaf 

area, respectively, Y
l
 and Y

s
 are leaf and soil water potential, respectively, h is the 

viscosity of water, and D is vapor pressure deficit. We note that the original formula-
tions of this model used g

s
 to represent stomatal conductance to water vapor, which 

is equivalent to g
c
 after correction for the 1.6 higher diffusivity of water vapor than 

CO
2
. Height (h) is the most easily and commonly measured component of the path-

length, although it is not the only component. The use of height as a surrogate for 
pathlength can mislead people to think height alone is a driver of reduced gas 
exchange in trees, when in fact much of the increase in pathlength and hydraulic 
resistance is located in roots and branches (Magnani et al. 2000; Sperry et al. 2002; 
Martínez-Vilalta et al. 2007b). Nonetheless, if pathlength increases and all other 
components stay relatively constant, then Eq. 10.3 reduces to g

c
 = c*1/h (where c is 

a constant), which takes the shape of a non-linear decline in g
c
 with pathlength. Both 

hydraulic and stomatal conductances follow this relationship (Mencuccini and 
Grace 1996b; McDowell et al. 2002a; Niinemets 2002; Schäfer et al. 2000). Thus 
far it has been shown that many structural factors vary with increasing h to minimize 
its impact on g

c
 as trees grow larger, but that these homeostatic adjustments fail to 

completely offset the negative impact of h on g
c
 (McDowell et al. 2002a, b; 

Mencuccini 2003), in part due to requirements to protect xylem from irreversible 
embolism (Domec et al. 2008). Height itself may be restricted in a homeostatic 
manner, i.e. reduced height growth facilitates maintenance of g

c
 above critically low 

thresholds, even for plants with short maximum heights (Addington et al. 2006; 
Ryan et al. 2006). Equation 10.3 is based on the premise that irreversible embolism 
is avoided in part through constraining g

s
 during periods of water limitation, and 

does not include variation in light or leaf properties, for example, so it provides only 
an approximate hypothesis about how gas exchange varies with size.

The interactive impacts of irradiance and pathlength on D were demonstrated by 
Waring and Silvester (1994), who sampled foliage from a range of branch lengths 
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on sunny and shady sides of open-grown Pinus radiata trees (Fig. 10.1). Consistent 
with Eqs. (10.1–10.3), D declined with decreasing p

c
 due to increased A at higher 

irradiance, and decreased g
c
 with longer branch lengths. Other structural and physi-

ological responses to increased tree size that can impact D include increases in leaf 
thickness (Vitousek et al. 1990; Bond et al. 1999; Hanba et al. 1997; Koch et al. 
2004; Ishii et al. 2008; Ambrose et al. 2009; Ishii 2011) and hence decreasing g

i
 

(Warren and Adams 2006), although correlations between g
i
 and leaf thickness are 

not always observed (Terashima et al. 2005). This morphological response is com-
monly thought to be adaptive to the light environment, although it also driven by the 
gravitational constraint on leaf water potential (0.01 MPa m−1) and subsequent 
impacts on turgor during leaf expansion (e.g. Marshall and Monserud 2003; 
Woodruff et al. 2004; Cavaleri et al. 2010; Woodruff and Meinzer 2011). Foliar 
nitrogen content may increase with light availability within crowns (Bond et al. 
1999; Duursma and Marshall 2006; Lloyd et al. 2009), which could increase A and 
hence reduce D via increased photosynthetic capacity. This is not observed between 
fully sunlit trees of different heights, however (e.g. Mencuccini and Grace 1996b; 
Ryan et al. 1997; McDowell et al. 2002a).

It is no surprise that mixed interpretations of the variation in D with tree height 
arise given the large number of environmental and structural factors that change 
with tree growth. Therefore, we reviewed all available data sets that provided both 
D and h, with consideration of these other factors when possible, in hopes of better 
understanding how D, and hence gas exchange, varies with tree size. This review 
includes woody trees and shrubs from any regions that we could find in the literature. 

branch length (m)
0 2 4 6 8 10 12

∆ 
 (

‰
)

18

19

20

21

22

23

24
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26

Fig. 10.1 The relationship of D calculated from foliar d13C to branch length on shaded (closed 
circles) and sunlit (open circles) sides of Pinus radiata trees. The regression lines are sunlit 
D = −0.37 • length (m) + 23.2 (r2 = 0.92, p <0.001) and shade D = −0.33 • length (m) + 25.4  
(r2 = 0.89, p < 0.001) (Recreated from Waring and Silvester 1994)
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Based on Fig. 10.1, Eqs. 10.1–10.3, and the assumption that plants allocate their 
carbon and nutrient capital optimally to maximize whole-plant A while avoiding 
irreversible embolism (Bloom et al. 1985; Mencuccini 2003; Buckley and Roberts 
2006; Lloyd et al. 2009), we hypothesized that a decline in D with h, as h approaches 
its site- and species-specific maximum, is universal regardless of climate or species. 
In such an observational analysis it is impossible to mechanistically partition the 
effects of each of the above-mentioned drivers on D. Open- and closed canopy trees 
were sampled together in some of the studies, however, allowing us to test the 
hypothesis that shade causes a positive offset of the foliar D/h relationship relative 
to sunlit foliage. To further examine mechanisms, we included a detailed case study 
on short and tall (maximum local height) mountain beech (Nothofagus solandri) 
trees as a test of the role of gas exchange characteristics in D/h patterns.

2  Methods

2.1  Case Study

We measured gas exchange (g
s
, and A), Y

l
 and foliar and wood d13C for two tree 

sizes (average heights 4.3 and 11.2 m) in a Nothofagus solandri stand at 1,300 m 
elevation at Craigieburn Forest Park in New Zealand. To examine if patterns found 
in the stand at 1,300 m varied with climate, we also sampled foliar d13C from canopy 
tops of Nothofagus solandri trees at five additional sites distributed along an  
elevation gradient from 800 to 1,250 m above sea level. Cragieburn Forest Park is 
located in central South Island, New Zealand (43°15¢S, 171°35¢E). Mountain beech 
forest occurs as a mono-specific forest from valley bottoms at 650 m to tree line at 
1,400 m elevation. At 914 m elevation, mean annual temperature is 8.0°C, mean 
annual precipitation is 1,447 mm, and mean annual radiation is 4,745 MJ/m2 
(McCracken 1980). At 1,240 m elevation, annual precipitation was estimated to be 
1,700 mm and mean annual temperature 6°C (Tate et al. 2000). The soil was formed 
from mixed greywacke loess and colluvium over shattered rock, and was a fine 
sandy, mixed, frigid, Andic Dystrochrept called Bealey silt loam (Tate et al. 2000). 
Characteristics of forest stands similar to those sampled in this study are described 
by Tate et al. (2000), Davis et al (2003), and Allen et al. (1997).

The response of A and g
s
 to D was measured at the tops of the Nothofagus trees 

using a portable gas exchange system (LI-COR 6400, LI-COR Inc., Lincoln, NE, 
USA). Measurements were taken with C

a
 = 385 ppm, photosynthetically active 

radiation >1,000 mmol m−2 s−1, and ambient humidity to allow for D to increase as 
temperature increased throughout the day. Because tree stomata are slow to respond, 
and humidity in the cuvette reflects an increase over ambient from transpiration, we 
calculated D from leaf temperature (LI-COR’s energy balance calculation) and 
ambient humidity measured with a sling psychrometer or from a weather station 1 
km distant. Gas exchange was measured on four trees of each size class and three to 
seven shoots per tree. Where possible the same shoots were measured periodically 
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throughout the day. Measurements were made over a 2-week period, and a hydraulic 
lift was used to reach the canopy top for sampling. Leaf water potential was mea-
sured periodically on adjacent shoots with a Scholander pressure chamber (PMS 
Instrument Company, Albany, OR, USA). Leaf-specific hydraulic conductance (K

l
) 

was calculated as transpiration divided by Y
l
 − Y

s
, where Y

s
 was pre-dawn Y

l
 

(Phillips et al. 2002).
Foliage for analysis of d13C and nitrogen was collected from canopy tops at the 

1,300 m site, and along the elevation gradient. For the elevation gradient, we also 
sampled from two height classes: trees about 4 m in height, and trees >11 m in 
height. Maximum tree height increased as elevation decreased, from ~11 m at 1,300 
m elevation to ~18 m at 800 m elevation. Wood was sampled for d13C either from 
disks from harvested trees (short trees) or increment cores (tall trees). Foliage and 
wood samples were dried at 65°C, ground, and analyzed for d13C composition using 
a an isotope ratio mass spectrometer (Europa Scientific 20/20) interfaced to a Dumas 
elemental analyser (Europa Scientific ANCA-SL, Europa Scientific Ltd., Crewe, 
UK). Nitrous oxide was removed by gas chromatography and corrections for 17O 
were done for all runs (Craig 1957). Isotope ratios were presented relative to Vienna 
PeeDee belemnite carbonate standard (VPDB), calibrated against a certified second-
ary source from the Australian Commonwealth Scientific and Research Organization, 
Canberra, Australia.

We corrected the isotopic results for elevation impacts on CO
2
 partial pressure 

(Hultine and Marshall 2000; Warren et al. 2001; Körner 2007; McDowell et al. 
2010). Though this effect is minor, it is relatively straightforward to correct for 
when elevation and temperature are known. We used local mean temperature data 
for each site to calculate the drawdown of CO

2
 partial pressure between the atmo-

sphere and chloroplast (p
a
 − p

c
, Pa, Hultine and Marshall 2000).

2.2  Global Patterns

We examined the relationship of D to h at the global scale through a literature review 
along with an additional five unpublished data sets of trees, shrubs, angiosperms, 
gymnosperms, and across all possible regions and latitudes. We searched the litera-
ture for papers that included figures or tables with both height and either d13C or D 
data from foliage or stemwood to maximize the breadth of our investigation. A few 
publications were excluded because height was provided qualitatively (i.e. low and 
high) rather than with quantifiable units (i.e. meters), and therefore could not be 
analyzed quantitatively. All stemwood samples were collected from breast height 
and most used data from the most recent year of growth. For graphical data we digi-
tized the figures to generate numerical datasets (ImageDIG Version 2.0.7, SciCepts 
Engineering, Chiangmai, Thailand). Comparison of the digitized numerical output 
to known values using a somewhat fuzzy pdf copy of data from Yoder et al. (1994) 
showed strong correspondence (digitized d13C = 0.99 ⋅ true d13C + 0.03, r2 = 0.99, p 
< 0.001). A slightly weaker relationship was observed using a clear pdf of Barnard 
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and Ryan (2003) to actual data (digitized d13C = 0.91 ⋅ true d13C − 3.2, r2 = 0.99, 
p < 0.001), with the error attributed to the loss of eight data points due to overlap-
ping points that could not be discerned. Thus, large datasets with overlapping clouds 
of points may have lower accuracy than data sets with fewer points.

Our primary form of analysis was regression of D versus h. The slope of this 
relationship was used to compare the sensitivity of D to h across studies (e.g. 
McDowell et al. 2002b). The theoretical regression should be non-linear according 
to the simplest version of Darcy’s law (D = 1/h), however, we saw no evidence of 
deviations from linear patterns. Comparison of fit statistics of linear to various non-
linear regressions confirmed this observation. Multi-parameter polynomials have 
been used for predicting maximum heights (Burgess and Dawson 2007) but we 
excluded them from this comparison because of our inability to interpret such rela-
tionships mechanistically. The five new (previously unpublished) datasets all had 
foliage harvested from the top 10% of short and tall tree crowns that were sunlit, 
canopy dominants, i.e. short trees were sampled in open or short statured forests, 
not in the understory of taller forests. These new datasets are (source location and 
contributor in parentheses): Pinus teocote (Mexico, Cornejo Oviedo), Pinus ponderosa 
(Oregon, C. Rose), Pinus sylvestris (Scotland, M. Mencuccini), Artemisia tridentata 
(California, W. Oechel), Pseudotsuga menziesii (Washington, N. McDowell, 
B. Bond, J. Janisch, A. Schauer, the d13C component of this dataset was published 
by Bond et al. 2008), and the case study Nothofagus solandrii (New Zealand, 
M. Ryan and D. Whitehead). The samples were analyzed on an isotope ratio mass 
spectrometer (Delta Plus, Finnigan, Bremen, Germany) interfaced with an elemen-
tal analyzer (ESC 4010, Costech, Valencia, CA) located at the Integrated Stable 
Isotope Research Facility at the Western Ecology Division of the US Environmental 
Protection Agency, Corvallis, Oregon. Similar to the New Zealand analyses, nitrous 
oxide was removed by gas chromatography, corrections for 17O were made, and 
results are presented on the VPDB scale.

For published datasets, where possible, we partitioned the data collected in sun-
exposed locations from data collected along light gradients within the forest canopy. 
When possible we also collected ancillary data associated with foliar, environmen-
tal or climatic characteristics. A list of the datasets used in this analysis is provided 
in Table 10.1.
d13C data were converted to D (Farquhar et al. 1982):

 

13 13

131 /1000
aC C

C

−
∆ ≈

+
d d

d  (10.4)

All d13C results were expressed relative to VPDB. We obtained annual atmospheric 
stable carbon isotope ratios (d13C

a
) from the Institute for Arctic and Alpine Research 

at the University of Colorado and the National Oceanic and Atmospheric 
Administration, Earth System Research Laboratory. Calculating D using Eq. 10.4 
allows physiological interpretation of d13C by removing the impact of temporally-
changing d13C

a
 due to fossil fuel emissions of CO

2
 depleted in d13C (Leavitt and 

Long 1988; Keeling et al. 1989). This correction is necessary because a change in 
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the d13C of CO
2
 used as the substrate for photosynthesis causes a physiologically 

independent change in the d13C of plant material, and because the literature review 
includes data from >40 year period. Additional sources of analytical error arise 
from variation in chemical composition of tissues, cellulose extraction and eleva-
tion. Lipid, lignin, and cellulose vary in their d13C composition and their content 
within foliage and wood may vary across species and with height. The d13C offset 
for cellulose to whole-tissue ranges from <0.9‰ to >2.5‰ (Schleser 1990; Leavitt 
and Long 1991; Macfarlane et al. 1999; Loader et al. 2003; Harlow et al. 2006) due 
in part to variation with species and extraction methods. Only four of our compiled 
studies (12%) provided cellulose alone, three of which provided only wood cellu-
lose (Grulke and Retzlaff 2001; Monserud and Marshall 2001; Delzon et al. 2004), 
and one of which provided only foliage cellulose (Phillips et al. 2003). The elevation 
effect was described above in the Nothofagus case study methods section. This 
effect was difficult to address across the literature review because only 24% of the 
studies we compiled provided site elevation. The impact may be relatively small; 
the approximate d13C error from assuming constant elevation is ~0.5‰, derived 
from the standard deviation of 513 m for studies that provided elevation. We high-
lighted only results in which we were confident the impacts of cellulose extraction 
and elevation were negligible. In addition, though we choose to analyze species and 
site specific slopes of D versus h for theoretical reasons, there is methodological 
value as well in that this slope is not affected by the d13C variation due to these 
errors because any error is constant within the datasets used to generate the slope.

3  Results

3.1  Case Study

Y
l
 declined more rapidly in the morning in the 11-m Nothofagus trees than the 4 m 

trees (Fig. 10.2a). The average Y
l
 at vapor pressure deficits (D) < 0.8 kPa was −0.83 

MPa (se 0.21) and −1.29 MPa (se 0.18) for the 4- and 11-m trees, respectively 
(unequal variance t-test p = 0.059). Y

l
 was similar for 4 and 11-m trees at D > 0.8 

kPa (−1.87 and −1.93 MPa, respectively, p = 0.18). For the same sample period, g
s
 

was similar across tree sizes at D < 0.8 kPa (p = 0.31), but g
s
 was higher for the 4-m 

trees at D > 0.8 kPa (121.0 vs 91.5 mmol m−2 s−1 for 4 and 11-m trees, respectively, 
p < 0.001, Fig. 10.2b). K

l
 followed the same pattern as g

s
, with non-significant differ-

ences during the morning at D < 0.8 kPa (p = 0.29) and significantly higher values for 
the 4-m trees than the 11-m trees at D > 0.8 kPa (p < 0.001, data not shown). 
Photosynthesis differed between 4 and 11-m trees (Fig. 10.2c, p < 0.001). Leaf [N] 
was significantly higher in the 4-m trees than the 11-m trees (1.54% and 1.19%, 
respectively, p < 0.001). Leaf d13C for the 4- and 11-m trees at this site averaged −25.8 
and −24.3 ‰, respectively, equivalent to D of 18.3‰ and 16.8‰ (p < 0.001, Table 10.1). 
Wood d13C for the 4- and 11-m trees at this site averaged −25.7 and −24.4‰, 
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Fig. 10.2 The relationship of D to (a) Y
l
, (b) g

s
 and (c) A for 4- (open circles) and 11-m (closed 

circles) tall Nothofagus solandri trees in New Zealand. The relationships in (b) are 4 m: g
s
 = 126.8 

• D−0.166 (r2 = 0.14); 11 m: g
s
 = 100.4 • D−0.541 (r2 = 0.50). The relationships in (c) are 4 m: A = 13.2 

• D−0.16 (r2 = 0.38); 11 m: A = 10.2 • D−.321 (r2 = 0.54)
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respectively, equivalent to D of 19.0 and 18.3‰ (p = 0.06, Table 10.1). For the 
elevation transect, leaf [N] was significantly higher for the short trees compared to 
the tall trees (1.27% and 1.04%, respectively, p = 0.002). p

a
 − p

c
 calculated from 

foliage d13C averaged 14.7 and 17.0 Pa for the short and tall trees, respectively 
(p < 0.001, see Fig. 10.3). There was no trend in the p

a
 − p

c
 difference between 

height classes with elevation (p = 0.22).

3.2  Global Patterns

We found 31 published datasets for inclusion with our five new datasets. This 
included a total of 15 gymnosperm and 23 angiosperm species, although we note 
that three publications from the Amazon sampled across a large numbers of species 
(Broadmeadow et al. 1992; Martinelli et al. 1998; Ometto et al. 2002), which we 
combined for analyses. After separation of all the individual datasets within publi-
cations (i.e. by species or sunny vs shady), we had a total of 61 regressions. These 
included 13, 48 and 0 from tropical, temperate and boreal regions, respectively. All 
gymnosperm datasets were from the temperate zone, whereas the angiosperm data-
sets were evenly divided between temperate and tropical zones. There was a total 
of 59 datasets of foliage d13C, 9 of wood d13C, and five studies that included both. 
The datasets spanned a range of maximum heights of 1.5–113 m and a D range of 
13.6–29.9‰ (equivalent to d13C of −21.4 to −36.8‰, Table 10.1, Fig. 10.4a). Mean 
annual precipitation, for the 16 studies that provided precipitation data, ranged 
from 374 to 4,000 mm.
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Fig. 10.3 The partial pressure difference between chloroplast and atmospheric CO
2
 (p

a
 − p

c
) 

calculated from foliar d13C, across the Nothofagus solandri elevation transect in New Zealand. 
Open circles are short trees and closed circles are tall trees. Bars are standard errors
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D declined with increasing height for all foliar datasets (a negative D/h, Table 10.1) 
with 83% significant at P < 0.10. The consistent linear declines can be seen graphi-
cally in Fig. 10.4b, in which the regression line for each data set from Table 10.1 is 
shown, with the different lines denoting tropical angiosperms, temperate angiosperms, 
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Fig. 10.4 (a) The relationship between D calculated from foliar d13C and height above the ground 
for temperate gymnosperms (black circles) and angiosperms (open circles), and tropical angio-
sperms (gray circles). Data include samples collected at different heights within trees as well as at 
the tops of individual trees of different heights. The relationship for all foliar datasets combined 
was: D = −0.053 • height + 22.77 (r2 = 0.25, p <0.001). (b) Individual regressions for each of the 
59 datasets. Gymnosperms, temperate angiosperms, and tropical angiosperms are represented by 
solid black, dashed gray, and solid gray lines, respectively
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and temperate gymnosperms. For all species that approached their maximum heights, 
the mean slope of D with h was −0.19‰ m−1. Tropical angiosperms had higher D than 
either temperate angiosperms or gymnosperms (4, Table 10.1). The mean slope was 
shallowest for gymnosperms (−0.07‰ m−1), steepest for temperate angiosperms 
(−0.56‰ m−1), and intermediate for tropical angiosperms (−0.18‰ m−1, Fig. 10.5). 
The mean values are heavily influenced by outliers, particularly for temperate angio-
sperms (e.g., the arid shrub Chrysothamnus had a slope of −2.57 ‰ m−1). The median 
values for these three groups were −0.08, −0.24, and −0.20‰ m−1, respectively 
(Fig. 10.5). The single foliar dataset which did not exhibit a negative slope was from 
Eucalyptus saligna trees in which the maximum height included in the dataset was 
only 40% of the site- and species-specific maximum (D. Binkley 2010). The within-
canopy declines in D with increasing h in this dataset were consistent with expec-
tations, but in contrast to the global trend, canopy-top D was higher at the tops of tall 
trees than small trees. It is important to note that studies in which the trees did not 
approach their maximum height had relatively high slopes (mean −0.59‰ m−1) and 
were thus excluded from averages calculated across biomes, vegetation type, tissue 
type, etc. (Table 10.1, Zhang et al. 1994; Heaton and Crossley 1995; Buchmann et al. 
1997a; Xu et al. 2000; Le Roux et al. 2001; Grulke and Retzlaff 2001; Barnard and 
Ryan 2003; Major et al. 2007).
D declined with increasing height for all wood datasets (Table 10.1, Fig. 10.6), 

with 50% of those studies significant at P < 0.10. The slope of D with increasing h 
was shallower than for foliage (Table 10.1). Similar to the foliage data, the wood 
slope was steeper and D was higher for angiosperms than gymnosperms (Table 10.1). 
Wood calculated D was lower than foliar D, as indicated by the lower intercepts 
(Table 10.1, Fig. 10.6).
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Fig. 10.5 Box plots summarizing the slopes of D to h for each dataset within gymnosperms and 
angiosperms (tropical and temperate). Box plots show the lower quartile, the median, and the 
upper quartile (the box), the upper and lower ten percentile values (the thin lines, and the range of 
the observations (the closed circles). Note the scale was held to a slope of −0.6‰ m−1 for clarity, 
which omits only the Chrysothamnus slope of −2.57‰ m−1. All observations had a negative slope
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In five publications the authors sampled both sunlit and shaded crowns of trees. 
Additionally, sunlit and shaded crowns were sampled at the same Pseudotsuga menziesii 
sites by different groups. These datasets allowed us to test the hypothesis that the D 
response to h is exacerbated by light. The compiled sunlit and shaded data are shown 
in Fig. 10.7. The sunlit and shaded regression lines were offset from each other, with 
a steeper slope for the shaded than the sunlit trees (−0.065 vs −0.050‰ m−1, respec-
tively) and the shaded intercept more positive than the sunlit intercept (24.0 vs 
24.2‰, respectively). To examine the consistency of the sunlit versus shaded D/h 
relationship within species, we plotted the sunlit and shaded Sequoia sempervirens 
data from three different publications (Fig. 10.8). Each study yielded results gener-
ally similar to the overall comparison, with a clear offset between the shaded and 
sunlit trees such that D was higher for any given h for shaded trees compared with 
sunlit trees.

Studies in which plants had maximum heights less than 20 m tended to have slopes 
steeper than −0.2‰ m−1, however, most of the tall trees in this range were not near their 
maximum height (or local maximum height was not quantified), so interpretation of 
this result is ambiguous. There was also no relationship between the D/h slope and 
mean annual precipitation for angiosperms or gymnosperms (data not shown). There 
was, however, a negative relationship between minimum D (canopy top) and maximum 
height across all datasets (Fig. 10.9). We examined the relationship of D and D/h to 
structural and nutrient parameters (e.g. Eq. 10.3), however, no clear patterns emerged 
due in part to the limited availability of these ancillary measurements in the literature.
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Fig. 10.6 The relationship between stemwood D and height for the nine stemwood datasets in this 
study, including extracted cellulose and whole-tissue data. The data include Pinus ponderosa 
(C. Rose, 2010 – filled circles, Yoder et al. 1994 – upward open triangles, and Monserud and 
Marshall 2001 – filled diamonds), Nothofagus (this study – open circles), Amazonian species 
(Martinelli et al. 1998 – downward filled triangles), Pinus pinaster (Delzon et al. 2004 – filled 
squares), Fagus sylvatica (Schleser 1992 – upward filled triangles), and Pseudotsgua menziesii 
(open squares) and Pinus monticola (open diamonds) from Monserud and Marshall (2001)
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Fig. 10.7 The relationship between D calculated from foliage tissue and height for sunlit (open 
diamonds) and paired shaded (closed diamonds) trees. Data sets included are Sequoia sempervi-
rens (Koch et al. 2004; Burgess and Dawson 2007; Ishii et al. 2008), Amazonian species 
(Broadmeadow et al. 1992), Lagarostrobos franklinii (Francey et al. 1985), and Pseudotsuga 
menziesii (McDowell et al. 2002a; Winner et al. 2004, this study). The regression lines are sunlit: 
D = −0.050 • height + 21.5, r2 = 0.58, p = <0.001 (dark line), and shaded: D = −0.065 • height + 
24.0, r2 = 0.64, p = <0.001 (gray line)
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Fig. 10.8 The relationship between D (foliar) and height for sunlit and shaded samples for three 
Sequoia sempervirens studies. Shaded samples (filled symbols) were collected from trees in rela-
tively closed canopies in contrast to sunlit samples (open symbols), which the authors indicated 
were collected from sunny or otherwise exposed locations. The regressions are: Koch et al. (2004, 
circles) shaded D = −0.11 • height (m) + 28.0, r2 = 0.71, p = <0.001, sunlit D −0.10 ⋅ height (m) + 26.0, 
r2 = 0.46, p = 0.017, Ishii et al. (2008, up triangles) shaded D = −0.08 • height (m) + 26.7, r2 = 0.43,  
p = <0.001, sunlit D = −0.09 ⋅ height (m) + 27.1, r2 = 0.84, p = <0.001, Burgess and Dawson (2007, 
down triangles) shaded D = −0.10 ⋅ height (m) + 24.7, r2 = 0.78, p = <0.001, sunlit D = −0.12 ⋅ height 
(m) + 24.6, r2 = 0.82, p = <0.001
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4  Discussion

D declined with increasing height in all 37 datasets and 61 regressions (Fig. 10.4). 
This decline results from multiple factors that change with increasing height such as 
increasing light availability and atmospheric d13C, and decreasing water potential 
and hydraulic conductance. These changes drive concomitant changes in leaf mass 
per area, g

i
, g

s
, and leaf nutrient content. Despite this complexity, the constant 

decline in D with h found in our broad review demonstrates the existence of a con-
sistent global relationship. The detailed case study results from Nothofagus demon-
strate the combined importance of K

l
, g

s
 and A on the dependence of D upon h 

(Fig. 10.2). We devote the discussion to examination of the driving mechanisms and 
how they are manifest in our observations.

4.1  The Response of Leaf-Level Gas Exchange  
and D to h in Nothofagus

Y
l
, g

s
, K

l
 and A all showed differences between tree size classes indicative of a 

hydraulic constraint on gas exchange (Fig. 10.2). These results are consistent with 
observations of other species (e.g. Yoder et al. 1994; Hubbard et al. 1999; Kolb and 
Stone 2000; McDowell et al. 2005; Martínez-Vilalta et al. 2007a) in support of the 
hydraulic limitation hypothesis (Ryan and Yoder 1997) that K

l
 is lower in taller 
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Fig. 10.9 The relationship between minimum D (canopy top) and maximum height. Shrubs 
(Chrysothamnus and Artemesia) and trees that did not approach their maximum heights were excluded. 
The regression line is for all data: minimum D = −0.06 ⋅ height + 20.7, r2 = 0.41, p = <0.001
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trees, forcing greater stomatal closure and hence reduced A. There also appears to 
be a biochemical impact on A reflected in reduced internal conductance to CO

2
 (g

i
) 

with increasing height. In the Nothofagus dataset, A was always lower in taller trees, 
even when g

s
 was similar (compare Fig. 10.2b and c at D < 0.8 kPa). Because leaf 

[N] was significantly lower in the taller trees, it is likely that photosynthetic capacity 
was also lower (Field and Mooney 1986). This should drive D in the opposite 
direction of that observed (see below). Lower A at the same g

s
 for tall versus short 

trees could also result from reduced g
i
. Thus, while hydraulics per se appear to play 

a direct role in driving diel gas exchange patterns, longer term impacts of hydraulics 
on g

i
 or leaf [N] appear to also be critical (see also Le Roux et al. 2001; Woodruff 

et al. 2004; Lloyd et al. 2009).
Foliar D and p

a
 − p

c
 results for all seven Nothofagus sites showed evidence of 

lower p
c
 as h increased (Table 10.1, Fig. 10.3). This suggests that, for this species in 

this region, the dependence of D on h is regionally consistent despite variation in 
climate associated with elevation.

4.2  Why Does D Decline Linearly with Increasing h?

The clearest observation from this review is the linear relationship of D with h 
(Figs. 10.4b and 10.6–10.9). This is not consistent with the non-linear expectation 
according to Darcy’s law (Eq. 10.3), confirming that other factors beyond hydrau-
lics drive the response to height. Unfortunately, there was insufficient ancillary data 
on leaf nutrients, leaf mass per area, g

i
, within-canopy CO

2
 recycling, or the ratio of 

h to total hydraulic pathlength to determine if general relationships exist between 
these factors and height or D; a comprehensive study of these factors is needed in the 
future. Recycling of isotopically depleted canopy CO

2
 should strengthen the gradient 

of D with h; however, field measurements have shown this effect to be relatively 
small (Lloyd et al. 1996, 1997; Brooks et al. 1997a, b; Buchmann et al. 1997a, b). 
Leaf nitrogen concentration per unit leaf area and photosynthetic capacity some-
times increase with height (and light availability) due to decreased leaf mass per 
area (e.g., Bond et al. 1999; Carswell et al. 2000; Barnard and Ryan 2003; Lloyd 
et al. 2009), which could further strengthen the observed relationship of D to h. This 
has been frequently observed in angiosperms, high leaf area forests, and trees that 
have not reached their maximum heights. In contrast, studies on particularly tall 
trees often find that leaf nitrogen per unit mass and photosynthetic capacity do not 
vary or even decline with h (McDowell et al. 2002a; Ambrose et al. 2009; Woodruff 
et al. 2009, Nothofagus data from this study). Internal conductance has been shown 
to increase with light or height (Le Roux et al. 2001; Warren et al. 2003). In two tall 
species, however, g

i
 and g

s
 declined linearly with increased h (Ambrose et al. 2009; 

Mullin et al. 2009; Woodruff et al. 2009). Patterns of g
i
 with h must be interpreted 

cautiously in light of the challenges to accurate measurement associated with g
i
 

methodologies (Bickford et al. 2009; Pons et al. 2009). Recent evidence from both 
temperate conifer and tropical angiosperm forests suggests that light availability is 
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a dominant driver of leaf morphology and physiology in the lower canopy while 
hydrostatic water potential gradients drive variation in the upper canopy (Ishii et al. 
2007, 2008; Cavaleri et al. 2010; Ishii 2011).

We propose that the linear relationship between D and h observed in all 61 regres-
sions results from a combination of factors, but is driven ultimately by the linear 
dependency of maximum leaf water potential on h (−0.01 MPa m−1, Bauerle et al. 
1999; Koch et al. 2004). This relationship sets boundaries on physiological properties 
that impact D. First, it sets an upper limit on foliar water potential during expansion, 
causing increasing leaf mass per unit area with increasing h (Marshall and Monserud 
2003; Woodruff et al. 2004; Koch et al. 2004; Cavaleri et al. 2010), which may sub-
sequently influence g

i
 and p

c
 via shifts in mesophyll surface area (Terashima et al. 

2005; Oldham 2008). Second, as maximum xylem water potential declines with 
increasing h, the potential range of xylem water potential must also decline (unless 
the trees are anisohydric with h, which is rarely observed, allows only a few tenths 
MPa shift, and has consequences for xylem conductance and leaf area, Yoder et al. 
1994; McDowell et al. 2002a). For example, if minimum g

s
 in both 10 and 100 m 

tall Sequoia trees occurred at leaf water potential of −2 MPa, then for the 10 m tall 
trees there is a Y range of 1.9 MPa over which water loss may occur prior to sto-
matal closure, whereas the Y range for the 100 m tree is only 1.0 MPa. This impacts 
D because taller trees spend more time with low g

s
 and hence low p

c
 than short trees. 

This was first demonstrated by Yoder et al. (1994) wherein tall ponderosa pines had 
the same maximum and minimum photosynthetic rates as neighboring short trees, 
but closed their stomata hours before the short trees because their minimum water 
potential was achieved earlier.

If the gravitational dependence of water potential on h drives the ultimate linear-
ity of D with h, then how do the other variables in Eq. 10.3, plus light, nitrogen, and 
g

i
, influence the relationship? At least four factors should enhance the non-linear 

relationship of D with increasing h: (1) hydraulic conductance declines non-linearly 
with h (Eq. 10.3, Mencuccini and Grace 1996a; McDowell et al. 2002a), which may 
be exacerbated by a non-linear increase in pathlength with increasing h (Magnani 
et al. 2000); (2) leaf nitrogen sometimes follows a Beer’s law pattern with h (i.e. 
Lloyd et al. 2009); (3) occlusion of stomatal pores by cuticular wax may increase 
with h (England and Attiwill 2007); and (4) individual crown leaf area can increase 
with h to maximize whole-plant photosynthetic gain (Schoettle 1994; Buckley and 
Roberts 2006). In contrast, homeostatic shifts in plant structure, which operate to 
hold p

c
 constant within species and sites (Ehleringer 1993; McDowell et al. 2006), 

should push the D versus h relationship towards a linear pattern. Such shifts are well 
documented to occur with increasing h, such as changes in leaf area:sapwood area 
and root area:sapwood area ratios (Magnani et al. 2000; McDowell et al. 2002b; 
Mencuccini 2003) and sapwood permeability (England and Attiwill 2007). We pro-
pose that D moves away from the expected 1/h pattern at low heights due to h-driven 
homeostatic shifts (McDowell et al. 2002a, b; Mencuccini 2003) and light-driven 
leaf-photosynthetic shifts (Fig. 10.10). At some point, however, further shifts 
become infeasible and subsequent height growth forces D back towards the theoreti-
cal line from Eq. 10.3 (Fig. 10.10). This hypothesis can be tested by thorough 
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accounting of the vertical gradients of the above-mentioned key variables that 
influence D, both within the canopies of tall trees and across the sunlit tops of trees 
of different heights (e.g. Mullin et al. 2009).

A thorough accounting of all the factors that vary with height and that impact D 
would also aid our understanding of the trend of decreasing minimum D with 
increasing maximum h (Fig. 10.9). For the 43 datasets in which trees approached 
maximum height, there was a 0.06‰ decline in D for every meter increase in height. 
Though it is impossible with this dataset to conclusively interpret this pattern, it 
does suggest that the minimum D and maximum h are functionally linked. This 
may be due to a minimum sustainable p

c
 that allows a sufficient positive carbon 

balance at the leaf level. The minimum D values shown in Fig. 10.9 correspond 
to a p

c
 range of 320–147 ppm. The minimum p

c
 achievable by C3 plants is thought to 

be ~100–124 ppm (Tenhunen et al. 1984; Koch et al. 2004; Ward et al. 2005). This 
minimum D appears species- and site-specific (Fig. 10.9), perhaps due to variation 
in minimum CO

2
-compensation points or thresholds for hydraulic failure due to 

prolonged embolism without refilling (Hacke et al. 2001; McDowell et al. 2002a; 
Ambrose et al. 2009). Understanding the drivers, consequences and homeostatic 
limitations of this minimum D is an important area for future research.

4.3  Irradiance and Height

In addition to the direct response of D to height, irradiance emerged as a clearly 
detectable environmental effect on D in our global review. D of sunlit foliage was 
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Fig. 10.10 A hypothesis regarding the interactive effects of environmental, physical and homeostatic 
factors on observed linear dependency of D with h. Many factors shift in the early phases of height 
growth to maximize p

c
 and hence D, thereby pushing D above the 1/h relationship. As height growth 

continues, the gravitational and hydraulic constraints dominate, forcing D to continue to a minimum
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0.5‰–3.0‰ lower than that of shaded foliage (Figs. 10.7 and 10.8), consistent with 
prior observations (Fig. 10.1, Waring and Silvester 1994, also Livingston et al. 
1998; Warren and Adams 2000; Le Roux et al. 2001; Geßler et al. 2001; Samuelson 
et al. 2003; Koch et al. 2004). There was no consistent difference in the D–h rela-
tionship between sunlit and shaded samples (Fig. 10.8). In this analysis, it appears 
that h dominates the trend in D while irradiance moderates the absolute values, pre-
sumably caused by the increased light interception and photosynthetic capacity with 
increased height and subsequent reduction in p

c
 (Ehleringer et al. 1986; Carswell 

et al. 2000; Lloyd et al. 2009). While h is clearly a global driver of D, the impact of 
irradiance on D should vary globally as a function of ecosystem leaf area and subse-
quent light interception profiles (Campbell and Norman 1998; Parker et al. 2002; 
Koch et al. 2004).

4.4  Patterns with Biomes and Vegetation Type

Clear differences emerged between biomes and vegetation type (gymnosperms and 
angiosperms). Tropical angiosperms had higher D than temperate gymnosperms or 
angiosperms (Table 10.1, Fig. 10.4). This D variation does not correspond with 
maximum height (data not shown), but does correspond with mean annual precipi-
tation. For the studies that provided mean annual precipitation, it averaged 2,666 
mm year−1 (n = 6) for tropical angiosperms, compared to 1,518 mm year−1 (n = 19) 
and 1,027 mm year−1 (n = 7) for temperate gymnosperms and angiosperms, respec-
tively. Correlations between D and precipitation are routinely found in regional or 
global scale studies (e.g. Schulze et al. 1998; Warren et al. 2001; Bowling et al. 
2002) due to the dominant effect of water availability on g

s
 and p

c
. The lack of freez-

ing temperatures in tropical regions may also allow higher g
s
 and p

c
 because xylem 

vessels can grow larger and have subsequently greater hydraulic conductance 
(Sperry et al. 2006).

The slope of D to h with biome and vegetation type differed from the absolute D 
values, being smallest for gymnosperms, largest for temperate angiosperms, and inter-
mediate for tropical angiosperms (median values of −0.09, −0.24, and −0.20‰ m−1, 
respectively, Table 10.1, Fig. 10.5). The greater slope of D to h indicates greater 
driving forces for a decline in D with h and/or greater flexibility of the trees to adjust 
D with height. The latter is consistent with the observation that species with higher 
sapling photosynthetic rates can achieve greater heights (Thomas and Bazzaz 1999); 
i.e. trees that start with high A may be able to grow relatively taller before A reaches 
threshold minimums. In our review, maximum D averaged 25.2‰ for angiosperms 
compared to 21.0‰ for gymnosperms, and the D range (maximum–minimum) was 
4.0‰ and 5.8‰, respectively (31% greater for angiosperms). If the theoretical min-
imum D at maximum tree height is a fixed value at 13.6‰ (d13C of −20.0‰ esti-
mated for Sequoia sempervirens, Koch et al. 2004; Burgess and Dawson 2007), then 
the maximum allowable D range is 36% greater for angiosperms than gymnosperms 
(11.6‰ vs 7.4‰, respectively). This can also be calculated using the minimum D 
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observed for angiosperms (17.2‰) and gymnosperms (13.6‰, Fig. 10.9), yielding 
respective ranges of 7.4‰ and 13.0‰, or 43% greater for angiosperms.

The D patterns we observed between and within studies can also be influenced by 
post-assimilation isotopic effects. For example, differential day versus night respira-
tory fractionation, differential allocation of day versus night sucrose, and carbon 
fixation by PEP carboxylase, could all be manifest to influence d13C of leaf and stem 
tissues (Cernusak et al. 2009). Our understanding of these post-assimilation effects 
is rapidly progressing; however, it is premature for us to assess their magnitude with-
out detailed isotopic flux and carbohydrate measurements (e.g. Badeck et al. 2007; 
Barbour et al. 2007; Brandes et al. 2006; Bickford et al. 2009). Stem tissues are 
particularly influenced by such post-photosynthetic metabolic effects, e.g. due to 
mixing of carbohydrate pools during the formation of wood (Helle and Schleser 
2004; Ogée et al. 2009; Gessler et al. 2009). We observed a consistent offset between 
foliage and wood (similar to that summarized by Cernusak et al. 2009) and flatter 
D–h relationships in wood than foliage (Figs. 10.4 and 10.6), all consistent with post-
photosynthetic effects. By comparing foliage and stem tissues separately we hoped 
to minimize these effects in comparisons of D to h. Inter-tree comparisons of differ-
ent sized trees may be possible using either foliage or wood d13C, however, we 
suggest that foliage d13C data may better integrate gas exchange when comparing D 
to h within trees.

4.5  Mixing Apples and Oranges

Five methodological constraints emerged from our global review that would benefit 
from careful research in the future. First, as noted earlier, foliage provides a better index 
of D in relation to h than wood, possibly due to the impacts of post-photosynthetic 
fractionation and mixing on the d13C composition of wood. Second, datasets from 
boreal forests were notably absent. Filling this biome-gap could yield new information 
since there was a clear pattern between tropical and temperate regions (Figs. 10.4 
and 10.5) and since different climate drivers may dominate in boreal regions. Third, 
we need to separate the impacts of h on D between tops of differing size trees versus 
within crowns of tall trees. Comparing sunlit tops of trees of varying sizes excludes 
the confounding influence of light, allowing one to directly test the impacts of size-
related hydraulics on D (e.g. McDowell et al. 2002a; Barnard and Ryan 2003; Koch 
et al. 2004, Figs. 10.7 and 10.8). Measuring within-canopy gradients avoids the 
assumptions of space-for-time substitution, however, and provides useful informa-
tion on the combined light/hydraulic impacts on D, as well as information on within-
tree homeostatic adjustments (Hubbard et al. 2002; Ishii et al. 2008). Since both 
approaches are useful, combining them in future studies may reveal more informa-
tion than studying only tree tops or only within-tree gradients (Mullin et al. 2009). 
Fourth, as noted earlier, comprehensive measurements of environmental and 
physiological drivers of D with h are needed within studies, including light, humid-
ity, gravitational potential, hydraulic conductance, gas exchange, leaf mass per area, 
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leaf nutrients, woody anatomy, and leaf area:sapwood area ratios. Fifth, to understand 
the response of D throughout the height continuum, experimental designs should 
include trees near their site- and species-specific maximum heights. The slope of D 
to h tended to be steeper in studies of trees that were not at their maximum heights, 
suggesting that different responses are manifest during different phases of height 
growth. This may account for the outlier result from Barnard and Ryan (2003), in 
which the tallest measured trees had higher D rather than the expected lower D, but 
those trees were only 40% of maximum h for that site (D. Binkley 2010). Notably, 
factors such as leaf area:sapwood area follow a hyperbolic shape with increasing 
values to middle-heights followed by declining values to maximum heights in 
Eucalyptus saligna (N. McDowell 2010), thus D may also follow a similar pattern. 
Regardless, studies of height-related variation in D within trees that are not near 
their maximum heights may yield different insights than studies covering the entire 
height continuum.

5  Conclusions

Through our global review of 36 datasets with 38 species, we observed consistent, 
linear declines of D with h. The most parsimonious explanation of this result is that 
gravitational constraints on maximum leaf water potential set an ultimate boundary 
on the shape and sign of the relationship. These hydraulic constraints are manifest 
both over the long term through impacts on leaf structure, and over diel periods via 
impacts on K

l
, g

s
 and A. Shading induces a positive offset to the linear decline, con-

sistent with light limitations reducing A and increasing p
c
 at a given height (Fig. 10.1, 

Waring and Silvester 1994). Biome differences between tropical and temperate 
forests were more important in predicting D and its relationship to h than wood 
vasculature type (angiosperm vs gymnosperm). It is not yet clear how g

i
 varies with 

leaf mass per area (Terashima et al. 2005), but limited datasets in particularly tall, 
temperate conifers suggest that photosynthetic capacity does not vary dramatically 
with h when compared between tree-tops, while both g

s
 and g

i
 decline in unison 

with h within canopy gradients. We agree with previous conclusions that light is a 
critical variable low in the canopy whereas hydrostatic constraints dominate the D/h 
relationship in the upper canopy. A trend of increasing maximum h with decreasing 
minimum D suggests that trees that become particularly tall are adapted to tolerate 
particularly low values of p

c
.
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Abstract Until very recently, age- and size-related declines in productivity of 
individual trees and stands have been attributed to reductions of carbon availability 
due either to progressive increases in carbon sinks other than growth (Respiration 
hypothesis) or to decreases carbon sources (Assimilation hypothesis). Although the 
validity of these hypotheses is now questioned and new alternative explanations have 
been proposed, actual data on size-dependent changes of stored mobile carbon in 
mature trees (used as indicators of carbon balance between source and sink activities) 
are surprisingly limited. Based on available data for mature trees and consistent with 
evidence that mature trees under current atmospheric CO

2
 concentrations are not 

carbon limited, the relative carbon supply in trees does not become increasingly 
limited as they grow large. In spite of many uncertainties, research to date points to 
the need to question the historically carbon-centric mechanisms proposed to explain 
age-related growth declines in trees and forests. Future research should focus on 
whether and when alternative growth limiting factors (e.g. turgor, long distance 
transport of assimilates, nutrients) may contribute to growth limitations in tall trees.

1  Introduction

Height growth poses significant challenges in trees including increases in bio-
mechanical risks associated with heavier loads (Niklas 2007; King 2011), increase 
of the proportion of woody, non-photosynthetic tissues (Kira and Shidei 1967; 
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Whittaker and Woodwell 1967; Peet 1980; Kozlowski et al. 1991), increase of 
distance over which vascular tissues need to move water, nutrients and assimilated 
substances throughout the tree (Mencuccini et al. 2007; Mencuccini and Hölttä 
2010), and an increase of the gravitational pull against the ascent of water (Koch 
et al. 2004; Woodruff and Meinzer 2011). Because trees (like any other plant) must 
ensure favorable water and carbon balance over time, it is not surprising that they 
undergo a variety of biochemical, physiological, anatomical and structural adjust-
ments that minimize the negative effects of height growth, thereby sustaining them 
as biomechanically, biophysically and physiologically viable organisms (Ishii 2011; 
Scholz et al. 2011; Steppe et al. 2011; Woodruff and Meinzer 2011).

A very well-known and common phenomenon occurring as individual trees or 
mono-specific stands age and increase in size is a decline of growth rates and net 
primary productivity (Ryan et al. 1997). However, the underlying mechanisms for 
this general pattern are still under debate and remain unresolved. Several explana-
tions have been proposed over the years to explain the so called age-related decrease 
of tree and forest productivity, including increased relative respiration losses, nutrient 
limitations and decreases of carbon assimilation, which in turn, are caused by a 
variety of factors such as hydraulic constraints, reductions of leaf area, and genetic 
factors (Gower et al. 1996; Ryan et al. 1997, 2004; Day and Greenwood 2011; 
Steppe et al. 2011). These classical explanations can be grouped into two main 
classes of competing hypotheses: ‘Respiration hypotheses’ (age-related declines in 
productivity are due to proportional increases of respiratory demand as trees increase 
in size) and ‘Assimilation or Gross Primary Productivity hypotheses’ (reduced 
growth rates result from declining carbon assimilation in response to a variety of 
causes). A common feature of these two competing groups of hypotheses is that 
they both ultimately predict that age-related declines in growth rates are due to 
changes in C-balance with tree size and age. In other words, they both predict reduc-
tions of carbon available for growth as trees age and grow tall. Although the validity 
of these hypotheses has now been questioned and alternative hypotheses have been 
proposed (see below), the carbon-centric view embodied by these two classes of 
hypotheses has never been properly tested. Surprisingly little research has examined 
patterns of stored non-structural carbon as trees age and grow large, which is the 
main focus of this chapter. We ask the following two questions: (a) Does the con-
centration of stored non-structural carbon compounds change as trees increase in 
size or age? (b) If so, do these changes suggest that trees become carbon limited as 
they increase in size? We first provide a very brief outline of the historical develop-
ment of the two classical hypotheses proposed to explain height/age-related growth 
declines and outline current alternative hypotheses. We then examine the use of 
stored non-structural carbon compounds in trees as indicators of carbon balance and 
relative carbon source-sink activities, and briefly review evidence to date on whether 
mature trees under ambient CO

2
 levels are carbon limited. We follow by presenting 

the limited available data on changes in stored carbon pools with tree height and 
their implications for the mechanisms responsible for the height/age-related decline 
of productivity in trees and forests. Finally, we provide suggestions and metho-
dological considerations for future research.
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2  Mechanisms for the Age-Related Decline in Productivity

Until recently, the mechanisms underlying the age-related decline in above ground 
net primary productivity of forests (Ryan et al. 1997) have been embodied in two 
main categories of competing hypotheses (Gower et al. 1996; Ryan et al. 2004). The 
‘Respiration Hypothesis’, initially proposed by Kira and Shidei (1967), predicted 
that age/size related declines in growth rates result from a progressive imbalance 
between carbon assimilation and respiration as trees age and grow tall due to the 
increased respiratory load imposed by the greater proportion of woody, non-
photosynthetic tissues. However, neither initial field observations and modeling 
approaches (Ryan and Waring 1992), nor recent experimental approaches (Ryan 
et al. 2004) provide support for the respiration hypothesis. The alternative “Carbon 
Assimilation hypothesis” in contrast, predicted that age/size-related decreases 
in carbon assimilation, rather than increases in respiration, were responsible for the 
age-related declines in growth rates. While a number of factors have been invoked 
to explain such age-related declines in gross primary production (Ryan et al. 1997), 
intense recent research has focused on the negative effect of tree size on water rela-
tions and gas exchange (Ryan et al. 2006). This is because as trees grow tall, the 
increase in gravitational pull against the ascent of water combined with the increase 
of the overall xylem hydraulic resistance from roots to leaves result in greater xylem 
tensions and a potentially higher risk of cavitation and hydraulic failure (Zimmermann 
1983; Tyree and Sperry 1989). Because stomatal closure is the most effective 
mecha nism to reduce water loss and minimize the risk of hydraulic failure, tall trees 
are expected to close stomata and reduce carbon assimilation to a greater extent than 
shorter trees (Friend 1993). Indeed, this prediction was first corroborated by Yoder 
et al. (1994) in the field. Subsequently, Ryan and Yoder (1997) proposed the 
Hydraulic Limitation Hypothesis (HLH) as a possible mechanism to explain the 
age-related decline of productivity in individual trees and stands. The HLH as 
initially stated proposed that hydraulic constraints on gas exchange as trees grow 
and increase in height were responsible for the age-related decline of productivity 
in trees. The HLH was extraordinarily well received because of the initial lack of 
support for the respiration hypothesis (Ryan and Waring 1992) and because com-
pensatory mechanisms to minimize height-related hydraulic constraints (e.g. Coyea 
and Margolis 1992; Goldstein et al. 1998; Barnard and Ryan 2003; Zhang et al. 2009; 
Woodruff and Meinzer 2011) are generally not enough to offset the negative effect 
of height on gas exchange (Ryan et al. 2006).

About a decade after the formal publication of the HLH, a review of the literature 
by Ryan et al. (2006) concluded that in spite of compensatory mechanisms to offset 
path length effects and to cope with the negative effects of gravity, hydraulic 
constraints on gas exchange are very common in tall trees. Importantly, however, 
they found no evidence supporting that reductions in carbon assimilation in tall 
trees are responsible for growth reductions. In other words, hydraulic limitations on 
gas exchange and on growth are very common in trees, but the first is not the cause 
for the latter. This left the mechanisms responsible for the age-related decline in tree 
and forest productivity unresolved.



290 A. Sala et al.

It is noteworthy that both the respiration and the carbon assimilation hypothesis 
ultimately predicted that trees become carbon limited as they grow tall and mature. 
Such a prediction is in stark contrast with increasing evidence that mature trees 
growing under ambient atmospheric CO

2
 concentrations are not carbon limited 

(Körner 2003, see below). Surprisingly, up to very recently, this evidence was almost 
entirely ignored in the debate, perhaps because the implicit prediction that reduced 
available carbon would lead to C-limitation for growth was assumed to hold true.

There is now evidence that reduced turgor during cell expansion at the top of tall 
trees is responsible, at least in part, for reduced cell extension and growth (Koch 
et al. 2004; Woodruff et al. 2004; Ishii et al. 2008; Meinzer et al. 2008; Woodruff 
and Meinzer 2011). This and the lack of support for the respiration and the hydraulic 
limitation hypotheses as initially stated led to questioning of the critical assumption 
that growth in tall trees is limited by carbon availability (Ryan et al. 2006) and to 
suggestions that factors limiting cell growth and carbon demand may be ultimately 
responsible for the reduced growth rates in tall trees.

Although support for the carbon assimilation and respiration hypotheses is lacking 
and current research invokes mechanisms independent of carbon availability to 
explain the age- and size-related decrease in tree productivity, the notion that carbon 
availability limits growth in tall or old trees remains common. This is due in part to 
the scarcity of actual data on changes of non-structural carbon availability as trees 
increase in size and age.

3  Mobile C-Reserves in Trees

About half of all dry plant biomass consists of C, rendering C the most abundant 
plant nutrient. In addition to current photosynthesis, plants temporarily rely on 
stored C-reserves in order to maintain their metabolism. During periods of high 
photosynthetic activity, a fraction of recently assimilated C is generally directly fed 
into C storage pools. This process might be an active formation of C-stores, that 
otherwise would be used for C-sink activities (e.g. respiration, growth), or a passive 
accumulation of surplus photoassimilates during periods when photosynthate 
production exceeds the total C requirements of a plant (Chapin et al. 1990). 
Hereafter, we refer to all compounds that are orderly degraded and re-synthesized in 
response to changes in C source-sink-balances as ‘mobile C compounds’. In principle, 
this definition includes all compounds that serve any cell function (in addition to 
storage), but which can be converted (recycled) to provide additional C-sources. 
However, the most important and ubiquitous mobile C compound is starch, which  
is exclusively synthesized for storage. Besides starch, other strict storage compounds 
are fructans and neutral lipids. While fructans are used alternatively to starch in 
some species, neutral lipids are considered to serve mainly as long-term C-stores, 
due to the relatively high energy demand for re-mobilization of fatty acids (Hoch 
et al. 2002). Low molecular weight sugars are highly mobile (readily ‘available’ for 
C-sink processes) and therefore are considered important C-reserves in plants. 



29111 Carbon Storage in Trees: Does Relative Carbon Supply Decrease with Tree Size?

However, their function as metabolic intermediates and osmotically active compounds 
(e.g. Arndt et al. 2008) clearly restricts a complete exhaustion of free sugars in 
living tissue. The frequency with which C-reserves are used and re-synthesized 
varies from diel (day-night-cycle of leaf-starch) to seasonal (e.g. winter dormancy 
in temperate climates) to episodic (e.g. re-flushing after leaf-loss to herbivores) 
cycles. Finally, the extent to which plants depend on mobile C compounds differs 
among life forms (e.g. annual vs. perennial plants) and environmental conditions 
(e.g. seasonal vs. non-seasonal climates).

Trees are distinguished from other functional plant types by a high proportion of 
heterotrophic tissue (i.e. wood), leading to higher C-demand per leaf area basis 
compared to other plant types (Stevens and Fox 1991), although a significant frac-
tion of the wood consists of dead, non-respiring tissue (heartwood, Larcher 2003).  
In addition, hydraulic constraints in tall trees reduce leaf gas exchange and net-
photosynthesis at the leaf level (see Ryan et al. 2006). Therefore, trees are generally 
considered to be more susceptible to C-limitation than most other plant types 
(Stevens and Fox 1991; Kozlowski and Pallardy 1997), emphasizing the importance 
of C-storage in this plant functional group, especially in mature, tall individuals. In 
seasonal climates where trees are periodically dormant (e.g. during winter or the dry 
season), stored C-reserves are needed to maintain cell function. Leaf flushing in 
deciduous trees depends on C stored during the previous season because of the lack 
of photosynthetically active tissue at bud break (Landhäusser and Lieffers 2003; 
Schädel et al. 2009). In evergreen trees of temperate climates, shoot growth is also 
partially supplied from C-reserves, which accumulate in mature leaves prior to bud 
break (Fischer and Höll 1991). Fruiting and especially mast fruiting has been tradi-
tionally thought to resemble a major sink for stored C-reserves in trees (Kozlowski 
and Pallardy 1997). However, current research suggests that the formation of fruits 
is largely supplied by current photoassimilates and thus independent of the import 
of stored C, even in masting tree species (Hoch 2005; Hoch and Keel 2006, and 
unpublished data by A. Sala and G. Hoch).

To the extent that mobile C-compounds resemble a longer term ‘buffer’ between 
C-source and -sink activities, their tissue concentrations mirror (at least to a certain 
degree) the net-balance between C-acquisition by photosynthesis and the sum of C 
used for biosynthesis and respiration (Fig. 11.1). Thus, deliberate comparative analy-
ses of mobile carbon concentrations may be used as a proxy for the C-supply status 
of a plant. Clearly, the C-source and -sink activities are not independent processes, 
but are mutually influenced by complex and still not completely clarified feed-back 
and feed-forward mechanisms (Smith and Stitt 2007). Progressively decreasing 
C-reserve concentrations will ultimately induce negative effects on C-sink activities 
(i.e. C-limitation), while a sustained C surplus will increase the tissue concentration 
of mobile C compounds to a threshold at which negative feed-back mechanisms 
will lead to a down-regulation of photosynthesis (Fig. 11.1). Therefore, a plant’s 
mobile C pool will neither be completely exhausted at C limitation, nor increase 
infinitely in situations of C oversupply, but its size will respond within certain 
limits to changing C source-sink relations. Evidence of the responsiveness of 
mobile C-stores to C source-sink imbalances suggests the validity of this approach. 
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For example, tissue concentrations of starch and low molecular weight carbohy-
drates generally increase in plants exposed to elevated atmospheric CO

2
 (e.g. Teng 

et al. 2006) and decrease in plants growing at low CO
2
 concentrations (e.g. Agüera 

et al. 2006). Similarly, scion-trunk girdling of 3-year-old Prunus trees induced 
higher concentrations of starch in leaves and shoots and decreased starch concentra-
tions in roots (Jordan and Habib 1996). Finally, non-structural carbohydrate concen-
trations have been shown to decrease in plant tissues after experimental defoliation 
(Canham et al. 1999; Li et al. 2002) and shading (Piper et al. 2009).

So far, comparative analyses of C-reserve concentrations have been mainly used 
to investigate the extent to which insufficient photosynthetic C-supply explains the 
limits of tree growth in cold climates. A series of studies along altitudinal gradients 
from lower elevations to the alpine treeline found no indication of decreasing tissue 
concentrations of mobile C-reserves in treeline-forming trees (e.g. Hoch and Körner 
2003, 2005; Hoch et al. 2002; Piper et al. 2006; Shi et al. 2006, 2008). Rather, there 

Fig. 11.1 Schematic illustration of the potential use of mobile carbon reserve concentration as 
indicators of carbon balance between sources and sinks. The thickness of the arrows is proportional 
to the amount of activity. Potential negative feedback and feedforward mechanisms are indicated by 
the circled minus sign. When sink activity is greater than source activity, the concentration of stored 
C pools is expected to decrease. Eventually, such decrease may limit sink activity and carbon 
demand (panel a). Conversely, when source activity is greater than sink activity, the concentration 
of stored C pools is expected to increase, which could down-regulate source activity (panel b)
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is a common trend of increasing concentrations of C-stores with elevation, which 
suggests C-sink limitation, rather than a limitation of C-source activities, as the 
physiological mechanism behind cold climate treeline formation. Increased concen-
trations of mobile C reserves at low, growth-limiting temperatures were also found 
in tree seedlings under controlled greenhouse-conditions (Domisch et al. 2001; 
Solfjeld and Johnsen 2006; Hoch and Körner 2009), in conifer seedlings trans-
planted to different altitudes across the treeline ecotone (Bansal and Germino 2008), 
as well as in dwarfed spruce trees growing on permafrost amidst tall forest trees 
(Hoch 2008). Similar to the above described studies along altitudinal gradients, 
comparative analyses of tissue concentrations of mobile C compounds in trees of 
different size classes can be employed to estimate the C supply status of trees and 
to elucidate the question whether insufficient C-balance explains the decreasing 
productivity of trees approaching their maximum height (Sala and Hoch 2009).

4  Existing Evidence for Sufficient C-Supply at Current 
Atmospheric CO2 Concentrations

Independent of the comparative approach mentioned above, there is existing 
evidence for sufficient C supply of mature trees at current atmospheric CO

2
 concen-

trations. For example, year-round high concentrations of mobile C reserve pools 
were described for mature trees in temperate (Hoch et al. 2003) and tropical (Würth 
et al. 2005) climates. Hoch et al. (2003) calculated that the mobile C reserves stored 
as starch and low molecular weight sugars in the aboveground wood of mature 
deciduous trees at a temperate mixed forest, would be sufficient to re-place the 
entire leaf canopy four times (disregarding the high degree of C-autonomy of develo-
ping leaves, which strongly decreases the effective need for stored C). Unlike mobile 
N- or P-compounds, mobile C-compounds are often not recovered from senescent 
leaves prior to leaf fall (but see Newell et al. 2002), and a considerable fraction of 
the starch pool stored in wood is likely never re-mobilized in trees, suggesting that 
parts of the starch synthesized by trees is sequestered rather than stored (Millard 
et al. 2007). Consequently, Körner (2003) and Millard et al. (2007) argued that the 
large pools of stored C-reserves in mature trees reflect an overall sufficient C-supply 
at ambient atmospheric CO

2
 concentrations (which have increased by over 30% 

since the beginning of the industrial revolution in the middle of the eighteenth 
century, from c. 280 ppm CO

2
 to over 385 ppm CO

2
 in the present). If we consider 

the changes in atmospheric CO
2
 over relatively recent geological times, the presumed 

overabundant C-supply of trees at present times seems logically consistent. For 
instance, Antarctic ice core analyses by Petit et al. (1999) and Siegenthaler et al. 
(2005) revealed that during the last 650 000 years the CO

2
 concentration in the 

earth’s atmosphere has never significantly exceeded 300 ppm (with minima as low 
as c. 180 ppm during the peaks of the ice ages). Further, the present CO

2
 concen-

trations are likely the highest over the past 20–25 Ma (Pearson and Palmer 2000; 
Pagani et al. 2005). Thus, most modern plant species evolved at CO

2
 concentrations 
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markedly lower than today, and may have evolved to maximize the uptake and use 
of this ‘scarce’ nutrient (Körner 2006). Millard et al. (2007) even suggested that if 
CO

2
 was limiting growth during plant evolution, the relatively inefficient carboxylation 

function of Rubisco would have been improved, which has not been the case. Instead, 
they suggested that Rubisco may serve as a form of nitrogen storage, which may 
lead to Rubisco concentrations in leaves even higher than actually needed to sustain 
a favorable carbon balance. In conclusion, the large C-reserve pools found in mature 
trees might reflect the current overabundance of atmospheric CO

2
. In turn, this could 

also mitigate potential increases of carbon demands as trees grow old and tall.

5  Does Carbon Supply Become Limiting as Trees  
Increase in Size?

The approach used to asses C-balance at treeline mentioned above, was recently 
used by Sala and Hoch (2009) in ponderosa pine (Pinus ponderosa) to examine 
whether carbon supply limits growth as mature trees increase in size. To our know-
ledge, this and the recent work of Genet et al. (2010) remain the only published data 
to date on changes in stored C with size in mature trees. In contrast to the predictions 
of the respiration and carbon assimilation hypotheses, but consistent with the argu-
ment that mature trees are not carbon limited, Sala and Hoch (2009) found that size/
height-related growth reductions were associated with significant increases of non-
structural carbohydrates (NSC) in needles (not shown), branches and bole sapwood 
(Fig. 11.2) as well as of lipids in branch sapwood (Fig. 11.3) once active growth had 
ceased (mid-August). Although lipids in the bole decreased significantly with height 
and size, this did not necessarily indicate insufficient C-supply of tall trees (cf. Sala 
and Hoch 2009). These results not only suggest that carbon supply does not limit 
growth in ponderosa pine as trees increase in size, but that net C-supply increases 
with tree height. Further, we also found that increases of the concentration of mobile 
carbon compounds with tree height were stronger in a drier site relative to a moister 
site (Figs. 11.2 and 11.3), indicating that water availability might negatively impact 
C-sink activities (e.g. growth) more than net-photosynthesis.

In a study of relative carbon allocation to growth, storage and reproduction in 
European beech (Fagus sylvatica) and sessile oak (Quercus petraea) Genet et al. 
(2010) found that NSC concentrations in stems did not change in trees from stands 
between 50 and ca. 150–200 years old. In contrast, concentrations in beech roots 
decreased as stand age increased from 50 to 200 years old. Overall, however, esti-
mated whole tree NSC concentrations and carbon allocation to storage was constant 
(oak) or slightly increased (in beech) with stand age. These results led the authors 
to interpret that carbon investment in storage with stand age was the cause for an 
observed decrease of carbon allocation to growth. However, we suggest (see above) 
that the age-related growth decline could result from hydraulic constraints, indepen-
dently of carbon availability. If so, carbon investment into storage could be a conse-
quence, rather than a cause of limited growth. Ultimately, both studies (Sala and 
Hoch 2009; Genet et al. 2010) show no age- or size-related declines of mobile C 
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reserves, which we interpret as evidence that carbon availability does not decrease 
with tree size or age.

In mature coast redwoods (Sequoia sempervirens; among the tallest trees on 
earth) Bentrup (2009) found increases, no change, or decreases of NSC with tree 
height depending on the tissue analyzed and the season of the year, with a tendency 
for an increase in NSC concentrations with tree height at the end of the season. Such 
mixed results led Bentrup (2009) to tentatively conclude that the tallest trees may 
temporarily be carbon limited early in the growing season. However, as we discuss 
below, seasonal trends of NSC concentrations need to be interpreted carefully due 
to potential confounding effects of phenology.

S
ap

w
oo

d 
N

S
C

  (
%

)

0

2

4

6

8

10
Dry; r2 = 0.59; P < 0.001

Wet; r2 = 0.32; P = 0.03

DBH (cm)

0 20 40 60 80 100
0

1

2

3

4

Dry; r2 = 0.29; P < 0.01

Wet

Branch

Bole

Fig. 11.2 Sapwood non structural carbohydrate (NSC) concentration in terminal, upper canopy 
branches (upper panel) and in the main trunk (bole; lower panel) of Pinus ponderosa as a function 
of tree diameter at breast height (DBH). Only the outer ten rings of sapwood were analyzed in the 
bole samples. Data were collected in August 2007 in a relatively moister site (wet, black circles) 
and drier site (dry; open circles) in Western Montana, USA (E-L Ranch site). Lines denote significant 
(P < 0.05) linear relationships within each site (Redrawn from Sala and Hoch 2009)



296 A. Sala et al.

In addition to the published studies outlined above, here we present preliminary 
data for mature trees of two additional species: Douglas-fir (Pseudotsuga menziesii), 
a common and wide-spread species in western North America, and whitebark pine 
(Pinus albicaulis) a high elevation, five needle pine in the Rocky and Cascade 
Mountains and the Sierra Nevada. Along with Douglas-fir, we also collected sup-
plementary data for ponderosa pine. Data for Douglas-fir and ponderosa pine were 
collected during the summer (mid-August) of 2009 on a dry, steep South-facing 
slope in the Rattlesnake Valley of western Montana (46.6°N and 113.2°W; 1,180 m 
elevation). The site has sparse trees which allowed us to sample isolated trees of 
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branches (upper panel) and in the main trunk (bole; lower panel) of Pinus ponderosa as a function 
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different sizes (Table 11.1). Mean annual air temperature in Missoula, Montana 
(ca. 5 km from the site) during the last 10 years is 8.1°C, with mean January and 
July temperatures of −2.4°C and 21.1°C, respectively. Mean annual precipitation 
is 417 mm.

Data for whitebark pine were collected at the end of the growing season (end of 
September) in 2007 at the Flint Creek range of western Montana (46.2°N and 
113.3°W; 2,300 m elevation) in a mixed stand dominated by whitebark pine and 
subalpine fir (Abies lasiocarpa). Mean annual air temperature at the closest weather 
station (Anaconda, Montana, ca. 1,700 m elevation) is 6.1°C, with mean January 
and July temperatures of −4.5°C and 17.6°C, respectively. Mean total annual 
precipitation is 350 mm. Although the Flint Creek area is generally dry, the specific 
site is located on a local plateau, where the sampled stand surrounds a relatively 
moist meadow with an ephemeral spring dissecting it. For simplicity, we only show 
the data from samples collected in 2007, a low cone year, although data for other 
years shows similar patterns. At this site, we sampled nine trees with no or minimal 
shading effects by neighboring trees (Table 11.1).

Details on tree size, age and tissues sampled at each site are given in Table 11.1. 
All samples were immediately stored in a cooler with ice. After return to the labora-
tory (on the same day of sampling), all samples were microwaved (i.e. shock-heated) 
to interrupt all enzymatic activity. The bark and phloem was removed from bole and 
branch samples. For bole sapwood, the ten most recent rings were analyzed in all 
cases, except for whitebark pine, where all sapwood was analyzed (Table 11.1). 
All samples were oven dried for 2 days at 65°C, ground to a fine powder using a 
Wiley mill, and analyzed for NSC. For whitebark pine, samples were also analyzed 
for total acylglycerols (lipids). Chemical analyses for NSC and lipids followed the 
procedures described in Sala and Hoch (2009). In whitebark pine, which often has 
a unique growth form with multiple trunk individuals, DBH is a good indicator of 
overall tree size (biomass; Callaway et al. 2000). For instance, at our site trees are 
relatively short with rounded canopies and height is less meaningful than DBH. 
Because of this, and because DBH is correlated with age and height in ponderosa 

Table 11.1 Species sampled at each site, number of individuals sampled, DBH (cm), height (m) and 
age (yr) ranges

Species Site Number of trees DBH range Height range Age range

Ponderosa pine EL Ranch
 Moist 12–20 8.5–84 3.9–40 15–126
 Dry 12–20 10.4–61.7 5.7–37.2 18–110
Rattlesnake 10 10.8–67.2 5.5–32.7 n.m.

Douglas-fir Rattlesnake  7 11.7–69 6.1–22.1 n.m.
Whitebark pine Flint Creek  9 19–53.5 9.5–17.2 63–157

Tissues sampled were terminal branch sapwood (1- and 2-yr-old segments) at EL Ranch, bole 
sapwood at DBH (ten most recent rings) at EL Ranch and Rattlesnake, and 1-yr-old needles, 
terminal branch sapwood (6–8-yr-old segments) and bole sapwood at DBH (all sapwood; 9–90 
rings) at Flint Creek. Data for Ponderosa pine at the EL Ranch site are from Sala and Hoch (2009) 
and are shown here for comparative purposes. n.m. = not measured
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pine and Douglas-fir, we opted to present all data as a function of DBH. However, 
results did not change when expressed as a function of height (not shown).

In ponderosa pine and Douglas-fir NSC concentrations in the outer sapwood 
tended to increase with DBH (Fig. 11.4), which corroborates our previous conclu-
sion (Sala and Hoch 2009). However, in contrast to the drier site (E-L Ranch) 
sampled by Sala and Hoch (2009) during an exceptionally hot and dry year, the 
increase of NSC with tree size in ponderosa pine at the Rattlesnake site was not 
statistically significant (precipitation during the 2009 summer was above average). 
Apparently, both short- and long-term differences in water availability influence 
NSC concentrations and changes with tree size. In no case, however, did NSC 
decrease with tree size as expected based on predictions derived form the original 
hydraulic limitation hypothesis.

In whitebark pine neither NSC in bole and branch sapwood and in needles, nor 
lipids in branch and bole sapwood (Fig. 11.5) decreased with increasing tree 
dia meter. On the contrary, there was a statistically significant increase of lipids in 
branch sapwood with tree age (r2 = 0.52 P = 0.04; not shown). Note, however, that 
these results are for the entire sapwood and we have not systematically measured 
changes of NSC concentrations with sapwood depth. However, bole sapwood NSC 
in our data did not change significantly as a function of sapwood depth or number 
of rings (not shown), suggesting little change in NSC concentrations with sapwood 
depth. Overall, results for whitebark pine are consistent with our previous conclusion 
that carbon supply does not become increasingly limited as trees increase in size.

Besides mature trees, changes in NSC concentrations with plant size have also 
been examined in saplings of Abies balsamea (a shade tolerant tree), Acer rubrum 
(intermediate shade tolerance) and Pinus strobus (a pioneer, shade-intolerant tree) 
in a moderately deeply shaded environment (up to 13% full sunlight) in Minnesota 
(Machado and Reich 2006). Saplings in this study were small (up to 1.3 m in height) 
and ranged from 6–8 to 21–24 years of age, depending on the species. The small 
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Fig. 11.4 Bole sapwood NSC concentrations in P. ponderosa (PP) and Pseudotsuga menziesii 
(DF) as a function of tree diameter at breast height (DBH). NSC concentrations were measured in 
the outer ten rings of sapwood. Trees were sampled in mid-August 2009 in the Rattlesnake Valley 
of western Montana. Lines denote significant (P < 0.05) linear relationships within a species
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glycerols; lower panel) in whitebark pine (Pinus albicaulis) as a function of diameter at breast height 
(DBH). Gray circles: 1 year old needles; black triangles: terminal branch sapwood; white triangles: 
bole sapwood. All sapwood was analyzed in bole samples (see text). Lipids were not analyzed in 
needles. Trees were sampled in late September 2007 at the Flint Creek range of western Montana

stature of the saplings combined with the moist, shaded environment, suggests that 
hydraulic constraints on gas exchange were not an issue. However, carbon acquisition 
was likely constrained by low light, and changes in NSC with sapling size provide 
insight into size-related carbon source-sink dynamics. NSC concentrations in this 
study were measured in leaves, stems and roots at the end of the summer, which 
allowed estimation of whole plant NSC concentration as a function of plant size. 
While patterns of NSC concentration with sapling size within a single species were 
not necessarily consistent among different tissues, whole plant NSC concentrations 
did not change significantly with sapling size in Abies or Acer (with high and inter-
mediate shade tolerance, respectively), but it significantly decreased in Pinus 
(shade-intolerant). To our knowledge this is the only published convincing evidence 
of increasingly limited carbon supply via photosynthesis with increases in plant size. 
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Such carbon limitation, however, is to be expected in this particular case involving 
a pioneer, light-demanding species growing in a deeply shaded environment. 
Notably, no such pattern was found in the more shade tolerant species equipped 
to function under low light environments. It remains to be seen whether the 
size-dependent decreases of NSC concentrations observed in Pinus saplings also 
occur once trees reach the canopy and the upper foliage becomes exposed to full 
light. Our previous (Sala and Hoch 2009) and current results in mostly isolated, 
mature trees suggest these patterns disappear or even reverse.

6  Methodological Considerations and Future  
Research Questions

Assuming that the concentration of stored carbon compounds at the end of the season 
reflects the end balance between carbon demand for earlier growth, and carbon 
supply by photosynthesis, data available so far suggest that the relative carbon sup-
ply in mature trees does not become increasingly limited as they grow larger. 
However, the limited available data preclude broad generalizations and highlight the 
need for further research to address pending questions. First, additional research is 
needed to elucidate the mechanisms responsible for the decline in their growth rates 
as trees become larger and older, including additional work on the role of turgor in 
cell expansion (Woodruff and Meinzer 2011), genetic and ageing factors (Day and 
Greenwood 2011), nutrient limitation, and long distance transport of assimilates. 
The latter is a major void in our understanding of tree physiology under environ-
mental stress (Sala et al. 2010) and may be involved in growth declines as trees 
grow old and large (Woodruff and Meinzer 2011). With respect to tree carbon 
dynamics, there are also many open questions. For instance: (1) in what tissues and 
at what times during the year is the concentration of mobile carbon compounds 
most likely to reflect actual imbalance between sources and sinks (see Bansal and 
Germino 2008)?; (2) are height-related changes in stored carbon pools species-
specific?; (3) how does environmental stress influence relative source and sink 
activities?; (4) when and to what extent does carbon allocation to reserve and other 
functions compete against growth as a carbon sink?; (5) does stored mobile carbon 
in trees become inaccessible? The latter question is very relevant as there is some 
evidence that plants fail to use stored C pools even under stress (Chapin et al. 1990; 
Li et al. 2002; Piper et al. 2009, but see Vargas et al. 2009), which suggests that 
these pools become unavailable over time (Chapin et al. 1990; Millard et al. 2007; 
Srichuwong and Jane 2007), and thus, by definition, are no longer mobile carbon 
pools. The question remains whether such inaccessibility varies over time and 
depends on stress (e.g. Vargas et al. 2009). If carbon reserve compounds become 
sequestered over time and there is a temporal mismatch between carbon supply by 
photosynthesis and carbon demand (i.e. times of maximum photosynthesis do not 
coincide with times of maximum carbon demand), then the issue of carbon limitation 
for certain functions still remains on the table. Therefore, it is crucial to understand 
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the relative stress-sensitivity of carbon demand functions vs. carbon supply from 
photosynthesis and/or storage. However, current experimental evidence that changes 
in tissue concentrations of mobile carbon compounds reflect relative source-sink 
activities (see above) suggest that only surplus carbon is sequestered. Clearly, much 
research is needed to fully understand how tree size, environment, stress, and species-
specific life history and ecology influence the balance between instantaneous carbon 
demand and carbon supply, active and passive allocation to storage, and accessibility 
of storage pools.

The concentration and seasonal dynamics of mobile carbon compounds varies 
depending on the organ and the species-specific phenological development (e.g. 
Barbaroux and Bréda 2002; Newell et al. 2002; Hoch et al. 2003; Sayer and 
Haywood 2006). Such variation suggest that an accurate picture of source-sink 
dynamics in trees requires detailed seasonal measurements of phenology in major 
organs (leaves, branches, roots and stems) and their corresponding mobile carbon 
compound concentrations. When such sampling intensity is unfeasible, the deci-
sion on when and what to sample becomes important. If access to stored carbon 
pools to meet instantaneous carbon demands is not an issue, once seasonal growth 
is completed, the residual mobile carbon compound concentration should reflect 
the end balance (deficit, surplus, or no change; see above). In this case, if we are 
interested in evaluating whether carbon supply becomes increasingly limiting for 
growth as trees increase in size, sampling tissues that significantly contribute to 
total stored carbon pools at the end of the active growing season is best. Further, 
because the concentrations of mobile C-reserves in plants are the net-outcome of 
multiple active (e.g. reserve formation and use) and passive (e.g. accumulation of 
overabundant photoassimilates) processes, patterns of change in NSC concentration 
with size are very sensitive to timing and phenology and need to be interpreted with 
caution. For instance, in deciduous and evergreen temperate tree species, transient, 
fast changes of C-reserve concentration have been shown to occur just prior and 
after bud break (Barbaroux and Bréda 2002; Hoch et al. 2003; Schädel et al. 2009). 
Therefore, comparative studies on changes of NSC concentrations in response to 
factors other than phenology need to rule out potential confounding effects due to 
phenology. Otherwise, even slight temporal phenology shifts (such as the time of 
leaf flushing from saplings to mature trees; Mediavilla and Escudero 2009), could 
induce differences in mobile C reserve concentrations which are unrelated to the 
integrated net C-balance.

In deciduous species, roots and main stems generally contain the largest fraction 
of the total pool of stored carbon (Kozlowski and Keller 1966; Barbaroux et al. 
2003). In contrast, needles usually represent the largest C-storage pool in conifers 
(Hoch et al. 2002; Li et al. 2002), although roots and stems also contribute signifi-
cantly. However, the strong and rapid fluctuations of NSC concentrations in needles 
of conifers over short-time scales, particularly around bud break (see above) may 
complicate the interpretation of age-related changes in the concentration of stored 
carbon pools. Despite the fact that trunks and main stems may constitute a very 
large fraction of the total stored carbon pools due to their large biomass, in most 
trees NSC concentrations in trunks and main stems are lower relative to branches, 
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fine roots and foliage, and tend to exhibit the lowest seasonal variation (Hoch et al. 
2003). This suggests that trunks and main stems are less dynamic storage organs, 
whose NSC concentration reflects longer term carbon source-sink balance. This and 
the fact that they represent a significant fraction of the total stored C pool, makes 
them good candidates to evaluate tree size effects on carbon source-sink dynamics. 
A complication when using stems, however, is that concentration of mobile carbon 
compounds often varies from the outer to the inner sapwood, and accessibility to 
these different compartments may vary. Therefore, the specific sapwood fraction 
sampled is also an important consideration for the interpretation of results, particu-
larly in species with large amounts of sapwood. While in many species NSC con-
centration is highest in the outer sapwood and decreases with distance from the bark 
(Barbaroux and Bréda 2002; Hoch et al. 2003), in other species the reverse is true 
(Newell et al. 2002; Pruyn et al. 2005). In pines, lipid concentrations have also been 
show to increase from the outer to the inner sapwood (Saranpää and Nyberg 1987). 
In species with large amounts of sapwood, larger trees may have much more 
sapwood than smaller trees. In this case, if the concentration of NSC is greatest in the 
outer sapwood and declines appreciably as a function of distance from the bark, 
then the larger amount of sapwood in larger trees may cause a dilution effect leading 
to an apparent decrease of NSC with tree size. Yet results from the outer sapwood 
may not show any change or may even show an increase with tree size. Because of 
this, it may be best to standardize analysis to specific radial portions of the sapwood 
(i.e. a specific number of tree rings from the cambium) where accessibility is highest 
(e.g. next to the cambium), particularly in species with strong radial changes in 
sapwood NSC or lipid concentration and with large sapwood.

7  Conclusions

The two classical hypotheses to explain size/age- related declines of growth rates in 
trees and stands predicted that carbon availability for growth becomes increasingly 
limiting as trees increase in size (due either to progressive increases in carbon sinks 
other than growth or to decreases carbon sources, respectively). Although the validity 
of these hypotheses is now questioned and new alternative explanations have been 
proposed, actual data on size-dependent changes of stored mobile carbon in mature 
trees as indicators of carbon balance between source and sink activities is surpri-
singly limited. This has contributed to a common default assumption that carbon 
availability limits tree growth in large, old trees. This assumption conflicts with 
increasing evidence that mature trees under current atmospheric CO

2
 concentrations 

have substantial amounts of stored carbon and are not carbon limited. To date, con-
vincing evidence showing a decrease of the relative carbon supply with increasing 
tree size exists only for small saplings of shade-intolerant species in deeply shaded 
environments. In contrast, and assuming that concentration of stored carbon com-
pounds at the end of the season reflects the end balance between carbon demand for 
earlier growth and carbon supply by photosynthesis, available data to date for four 
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different evergreen temperate conifers (Pinus ponderosa, P. albicaulis, Pseudotsuga 
menziesii and Sequoia sempervirens) and two broadleaved trees (Fagus sylvatica 
and Quercus petraea) suggest that the relative carbon supply in trees does not become 
increasingly limited as they grow larger. On the contrary, in some cases, the data indi-
cate an increasing oversupply of carbon with increasing size. Clearly, much research 
is still needed to understand how tree size, environment, stress, and species-specific 
life history and ecology influence the balance between instantaneous carbon demand 
and carbon supply, the allocation to storage, and the accessibility of storage pools.

In spite of many uncertainties, research to date points to the need to question the 
historically carbon-centric mechanisms proposed to explain age-related growth 
declines in trees and forests. Future research should focus on whether and when 
alternative growth limiting factors (e.g. turgor, long distance transport of assimilates, 
nutrients) may contribute to growth limitations in tall trees.
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Abstract During the past decade, several detailed models of plant vascular transport 
systems (i.e. xylem and phloem) have been presented in the literature, and many of 
them are currently capable of accurately modelling the hydraulic characteristics of 
trees, including tall trees. This marks a departure from earlier modelling exercises 
in plant water relations, when models were intended primarily to promote an 
understanding of the biophysical and physiological mechanisms of transport, but 
whose performance was comparatively poor when they were required to predict 
the behaviour of organisms spanning the logarithmic ranges from small seedlings 
to gigantic old trees. In addition, many of these modelling efforts have assumed, 
more or less explicitly, that a principle of optimality operates in the design of the 
transport systems, i.e. they have assumed criteria by which various aspects of the 
transport system should be optimised. Moreover, these models are characterised by 
very different approaches, structures and objectives, and differ significantly with 
regard to several other important characteristics. Because models formally organ-
ise our knowledge, we review them here, in the hope of highlighting the theoretical 
progress achieved so far and the challenges remaining in our understanding of the 
vascular transport systems of trees.
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1  Introduction

Plants in general, and trees in particular, undergo tremendous transformations in size 
during growth and development. The biomass of a mature tree can be ten or more 
orders of magnitude larger than that of a small seedling and plant hydraulic systems 
must similarly be designed in such a way that their performance is not impaired by 
these tremendous increases in size (Mencuccini 2003). How this is achieved without 
incurring significant costs and limitations in their physiological performance is still 
far from clear, but the literature of the last 10 years, including modelling attempts, 
has paid much more attention to these issues than earlier literature. Hence, some 
reflections can be made. In much of this modelling literature, the main insights into 
how plant transport systems are designed (especially in the case of large organisms 
such as trees) have been obtained using ideas that owe much to the use of a principle 
of optimality, i.e. the principle that the design of a transport system must satisfy some 
pre-defined criterion of optimal performance, which translates into a maximization 
or a minimization function. We will look at these in detail later on.

While much of this theoretical and modelling literature has focussed on the 
upward transport of water from roots to leaves via the xylem of plants, significant 
progress has also been made in the understanding of downward solute plus water 
transport via plant phloem. Plants are integrated units, with sub-systems that must 
be closely co-ordinated in order for the organism to work well, hence examining 
one sub-system in isolation without proper consideration for the interactions with 
other sub-systems is unlikely to be very productive in the long run (e.g. Zimmermann 
and Brown 1971; Holbrook and Zwieniecki 2005). We will therefore summarise 
theoretical and modelling literature that contains valuable information on both 
xylem and phloem transport sub-systems.

Because of the large quantity of resources necessary to construct water and sol-
ute transport systems in large organisms, these findings have central importance in 
the understanding of the whole-plant physiology of tall trees. A tight co-ordination 
between plant assimilation, carbohydrate allocation (including storage) and respira-
tion must be invoked to explain the enormous evolutionary and ecological success 
of trees in colonising and retaining dominance in large swaths of the terrestrial bio-
sphere. In other words, our capacity to predict the ‘ecosystem physiology’ of forests 
over long time periods seems limited without a careful consideration of how short-
term processes such as gas exchange and long-distance transport are coupled to 
long-term processes such as growth and development. Understanding tree transport 
systems has a central role for two reasons, (a) because transport systems of tall 
organisms are expensive to build and maintain, and (b) because their performance 
in delivering resources is inextricably linked to the acquisition of other resources by 
the tree, either in the leaves by photosynthesis, or by the roots in the form of nutri-
ents to be transported to leaves.

An expanding number of studies have been published recently on the physiology 
of tall trees and much of it is reflected in the chapters of this book (e.g. Ishii 2011; 
McDowell et al. 2011; Sala et al. 2011; Steppe et al. 2011; Woodruff and Meinzer 
2011). This literature is precious and absolutely necessary to test the behaviour 
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of models and to suggest further areas in which current models are deficient. Because 
of space limitations, we do not review it unless absolutely necessary, and focus 
instead on the literature directly relevant to the modelling of the physiology of 
tall trees.

We focus initially on presenting the main principles that we will use to summa-
rize the modelling literature concerned with the ‘optimal’ design of transport 
systems of tall trees. We then present examples of such theoretical and modelling 
advances for xylem and phloem transport. Finally, we look at the frontiers of this 
research and point out what remains to be done and what can be achieved in the near 
future.

2  Comparative Criteria for the Construction of Transport 
Models of Tall Trees

There is a very large literature on the use of optimality criteria in ecology. It is not 
our intention to review it here, not even briefly. We will only highlight those prin-
ciples which we believe are important for the construction of models of transport 
systems for tall trees and which have already been discussed in different contexts in 
the ecological literature on optimality.

The modular construction of their bodies allows plants, and particularly trees, to 
increase their sizes over several orders of magnitude (Ishii 2011; King 2011). 
Correspondingly, plant functions must scale accordingly (i.e. isometrically or allo-
metrically). For example, Mencuccini (2003) reviewed the literature on plant 
hydraulics and reported that the published data on hydraulic conductance, G

h
 

(amount of water moved from soil to leaf per unit of time and per unit of drop in 
water potential, i.e. mmol H

2
O s−1 MPa−1), showed a log normal distribution profile, 

with changes in the magnitude of this parameter of five orders of magnitude (from 
around 0.01 to more than 100 mmol H

2
O s−1 MPa−1). The reason for this strongly 

right-skewed frequency distribution was due to the logarithmic (and equally varying) 
distribution of leaf areas and biomasses across plants.

Does this general increase in size, and specifically the need to build long-distance 
transport systems, result in other physiological or ecological trade-offs? Is there a 
specific challenge that tall trees have to face, compared to other ‘minor’ organisms 
within the plant kingdom? Or does increased size provide unexpected benefits and 
possibilities for compensations?

Increased stature results in a number of different processes, i.e. increased costs 
of construction of a long transport system, an accentuated impact of the hydrostatic 
effects of gravity, plus the hydrodynamic effects due to water movement in con-
duits. In addition, the modular construction itself leads to expanding crowns for 
much of the life cycle of trees, with the consequent need to transport ever greater 
amounts of water and solutes. On the other hand, a bulky structure may provide 
substantial benefits in terms of accumulated water (Scholz et al. 2011), sugar and 
nutrient storage capabilities and the possibility of a more effective exploration of 
above- and below-ground biological spaces.
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There probably exist challenges for plants (and especially trees) both in the sense 
of constructing systems that can work under very different biophysical regimes as 
well as in the sense that the use and allocation of carbohydrates produced by photo-
synthesis is crucial to their present and future performance. While many of these 
challenges are not unique to the plant kingdom (large animals such as elephants in 
terrestrial environments or whales in marine ones are likely to face analogous con-
struction challenges), the unique feature of trees (and plants in general) is in the 
direct link between the efficacy in the distribution of resources by the transport sys-
tems (e.g. water from root tips to canopy leaves) and the capacity of other organs of 
acquiring and processing food e.g. poorly designed xylem would affect stomatal 
opening and carbon uptake). Similar examples can be derived with regard to the 
feedbacks between photosynthesis and root functioning. This an important topic to 
which we will return later.

In part as a consequence of what was said above, there also exist challenges to 
scientists in understanding the functionality of these transport systems. Typically, 
plant physiologists and ecologists have focussed on developing models that explain 
the ‘working’ of a particular system, i.e. the mechanisms necessary for that system 
to work properly. In the modern literature, starting from Dixon and Joly (1895) for 
xylem transport and Münch (1927) for phloem transport, physiological investiga-
tions have long focussed on understanding the biophysical and physiological mech-
anisms by which transport occurred, with models being constructed to summarise 
this sort of knowledge. Comparatively scant attention was paid to how these prin-
ciples applied when faced with the challenge of modelling transport systems of 
large organisms.

However, it quickly becomes obvious that, once one starts to employ these mod-
els in the context of understanding and predicting performance of both small and 
tall plants, very little insight is provided by them. Most of the time, one has to resort 
to empirical parameter calibration to adjust model performance across these vast 
ranges of allometric scaling. It is then apparent that, in order for physiological 
models to be applicable across scales of logarithmic magnitudes, different princi-
ples must be incorporated, in addition to the known physiological mechanisms. 
We refer to models that incorporate these scaling (or allometric) principles as 
scalable. A scalable model is one in which attention is paid to the allometry of the 
system, in an empirical or a semi-mechanistic fashion, by incorporating components 
which scale with size, thereby ensuring that the system behaves logically across 
logarithmic scales. The level of detail of these representations in a scalable model 
can vary, from simple representations of the overall biomass cost of plant transport 
systems, to those in which allometric scaling is represented at the anatomical level. 
We will see a few examples later on.

In addition to scalability, theoretical models differ in the way they represent plant 
efficiency in constructing transport systems. Strictly speaking, efficiency can be 
defined as the ratio of energy exiting a system (seen as a black box) divided by 
energy required, as an input, to make that system work. If the two forms of inputs 
and outputs can be put on the same units, then efficiency is unitless and varies 
between 0 and 1. Hence a car engine has an energy conversion efficiency typically 
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of 10% to over 40%, wind turbines of up to 60%, solar panels of around 50% and 
plant photosynthesis of up to 6%. Expressing efficiency on common units allows 
broad comparability across systems. Unfortunately, this practice is rare in the plant 
physiological literature, and particularly so in the design of plant transport systems. 
In some cases, the efficiency of a transport system is defined as the ratio of the water 
transportable per unit of time and water potential difference divided by the amount of 
photosynthate required to construct it (or more rarely, to construct and maintain it). 
This is still acceptable because it provides a measure of costs of the inputs (carbon 
required to construct and maintain the system) against which to assess the gains 
obtained by the system’s outputs (water transported and expended in transpiration 
during photosynthesis). In many other cases, however, the concept of efficiency is 
used in a looser sense, to indicate the efficacy of a system in transporting water 
(e.g. as judged by the values of plant hydraulic conductances). While the difference 
is largely semantic, we will use it here to differentiate between models that expli-
citly calculate transport costs and those that do not.

In the first case (when costs and gains are compared), it is relatively easy to 
define a criterion for the construction of an optimal conducting system. As a conse-
quence, optimal models exist that maximise transport efficiency per se (e.g. maxi-
mise hydraulic conductance gains given fixed construction costs). However, in the 
second case this is more difficult, because there does not exist an upper bound to 
how efficacious a transport system can be and, by definition, larger values of hydrau-
lic conductance are always preferable. Hence for this class of models, criteria for 
optimal performance cannot be based on the maximisation of transport efficacy per 
se, but must be based on arguments of functional balance, e.g. the maximization of 
the carbon return by leaves given the hydraulic gains of the conducting system rela-
tive to other limiting factors or the efficacy of transport relative to its loss of safety 
because of, e.g. embolism.

A third criterion that we propose relates to the choice of the optimality crite-
rion itself. How should a transport system for tall trees be designed? Should it 
maximise the total conductance per se, the organ-level efficiency of the resources 
used in the construction of such system, the total growth of the organism, the total 
net carbon gain (gross photosynthesis minus construction and maintenance costs) 
or the tree-level efficiency of resource use (e.g. the amount of carbon obtained 
by leaf photosynthesis divided by the amount required for organ construction, 
i.e. leaves with their associated cohorts of conducting pipes)? The answer given is 
frequently that the best optimality criterion is the one that relates more closely to 
evolutionary fitness, in the sense of promoting the long term survival of the 
species. In this sense, it may be difficult to decide which criterion is actually the 
‘best’, because several of them are likely to be applicable under different circum-
stances. Practice shows that, in fact, optimality models incorporate a range of 
different criteria.

A fourth criterion by which modelling principles for plant transport systems 
can be assessed is, as alluded to before, the level of physiological detail which 
they incorporate. Some transport models have been developed primarily to allow 
scaling physiological processes against logarithmic axes of plant size, whereas 
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their level of anatomical detail is limited. The cost of construction of a transport 
system may be assessed in terms of the total biomass invested in the organ 
(branch, stem, roots) carrying out the transport function (typically upward xylem 
water transport), without a detailed consideration of the other functions per-
formed by that organ (e.g. mechanical support, carbohydrate storage, etc.). 
Hence, by definition, the costs of the transport system are overestimated and the 
corresponding efficiency under-estimated. Other models have instead incorpo-
rated the concept of efficiency by focussing on the actual carbon costs involved 
in constructing the individual units involved in water and solute transport, i.e., 
the conduits, in an attempt to separate hydraulic transport costs from other costs. 
There is an expanding empirical literature on the allometric scaling of various 
characteristics of individual conduits which is useful for this purpose (e.g. 
Wheeler et al. 2005; Sperry et al. 2006; Pittermann et al. 2006a, b). Because of 
the complexities involved in scaling up the results obtained at the anatomical 
level to the whole tree using this approach, empirical data on allometric scaling 
at the level of a whole plant are particularly important tests of the performance 
of these models.

Linked to the issue of the level of physiological detail embedded in the model, is 
our fifth and last criterion of the scope of the model and of its transferability for the 
prediction at larger scales. Models that attempt to represent many or all of the pro-
cesses involved in plant transport systems are more likely to be employed to predict 
processes at larger spatial and temporal scales; on the other hand, they are also 
likely to provide more synthetic descriptions of the details of each process. Vice 
versa, more mechanistic models (which are constructed to describe only one or a 
few processes in great detail) frequently pay the price of being unusable for the 
description of processes at larger spatial and temporal scales because they cannot be 
easily ‘contextualised’.

In the next section, we will review the plant transport models that have been 
employed in recent years to study the role of tree size on tree performance. Hence, 
our main focus will be on models centred at the organismal level while we will not 
attempt to review other models operating clearly at lower (conduit) or larger (eco-
system) scales. We will use these five criteria (i.e. (a) presence/absence of model 
scalability, (b) use of efficiency versus efficacy principles, (c) choice of the opti-
mality criterion if one was present, (d) level of physiological detail and (e) trans-
ferability to other scales) to highlight similarities and differences among them and 
to explore how their differences have led to the advancement of our knowledge in 
the understanding of the physiology of tall trees. It is not our intention to rank 
these models according to our own preference of what constitutes the ‘best’ 
model. Our intention is rather to use them as examples of logical summaries of 
our knowledge to illustrate what we have learnt on the significance of transport 
systems in tall trees.

In dealing with the transport models appearing in the literature, we will refer to 
Table 12.1 (for the xylem) and Table 12.2 (for the phloem), which summarise the 
main features of each model relative to the five criteria previously introduced.
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3  Comparative Criteria for Models of Xylem Water Transport 
in Tall Trees: Empirical Evidence and Optimality Modelling

3.1  Pipe Model Theory

Since its inception, the pipe model theory (PMT) has been very successful at attract-
ing the attention of foresters, ecologists and modellers for its intellectual simplicity, 
which allows understanding and modelling some important aspects of carbon allo-
cation in plants. Hence, it is an obligate, albeit old, starting point. In its original 
formulation (Shinozaki et al. 1964a, b), the PMT assumed that, because of the need 
to support leaves both mechanically and hydraulically, simple linear relationships 
were to be expected between amount of leaf mass (or, by extension, area) on a plant 
and its branch, stem or root cross-sectional area (or, by extension, functional sap-
wood area), either within a single tree from top to bottom, or across trees of differ-
ent sizes (Table 12.1). In some sense, it is the equivalent of the formulation of 
Corner’s rule for individual leaves, which states that a constant ratio exists between 
petiole size and leaf area. The PMT has been used innumerable times as the theo-
retical justification for the derivation of empirical relationships between tree leaf 
area and stem cross-sectional or sapwood areas.

The original model was not scalable, in the sense that it did not account for size-
related effects on the functional ratios between leaf mass and stem cross-sectional 
areas. In the original publication, Shinozaki et al. (1964a) noted that tapering at the 
bottom of trees caused systematic departures from the predicted linear relationship 
between stem cross-sectional area and leaf mass and attributed these departures to 
the accumulation of disused pipes after the lower branches had been shed. It is now 
well known that, for a range of other reasons including biomechanical effects, 
hydraulic compensation effects and sapwood ageing (Lachenbruch et al. 2011), 
large trees can frequently maintain larger values of both cross-sectional area and 
sapwood area per unit of leaf area (e.g. McDowell et al. 2002) than smaller trees 
(although the opposite pattern has also been reported). It is also obvious that, other 
things being equal, both construction and maintenance costs must increase more 
than proportionally with stem cross-sectional area because of the associated increase 
in height (King 2011). Mäkelä (1986, 1989) have subsequently proposed versions 
of the pipe model which scale more realistically with tree size, as construction and 
maintenance costs of longer pipes are explicitly accounted for. The concepts embed-
ded in this class of models have proved to be far more useful than those of the origi-
nal theory and have frequently been employed in whole forest carbon balance 
models (e.g. Mäkelä and Hari 1986).

Because the original PMT was primarily concerned with the functional balance 
between leaves and conducting stems, and without consideration for the actual costs 
involved, it was essentially based on a criterion of efficacy. In addition, without any 
additional constraints, the PMT was not an optimality model as such, but rather a 
proposal to interpret and understand the frequently observed linear relationships 
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between leaf mass and stem cross-sectional areas. The level of physiological detail 
employed to represent the transport system was limited. Note however that the PMT 
did not make any assumption about size or shapes of individual pipes, which are 
better understood as strands of wood rather than individual conduits. Subsequent 
studies (e.g. West et al. 1997, 1999; McCulloh et al. 2003), however, have inter-
preted it as indicating that each pipe represented unbranched, untapered conduits. In 
any case, modelling of factors such as the vertical changes in stem hydraulic con-
ductance, or of the age-related changes in anatomical properties, is not possible 
with the PMT. The biggest limitation of this theory was probably also its main 
strength: because hydraulic and bio-mechanical functions were jointly considered 
(albeit very empirically), its heuristic value was limited, but its practical application 
was both straightforward and robust within the size range for which the relation-
ships were constructed.

Roderick and Berry (2001) published an extension of the PMT that linked the 
hydraulic properties of a set of parallel rigid pipes to a macroscopic variable, wood 
density. This linkage allowed the authors to make predictions of the expected direc-
tion of change of the hydraulic properties with the change in important environmen-
tal variables (water temperature, nitrogen availability, air CO

2
 concentration) and to 

test these predictions against the observations of changes in wood density reported 
in the wood technology literature. By and large, the model predicted the qualitative 
direction of change in hydraulic properties correctly.

3.2  Hydrall

As the name suggests, Hydrall was designed to increase our understanding of the 
allocational constraints imposed on assimilation by the construction and mainte-
nance of the xylem transport system (i.e. roots and stems) (Magnani et al. 2002). 
The model was designed from the beginning to scale with tree size, albeit not allo-
metrically (Table 12.1). Also, because construction and maintenance costs were 
accounted for, a tree’s carbon budget could be calculated. In Hydrall the transport 
costs were equated with the total biomass costs for a particular organ, without con-
sideration for the various components within that organ. Hydrall was based on an 
explicit optimization criterion, i.e. maximising stand level assimilation while keep-
ing leaf water potential just below the threshold for xylem embolism. Because of its 
flexibility and the incorporation of additional processes (mainly plant photosynthe-
sis), it has been employed for the description and analysis of additional processes, 
namely the description of C allocation during growth, the age-related patterns of 
stand net primary productivity and the response of forest C accumulation to a range 
of environmental variables (Magnani et al. 2000, 2002). More recently, its central 
principle of allocational constraints based on plant water relations has been incor-
porated in a regional model of carbon fluxes across Europe (Zaehle et al. 2006). 
Similar hydraulic concepts have been incorporated into a wider model recently 
developed by Buckley and Roberts (2005).
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3.3  WBE

The WBE model (sometimes, referred to as FBN, fractal branching network, cf. 
Weitz et al. 2006) has attracted enormous attention since its initial presentation in 
1997. Its main strengths have been in providing a new language, that of power law 
relationships applied to the quasi-fractal representation of plants, to the old problem 
of description of plant form and function. It did so by formalising the description of 
plant form via a clever system of ratios which were assumed to scale constantly 
across the hierarchical order of segments inside the plant (e.g. the ratios of branch 
diameter and length, and conduit diameter of the mother branches against those of 
the daughter branches). This allowed considerable simplification in the calculation 
of their scaling as plant size increased. Volume filling by the branching network and 
scaling between diameters and lengths to maintain elastic similarity were employed 
to constrain two of these three allometric ratios. The third one, the allometric 
scaling of conduit diameter as a function of distance from the apex (called conduit 
tapering) was constrained empirically (West et al. 1997, 1999; Mäkelä and Valentine 
2006) using the relationship between conduit diameter and number of segments 
from the apex and assuming complete independence of transport resistance from 
length, which resulted in universal scaling relationships. However, both higher and 
lower rates of tapering are observed than the conduit tapering function in the model, 
especially close to the apex and at the bottom of tree trunks, respectively (Mencuccini 
et al. 2007), and independence of resistance from length can only very approxi-
mately be achieved, even theoretically. Note that the use of the term ‘tapering’ is 
slightly confusing here, because in WBE the petiole conduit size acts as the fixed 
reference conduit size. Hence, high rates of tapering effectively indicate high rates of 
basipetal enlargement, rather than high rates of apical narrowing. Also, individual 
conduits do not normally taper, therefore the proposed tapering represents the 
diameter change occurring from one conduit to the next.

Although by definition, the WBE model scales with plant size (because it was 
designed to do precisely that), its success in doing so has been hotly debated, with 
questions raised about the comparability of inter-specific with intra-specific and espe-
cially ontogenetic analyses (e.g. Mencuccini 2002). Conduit tapering obviously helps 
to reduce the height-related increase in hydraulic resistance and several authors have 
reported rates of tapering consistent with the predictions from WBE (e.g. Mencuccini 
2002; Anfodillo et al. 2006; Weitz et al. 2006; Mencuccini et al. 2007; Petit et al. 
2008). However, notable exceptions have also been reported. For example, far from 
continually increasing their conduit size, tall gymnosperm and angiosperm trees fre-
quently appear to keep size constant or even reduce the size in their trunks (Mencuccini 
et al. 2007; Petit et al. 2010), probably in order to minimise costs. Similarly, depar-
tures from model predictions have been reported in very small plants (Sack et al. 
2002), in scaling nitrogen content and plant respiration across a range of sizes within 
a species (Reich et al. 2006), in scaling leaf hydraulic conductance (Coomes et al. 
2008), in scaling tree size–density distributions (Coomes et al. 2003) and in scaling 
net primary productivity and water use with forest age (Magnani 1999).
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The WBE model is based on an efficacy concept, since carbon costs specific to 
the transport systems are not quantified. In addition, WBE is not really an optimality 
model, since larger tapering exponents will always result in lower values of the total 
resistance of each pipe (albeit with lower returns and with larger cross-sections 
required to fit the conduits; cf. Mäkelä and Valentine 2006).

The fundamental contribution of the WBE model compared to earlier descrip-
tions of plant water transport systems (e.g. the PMT) has been the introduction of 
conduit tapering. That conduits tapered had been known for a long time, but WBE 
were the first to realise that this process had important consequences that had not 
been explored. By assuming that a tapered pipe resulted in a transport system whose 
hydraulic resistance was independent of length (such that a small seedlings could be 
considered equivalent to a tall tree in terms of its transport capacities and photosyn-
thetic performance per unit of leaf area), they were able to extend their model to a 
vast range of other processes and situations, up to ecosystem-scale analyses of gas 
fluxes and ecosystem metabolism. Finally, the authors of the WBE model claimed 
that their model could easily be extended to describe phloem transport in plants but 
so far, this extension has not been carried out.

Becker et al. (2003) examined the implications of including inter-conduit resis-
tances in the WBE model. They examined three possible scenarios, depending on 
how pit resistance was assumed to scale with lumen resistance and found that the 
effect on the derived WBE exponents depended on the particular assumption made. 
If the pit resistance was assumed to represent a constant fraction of lumen resistance 
or if tracheid dimensions were scaled to minimize wood resistivity, then the derived 
exponents would be identical to the ones obtained by WBE. If instead, the propor-
tion of resistance in pits increased with increasing conduit diameter, the derived 
exponents doubled in magnitude approximating those obtained by Murray’s law 
(see later section). It is unclear on what bases should the choice be made given that 
each alternative has its own merit. Despite this empirical nature, this paper is impor-
tant because it shows that theoretical scaling exponents cannot be obtained without 
a complete description of the hydraulic structure, which should incorporate pits.

3.4  Murray’s Law

Murray (1926) examined the scaling of conduit diameters in animal arteries. He 
derived a cubic relationship between blood flow and vessel diameters at different 
positions along the vascular network, thereby explaining why diameters rapidly 
decrease from the central aorta to the peripheral arterioles. He also explained this 
relationship by showing that the cubic exponent resulted from the maximisation of 
the conductance of a branched system containing a fixed amount of blood (or, in his 
words, minimizing the total work carried out by the act of blood flowing creating 
friction and the energy invested in blood).

McCulloh et al. (2003) proposed that a similar relationship holds for plant xylem. 
They reasoned that water, compared to blood, was cheap but that, conversely, substantial 
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costs were involved in building the walls to reinforce them against the potential 
threat of implosion caused by the tension present in plant xylem. They proved that 
under such circumstances an identical cubic scaling would result and they also 
showed that conduit furcation (i.e. the ratio of number of conduits between distal 
and proximal ranks) would increase hydraulic conductance. They also presented 
data confirming that, in peripheral leaflets and leaves of four species, the stems of 
two vines and in the initial stages of branch ramification of one species of tree 
(Fraxinus), conduit numbers did decrease from distal to basal positions (suggesting 
that the conduits were furcating, thereby violating the assumptions of WBE, 
although not necessarily of PMT), while their conduit diameters scaled following 
the proposed cubic relationship. Conversely, no furcation was seen for the stems of 
the diffuse porous Acer and the coniferous Abies (McCulloh et al. 2003, 2004; 
McCulloh and Sperry 2005). Murray’s law as applied to plants by McCulloh et al. 
(2003) does show scalability with regard to conduit diameter. Murray’s law is based 
on efficiency and the optimality criterion is to maximise hydraulic conductance for 
a fixed investment in conduit wall reinforcement. The level of description of the 
transport system is greater than in previous treatments, with a detailed representa-
tion of how conduits taper and of their furcation ratios, but the scope of the theory 
is more limited. Murray’s law says nothing regarding the total number of conduits 
necessary to support a certain leaf area, nor regarding the relationship between 
tapering and distance from the apex. As such, it is not a scalable model. So far, the 
theory has not been applied beyond its original aim to predict other processes.

Strictly speaking, the predictions of Murray’s law only apply to cases in which 
conduits do not carry out a support function. Applying it to lignified organisms 
creates problems. For example, in the absence of conduit furcation, Murray’s law 
predicts that the optimal investment in hydraulic conductance occurs for totally 
untapered conduits. Hence, presence of conduit furcation is crucial to obtain verti-
cal profiles of tapered conduits. Empirical data show that conduits generally do not 
furcate below the initial few bud scars in self-supporting trees, particularly diffuse 
porous and conifers (McCulloh et al. 2004; Petit et al. 2008). However, there is 
ample evidence that conduits continue to change their diameters all the way down 
the trunk and into the roots (sometimes with inverted taper; cf. Mencuccini et al. 
2007). Consequently, this tapering cannot be explained by Murray’s law.

3.5  Net C Gain Model

Mencuccini et al. (2007) presented a scaling model of plant xylem water transport 
which contained elements taken from many of the previous modelling approaches. 
The plant was represented following the quasi-fractal system of WBE, ensuring 
scalability, and the costs of conduit construction were estimated using the theory of 
conduit wall reinforcement outlined in McCulloh et al. (2003), which means that 
hydraulic efficiency was determined. However, Mencuccini et al. (2007) diverged in 
the choice of the optimality criterion. Rather than use the efficiency in the use of 
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resources for the construction of the xylem system, this model used the combination 
of a constant leaf water potential plus the maximisation of the net C gains of the 
whole-plant, i.e. it linked the costs of xylem water transport with the gains obtained 
by photosynthesis in a manner resembling the approach of Hydrall. The rationale 
for choosing this optimisation criterion is that it would be adaptive for a plant to 
construct an inefficient transport system (with respect to the maximum set by 
Murray’s law), provided that it resulted in proportionally more carbohydrates being 
photosynthesised or in proportionally lower transport costs. This differs from the 
analysis based on Murray’s law, which predicts instead what the maximum hydrau-
lic conductance will be for a fixed, not a variable, amount of resources spent on 
conduit walls. It is likely that the net carbon gains change considerably during 
ontogeny, since the xylem is cheap to construct when a plant is small and becomes 
increasingly costly as a plant grows in size, in which case resource conservation 
may became a predominant consideration relative to resource use efficiency. This 
approach provides an explanation for inverse tapering at the base of (especially 
coniferous) trees, an otherwise puzzling phenomenon. The published version of the 
model maximised net C gains (gross photosynthesis minus xylem construction 
costs) but essentially identical results in terms of the predictive patterns were 
obtained by employing alternative formulations for the costs and gains (e.g. incor-
porating xylem maintenance costs in addition to construction costs or incorporating 
a mesophyll conductance term in series with stomatal conductance), or by using 
alternative definitions of the optimality criterion to be maximised (i.e. by employing 
the ratio of total C gained by photosynthesis divided by the total C costs of the 
xylem transport system). The level of physiological detail of the model was rela-
tively high compared to some of the other examples previously examined, with 
conduit tapering, conduit number and conduit furcation all considered (albeit the 
published version of the model was more restricted). Relative to Hydrall, the 
Mencuccini et al. (2007) model incorporated a more mechanistic calculation of 
costs, which are here based on the construction of conduit walls (whose thickness 
depends on conduit diameter) and not on the total biomass invested in wood. Plant 
photosynthesis was represented and made dependent on environmental variables. 
The high level of physiological detail resulted in a loss of simplicity of the model, 
which did not provide analytical solutions to the problem of optimal tapering, but 
required parameterization using site-specific and species-specific parameters.

4  Comparative Criteria for Models of Phloem Water 
Transport: Empirical Evidence and Optimality Modelling

Our knowledge of the scaling principles to be applied to the design of phloem trans-
port systems for tall trees is considerably less advanced than the knowledge for the 
xylem. Thompson and Holbrook (2003a, b, 2004) have repeatedly attracted attention 
to the fundamental importance played by phloem anatomical parameters in affecting 
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sugar and water transport properties in the phloem, and to the need to develop a 
sounder knowledge base of their variation within and across individuals and species, 
and yet these fundamental details of tree anatomy remain poorly known.

The paucity of data on tree phloem anatomy (particularly with regard to tall 
trees) is all the more important when one considers the importance of phloem trans-
port in the context of the movement of carbohydrates from forest canopies to storage 
compartments, roots and mycorrhiza and the relevance of this movement for the 
carbon cycle. In addition, recent theories that attempt to explain age-related patterns 
in tree growth based on sink limitations (Sala and Hoch 2009; Sala et al. 2011) are 
directly concerned with the transport of sugars away from the crown and the pres-
ence of potentially negative feedbacks between photosynthesis, sink activities and 
efficacy of sugar export. As a consequence of the paucity of empirical information 
on phloem structure and function of tall trees, theories and models that are useful for 
understanding phloem transport systems of tall trees are limited. The most relevant 
ones are reviewed here (Table 12.2).

4.1  Information-Transmission Model

Thompson and Holbrook (2003a, 2003b, 2004) significantly expanded the analytical 
scope of phloem modelling relative to several previous theoretical exercises of phloem 
function (Tyree et al. 1974; Goeschl et al. 1976; Phillips and Dungan 1993). By using 
dimensionless quantities, they greatly simplified the analysis of phloem transport in 
several important respects (Thompson and Holbrook 2004). In the context of this 
review, perhaps the most important innovation was the analysis of information trans-
mission along phloem axes. Thompson (2006) pointed out that, the smaller the turgor 
pressure differential between opposite ends of the phloem translocation pathway, the 
better the whole-plant integrative control of phloem transport, particularly in tall trees, 
where the turgor pressure drop would otherwise rapidly build up over long distances. 
With more-or-less uniform turgor along the axis, information on changes in water or 
sugar status would be transmitted rapidly from one end of the plant to the other, and 
the behaviour of the sieve cell–companion cell complex would not need to depend 
greatly on the knowledge of where these cells were located along the pathway. 
Information on changes in source and sink activity and water status could be transmit-
ted via individual molecules moving at the solution bulk flow velocity or in the form 
of pressure and concentration waves (Phillips and Dungan 1993; Thompson and 
Holbrook 2004). Following Phillips and Dungan (1993), Thompson and Holbrook 
(2003b) used dimensionless ratios to show that, given realistic ranges of parameter 
values, tall plants (several metres of height) were likely to behave like ‘reservoirs’ 
rather than a ‘rivers’, i.e. their rates of both phloem transport and information trans-
mission were likely to become sluggish and unresponsive to changes in prevailing 
conditions. In addition, Thompson (2006) showed that of all the factors affecting 
phloem transport, sieve tube length (potentially equal to total plant height) was by far 
the most important, but that data on this dimension are lacking.
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The Thompson and Holbrook (2003a, 2003b) information-transmission model 
was not conceived to be scalable, as changes in sieve tube anatomical properties and 
their number with tree size were not considered, but it was intended as a tool to 
understand transport mechanisms per se. Indeed, when their model was parameter-
ised for giant sequoia trees of height equal to 100 m, pressure-concentration waves 
were predicted to take at least a week to traverse the tree from canopy to roots, rais-
ing questions on how regulation of phloem transport occurs in tall trees. The model 
was based on an efficacy criterion, because construction costs were not calculated 
and, strictly speaking, it was not an optimality model because no equation related 
to the behaviour of the phloem tube was explicitly either maximised or minimised. 
In essence, the authors proposed a ‘workable’ regime of conditions, limited by the 
geometry of the system, under which flow of material and information occurs effi-
caciously and certain critical conditions associated with phloem transport (i.e. cell 
plasmolysis, water potential disequilibrium with the xylem and the occurrence of 
the ‘reservoir’ regime) are avoided. An additional characteristic of this model is that 
it describes in great detail the behaviour of a single conducting tube but it incorpo-
rates no notion of the number of tubes required to sustain a certain level of sugar 
export from a leaf, nor does it consider the possibility that tubes may be tapered, 
branched or contain solute relays. As such, its main application is in process under-
standing, whereas scalability and transferability are limited.

4.2  Minimum Investment Model

The Hölttä et al. (2009b) minimum investment model was designed to be scalable, 
by incorporating principles (such as tube tapering or variable number of phloem 
tubes per leaf) that allowed it to perform realistically across a range of tree sizes, 
although allometric theory was not employed. It also explicitly considered the 
risk that phloem transport under steady-state conditions was limited by excessive 
viscosity caused by high solute concentrations. The model contained an optimiza-
tion function: given fixed photosynthetic and transpiration rates, it calculated the 
minimum number of combined xylem and phloem tubes required to obtain transport 
under steady-state conditions (Hölttä et al. 2006).

The rationale for analysing a coupled xylem / phloem transport system is that the 
structure and flux rates in the xylem control the water potential, which in turn affects 
phloem transport. Interestingly, because xylem water potential affects both xylem 
and phloem transport, the conductance of the two systems must be coupled, such 
that large structural investments in the xylem are predicted to reduce the need for 
investment in the phloem and vice versa.

Because the model incorporated the basic physiological mechanisms needed to 
describe transport as well as the components required to make it scalable, its scope 
was larger than the previous model. However, its transferability and applicability was 
limited by its increased complexity, the lack of a mechanistic description of photosyn-
thesis and the lack of coupling to the final fate of the carbohydrates transported.
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The system was designed to minimise the number of tubes required to achieve 
xylem and phloem transport (rather than optimize information transmission). This 
condition should make the predictions of this model very different from the pre-
dictions from the Thompson and Holbrook model. For example, it should result in 
extremely slow transfer times of pressure-concentration waves for tall plants (i.e. in 
the same order of magnitude as molecule transfer times or even slower), thereby 
negating the existence of a localised system of physiological control, as invoked 
by Thompson and Holbrook (2004). In reality, this delay in transfer times was 
greatly alleviated provided that the assumption was made that phloem conduits 
tapered too. Relatively small linear rates of tapering proved to be sufficient to 
keep the dimensionless ratios within the expected range, while wave propagation 
time and the minimum number of required phloem tubes declined dramatically 
(Hölttä et al. 2009b).

4.3  Speed-of-Link Model

Mencuccini and Hölttä (2010) built on the previous models developed by Hölttä 
et al. (2006, 2009b) to expand the range of processes to which they could be applied. 
As such, the new version did not contain any innovation compared to the previous 
models with regard to how the transport system was optimised. It is reviewed sepa-
rately here to illustrate the importance of incorporating size-related processes to 
make a whole-plant phloem transport model scalable, such that its applicability to 
explain additional processes is enhanced.

The coupled xylem-phloem model of Hölttä et al. (2006) was expanded by link-
ing it to a new routine that modelled root respiration and soil CO

2
 gas diffusion as a 

function of soil temperature, moisture content and the amount of sugars transported 
by phloem and respired by roots. The coupled gas exchange/fluid transport/soil 
diffusion model was then employed to help interpret the observed temporal patterns 
of movement of isotopic tracers introduced in trees by photosynthetic labelling. 
Several studies have shown that, upon application of an isotopic C label over 
plant canopies, a spike in either depleted 13CO

2
 (e.g. Steinmann et al. 2004), enriched 

13CO
2
 (e.g. Johnson et al. 2002; Högberg et al. 2008) or 14CO

2
 (e.g. Howarth et al. 

1994; Mikan et al. 2000) appeared in the soil respiratory flux after a delay of about 
1–5 days, suggesting a close coupling between photosynthesis and soil/ecosystem 
respiration. Similar conclusions were obtained by several other authors (e.g. Ekblad 
et al. 2005; Gärdenäs 2000) using simultaneous measurements of photosynthetic 
and respiratory fluxes, but without employing isotopic tracers, although in this 
second case, the corresponding respiratory spikes tended to occur much earlier and 
more closely in time to the changes in photosynthesis.

Mencuccini and Hölttä (2010) tested the hypothesis that the ‘speed-of-link’ 
between canopy photosynthesis and soil respiration depended on whether the speed 
estimates were obtained by using the isotopically-based approach or the flux-based 
approach (cf., Mencuccini and Hölttä 2010). Fifty-four independent estimates of 
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Ecosystem speed of link and implied phloem changes
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Fig. 12.1 Summary of the empirical and modelling results obtained by Mencuccini and Hölttä 
(2010) related to the effective transport velocities of isotopically labelled sugars in the pathway 
from canopy leaves to the soil surface (i.e. via phloem transport, root respiration and soil gaseous 
diffusion). The dotted surface represents the range of calculated transport velocities and the con-
tinuous black line the calculated mean velocity (in m/day, left axis), based on the observed times 
of appearance of the isotopic spikes out of the soil as gaseous CO

2
 after the time of labelling of 

canopy photosynthesis, for a range of organisms ranging from small herbaceous plants to tall trees. 
The dashed and the dotted lines represent the inferred changes in phloem specific conductivity 
(m2, inner right-hand side axis) and in phloem turgor pressure gradient (MPa, outer right-hand side 
axis), respectively, that must have taken place in the phloem transport systems of these organisms 
to account for the observed velocities. Sugar storage in the system and gaseous diffusion in the soil 
were also accounted for in the model but did not explain the observed size-related pattern

‘speed-of-link’ were available across a range of plant heights ranging from 0.1 to 
around 40 m, i.e. over three orders of magnitude (Fig. 12.1).

For the isotopically-based measurements, one would predict that the length of 
the phloem transport system would exert significant constraints on the speed of the 
transfer of the isotopically labelled molecules from the canopy, through the phloem 
and roots and out of the soil as gaseous CO

2
, and particularly so in tall trees. 

However, the extent by which this constraint would operate is open to question. 
Without any specific size-related adjustments in phloem properties, the constraint 
imposed by the increase in height over three orders of magnitude is likely to be 
extremely large, as shown by the results reported by Thompson and Holbrook 
(2003b) for the model parameterised for giant sequoia trees.

The data did indeed show that the time delay between 1 and 5 days mentioned 
above was largely the result of differences in plant size (longer times in tall trees 
compared to herbaceous plants and tree seedlings). However, the measurements 
also showed an increase in the apparent velocity of the isotopic signal as a function 
of plant size (Fig. 12.1): the time required for the isotopic tracer to emerge from the 
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soil surface when applied to 40-m tall trees was longer by only a few days compared 
to the time observed for much smaller plants (Fig. 12.1). Two models (the combined 
photosynthesis/phloem transport/gas diffusion model just mentioned and a simpli-
fied version based on average properties) were then employed to understand the 
nature of the mechanism(s) that could explain these observations. The authors found 
that they could only be explained by assuming that the phloem transport system 
operated differently depending on plant size, i.e. by assuming that both the turgor 
drop along the phloem pathway and the phloem specific conductivity increased as a 
function of plant size (Fig. 12.1, dotted and dashed curves and right axes). An alter-
native explanation could involve the presence of solute relays. If one assumes that 
individual sieve tubes are shorter than the length of the whole pathway and are con-
nected in series with the solutes metabolically transferred from one sieve tube to the 
next (as hypothesized by Lang 1979), then a similar relationship would be found. 
Size-related changes in sugar storage within the plant or in soil gas/water transport 
properties could not explain the observations. Hence, the strong suggestion from 
these ecosystem-level observations was that significant size-related adjustments had 
taken place in the phloem transport system of tall trees and that size-related proper-
ties must be incorporated in phloem transport models to increase their applicability 
across a range of plant sizes, i.e. to make them scalable.

5  Empirical Evidence for Size- or Age-Related Phloem Sieve 
Cell Tapering

Do phloem tubes taper in a manner similar to what is seen in the xylem? The (lim-
ited) empirical evidence has never been systematically summarised and put into 
context. Because of the importance of this process, such a review is provided here, 
together with additional unpublished data (Table 12.3).

It appears that the large majority of the studies support the hypothesis that phloem 
sieve cells taper basipetally, similarly to what is found in the xylem, but a few 
exceptions are present (Table 12.3). Connor and Lanner (1990) studied xylem and 
phloem anatomy of Great Basin bristlecone pines (Pinus longaeva D. K. Bailey) of 
various ages in California and Utah. They found no age-related trend in phloem 
characteristics, i.e. annual increments and number of sieve cells produced per year 
along a radial file, but sieve cell diameters were not measured. For this report, it is 
unclear at which stem height the measurements refer to and, in addition, those trees 
were likely to have had fairly similar heights and maturational processes were likely 
to have ended, given the range of ages employed (site means ranging from 751 to 
1,863 years). Quilhó et al. (2000) also found no evidence of vertical sieve tube 
tapering in 15-year-old Eucalyptus globulus Labill. trees sampled at six height lev-
els (from 5% to 75% of tree height), possibly because, as in the xylem, much of the 
tapering may occur near the apex and a plateau is then rapidly reached. A report for 
a conifer species (Picea abies (L.) Karst., in Rosner et al. 2001) showed evidence of 
an inverse pattern of reductions in sieve cell diameters at the bottom of the stem 
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compared to the base and the inside of the crown. The report by Enns et al. (2006) 
on 21-days-old Zea mays seedlings is interesting because it showed clear evidence 
of furcation in sieve tube cells: their number drastically declined towards the root 
tips of unbranched primary roots. The decrease in sieve cell diameters in small leaf 
veins compared to major leaf veins (Lush 1976) is qualitatively similar to the vessel 
tapering normally found in tree leaves (Coomes et al. 2008).

Ewers and Fisher (1991) were probably the first to suggest that the concept of the 
trade-off between safety and efficiency could also be applied to phloem transport. 
They collected anatomical data along branches of different individuals of species of 
the genus Bauhinia (some of which were lianas, some shrubs and some trees). They 
showed clear increases in both xylem and phloem cross-sectional areas and in both 
vessel and sieve tube diameters with increases in the amount of leaf area distal to the 
stem segment. Visual inspection of their graphs shows that vertical sieve cell taper-
ing was similar to vessel tapering in shrubs and trees, whereas phloem cell tapering 
was slower than vessel tapering in vines. As far as we know, this is the only study 
that simultaneously compared xylem and phloem anatomical properties along 
an axial gradient and put them in relation to the leaf area distal to those segments 
(cf., Gartner 2002 for a similar dataset comparing leaf-sapwood area ratios with 
leaf-inner bark area ratios along the stem of Douglas fir (Pseudotsuga menziesii 
(Mirbel) Franco), trees).

Because of the paucity of data on these trends, we recently collected a similar 
dataset, using the four chronosequences of Pinus sylvestris (at Guisachan and 
Selm Muir), Acer pseudoplatanus and Fraxinus excelsior described in 
Mencuccini et al. (2005), Martinez-Vilalta et al. (2007a, b) and Hamid and 
Mencuccini (2009), all from Scotland (UK). Xylem and phloem anatomical 
parameters were measured on cross-sections taken at breast height from trees of 
age varying between 3 and 250 (Figs. 12.2 and 12.3). Our results confirm the 
trends reported by Ewers and Fisher (1991) for the genus Bauhinia. A highly 
significant correlation was found between xylem sapwood area and functional 
phloem area (as estimated in regions of the cross-section where uncrushed 
phloem could be measured), with a relationship that was broadly similar across 
the three species studied at the four sites. The overall power-law scaling with a 
slope of b = 0.78 suggested a more rapid accumulation of functional tissue in 
the xylem than in the phloem in large plants and the individual slopes for the 
four cases were all below 1.00 (Fig. 12.2a). Changes in density and diameter of 
phloem sieve cells during ontogeny also broadly matched the corresponding 
changes in xylem conduit density and diameters (Fig. 12.2b, c).

Because functional areas of both xylem and phloem tissue increased during 
ontogeny, there were negative relationships in the ratios of leaf area-sapwood area 
and leaf area-functional phloem area, although for the pine such reductions were 
surprisingly very small. Because functional xylem tissue accumulates faster than 
functional phloem tissue (Fig. 12.3), the slopes observed for the leaf-functional 
phloem area ratios are less steep than those for the leaf area-sapwood area ratios for 
the angiosperms.
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6  Critique: What Have We Learned with Regard to Modelling 
the Physiology of Long-Distance Vascular Transport in Trees?

Significant progress has taken place in understanding how to model the vascular  
transport systems of trees, particularly tall ones. For the xylem the original pipe 
model has now been replaced by a more detailed representation of a network of 
tapered and furcating conduits. These two fundamental properties, tapering and 
furcation, allow models to address the question of xylem transport in tall organ-
isms and have provided some initial answers. Similar conduit tapering (and 
possibly furcation) appears to occur in the phloem as well, and the implications 
of the introduction of hypothetical solute relays for sugar transport have also 
begun to be explored.

It has also become apparent that an examination of the size-related changes in 
the hydraulic conductance of tall trees needs to consider construction and mainte-
nance costs, again both for the xylem and for the phloem. It had been hypothesised 
for some time that such costs would be ecologically relevant (e.g. Magnani et al. 
2000), but their significance has only become apparent when a much more detailed 
approach was adopted, i.e. when the wall reinforcement costs of individual conduits 
were considered, as opposed to generic biomass costs per unit of hydraulic conduc-
tance. A challenge here is in separating the conduit wall costs associated directly 
with hydraulic reinforcement versus those linked to mechanical reinforcement of 
the structure. The advancement of our knowledge of the allometric scaling of ana-
tomical properties (conduit and pit diameter and length) should contribute to this 
objective.

Perhaps more strikingly, the last 10 years have seen the explicit introduction of 
optimality modelling of plant hydraulic architecture for both xylem and phloem trans-
port systems. Optimality models have proved useful and have contributed to explaining 
otherwise puzzling phenomena. Most of these optimality models operate at the scale 
of entire organisms or above (Magnani et al. 2000); perhaps a challenge now is to 
employ their predictive power at the scale of individual conduits, to make sense of the 
emerging allometric datasets at the anatomical scale (e.g. Lancashire and Ennos 2002; 
Sperry and Hacke 2004; Hacke and Sperr Pittermann 2004).

Concomitantly to these advancements, new questions have arisen as a result of 
the application of a specific optimality criterion. Specifically for the phloem, how 
can rapid information transmission be obtained while the construction costs are also 
kept at relatively low levels? How can xylem and phloem properties be simultane-
ously coordinated with leaf-level transpiration and photosynthetic rates?

Collectively these modelling exercises have increased our understanding of the 
significance of the structural adjustments that allow tall trees to maintain levels of 
physiological activity identical or similar to the ones of small trees. In turn, by forc-
ing us to examine and incorporate size-dependent properties into xylem and phloem 
transport models, these models have also achieved scalability, i.e. they can now be 
applied successfully on both small and large trees.



33312 Comparative Criteria for Models of the Vascular Transport Systems of Tall Trees

7  Optimal Transport Systems: Future Frontiers

It is remarkable that the models reviewed above give reasonably realistic answers to 
the questions of the optimal behaviour of tree vascular-transport systems, when 
many important properties are either not represented or represented only in a very 
crude fashion. For example, the predicted tapering that minimised the dependency 
of hydraulic resistance on path length in the WBE model depended crucially on the 
assumption of how pit resistance scaled with conduit lumen resistance (Becker et al. 
2003). Similarly, none of the current models incorporate information on conduit 
packing or on conduit spatial arrangement, and only very crudely on conduit length, 
three components which are also likely to be important, because of their impact on 
the connectivity of the system (cf. Loepfe et al. 2007; Mencuccini et al. 2010). 
Without a mechanistic description of pit resistance, none of the existing optimality 
models can provide a picture of the expected profile of plant water potentials. 
The significance of this deficiency is that the trade-off between system efficiency 
(or efficacy) and safety from embolism cannot presently be incorporated in any of 
these optimality models.

It is interesting to note that much of the recent literature on the topic of tall 
trees has focussed on the description of the anatomical and physiological features 
occurring along the branches (e.g. Burgess et al. 2006; Ishii et al. 2008; Domec 
et al. 2008), in leaves (e.g. Koch et al. 2004; Woodruff et al. 2004, 2007, 2008) or in 
trunks (Domec et al. 2008) at various heights in a tree or at the top of trees of various 
heights, without linking these parameters to the rate of tapering occurring within 
individual axes. These two strands of investigation (one dealing with the effects of 
gravity, the other with the minimization of the hydraulic resistance caused by longi-
tudinal growth, i.e. in other words, the effects of height versus those of length) 
should be reconciled and brought together.

Secondly, while progress has been made in avoiding empirical descriptions of 
the carbon costs of hydraulic conductance, it is still not clear how these costs should 
be represented mechanistically at the anatomical level. For example, it is very dif-
ficult to separate the costs due to the hydraulic versus the mechanical support func-
tion carried out by conduit walls. An optimality model that incorporated both 
hydraulic and mechanical properties at the anatomical level would probably be a 
significant step forward.

Thirdly, similar uncertainties remain with regard to how to incorporate hydraulic 
capacitance into optimality models, because we still do not understand to what 
extent the use of capacitance water by trees results from the emptying of embolized 
conduits (i.e. a trade-off with conductance, Hölttä et al. 2009a) or from processes 
independent from embolism (e.g. Meinzer et al. 2003, 2006; Scholz et al. 2007). 
Incidentally, if water capacitance resulted largely from the use of stored water in the 
inner bark, this would likely impact the transport properties of the phloem in ways 
currently not predicted by the existing models. The significance of our inability to 
model the optimal xylem structure that simultaneously maximises both hydraulic 
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transport and storage is that, among other things, we cannot account for the fact that 
significant increases in xylem hydraulic resistances are both generally found in tall 
trees and theoretically predicted to occur (Mencuccini 2003; Mencuccini et al. 2007; 
Sperry et al. 2008), while major limitations to their photosynthesis and growth are 
generally not found (e.g. Ryan et al. 2006; Sillett et al. 2010). Many recent papers 
have highlighted the importance of capacitance in regulating the scaling of impor-
tant physiological properties (e.g. Sperry et al. 2008).

Finally, the persisting lack of suitable empirical methods to estimate phloem physi-
ological properties (water and solute fluxes, turgor pressure, hydraulic conductivity) 
still slows our progress in understanding the significance of phloem physiology at the 
whole plant level and slows our progress in obtaining a clearer picture of the integra-
tion and the interactions occurring between these two conducting systems.

8  Conclusions

Models of the transport systems of trees have progressed enormously in the past 10 
years. We identified and used five criteria to compare models with a common set of 
terminology. Many of these models have paid attention to the peculiarities of trans-
port in tall trees and the need to incorporate properties that allow their deployment 
across a range of plant sizes. In practice, this has involved the identification of prop-
erties that show size-dependent adjustment or, in other words, properties allowing 
the model to perform realistically for both large and small trees. A wide range of 
approaches have been employed to define these properties. Similarly, the criteria by 
which to assess the optimality of a particular function are also very varied, reflecting 
the particular questions posed by the researchers. In addition to the xylem, such 
models have also been applied to understand phloem behaviour and many similari-
ties in the scaling of the two systems are apparent. The future development of mod-
els will continue to help direct empirical research that has the potential to advance 
our understanding of long-distance transport substantially.
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Abstract Components of the tree water transport pathway; roots, trunks, branches 
and leaves; can also serve as water storage compartments and therefore act  
transiently as intermediate sources of water for transpiring leaves. However, most 
previous work has focused on gradual depletion and recharge of tree internal water 
reserves as soil water availability varies over seasonal cycles. This chapter focuses 
on the underappreciated role that internal water storage plays in stabilizing the 
physiological function of trees under the dynamic conditions that prevail over the 
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course of a day. Capacitive discharge of water into the transpiration stream can 
buffer daily fluctuations in xylem tension, thereby diminishing the risk of xylem 
embolism and hydraulic failure under dynamic conditions. Intrinsic sapwood capaci-
t ance and reliance on stored water increase with tree size. An inverse relationship 
between sapwood capacitance and resistance to embolism across diverse woody 
species suggests that above a minimum threshold value of capacitance, the tree 
survives by using capacitance to provide hydraulic safety by buffering fluctuations 
in tension, rather by relying on xylem structural features that directly reduce vulner-
ability to embolism. Progress in understanding the physiological role of capacitance 
in trees is impeded by non-uniformity in the way capacitance is measured and 
expressed, preventing much of the available information from being synthesized.  
To remedy this, standard protocols are described for defining and expressing capaci-
tance and water storage capacity.

1  Introduction

Characterizing water flow along the soil–plant–atmosphere continuum with soil 
water as the sole source and the atmosphere as the sole sink with the plant’s xylem 
linking the two is an oversimplification. It has been shown that components of the 
plant water transport pathway – roots, trunks, branches and leaves – can also serve 
as water storage compartments and therefore act transiently as intermediate sources 
of water for transpiring leaves (Waring and Running 1978; Waring et al. 1979; 
Goldstein et al. 1984; Holbrook and Sinclair 1992; Stratton et al. 2000; Meinzer 
et al. 2001). However, most previous work has focused on gradual depletion and 
recharge of plant internal water reserves as soil water availability varies over seasonal 
cycles. In this chapter we focus on the underappreciated role that internal water 
storage plays in stabilizing the physiological function of trees under the dynamic 
conditions that prevail over the course of a day.

True steady-state rates of water transport rarely, if ever, occur because both the 
properties of the water transport pathway and the environmental variables that drive 
transpiration change dynamically throughout the day (Hunt et al. 1991; Čermák and 
Nadezhdina 2011; Ewers et al. 2011). If instantaneous water fluxes through different 
plant compartments are not equal, then according to continuity laws a network of 
transient water sources and sinks must exist. These elements are capable of buffering 
transpiration-induced fluctuations in xylem tension that could result in embolism 
and hydraulic dysfunction. The transient buffering action of internal water reser-
voirs has been incorporated into models of whole-plant water transport that employ 
electric circuit analogues (Ohm’s law) to specify a series of hydraulic capacitances 
and variable hydraulic resistances (e.g. Cowan 1972; Edwards et al. 1986; Tyree 
1988; Williams et al. 1996; Phillips et al. 1997; Perämäki et al. 2001; Zweifel and 
Häsler 2001; Pettijohn et al. 2009). In terms of an electric circuit analogy, capacitive 
discharge of water into the transpiration stream in response to transpiration-induced 
increases in xylem tension should serve to dampen the rate and magnitude of 
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fluctuations in xylem tension, thereby diminishing the risk of embolism and hydraulic 
failure under dynamic conditions.

“The rhythm of trees” (Zweifel 1999) is an apt term for capturing the role 
that capacitance plays in plant water transport dynamics, conferring elasticity or 
“buffering effects” on a system that otherwise would be highly inelastic and 
consequently susceptible to hydraulic failure. Steady-state treatments of water flow 
may or may not be appropriate for studies at a daily or longer time step, depending 
on the degree to which diurnal non-steady state behavior affects net daily fluxes of 
water or carbon (Phillips et al. 2003a), but non-steady state treatments must be used 
when the determination of diurnal dynamics of tree water uptake, xylem water flux, 
leaf water potential, and canopy transpiration are required. For example, isotopic 
methods for partitioning ecosystem transpiration from evaporation have found it 
necessary to account for diurnal non-steady state leaf and xylem water transport 
(e.g. Lai et al. 2006; Barnard et al. 2007).

Despite an increasing amount of information on plant water storage and its role in 
maintaining the integrity of the soil-to-leaf hydraulic continuum, it is difficult to com-
pare results among studies and across species because of inconsistent use of termi-
nology and associated units. For example, it is necessary to distinguish between the 
terms water storage capacity (WSC) and hydraulic capacitance (C), which, although 
related, have very different meanings but are sometimes used interchangeably. Water 
storage capacity (kg) is an extensive property and consequently is a function of the 
integrated volume of all the water storage compartments within a plant (Tyree and 
Yang 1990; Hunt et al. 1991; Tyree and Zimmermann 2002), whereas C reflects 
intrinsic differences in the biophysical properties of the storage tissues and their 
potential ability to release water to the xylem in response to variations in water status 
of different plant organs. C is generally defined as the ratio of change in tissue water 
volume to change in its water potential (C = DW/DY, kg MPa−1). Defined in this man-
ner, it is clear that C as well as WSC will depend on plant size even though C is an 
intrinsic property of each type of storage tissue. Thus, for comparisons of intrinsic 
differences in C among species and individuals of different sizes, C should be norma-
lized on a tissue volume basis, yielding intrinsic C in terms of the mass of water 
released per tissue volume and per change in water potential (kg m−3 MPa−1, Meinzer 
et al. 2003; Scholz et al. 2007). Alternatively, relative water content-based capaci-
tance (RWC MPa−1) has been used to compare intrinsic C within and among species 
(Domec and Gartner 2001, 2002; Domec et al. 2005; Pratt et al. 2007). This measure 
shows the water content relative to the maximum that could be stored in a tissue, and 
its rate of change with changing Y. Although C varies in relation to tissue Y, it is typi-
cally greatest and nearly constant over the normal physiological operating range of Y 
under non-extreme conditions (Meinzer et al. 2003, 2008b; Scholz et al. 2007).

Although WSC and C are fundamentally different properties, both influence 
whole-tree transport properties and behavior. Tissues or organs with high WSC 
could have high or low C, and the relationship between WSC and C will depend on 
the morpho-anatomical characteristics of the tissues. On the other hand, the total 
amount of available water contained in a tissue (an estimate of WSC) should not be 
confused with the amount of water that is withdrawn and used from that tissue on a 
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daily basis, which will depend on the tissue C, stomatal regulatory behavior and the 
environmental conditions experienced by the plant.

Information obtained using both experimental and theoretical approaches over 
the last few decades has increased our understanding of the functional significance 
of stored water and hydraulic capacitance for maintaining adequate water supply to 
the leaves. Accumulating experimental and theoretical information suggests con-
vergent behavior among different plant life forms in relation to utilization of stored 
water and the potential physiological trade-offs involved. We have gained know-
ledge from direct and indirect methods to estimate tissue and whole plant water 
storage capacity and hydraulic capacitance, as well as from modeling approaches 
representing the hydraulic resistance (R) of different conductive tissues and the 
resistance pathway associated with discharge and recharge of tissue capacitance. 
Data are now available for several species from a variety of ecosystems covering a 
gradient of stem diameter or tree size and age in species with very different archi-
tectures, wood types and densities. In this context we analyze issues such as the 
role of hydraulic capacitance in regulating stomatal behavior and apparent stem 
and leaf hydraulic conductance under dynamic conditions. We also examine 
whether water released via embolism is the primary source of capacitance that buf-
fers fluctuations in xylem tension, or whether this water comes from other storage 
compartments. We discuss how these relationships vary with tree size and wood 
anatomy.

2  Effects of Tree Size on Water Storage Capacity  
and Hydraulic Capacitance

Water flow in trees is subject to frictional resistance that potentially increases with 
path-length as the tree grows taller, hypothesized to ultimately lead to decreasing 
leaf-specific hydraulic conductance, stomatal conductance, photosynthesis and 
potentially further height growth (Ryan and Yoder 1997; Ryan et al. 2006; Woodruff 
and Meinzer 2011). Tall trees often exhibit morphological and physiological adjust-
ments that mitigate hydraulic resistance limitations (Ishii 2011), including increased 
sapwood area to leaf area ratio (McDowell et al. 2002), greater sapwood hydraulic 
conductivity and embolism resistance (Burgess et al. 2006), lower minimum leaf 
water potential (Barnard and Ryan 2003) and increased reliance on stored water 
(Goldstein et al. 1998; Phillips et al. 2003a) and increasing whole-tree capacitance 
(Meinzer et al. 2004). These compensatory mechanisms are neither universal nor 
consistent across species (Ryan et al. 2006). For tropical trees it has been shown that 
total daily use of stored water increases with tree size (Goldstein et al. 1998; Meinzer 
et al. 2004). It is relatively straightforward to conclude that total daily use from 
water storage compartments is directly related to tree size: the bigger the tree the 
greater the volume of stored water used. Nevertheless, it is less intuitive to think 
about the way in which contributions of stored water as a proportion of total daily 
water consumption and hydraulic capacitance depend on tree size.
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The relative contribution of stored water (mainly in stems) to total daily transpira-
tional losses has been estimated in several species and varies widely, ranging from 
10% to 50% among different tree species and ecosystems (e.g. Waring and Running 
1978; Schulze et al. 1985; Tyree and Yang 1990; Holbrook and Sinclair 1992; 
Goldstein et al. 1998; Meinzer et al. 2003; Phillips et al. 2003a; Scholz et al. 2008). 
Total daily withdrawal of water from internal storage increased with trunk diameter 
from 0.34 to 0.98 m among four species of a seasonally dry tropical forest, but its 
relative contribution to the daily water budget remained constant at about 10% 
(Meinzer et al. 2004). The limitation of stored water use to a nearly constant fraction 
of total daily water use was related to a high degree of coordination between leaf 
hydraulic resistance and stomatal resistance. A decline in stomatal conductance from 
its early morning maximum limited transpiration and xylem tension, thereby pre-
venting further discharge from the water reservoirs into the transpiration stream, and 
causing time courses of crown transpiration and basal sap flux to converge. In con-
trast, Scholz et al. (2007) found that the relative contribution of stored water to tran-
spiration in small tropical savanna trees increased from 10% to 31% as stem diameter 
increased from 6 to 14 cm. Similarly, Phillips et al. (2003a) reported that daily reli-
ance on stored water increased from about 7% to 25% in Douglas-fir trees 15–60 m 
tall, from 13% to 23% in white-oak trees 10–25 m tall and from 4% to 20% in pon-
derosa pine trees 12–36 m tall. These findings are mostly consistent (with notable 
exceptions; e.g. McDowell et al. 2002; Phillips et al. 2003b) with a reduced leaf area 
to sapwood volume ratio, which may be an adaptation to the hydraulic constraints 
imposed by increasing tree size that allows greater use of stored water relative to total 
daily water use. For savanna trees the contribution of stored water estimated by two 
independent approaches, (Scholz et al. 2007, 2008) was positively associated with 
apparent soil-to-leaf hydraulic conductance (transpiration/[Y

soil
 − Y

leaf
]), implying 

that apparent hydraulic resistance could be transiently reduced by an increasing 
capacitive effect of stored water on transpirational water flux through the xylem.

Non-universal scaling of the relative contribution of stored water with tree size 
among trees from different ecosystems is probably a consequence of the strong 
dependence of stored water use on environmental conditions and the fact that water 
storage capacity is a non-intrinsic property (see Sect. 1). Even in the same tree, the 
contribution of stored water can change seasonally, being higher during drier periods 
(e.g. Phillips et al. 1997, 2003a; Chapotin et al. 2006; Bucci et al. 2008). Nevertheless, 
absolute daily reliance on stored water apparently increases with tree size in a similar 
manner across diverse species regardless of whether they are angiosperms or conifers 
or whether they are tropical or temperate (Fig. 13.1).

Tall trees experience increased risk of xylem embolism as tension in their water 
column increases with height because of path-length resistance and gravity (Ryan 
and Yoder 1997; Koch et al. 2004; Domec et al. 2008; Mencuccini et al. 2011).  
In addition to xylem structural modifications that can decrease the risk of embolism 
in tall trees (Domec et al. 2008), as discussed above, a higher capacitance could also 
contribute to avoidance of embolism via reliance on transient release of stored water 
to constrain transpiration-induced fluctuations in xylem tension (Meinzer et al. 
2009). Consistent with this, the data for 35 species in Fig. 13.2 imply that larger or 
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taller trees, independent of their total water storage capacity, can exchange a greater 
volume of water over the normal operating range of water potential of their storage 
tissues than smaller or shorter trees or that water in the sapwood of large trees may 
be released to the transpiration stream under less negative water potential than in 
smaller trees (Domec and Gartner 2001). Intrinsic C in Fig. 13.2 varied between 20 
kg m−3 MPa−1 in apple trees (Landsberg et al. 1976) to more than 500 kg m−3 MPa−1 
in Pseudotsuga menziesii (Waring and Running 1978; Meinzer et al. 2006). It seems 
quite remarkable, however, that specific capacitances in angiosperms and conifers span 
a similar range of values despite dramatic differences in their wood anatomy, par-
ticularly in the fraction of wood volume comprised of conduit lumens (Fig. 13.2).

As expected, trees with greater intrinsic C tend to exhibit higher (less negative) 
minimum branch water potential than trees with lower C (Fig. 13.3). The 18 tropical 
forest and savanna species represented in Fig. 13.3 span a height range of 2–38 m. 
Individuals with the greatest C and least negative values of branch Y also tended to 
be the tallest, implying that within limits, increasing C may completely or partially 
compensate for the impact of gravity and path-length resistance on maximum xylem 
tension. It is important to note that to study the relationship between C and daily 
minimum Y, they both must be assessed at the same or similar axial position in the 
plant. Such data in large trees are scarce. Nevertheless, axial trends of declining 
sapwood Y and C with increasing height in 34- to 45-m-tall ponderosa pine and 
Douglas-fir trees suggest that the positive correlation between stem Y and C shown 
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in Fig. 13.3 may prove to be fairly general when values of Y are corrected for 
height-related trends in its gravitational component (Domec and Gartner 2001; 
Domec et al. 2005). The behavior depicted in Fig. 13.3 raises the possibility that two 
distinct mechanisms could be involved in providing adequate hydraulic safety margins 
under the dynamic conditions that prevail over the course of a typical day: (a) xylem 
structural features that enhance resistance to embolism and (b) transient capacitive 
discharge of water that prevents minimum xylem pressure from falling below 
thresholds that would provoke excessive embolism. A survey of several coniferous 
and angiosperm species showed that three types of hydraulic safety margins 
decreased with increasing species-specific daily minimum stem Y and stem C. 
These trends suggest a continuum of relative reliance on release of stored water to 
buffer fluctuations in xylem pressure versus xylem structural features that reduce 
vulnerability to embolism measured as P

50
, the xylem pressure at 50% loss of 

hydraulic conductivity (Meinzer et al. 2009). In this context, data extracted from 
several studies reveal an inverse relationship between RWC-based capacitance and 
P

50
 (Fig. 13.4) and seem to reinforce the notion that above a minimum threshold 

value, the tree survives by using capacitance to provide hydraulic safety by buffering 
fluctuations in tension, rather by relying on xylem structural features that directly 
reduce vulnerability to embolism.
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3  Extending Ohm’s Law Analogy: The Time Constant  
for Water Transport (RC)

Several studies have considered the effect of hydraulic capacitance in driving 
transient responses between rates of change in water flux in tree crowns and trunks 
(Edwards et al. 1986; Hunt and Nobel 1987; Hunt et al. 1991; Landsberg et al. 1976; 
Powell and Thorpe 1977; Running 1980a, b; Phillips et al. 1997, 2008; Goldstein 
et al. 1998; Meinzer et al. 2003; Scholz et al. 2007). Study of the hydrodynamic 
behavior of trees allows for in vivo diagnosis of R and C that complements studies 
on excised tissues, and also allows for investigation of how stomatal dynamics may 
be coordinated with hydraulic dynamics (Whitehead and Teskey 1995; Phillips 
et al. 2004). Transient responses can be predicted using a time constant (t) for water 
transport, which is the time (hours) required for water flow elsewhere in the plant to 
reach 67% of its steady state value following a step change in crown transpiration 
(Phillips et al. 1997). Extending an Ohm’s law analogy to include capacitive elements, 
time constants associated with lags between changes in environmental variables that 
affect transpiration and changes in water flow within the plant can be estimated as 
the product of the hydraulic resistance and hydraulic capacitance (R × C) between 

Capacitance (kg m−3 MPa−1)
0 100 200 300 400 500

Ψ
br

 (
M

P
a)

−1.6

−1.4

−1.2

−1.0

−0.8

−0.6

−0.4

R2 = 0.64

Fig. 13.3 Relationship between sapwood capacitance and minimum branch water potential (Y
br
) 

for 18 tropical forest (closed symbols) and savanna (open symbols) species. Y
br
 was estimated with 

a pressure chamber from balance pressures of covered, non-transpiring leaves. The line is the linear 
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the soil and a reference point within the plant, usually the leaves. As changes  
in tissue hydration cause C and possibly R to vary and possibly co-vary, the whole-tree 
time constant for environmentally-driven changes in water flow may be a dynamic 
rather than fixed parameter characterizing water transport along the soil-to-
atmosphere continuum (Meinzer et al. 2004, 2008b; Scholz et al. 2007). An anal-
ysis of t for trees of different sizes and architectures could provide insights 
concerning how C and R may capture branch or whole-tree hydrodynamic behavior 
as well as how they may mutually adjust and compensate to affect water transport 
dynamics as plants grow larger.

In a 12-year-old Pinus taeda stand (diameter range: 5.3–11.8 cm; height range: 
5.9–7.9 m) Phillips et al. (1997) found that while the time constants did not vary 
significantly within the range of tree sizes studied (t » 0.8h), hydraulic resistance 
and capacitance terms were individually dependent on stem cross-sectional area: 
whole-tree capacitance increased and resistance decreased with stem volume. This 
result may indicate an inverse adjustment of resistance and capacitance to maintain 
a similar time constant over the range of tree sizes studied. Hunt et al. (1991), 
analyzing steady-state and non-steady-state water flow models at various hierarchical 
scales for plants of different biomes suggested that resistances and capacitances 
may be inversely related as plants become larger. They also reported similar time 
constants (t = 1.5–2.3 h) for plants as different as the shrub Encelia farinosa, a 
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lodgepole pine tree and the hardwood tree Malus pumila. Similarly, Meinzer et al. 
(2004) determined for four large tropical forest canopy tree species comprising a 
substantial range of tree size (0.34–0.98 m in diameter), that time constants for 
changes in transpiration and sap flow in response to changing environmental condi-
tions were similar among individuals (~0.53 h), indicating that R and C co-varied 
with tree size in an inverse manner. Results of Perämäki et al. (2005) from a modeling 
approach describing the dynamics of xylem water tensions suggested that the time 
constant was nonlinear with respect to both stem length and sapwood volume for 
modeled trees from 15 to 58 m tall and that at a given stem length, an increase in 
sapwood volume increased the time constant. Their modeling results were in good 
agreement with field measurements at three different heights on a 27-m-tall Scots 
pine (Pinus sylvestris L.) tree.

We analyzed relationships between t and plant height using data for different 
plant forms over a broad range of t (0.08–3.5 h) and height (0.3–56 m) (Landsberg 
et al. 1976; Powell and Thorpe 1977; Running 1980a, b; Nobel and Jordan 1983; 
Edwards et al. 1986; Hunt and Nobel 1987; Loustau et al. 1996; Phillips et al. 1997; 
Meinzer et al. 2004) and found no significant correlation between these variables. 
The scarcity of data on t and the large variation in t in the available data make it 
difficult to identify general rules that could help to predict and understand the role 
of C across a gradient of tree size in different species. This is not surprising because 
R and C can differ substantially among life forms, leading to variation in t that is not 
simply related to plant size (Table 13.1).

4  Direct and Indirect Methods, Experimental and Theoretical 
Approaches for Estimating Tissue and Whole Plant Water 
Storage Capacity and Capacitance

Plant WSC and C may be estimated directly on excised plant material, or can be 
inferred indirectly from their effects, in combination with R, on water flow dyna-
mics within trees. Direct and indirect approaches are complementary because their 
strengths and limitations are relatively non-overlapping. Direct methods are good 
‘differentiators’ of tissue-specific C but are difficult to apply to all important parts 
of trees, whereas indirect (time series analysis) methods, while poor ‘differentiators’, 

Table 13.1 Relative resistances, capacitances, and time constants of different life forms, illustrating 
how similar hydrodynamics (plants with “medium” t) may occur in plants of vastly different size and 
underlying hydraulic properties

R C t Example life form

Small Small Small Phreatophyte (Hultine et al. 2003)
Small Large Medium Seasonally dry tropical tree (Tyree et al. 1991)
Large Small Medium Desert shrub (Hunt and Nobel 1987)
Large Large Large Desert succulent (Hunt and Nobel 1987)
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are good ‘integrators’ of whole tree hydrodynamics and impacts of bulk-scale R and 
C, at least between any two points within a tree that are bounded by time series 
water flow measurements. Moreover, direct and indirect methods provide important 
checks on each other. Direct measurements of R and C are done under steady state 
(R) or dynamic equilibrium (C) conditions, with their product providing a predicted 
t in spite of the fact that no transient measurements were made; conversely, analysis 
of water transport time series, while indirectly revealing effects of R and C, directly 
assess those impacts, under actual non steady state conditions in the field.

Results of studies with sap flow measurements show that plant utilization of 
water stored in their tissues can contribute significantly to overall water loss and 
therefore exert strong hydraulic controls on transport dynamics (Phillips et al. 1997, 
2004; Wullschleger et al. 1998; Meinzer et al. 2001, 2003; James et al. 2003; Scholz 
et al. 2007, 2008; Daley et al. 2008). Use of electronic dendrometers to monitor 
diurnal fluctuations in stem, branch or root radius constitute another important tool 
in C-related studies. Irvine and Grace (1997) showed that the relationship between 
diameter fluctuations and water tension is linear, direct and immediate. In the same 
way, all observed patterns of wood shrinkage and expansion in the study of 
Offenthaler et al. (2001) were consistent with the hypothesis that xylem water tension 
leads to an elastic contraction of xylem conduits. However, measuring diameter 
fluctuations at different heights in a single tree Perämäki et al. (2001) inferred that 
there was no significant water storage due to elastic shrinkage between the evaporating 
needles and the base of the stem of a 37-year-old Scots pine in southern Finland. 
Utilizing electronic dendrometers together with stem psychrometers it was possible 
to determine that stem C contributes to homeostasis in the diurnal and seasonal 
water balance of representative Brazilian savanna trees of different size (Scholz 
et al. 2007). Combined use of sap flow probes (Čermák and Nadezhdina 2011), 
electronic dendrometers and model simulations indicate that stored water plays an 
important role not only during drought periods, but whenever water transport occurs 
within 6-year-old Norway spruce trees (Zweifel et al. 2001). From an analytical 
point of view it is important to point out that whereas capacitance is often consi-
dered to have a constant value, (Tyree et al 1991; Williams et al. 1996) there is an 
increasing body of evidence suggesting nonlinear relationships between C and Y

L
 

or water storage depletion/renewal rates; consequently state-dependent capacitance 
treatments are required to capture the true stored water dynamics (Meinzer et al. 
2003; Scholz et al. 2007; Pettijohn et al. 2009).

5  Sources of Capacitance

5.1  Role of Xylem Embolism

As previously indicated, stored water could play a role in avoiding embolism, or in 
refilling embolized conduits. Alternatively, embolism could contribute to total storage 
capacity for the maintenance of plant water status despite the apparent negative 
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impact of embolism on hydraulic conductivity (Sperry 1995). It is known that water 
storage in plants can occur by three mechanisms: elastic storage, capillary storage 
and release via embolism (Tyree and Yang 1990; Sperry and Pockman 1993. 
Measurements to determine the contribution of each mechanism indicate that capaci-
tance is much higher under tensions at which embolism occurs than under smaller 
tensions associated with elastic deformation. Tyree and Yang (1990) indicated that 
in very dry environments water released by embolism events can represent a sub-
stantial fraction of the total water transpired and therefore be important to the short 
term survival of trees. Lo Gullo and Salleo (1992) also concluded that the amount 
of water withdrawn from cavitated xylem conduits in twigs of Populus deltoides 
was sufficient to dampen diurnal fluctuations in leaf water deficit when stress was 
moderate. Stem water content varies seasonally in trees (e.g. Waring and Running 
1978; Scholz et al. 2007) and, at least in conifers, this change is associated with 
embolized conduits (Holtta et al. 2009). In addition, the results of Zwieniecki and 
Holbrook (1998) and Bucci et al. (2003) suggest that a substantial fraction of the 
functional xylem conduits is dynamically emptied and refilled throughout the day. 
Ambrose et al. (2009) also suggested that the water released from embolism in 
Sequoia sempervirens and S. giganteum could be substantial considering the large 
size of the trees. However, Meinzer et al. (2008b) estimated that in several tropical 
tree species water released via embolism of vessels accounted for only about 15% 
of total daily reliance on C. The remaining 85% of daily capacitive discharge was 
apparently derived from parenchyma, fibers and intercellular spaces. Consistent 
with this, an analysis of the time at which stored water enters the transpiration 
stream and the time at which the highest loss of xylem specific conductivity is 
reached in two Brazilian savanna species (Bucci et al. 2003; Scholz et al. 2008) 
revealed that most of the daily withdrawal from storage occurred before substantial 
embolism occurred (Fig. 13.5). Although the greatest use of water from internal 
reservoirs occurred between 830 and 930 h for Schefflera macrocarpa and between 
900 and 1,200 h for Caryocar brasiliense, maximal embolism-induced loss of 
xylem conductivity occurred at 1,100 and 1,300 h, respectively. More recently, a 
dynamic model simulation revealed that water released via embolism could play  
a significant buffering role in xylem water relations (Holtta et al. 2009). This positive 
buffering effect increased in importance when the ratio of the total amount of water 
in xylem conduits to transpiration rate increased, when the ratio between the volume 
of water freed to whole plant hydraulic conductance loss increased, when embolism 
occurred closer to leaves, or if the associated loss of hydraulic conductance can be 
repaired over a short time interval. Holtta et al. (2009) also suggested that the impor-
tance of embolism as a source of capacitance could be greater in conifers which 
have a lower proportion of living cells in their xylem than angiosperms. The capa-
citive release of water via embolism does not necessarily imply a tradeoff involving 
reduced total water transport efficiency. For example in the conifer Douglas-fir 
Domec and Gartner (2002) found that within a growth ring, earlywood had a lower 
water storage capacity than latewood and was much less vulnerable to embolism at 
water potentials experienced in the field under normal conditions. It was hypothe-
sized that for the natural range of water potential experienced in plants, earlywood 
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would best serve the tree by conducting water efficiently and safely and latewood by 
providing an important amount of stored water because the specific conductivity of 
earlywood was about an order of magnitude greater than that of latewood (Domec 
and Gartner 2002). On the other hand, in diffuse-porous angiosperms the capacitive 
effect of the high proportion of the living axial and ray parenchyma in relation to 
total xylem volume could substitute for embolism-induced water release.

5.2  Water Stored in Leaves and Roots

Leaves can also act as a water storage compartment. Water can be stored in the 
epidermis, mesophyll, specialized cells or in extracellular mucilage (Morse 1990; 
Sack et al. 2003). Leaf capacitance expressed as the water released per change in 
leaf water potential per leaf area (C

leaf
) can vary between 150 and 1,600 mmol m−2 

MPa−1 across temperate and tropical species (e.g. Tyree et al. 1991; Machado and 
Tyree 1994; Hao et al. 2008; Johnson et al. 2009, S.J. Bucci et al. 2011). Brodribb 
et al. (2005) compared tropical angiosperms and fern species from Costa Rica with 
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temperate angiosperms and conifers from Chile and found that conifers exhibit 
substantial leaf capacitance with leaves able to function for long periods without a 
hydraulic connection to the plant. Hao et al. (2008) compared the leaf capacitance 
in congeneric species of savannas and forests and found that the former have higher 
C

leaf
 and were better buffered from rapid changes in leaf water potentials compared 

to forest species. The contribution of leaf water storage to total daily transpiration is 
in general lower than that of stem water storage. For example for two tropical spe-
cies Ochroma pyramydale and Pseudobombax septenatum, stem water storage con-
tributed 20% to the daily transpiration while leaf water storage contributed less than 
1% (Machado and Tyree 1994). Similarly, diurnal use of water stored in stems and 
leaves in Thuja occidentalis was 16% and 5.5%, respectively, of the daily transpira-
tion (Tyree et al. 1991). For succulent species like Agave deserti, leaf water storage 
can contribute as much as 50% to the total flow during maximum transpiration 
(Smith et al. 1987).

Although the water stored in leaves generally accounts for only a small fraction of 
daily transpiration, it may play an important role in buffering changes in leaf water 
potential associated with transpiration-induced water movement along the continuum 
of resistances from roots to leaves (Sack and Tyree 2005). C

leaf
 is positively correlated 

with leaf hydraulic conductance (K
leaf

) in temperate and tropical tree species (Sack 
et al. 2003; Brodribb et al. 2005; Sack and Tyree 2005; Hao et al. 2008; Domec et al. 
2009), thereby affecting the dependence between K

leaf
 and stomatal conductance 

(Brodribb et al. 2005). In addition to the buffering effect on daily fluctuations in leaf 
water potential, C

leaf
 may help to replace losses from cuticular transpiration when 

stomata are closed (Lamont and Lamont 2000). C
leaf

 could play an increasingly impor-
tant role in buffering fluctuations in leaf water potential as path-length resistances and 
the magnitude of the gravitational component of water potential increase with tree 
height. However, no vertical trends in C

leaf
 were detected over a range of 40 m in a 

study of height-related trends in leaf hydraulic architecture and stomatal control in 
Pseudotsuga menziesii (Woodruff et al. 2007). Similarly, no vertical trend in C

leaf
 was 

found across four major plant life forms ranging across more than an order of magni-
tude in size (Hunt et al. 1991). Yet within leaf tissue, as in whole plants as described 
earlier, variation in leaf hydraulic resistance (R

leaf
) and C

leaf
 among life forms were 

inversely correlated to produce relatively uniform t
leaf

 (Coefficient of Variation 19%, 
125% and 68%, respectively, Hunt et al. 1991). For the open grown plants studied in 
Hunt et al. (1991), this result may indicate that leaves of plants of similar exposure but 
different size need similar time to react to changing environmental conditions and not 
simply different quantities of stored water in leaves.

Roots not only constitute the pathway for water entry into the plant, but also can 
act as intermediate water sources replacing early morning transpirational water loss 
from leaves and stems. Root capacitance generally is ignored in studies because it 
is usually assumed to be small relative to that of the stems and leaves. However, for 
four dominant woody species of a Neotropical savanna in Brazil, root capacitance 
varied between 47 and 171 kg m−3 MPa−1 (Domec et al. 2006) while stem capaci-
tance varied between 67 and 107 kg m−3 MPa−1 (Scholz et al. 2007). In these savannas, 
tree roots show daily fluctuations in their cross-sectional area similar to those 
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observed in branches and stems, suggesting daily discharge and refilling of root 
water storage tissues (Scholz et al. 2008). Root capacitance in savanna trees increases 
with rooting depth. For example, Kielmeyera coriaceae, a species with lateral roots 
extending to a depth of 30 cm has higher root capacitance (171 kg m−3 MPa−1) than 
Blepharocalyx salicifolius (47 kg m−3 MPa−1) with lateral roots at 5 cm soil depth. 
But when soil-to-root water potential gradients are taken into account, the daily 
water release per volume of root xylem is similar between species (7 kg m−3). High 
root capacitance in plants with deep roots may play a role in minimizing temporal 
imbalances between water supply and demand resulting in a lower percentage of 
root conductivity loss when the soil is dry than when soil is relatively wet (Domec 
et al. 2006). Although high root capacitance appears to have a cost associated with 
high vulnerability to embolism, root embolism in Brazilian savanna species is 
reversible on a daily basis (Domec et al. 2006). Studies are needed to learn whether 
root capacitance has any functional link to tree size or if the immediate rhizosphere 
environment is the main determinant of root capacitance.

5.3  Other Potential Water Storage Compartments

In vascular tissues of woody plants water can be stored in different living compart-
ments in addition to the xylem conduits and extracellular spaces. Sapwood contains 
xylem parenchyma and ray cells among other cell types that can function in water 
storage and exhibit high capacitance (Holbrook 1995; Meinzer et al. 2003, 2006; 
Scholz et al. 2007). Additionally, some plants develop conspicuous fleshy tissues 
external to the sapwood that can also be used as water storage compartments. For 
example, stems of several Brazilian savanna woody species have outer parenchyma 
layers that can constitute more than 30% of the stem cross-sectional area (Scholz 
et al. 2007). Despite the relatively large cross sectional area of these tissues and 
although their RWC varied up to 12% diurnally, their contribution to total stem 
capacitance was relatively low. The role of water stored in these tissues may be 
more related to other functions such as protection from frequent fires than to water 
transport dynamics. Similarly, Sevanto et al. (2002) found no evidence that the bark 
of Scots pine functioned as a water storage compartment. On the other hand, water 
stored in the bark of Picea abies trees contributed directly to total transpiration and 
the relative contribution was independent of the age of the trees studied (Zweifel 
1999; Zweifel et al. 2000; Zweifel and Häsler 2001).

Parenchymatous cortical and pith tissues can also be effective as water reser-
voirs. For example, the well-developed inner and outer parenchyma tissues of 
Fouquieria columnaris, a tree species endemic to arid and semi-arid regions of 
Mexico, can supply the transpiring leaves and stems with sufficient water for several 
weeks during long dry seasons (Franco-Viscaino et al. 1990; Nielsen et al. 1990). 
Caulescent giant rosette species of the genus Espeletia growing in tropical 
alpine environments have voluminous succulent pith consisting of parenchyma 
cells located in the centre of their woody stem. Release of stored water from the 
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pith into the transpiration stream mitigates leaf water deficits in the early morning 
when soil water is frozen and root water uptake is impaired by low temperatures 
(Goldstein et al. 1984).

6  Final Remarks and Open Questions

A number of persistent difficulties need to be overcome in order to gain a more 
complete understanding of the role of water storage capacity and C in maintaining 
the integrity of the plant water transport system and specifically in buffering daily 
fluctuations in xylem pressure in intact plants. These include the general scarcity of 
data on hydraulic capacitance, a lack of relevant data for several types of ecosys-
tems, and fewer studies on temperate trees compared with tropical trees. Additionally, 
with the exception of studies of Domec and Gartner (2002, 2003), information on 
C, R, and wood density for a single tree over time or even for trees of the same species 
at different heights and/or depths in the sapwood is lacking. Moreover, as empha-
sized earlier, sap flow techniques constitute a potentially valuable methodology for 
studies of C and utilization of stored water. Despite the fact that sap flow dynamics 
at different depths in the xylem are often recorded, this information has rarely been 
used to characterize corresponding radial variation in withdrawal and recharge of 
water stored in the sapwood (e.g. Domec and Gartner 2002, 2005; James et al. 2003; 
Phillips et al. 2003a; Ford et al. 2004) As a result, we could be losing information 
on spatially-differentiated water use within xylem and how it varies during soil drying 
cycles. Thus there is need for more information not only on total sapwood area and 
corresponding fluxes in an integrated way but also an understanding of whether all 
sapwood area is similarly functional in its capacity or contribution of stored water 
to the dynamics of water movement.

Progress in understanding the physiological role of C in trees is also impeded by 
non-uniformity in the way C is measured and expressed, preventing much of the 
available information from being synthesized. This becomes especially crucial 
when trying to analyze available information in a tree size context. To this end, we 
suggest using whenever possible the intrinsic hydraulic capacitance, C normalized 
by tissue volume as defined here, and WSC as defined by Waring et al. (1979). As 
simple as this recommended standardization is, if adopted widely, it should lead 
rapidly to amassing a large body of comparable and integrative data which could 
allow the identification of general rules for water storage and capacitance in a tree 
size context.

As indicated in the introduction, our main intent was to raise awareness of capaci-
tance as an underappreciated property of the water transport system that can have a 
large impact on daily water transport dynamics, especially in relation to avoidance 
of hydraulic failure in intact trees. The traditional emphasis on studies of hydraulic 
architecture carried out on small plant segments subjected to steady or quasi-steady 
state conditions may have led to over-interpretation of their implications for intact 
plants (Meinzer et al. 2010). Determination of hydraulic traits such as P

50
 and specific 
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conductivity of a terminal branch segment is certainly useful but provides only a 
partial understanding of hydraulic architecture. Non-steady state approaches must 
be employed to capture or predict the dynamics of water flow through diurnal varia-
tions of water uptake and leaf water potential. There is a need to link information 
from more traditional studies of hydraulic architecture with new information on 
capacitance and water transport dynamics at different points along the root-to-leaf 
hydraulic continuum in order to understand how trees solve the problem of main-
taining long-distance water transport under dynamic conditions and what sorts of 
adjustments occur to overcome challenges related to increasing size and complexity 
of the vascular system in large trees.
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Abstract Xylem pressure at the tops of trees decreases with increasing tree height 
as a result of gravitational force and friction associated with water movement 
through the xylem. Unless altered by osmotic adjustment, the turgor of cells in the 
apical and vascular meristems will decline proportionally with xylem pressure. 
In the tallest coniferous species on earth osmotic adjustment is insufficient to com-
pensate for the negative impact of vertical gradients of xylem pressure on turgor of 
developing and mature tissue. This chapter synthesizes the research addressing 
turgor-related constraints on growth at the cellular, tissue, and whole tree levels. 
We examine the role of turgor in plant growth and foliar and stem structural and 
functional characteristics as they are influenced by height-related trends in turgor. 
We also evaluate height-related trends in turgor as a cause of observed patterns of 
tree height and tree biomass growth with an emphasis on how reductions in turgor 
can influence sink/source relationships for photosynthate in tall trees. Height-related 
reductions in cell turgor generate a cascade of direct and indirect effects on shoot 
extension and expansion. The multiple consequences of turgor-limited growth may 
act in a synergistic manner to further constrain shoot extension as trees approach 
species- and site-specific height limits. Turgor-limited tissue expansion has perma-
nent anatomical and morphological consequences that govern height-dependent 
changes in an array of growth-related physiological processes. These include the 
impact of reduced xylem conduit dimensions on efficiency of water supply to grow-
ing tissues at the terminal portions of the water transport pathway, reduced growth 
efficiency associated with increased leaf mass per area, and increased resistance to 
CO

2
 diffusion through the mesophyll to the sites of carboxylation.
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1  Introduction

A substantial reduction in aboveground wood production following canopy closure 
in forest stands is a well documented phenomenon (Turner and Long 1975; Ryan 
and Waring 1992; Weiner and Thomas 2001). Studies involving the use of grafting 
techniques have provided evidence that the decline in growth is more a function of 
tree height than age (Mencuccini et al. 2005; Bond et al. 2007; Abdul-Hamid and 
Mencuccini 2009). Although no definitive cause for this decline in productivity has 
been identified, evidence has been found to support a number of proposed mecha-
nisms. These include, but are not limited to: an increase in respiration relative to 
photosynthesis (Yoda et al. 1965; Whittaker and Woodwell 1967), reductions in leaf 
area resulting from nutrient limitations (Gower et al. 1996), increased stomatal 
limitation of CO

2
 uptake due to height-related increases in hydraulic resistance 

(Mencuccini and Grace 1996; Ryan and Yoder 1997; McDowell et al. 2002, 2005) 
and reduced cell expansion resulting from height-related reductions in turgor 
(Marshall and Monserud 2003; Koch et al. 2004; Woodruff et al. 2004). Other studies 
involving analyses of non-structural storage carbohydrates and lipids suggest that 
growth in mature and tall trees is often not limited by constraints on carbon assimi-
lation or carbon supply (Körner 2003; Körner et al. 2005; Würth et al. 2005; Millard 
et al. 2007; Sala and Hoch 2009; Sala et al. 2011).

In the absence of mitigating factors, an increase in the path length from roots to 
transpiring foliage is associated with an increase in hydraulic resistance and a con-
sequent decrease in the pressure component of xylem water potential (Richter 1973; 
Hellkvist et al. 1974). If the increase in path length is in opposition to the forces of 
gravity, as in an upright tree, it is also associated with a static gravitational reduction 
in xylem pressure of 0.01 MPa for every 1 m increase in height (Scholander et al. 1965; 
Zimmermann 1983). The combined dynamic and static components of the height-
related trend in xylem pressure typically amount to approximately −0.017 MPa per meter 
increase in height (Bauerle et al. 1999; Woodruff et al. 2004; Domec et al. 2008). 
Unless altered by osmotic adjustment, the turgor of cells in the apical and vascular 
meristems will decline proportionally with xylem water potential (Boyer and 
Silk 2004). Turgor drives cell expansion (Lockhart 1965) and has also been impli-
cated as a factor in the regulation of cell division (Kirkham et al. 1972). In view of 
the relationships between tree height, xylem water potential, turgor and processes 
involved in cell expansion and division, it was hypothesized that height-related 
trends in stem elongation and foliar morphological characteristics may be largely 
due to the influence of vertical gradients in water potential on turgor (Marshall and 
Monserud 2003; Woodruff et al. 2004). According to this hypothesis, growth is 
limited by reduced sink strength of expanding tissues rather than carbon supply. 
Reduced turgor can also impose additional constraints on physiological processes 
such as stomatal opening and phloem transport (Thompson and Holbrook 2003; 
Buckley 2005; Woodruff et al. 2010). Secondary impacts of reduced turgor on leaf 
and stem physiology may also arise from anatomical and structural constraints asso-
ciated with reduced cell and tissue expansion (Hanba et al. 1999; Thompson 2006; 
Mullin et al. 2009; Woodruff et al. 2008, 2009).
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This chapter synthesizes the research addressing turgor-related constraints on 
growth at the cellular, tissue, and whole tree levels. We examine the role of turgor in 
plant growth and foliar and stem structural and functional characteristics as they are 
influenced by height-related trends in turgor. We also evaluate height-related trends 
in turgor as a cause of observed patterns of tree height and tree biomass growth with 
an emphasis on how reductions in turgor can influence sink/source relationships for 
photosynthate in tall trees. We do not address the potential roles that height, height 
– stress interactions might have on plant growth substances (i.e. hormones), nor the 
impact of these signaling chemicals on growth or resource allocation.

2  Carbon Limitation vs. Turgor Limitation

Plants accumulate non-structural carbohydrates during periods of high productivity 
and deplete them when the rate of utilization outpaces the rate of production. Shifts 
in internal demands for carbohydrates lead to reversals in direction of carbohydrate 
movement and changes in rates of carbohydrate transport as relative sink strengths 
shift on daily, seasonal, and ontogenetic time scales (Wolswinkel 1985; Marcelis 1996). 
The storage of non-structural carbohydrates is an indicator of greater carbon uptake 
(source) than use of carbon (sink) in trees. Although studies investigating whether 
height-related constraints on tree growth involve carbon limitation have provided 
evidence for reduced carbon assimilation with increasing tree size, the concept of 
carbon limitation as the basis for the primary cause of height-related growth con-
straints is inconsistent with the emerging evidence suggesting that mature and taller 
trees are often not limited by carbon supply (Körner 2003; Körner et al. 2005; Würth 
et al. 2005; Millard et al. 2007; Sala and Hoch 2009; Sala et al. 2011). Körner (2003) 
examined tree growth in four climatic zones (tropical, Mediterranean, temperate, 
and boreal/mountain) and found that carbon reserves increased during periods of 
reduced growth suggesting that constraints on growth were not associated with car-
bon or assimilation. Würth et al. (2005) found that non-structural carbohydrate 
reserves remained high in a mature tropical forest throughout the year and increased 
during the dry season, suggesting that growth was not carbon limited and that water-
stress restricted growth more than assimilation in these trees. Sala and Hoch (2009) 
examined storage of non-structural carbohydrates in ponderosa pine trees across a 
height gradient and found non-structural carbohydrates increased instead of 
decreased with tree height, suggesting greater reductions of carbon sink relative to 
carbon assimilation in taller trees. The implications of these studies are that, at least 
in many cases, growth constraints in mature and tall trees appear to be more associ-
ated with sink activity than with carbon availability or assimilation. The degree to 
which this phenomenon of increased storage of non-structural carbohydrates with 
increased tree size is universal across forest ecosystems is yet to be determined. 
Reduced cell expansion is associated with not only a reduction in cell size, but a 
reduction in cell division (see Sect. 5) and a feedback inhibition of photosynthesis 
(see Sect. 7.3). Constraints on cell expansion due to height-related reductions in cell 
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turgor therefore represent a mechanism that could explain observed patterns of 
reduced growth with increased tree size that is consistent with the mounting 
evidence for height-related trends in productivity being independent of carbon 
assimilation or carbon availability. It is noteworthy that elevated carbon dioxide 
levels will not benefit trees if they are turgor limited as opposed to carbon limited. 
Furthermore, increased temperatures and/or droughts are likely to exacerbate 
turgor-related constraints on growth.

3  The Biophysics of Plant Growth

Early studies of biophysical control of plant growth focused on giant algal cells as 
model systems (e.g. Green 1968). These have been followed by several decades of 
studies on vascular plants, mostly herbaceous crop species. The scarcity of informa-
tion on biophysical regulation of tree growth is likely attributable to factors such as 
their size and structural complexity, technical difficulties associated with isolating 
and manipulating growing tissues, and in many tree species, the highly seasonal 
nature of growth, which is often restricted to a few weeks of leaf expansion and 
shoot extension annually.

Whereas expansion and contraction of cells and organs can occur in response to 
temporary changes in water content, growth strictly involves irreversible enlarge-
ment of cells or organs, which requires changes in the cell wall properties and struc-
ture and an influx of water into the cell. Although turgor is necessary for driving cell 
expansion, cell wall yielding, and therefore a marginal reduction in turgor, is also 
required for generating the necessary driving force for water to enter the expanding 
cell. The steps involved in cell growth can be described as follows: water enters the 
cell as a result of a water potential gradient from the outside to the inside of the cell. 
This gradient is typically created by a decrease in osmotic potential of the cell 
contents resulting from the accumulation of solutes within the cell. The water within 
the cell membrane exerts hydrostatic (turgor) pressure on the cell walls and stretches 
them. Irreversible cell wall expansion (growth) occurs as load-bearing elements of 
the cell walls yield in response to the hydrostatic pressure, hemicellulose tethers are 
cleaved and wall components are synthesized (Harold 1990). Thus, a number of 
balances must be struck in the cell during growth. In order for growth to occur the 
cell wall must yield, leading to a drop in turgor pressure that reduces the hydrostatic 
forces driving cell wall expansion. If turgor pressure is insufficient, the cell wall 
will not expand, if turgor in the cell is too high, the water potential gradient across 
the cell wall may decline leading to a reduction in water absorption by the cell. The 
proper structural integrity of the cell wall must also be maintained during growth. 
The cell wall must maintain enough rigidity to allow turgor to be maintained, yet it 
must also yield in order to allow the cell to enlarge. As water enters the cell, the 
osmotic status of the cell must also be regulated because any increase in cell volume 
will lead to an increase in water potential (i.e. becoming less negative). For contin-
ued cell expansion to occur, osmotic regulation is necessary in order to avoid the 
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dilution of the cell’s osmotic content and the relaxation of turgor to the wall yielding 
threshold. The dynamic interactions between wall yielding, water absorption and 
osmotic regulation during cell expansion illustrate the complex nature of the 
processes involved in cell growth.

While there have been many notable advances over the years in understanding 
the biochemical aspects of cell growth (Cosgrove 2005 and references within), the 
biophysical controls on cell and tissue expansion are generally still conceptualized 
using long established growth equations of Lockhart (1965). Because the vast 
majority of cell volume increase is the result of water gain, for sustained growth 
to occur water must continue to flow into the cell. Equation 14.1 focuses on the 
conductance of the hydraulic pathway into the expanding cell,

 m c p v pd / dt ( ) / V ( ) / VV V L A Lπ πσ σ= ∆Ψ − Ψ = ∆Ψ − Ψ  (14.1)

where V = cell volume, t is time, L
m
 = hydraulic conductance of the cell membrane, 

A
c
 = cell surface area, DYp = the osmotic potential step across membrane tissues, 

Y
p
 = turgor pressure, L

v
 = volumetric hydraulic conductance and s = a membrane 

reflection coefficient that describes the degree to which the membrane functions as 
an ideal osmotic membrane (s = 1 when the membrane blocks all solute transport 
and yet permits water movement). Because wall expansion is dependent on physical 
properties of the cell wall that are related to expansion, and can be reversible if wall 
stress does not exceed a critical threshold, Lockhart adopted the concepts of the 
extensibility (m) and yield threshold (Y). Equation 14.2 relates irreversible cell 
wall expansion to wall characteristics and Y

p
,

 pd / dt ( )V V m Y= Ψ −  (14.2)

The coefficient m is a measure of the plasticity of the cell wall, or the ability of 
the microfibrils within the cell wall to shift position for irreversible growth, and Y is 
the turgor pressure above which cell wall extension becomes irreversible. When the 
term (Y

p
 − Y) is positive it describes the turgor pressure that results in cell expan-

sion and it is termed “growth effective turgor”. Neither m nor Y is constant, and they 
are both influenced by a number of factors including environmental stresses, growth 
regulators and wall metabolism (Green 1968; Cosgrove 1993). For example, water 
deficit reduces the plasticity of cell walls in leaves, thereby limiting leaf expansion 
in the absence of rapid osmotic adjustment (Matthews et al. 1984; Hsiao and Xu 
2000), but causes rapid osmotic adjustment and increases cell wall plasticity in 
roots, allowing them to maintain growth (Spollen and Sharp 1991; Hsiao and Xu 
2000; Wu and Cosgrove 2000). Because turgor exists as a primary variable in both 
the water uptake model of cell expansion (Eq. 14.1) and the wall expansion model 
of cell expansion (Eq. 14.2), turgor pressure acts as the connection that coordinates 
cell wall yielding with water uptake.

As the cell wall yields it creates disequilibrium between the water potential of 
the expanding cell and its surroundings, driving water influx into the cell. The 
effective water potential disequilibrium (Y

eff
 = sDYp − Y

p
) is the driving force for 
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water entry into the cell, and it is determined by the relative values of L
v
 and m 

(Cosgrove 1985):

 
( )( )eff v( ) / ( )m m L Yσ πΨ = + ∆Ψ −  (14.3)

The term (m/(m + L
v
)) within this relationship allows for the estimation of the 

relative limitations of growth by extensibility (which is a measure of wall plasticity) 
and water transport. When L

v
 is substantially less than m, the ratio in this term 

approaches one, Y
p
 approaches Y and growth is limited by L

v
. When L

v
 is substan-

tially larger than m, (m/(m + L
v
)) approaches zero, (Y

eff
) approaches zero and growth 

is limited by m. In the case of individual cells, studies investigating the relative roles 
of m and L

v
 in growth restrictions indicate that the wall yielding process is the 

primary limiting factor for individual cell growth and that water transport does not 
represent a rate-limitation (Cosgrove 1985, 1993). The hydraulic conductance of 
the cell (L

v
) can vary in response to physical and metabolic changes that may occur 

during cell growth. Yp can also vary, not only due to osmotic adjustment, but because 
it is a function of water uptake and will depend on the hydraulic and mechanical 
resistances of the cell.

4  Turgor in Tissues and Whole Plants

Equations 14.1–14.3 pertain to growth of single cells and additional caveats and 
complexities apply when modeling growth in tissues and whole organs such as 
leaves, stems or roots. Although the reflection coefficient s of cell membranes is 
close to 1 for most physiological solutes (Steudle 1989), cell walls tend to perform 
less like ideal osmotic membranes. The overall s value for multiple cells types 
within a tissue is therefore likely to be substantially less than 1. In the case of 
individual cells L

v
 is essentially determined by L

m
. Growth dynamics in leaves, 

stems and roots will vary as a result of the high variability of different tissue types 
within these organs, the effects of this variability on L

v
, and the substantially 

greater distances involved in determining L
v
.

As opposed to cells in non-vascular tissue, xylem cells are highly adapted to 
transporting water. The amount of water that passes through the xylem during tran-
spiration is typically many orders of magnitude greater than what is used for tissue 
expansion (Boyer and Silk 2004). Expanding cells must in effect compete with 
transpiring stomata for water. When water potentials are plotted in different regions 
of a non water-stressed plant’s growth zone using a pressure probe and nanoliter 
osmometry, gradients are apparent that indicate highest (least negative) water 
potentials typically occurring within the xylem conducting tissues, and water 
potentials declining with distance from xylem conducting tissue (Nonami and 
Boyer 1993; Nonami et al. 1997). When tensions develop within the vascular 
system, water potential declines within the xylem such that the gradient between 
xylem and surrounding tissues may be reversed. Because the water necessary for 
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tissue expansion is derived from the xylem, a positive water potential gradient is 
needed from expanding tissues to the xylem, and the capacity for tissue expansion 
is correlated with the magnitude of the gradient in water potential from the xylem 
to the expanding tissue. This relationship presents the possible scenario of high 
tensions within the xylem resulting in the cessation of water movement from the 
xylem to expanding tissues if osmotic potentials within expanding cells are not 
sufficiently negative. Passioura and Boyer (2003) developed a mathematical model 
that correlated turgor-driven growth with spatial patterns of water potential and 
water uptake in order to examine the relationship between rheological properties of 
the growing cell wall to the transport of water in growing tissue. The model exam-
ined the degree to which changes in water potential adjacent to the xylem could 
rapidly affect growth in expanding tissue. Their results indicated that growth rates 
in expanding tissue responded immediately to changes in xylem water potential. 
A reduction in the water potential of xylem water within a stem or leaf can reverse 
the water potential gradient in a few cells adjacent to the xylem, thus blocking 
water flow to expanding tissues and restricting cell expansion.

5  The Role of Turgor in Cell Division

Leaf development occurs in stages in which cell proliferation initially dominates, 
followed by a secondary phase in which the relative rate of cell division decreases and 
cells advance to the phase of post-mitotic expansion (Granier and Tardieu 1998, 1999). 
Meristematic cells tend to expand uniformly such that they reach a relatively constant 
size before entering the second phase where expansion is the dominant growth factor 
(Jacobs 1997; Beemster et al. 2003). It has been proposed that the impact of water 
stress on cell division in leaves could be in large part due to the inhibition of mer-
istematic cell expansion and that reductions in leaf cell division associated with water 
stress are due to the early advancement of the leaf out of the initial stage of leaf 
development (dominated by cell division) and into the subsequent stage (dominated 
by cell expansion) (Alves and Setter 2004). Because cell division in-situ typically 
occurs during a limited period of time as determined by water availability and pheno-
logical development, uniformity in cell expansion and size at the meristematic stage, 
suggests that reductions in turgor would have the effect of limiting cell division in 
addition to cell expansion.

In a study investigating the influence of turgor on cell expansion and cell division 
in isolated radish cotyledons, Kirkham et al. (1972) found evidence for a greater 
sensitivity in cell division to turgor pressure than between cell enlargement and turgor 
pressure. Although turgor is typically thought of as a biophysical factor in leaf develop-
ment, a number of studies have provided evidence for turgor also functioning as a 
triggering mechanism for gene expression. Studies of transport mechanisms in bacte-
ria have determined that expression of Kdp, a transport enzyme with high-affinity for 
K+, is regulated by changes in turgor pressure (Epstein 1992; Malli and Epstein 1998). 
In a study investigating expression patterns of membrane proteins in plants, Jones and 
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Mullet (1995) described the developmental expression of a turgor-responsive gene 
that encodes intrinsic membrane proteins in peas and tobacco. The expression pattern 
of this gene suggests that it facilitates water transport in tissues. Aldehyde dehydroge-
nase (ALDH) is a family of turgor-responsive proteins derived from vascular plants 
and first identified in Pisum sativum (Guerrero et al. 1990). Stroeher et al. (1995) 
isolated a gene from Brassica napus that is activated in response to water stress and 
that appears to be triggered by reductions in turgor. The presence of genes in plants 
that are regulated by changes in turgor pressure, along with evidence for a causative 
relationship between constraints on turgor and reductions in cell division during leaf 
growth, indicate the existence of a mechanistic link between turgor and cell division 
that has yet to be explored in trees.

6  Osmotic Adjustment

Osmotic adjustment is the active accumulation of solutes in the symplast resulting 
in a reduction in water potential and an increase in the driving force for water move-
ment into plant cells. A number of studies have documented the occurrence of 
osmotic adjustment as an adaptation to drought and salinity stress in plants (Hsiao 
et al. 1976; Osonubi and Davies 1978; Turner and Jones 1980; Morgan 1984; 
Ranney et al. 1991; Rieger 1995; Silveira et al. 2009), and some osmotic adjustment 
to partially compensate for vertical gradients in Y

l
 has been observed in conifer 

trees (Koch et al. 2004; Woodruff et al. 2004; Meinzer et al. 2008). Osmotic adjust-
ment can lead to complete restoration of turgor following drought; however, turgor 
maintenance in leaves may be inhibited if yield turgor and tissue extensibility have 
been altered as a result of water stress (Roden et al. 1990; Lu and Neumann 1998). 
The solutes required for osmotic adjustment to maintain turgor represent an expen-
diture of resources, both in terms of the photosynthate diverted to produce organic 
solutes such as low molecular weight sugars and sugar alcohols, and in terms of the 
uptake, accumulation and storage of inorganic solutes used for osmotic adjustment 
such as potassium and other inorganic solutes. The rapid decrease in tissue plastic 
extensibility of Douglas-fir needles following bud-break (Meinzer et al. 2008) 
implies that the opportunity to facilitate turgor-driven leaf expansion through 
osmotic adjustment may be confined to a short time period. Seasonal patterns related 
to phenological events may lead to scenarios in which photosynthates are abundant 
during some periods of the year and limited during others, leading to insufficient 
availability of organic solutes for osmotic adjustment to sustain turgor-driven cell 
expansion. Seasonal trends in both foliar sugar content and leaf osmotic potential in 
some woody species appear to be related to phenological cycles (Hinckley et al. 
1983; Teskey et al. 1984; Kubiske and Abrams 1991). In some conifers the solute 
content of mature foliage reaches a low point in late spring during early leaf expan-
sion and then increases during late spring and summer (Tyree et al. 1978; Ritchie 
and Shula 1984; Woodruff et al. 2004). During early spring bud swell and flushing 
in Douglas-fir, the production of sugars does not keep pace with the rate at which 
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they are metabolized: sugar concentration in foliage increases nearly twofold from 
spring (when they are most-needed for osmotic adjustment) to fall (Billow et al. 1994). 
Sap velocities of 2.4–3.3 m per day in 50- to 60-m-tall conifers during periods of 
peak transpiration (Meinzer et al. 2006) suggest that potassium and other inorganic 
solutes that are taken up from the soil and transported to developing tissues near 
the tops of trees may need to be stored in areas close to expanding shoots in order to 
be available for osmotic adjustment when evaporative demand and xylem transport 
rates are low.

Osmotic potential of Douglas-fir needles varied seasonally with no evidence of 
osmotic adjustment along a height gradient during the spring to compensate for 
the gravitational gradient of Y

l
 (Woodruff et al. 2004). After leaf expansion was 

complete, vertical osmotic potential gradients between June and August were 
about −0.009 MPa m−1 at dawn and −0.011 MPa m−1 at midday, approximating the 
gravitational gradient, but insufficient to compensate for the combined gravitational 
and frictional gradient of about −0.017 MPa m−1. The resulting vertical gradient in 
turgor of mature needles was about −0.0056 MPa m−1. Similarly, turgor of foliated 
shoots of Sequoia sempervirens (D. Don) Endl. declined linearly with height at a 
rate of about 0.006 MPa m−1 (Koch et al. 2004) indicating that in this tall species 
osmotic adjustment was also insufficient to fully compensate for the vertical gradient 
in Y

l
. The rapid loss of a height-related gradient in osmotic potential in conifer 

foliage during tissue expansion suggests that there are substantial constraints on 
solute availability during this key phenological stage of foliar growth and devel-
opment. Understanding solute generation (either via conversion or formation) 
and transport from short- and distant sources is still an important, but largely 
unknown topic.

7  Growth, Anatomy and Physiological Processes  
Influenced by Turgor

As indicated above, Y declines with increasing tree height due to the hydrostatic 
constraints imposed by gravity and from frictional resistance during transpiration. 
In the absence of compensatory mechanisms such as osmotic adjustment, or changes 
in yield turgor or cell wall extensibility, the turgor of meristematic and expanding 
cells will decrease in proportion to the vertical gradient in Y (xylem tension gradi-
ent). These relationships between height, Y, and turgor; and the dependence of 
growth on turgor, imply a causal relationship between tree height and turgor-driven 
growth (Fig. 14.1). Turgor can also have direct impacts on physiological processes 
such as phloem transport as influenced by source-to-sink pressure differentials and 
translocation of photosynthate as affected by sink strengths (Fig. 14.1). The impacts 
of turgor on cell and tissue anatomical and morphological characteristics that influ-
ence physiological processes and behavior suggest a cascade of secondary effects of 
height-related trends in turgor on leaf and stem physiology (Fig. 14.1).
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7.1  Foliar and Shoot Structure

Trends in leaf morphological characteristics with canopy position have been well 
documented, but were traditionally attributed to vertical gradients in irradiance 
(Ellsworth and Reich 1993; Sprugel et al. 1996; Niinemets and Tenhunen 1997). 
Height-related trends in shoot and foliar morphology that are consistent with 
reduced turgor and cellular expansion have been observed across a broad range of 
tree species, genera and families (Marshall and Monserud 2003; Koch et al. 2004; 
Woodruff et al. 2004; Anfodillo et al. 2006; England and Attiwill 2006; Ishii et al. 2008; 
Oldham et al. 2010; Ishii 2011). Using overlapping saw cuts in Taxus baccata 
to reduce foliar water potential, Richter (1974) was able to create sun foliage 
morphology in highly shaded environments. Branch elongation decreased linearly 
with increasing height in western red cedar (Thuja plicata J. Donn ex D. Don), 
despite inconsistent trends in light reduction ratios along a height gradient 
(Edelstein and Ford 2000). Marshall and Monserud (2003) used branch length as 
a correlate of shade in a study examining the relative influences of height and 
irradiance on foliar anatomy of multiple conifers. They found that specific leaf 
area (SLA) declined with increasing branch height in Douglas-fir, western white 
pine (Pinus monticola Dougl. ex D. Don), and ponderosa pine (Pinus ponderosa 

Fig. 14.1 Schematic illustrating relationships between tree height, turgor, growth and anatomical 
and functional characteristics (see Sect. 7 for explanation)
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Dougl. ex P. and C. Laws.) and that there was no significant trend in SLA with 
branch length. In conjunction with a linear reduction in turgor pressure in foliage 
during bud-break and foliar expansion in Douglas-fir along a height gradient 
from ~14 to ~56 m, Woodruff et al. (2004) found height-related increases in SLA, 
and height-related reductions in needle width, needle length and shoot extension. 
Trends in SLA for this study contrasted with vertical profiles of irradiance within 
the same stand, providing evidence that the observed trends in foliar structure 
were driven more by hydrostatic gradients in Y

l
 than by light level. In a study 

examining growth constraints associated with increased tree height Koch et al. 
(2004) measured turgor and SLA of foliage sampled along a height gradient in 
redwoods (Sequoia sempervirens). Both midday and nighttime turgor decreased 
with increasing height. They used direct site factor (an index of solar radiation 
based on hemispherical photos) to compare the relative influence of irradiance 
versus Y

l
 on foliar anatomical characteristics. They reported that there was a 

several-fold increase in leaf mass per area (LMA) over a ~50m vertical span 
within the redwood forest canopy and that, relative to Y

l
, the influence of light on 

LMA was only minimal. An additional observation made in this study was that 
when branches were cut from the tops of tall trees and replanted in moist soil and 
high light, the newly produced foliage was substantially more expanded than the 
existing foliage on the same branch. They also observed that leaves of a 2-m-tall 
epiphytic redwood rooted in soil near the top of a 95-m-tall redwood were sub-
stantially more expanded than those of the host tree. In other studies, mass per 
area ratios of sun exposed foliage and shoots sampled along a height gradient 
from about 30 to 110 m in redwood and 38 to 88 m in giant sequoia (Sequoiadendron 
giganteum) increased with height; and shoot mass per area (SMA) correlated 
more closely with height than with canopy openness (Ishii et al. 2008; Ambrose 
et al. 2009; Mullin et al. 2009). Ishii et al. (2008) also reported a linear reduction 
in shoot length with increasing height in redwood. England and Attiwill (2006) 
reported that in eucalyptus (Eucalyptus regnans F. Muell) SLA decreased and 
thickness increased in leaves sampled from the upper canopy of trees along a 
height gradient from 10 to 80 m. All leaves in this study were sampled from outer 
branches from the upper crown and were therefore considered to be sun leaves. In 
a study examining anatomical properties of palm tree (Washingtonia robusta) 
fronds sampled along a height gradient from open-grown trees 2–34 m tall 
(Renninger et al. 2009), epidermal cell size decreased with increasing height. 
Minimum leaf water potentials in this study were correlated with tree height with 
the taller palms generally having more negative minimum leaf water potentials 
than shorter palms. In a study investigating height-related variation in leaf anat-
omy of Sequoia sempervirens, Oldham et al. (2010) examined paired samples of 
foliage from inner (shaded) and outer (sunlit) portions of tree crowns in order to 
separate the effects of gradients in Y and light on foliar morphology. They found 
significant height-related trends in a number of foliar anatomical characteristics, 
and that the hydrostatic gradient explained over 75% of the variation found in key 
anatomical traits, while light availability failed to correlate more closely than 
height to any foliar anatomical characteristic.
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7.2  Hydraulic Efficiency and Water Transport

Xylem conduit dimensions typically decrease with increasing height in trees, either 
in stem tissue along an axial gradient (Carlquist 1975; James et al. 2003; Anfodillo 
et al. 2006) or in foliage sampled from the tops of trees along a height gradient 
(Woodruff et al. 2008). Turgor-related constraints on cell expansion can limit xylem 
hydraulic conductance in both leaves and stems due to the effect of conduit lumen 
diameter on hydraulic conductance. Even small variations in conduit lumen diam-
eter can lead to major changes in transport efficiency as illustrated by the fourth 
power relationship between conduit diameter (D) and hydraulic conductance (K

t
, m4 

MPa−1 s−1) in the Hagen–Poiseuille equation:

 
4

t / 128K Dπρ η=  (14.4)

where r is the density of water (5.55 × 107 mmol m−3) and h is the viscosity of water 
(1.002 × 10−9 MPa s at 20°C). Conduit length can also have a substantial influence 
on xylem hydraulic conductance in both vessel and tracheid-bearing species 
(Comstock and Sperry 2000; Pittermann et al. 2006). In a study examining conduit 
anatomy along a height gradient from 0.5 to 44 m in 50 different species (Anfodillo 
et al. 2006), mean hydraulically weighted xylem conduit diameter was found to 
decrease with increasing height in all trees. There was a strong correlation between 
degree of xylem conduit tapering (the narrowing of xylem conduits from the bottom 
to the tops of trees) and tree height, independent of any other variables such as age, 
site and altitude. In a study investigating height-related trends in xylem anatomy 
and hydraulic characteristics of Douglas-fir leaves, Woodruff et al. (2008) found 
that maximum hydraulic conductance of foliated shoots declined with increasing 
tree height. The height-related decline in shoot hydraulic efficiency was strongly 
correlated with a number of foliar anatomical characteristics that also decreased 
with height; including total tracheid lumen area per needle cross-section, hydraulic 
mean diameter of leaf tracheid lumens and leaf tracheid length. Xylem conductivity 
at the tops of trees can be reduced by changes in other conduit structural features, 
such as pit aperture diameter and margo pore diameter; both of which are linked to 
turgor-related constraints on overall cell expansion. Pit aperture conductance of 
Douglas-fir sapwood decreased sharply with increasing height and was projected to 
approach zero over a height range consistent with maximum heights reported for the 
species (Domec et al. 2008). In Douglas-fir, Pinus palustris and Pinus elliottii, 
 tracheid bordered pit conductance decreased along an axial gradient from trunks to 
upper branches (Domec et al. 2006; Gonzalez-Benecke et al. 2010).

Diminished hydraulic conductance with increasing tree height implies a further 
constraint on the capacity for cell expansion in developing tissues. This is because 
reduced hydraulic conductance represents a constraint upon the delivery of water 
to growing tissue unless sufficient osmotica are available to generate water poten-
tial gradients large enough to sustain rates of water uptake while simultaneously 
maintaining turgor. Substantial hydraulic resistance within plants occurs at the 
terminal portion of the pathway from the soil to the expanding cells, i.e. within the 
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non-vascular tissue (Boyer 1974; Molz and Boyer 1978; Kramer and Boyer 1995; 
Boyer and Silk 2004). Water transport through non-vascular tissue can occur 
through two main pathways: within the cell wall (apoplastic pathway), or from cell 
to cell (symplastic pathway) via plasmodesmata. Diffusivity for water movement 
within non-vascular plant tissue (D

c
, m2 s−1) is related directly to the permeability 

of the cell membranes and is approximated using measurements of half-time water 
potential equilibrations (T

½
) between individual cells and their surroundings 

(Steudle 1992; Nonami et al. 1997). Less expanded, smaller non-vascular cells 
imply that water must be transported across a greater number of membranes per 
unit distance. The following equation from Nonami (1998) illustrates the relation-
ship between D

c
 and cell size in transport of water in non-vascular tissue:
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·
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where a
cc

 = is the cross sectional area of the cell normal to the flow of water (m2), 
Dx is the width of the cell in the direction of flow (m) and A is the surface area of the 
cell (m2). The passage of water through two cell walls per cell is represented by the 
factor of two in the denominator. Nonami (1998) found high correlations between 
cell size and diffusivity for water in different regions of the zone of elongation in 
soybean stems. Although the impact of cell size is normally considered in the con-
text of vascular tissue, its impact on the rate of water transport in non-vascular tissue 
is also substantial; thus highlighting the role of turgor-driven cell expansion in 
hydraulic conductance of non-vascular tissue.

7.3  Photosynthesis

Reduced expansion and division in leaf cells leads to a reduction in photosynthetically 
active leaf area and thus a reduced potential for production of photosynthate. 
Phenologically driven variability in sink-source relationships (Wiemken and Ineichen 
2000) along with compartmentalization of mobile carbohydrates in tissues where they 
cannot be retrieved (Chapin et al. 1990; Millard et al. 2007) suggest that even plants 
that store excess carbon in the form of non-structural carbohydrates during periods of 
excess production of photosynthate may experience reduced growth due to constraints 
on photosynthesis during peak periods of growth. Increased LMA resulting from 
reduced cell expansion implies an additional reduction in growth due to the increased 
investment of photosynthate necessary to produce a given amount of leaf area. 
Increased LMA is associated with a reduction in intercellular airspace relative to mes-
ophyll surface area (Hanba et al. 1999) and a consequent reduction in conductance of 
CO

2
 within the mesophyll (g

m
) to the sites of assimilation within the leaf (Parkhurst 

1994; Niinemets 1999; Flexas et al. 2008). Studies examining trends in g
m
 along a 

height gradient in tall trees have shown correlations between reduced leaf expansion 
and reduced g

m
 with increasing height (Woodruff et al. 2009; Mullin et al. 2009; 
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Steppe et al. 2011). In a study examining height-related trends in leaf structure and 
gas-exchange of detached shoots of Douglas-fir, both needle thickness and mesophyll 
thickness increased with tree height, and g

m
 and CO

2
 assimilation in ambient [CO

2
] 

decreased with tree height (Woodruff et al. 2009). Mullin et al. (2009) examined 
correlations between height-related trends in physiological and morphological 
characteristics of Sequoia sempervirens foliage. They found that shoot mass per area 
increased with height, and that maximum mass-based photosynthesis (A

mass
), stan-

dardized photosynthesis (A
std

, c
i
 = 247 ppm) and g

m
 decreased with height. In a study 

examining the effects of tree height on leaf structure and gas exchange properties of S. 
sempervirens, Ambrose et al. (2009) found that A

mass
 decreased with height. Within 

these studies height-related trends in gas exchange characteristics consistently parallel 
vertical trends in foliar structural characteristics that are likely to influence gas 
exchange and that are influenced by variation in turgor-driven cell expansion. Turgor-
related reductions in phloem transport can also lead to feedback constraints on photo-
synthesis (see Sect. 7.4). Evidence for regulation of photosynthesis by end-product 
accumulation has been reported for a wide range of higher plants (Foyer 1987; 
Goldschmidt and Huber 1992; Wiemken and Ineichen 2000; Paul and Foyer 2001) 
and in-vitro experiments indicate that mesophyll carbohydrate concentration can 
alter the expression of photosynthetic gene promoters (Jang and Sheen 1994; Koch 
et al. 1996), leading to a reduction in photosynthesis. Myers et al. (1999) found a 
dramatic increase in sugar concentrations and reductions in a number of photosyn-
thetic parameters including maximum photosynthesis, carboxylation rate and electron 
transport rate in branches distal to where phloem had been girdled on branches.

7.4  Phloem Transport

Limitations on turgor can influence phloem transport in several ways, including the 
influence of turgor on the pressure gradient that drives phloem transport. The pressure 
flow model for phloem transport first proposed by Münch (1927) states that phloem 
transport through sieve elements is driven by an osmotically generated pressure gradi-
ent created by the active loading of phloem at the sources and the active unloading 
of phloem at the sinks. The Hagen–Poiseuille equation illustrates the relationship 
between rate of fluid transport through conduits and it has been used to describe 
phloem transport (J

v
) in sieve elements (van Bel and Hafke 2005),

 
4

v p / 8J r Lh= ∆Ψ π  (14.6)

where Y
p
 = turgor, r = sieve tube radius, h = phloem sap viscosity and L = the dis-

tance between source and sink. Any reduction in Y
p
 will have a direct impact on J

s
 

by reducing the pressure gradient from source to sink locations. The development of 
a pressure gradient in response to phloem uploading is dependent upon the influx of 
water into the sieve tubes. As tissue Y and Y

p
 are reduced with increasing tree 

height, a given DY
p
 will reflect a progressively more negative value of Yp within the 
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phloem tissue and a progressively greater concentration of photosynthate. Phloem 
viscosity increases with increasing sucrose concentration, resulting in a further 
reduction in J

s
 as illustrated in Eq. 14.6. However, the influences of pressure gradi-

ent and viscosity on phloem transport are possibly overshadowed by the effect of 
phloem anatomy on J

s
. Equation 14.7 from Thompson and Holbrook (2003) more 

precisely estimates the influence of sieve tube anatomical characteristics on phloem 
specific conductivity (k) using a model that incorporates sieve element radius (r) 
and length (l), sieve pore radius (r

p
) and length (l

p
), and the number of pores per 

sieve plate (N
p
),
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Just as xylem cell anatomical characteristics are largely influenced by turgor 
during cell development, primary growth of phloem tissue is heavily influenced by 
turgor-driven cell expansion that will have a direct impact on sieve tube radius and 
sieve tube length. A height-related reduction in turgor is thus likely to have manifold 
impacts upon phloem tissue anatomy and phloem transport. Such reductions in phloem 
transport cannot only limit growth by constraining the transport of photosynthate to 
developing tissues, they can also lead to feedback constraints on photosynthesis 
(see Sect. 7.3).

7.5  Sink Reduction

Growing tissues are a sink for photosynthate. Sink strength is largely determined by 
a tissue’s ability to import assimilates and is thus strongly influenced by growth 
(e.g. cell division and turgor-driven cell expansion). Reductions in photosynthetic 
capacity and reduced oxygen sensitivity of photosynthesis can result from sink 
limitations due to constraints on storage and translocation of photosynthate (Neales 
and Incoll 1968). In addition to reduced photosynthetic capacity, sink strength reduc-
tion in growing tissues may also lead to increased loss of photosynthate to the soil. 
Plant roots release a range of different compounds into the rhizosphere, and the 
release of carbon compounds from living plant roots into the soil is a widespread 
phenomenon (Curl and Trueglove 1986; Högberg et al. 2008; Jones et al. 2009). Root 
exudate alone represents a substantial carbon cost to plants with estimates ranging 
from 5% to 21% of all photosynthetically fixed carbon being transferred to the rhizo-
sphere through root exudates (Marschner 1995). Root exudates are primarily free 
sugars (e.g. glucose and sucrose), amino acids (e.g. glycine and glutamine) and 
organic acids (citrate, malate, and oxalate) that are passively lost from the root to the 
soil. Although plasma membrane permeability and spatial location of solutes in the 
root tissue influence rates of loss of root exudate, the primary factor influencing 
exudation is the root to soil concentration gradient of the individual compounds 
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(Jones et al. 2009). Any sink reductions in growing tissues due to constraints on 
turgor-driven cell expansion could thus to lead to increased accumulations of 
“unused” photosynthate and thus increased losses of carbon to the rhizosphere in the 
form of root exudate. Studies investigating stand productivity along chronosequences 
show evidence for an age-related shift in allocation towards a greater proportion of 
gross primary productivity being diverted belowground (Ryan and Waring 1992; 
Barnard and Ryan 2003). Despite this evidence for increased allocation to belowground 
with increasing tree size, study results do not support the argument that declining 
productivity is offset by increasing belowground root production (Vogt et al. 1987; 
Smith and Resh 1999). One explanation for the observed patterns is a tree height-
related increase in the deposition of photosynthate into the soil. Despite the substantial 
amount of carbon estimated to be lost via root exudation, and the considerable 
amount of interest in quantifying carbon budgets and productivity in forest ecosys-
tems, very little is known of the ontogenetic dynamics of root exudation of trees.

8  Conclusions and Directions for Future Research

Results obtained largely from studies conducted on tall conifers imply that height-
related reductions in cell turgor generate a cascade of direct and indirect effects on 
shoot extension and expansion. The multiple consequences of turgor-limited growth 
may act in a synergistic manner to further constrain shoot extension as trees approach 
species- and site-specific height limits. Turgor-limited tissue expansion has perma-
nent anatomical and morphological consequences that govern height-dependent 
changes in an array of growth-related physiological processes. These include the 
impact of reduced xylem conduit dimensions on efficiency of water supply to grow-
ing tissues at the terminal portions of the water transport pathway, reduced growth 
efficiency associated with increased LMA (e.g. Zhang et al. 2009), and increased 
resistance to CO

2
 diffusion through the mesophyll to the sites of carboxylation. 

Additionally, height-related changes in phloem structure and function can lead to 
inhibition of photosynthesis, reduced transport of photosynthate to growing tissues 
and shunting of assimilate belowground.

In the tallest coniferous species on earth osmotic adjustment is insufficient to 
compensate for the impact of vertical gradients of xylem tension on turgor of 
developing and mature tissue. However, the osmotic potentials in leaves of the 
tallest conifers are not extreme compared with those observed in leaves of arid 
zone and Mediterranean climate woody species so the apparent inability of tall 
conifers to undergo sufficient osmotic adjustment during critical periods of shoot 
growth is surprising. The nature of the constraints on osmotic adjustment in tall 
conifer species thus merits further study. It would be useful to know the identities 
and sources of the principal osmotica involved in generating the turgor necessary 
for growth. It is likely that the seasonal decline in sugars and other solutes in 
mature foliage of conifers during the late winter and early spring results from a 
mobilization and translocation of solutes necessary to generate sufficient turgor to 
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drive expansion and extension growth at shoot tips. A fraction of exported sugars 
is undoubtedly used for synthesis of cell walls and other cell constituents. 
Regardless of its direct impact on turgor and expansion of new tissue, loss of solutes 
from mature leaf tissue will lower its turgor, potentially impeding export of current 
photosynthate to growing tissues.

Although we have emphasized the direct and indirect impacts of reduced turgor on 
shoot expansion in tall trees, the contribution of other factors such as nutrient avail-
ability and hormone synthesis cannot be excluded and should be evaluated. Established 
growth equations may prove to be valuable conceptual tools in this context. Scant 
published data for trees suggest that properties such as cell wall plastic extensibility 
and the minimum turgor necessary for irreversible wall yielding (yield threshold) may 
not be important constraints in rapidly expanding leaves (e.g. Metcalfe et al. 1991; 
Meinzer et al. 2008). However, the relative role of hydraulic bottlenecks upstream 
from expanding tissue has not been examined. In species showing a height-related 
decline in xylem conductivity, increasingly steep axial xylem tension gradients would 
be required to sustain water transport to shoot tips. This implies an even greater 
demand for osmotica to drive growth-induced water uptake.

Significant progress has been made in understanding the nature of limitations on 
shoot extension in tall conifers, but comprehensive understanding of the mechanisms 
responsible for height-related constraints on tree growth is impaired by a scarcity of 
published data for angiosperms and a broad range of woody growth forms exhibiting 
differing degrees of apical dominance and seasonal growth periodicity. In shorter-
statured growth forms lacking strong apical dominance, the gravitational component 
of xylem tension may not play a dominant role in limiting turgor and extension 
growth, but even in short trees, axial gradients in xylem conductivity and xylem 
tension may constrain growth-induced water uptake at branch tips. Size-related 
constraints on shoot extension are also likely to differ among species with differing 
degrees of seasonal growth periodicity such as species showing more or less continu-
ous leaf production and shoot extension throughout the entire growing season versus 
species whose entire seasonal shoot growth is determined by the contents of over-
wintering buds. Advances in understanding of size-related biophysical constraints on 
tree growth will improve site- and species-specific predictions of tree performance 
and will provide an essential mechanistic tool for predicting forest responses to 
changing climate.
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Abstract There is an increasing demand for data on tree structural and functional 
attributes that can be collected simultaneously at multiple sites and integrated across 
landscapes. Here, we present several examples of approaches applicable for 
measuring tree and stand structures and for characterizing spatial and temporal 
variation in important functions of the above- and belowground parts of both large 
and small trees. Special attention is given to explanations of the theoretical basis 
for several sap flow techniques and to the types of information that can be gleaned 
from carefully planned measurements of sap flow in stems and roots. A variety of 
approaches for characterizing the structure and function of root systems: the hidden 
half of trees, are also described.

1  Introduction

Excellent studies of tree structure and function have been published, but most of 
these have been confined to a few selected and well-equipped sites. However, 
there is increasing demand for data on tree structural and functional attributes that 
can be collected simultaneously at multiple sites and integrated across landscapes. 
Here, we present several examples of approaches applicable for measuring tree and 
stand structures and for characterizing spatial and temporal variation in important 
functions of the above- and belowground parts of both large and small trees. Data 
obtained from these approaches include a number of biometric characteristics of 
the leaf and root distribution, sap flow and effective functional parameters of 
crowns and roots.
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2  Biometric Measurements at the Whole-Tree Level

2.1  Leaf Area Distribution Based on Allometric Relationships 
and Optical Methods

Several methods are commonly used to estimate the leaf area index (LAI) in forest 
stands; these methods include optical methods such as fish-eye hemispherical photog-
raphy (Lee et al. 1983; Brown et al. 2000; Jonckheere et al. 2004). When more detailed 
leaf distribution patterns are required, photographic images combined with image 
analysis usually provide reasonable results (Čermák et al. 2007b). Images of entire 
crowns and of individual branches are calibrated in terms of leaf density (counted 
manually) and their measured area on sub-samples. Both the vertical and radial leaf 
distributions are calculated based on general geometrical forms of tree crowns. The 
leaf distribution data derived by this model for large trees correspond well with the 
measured leaf distribution data, as shown in Fig. 15.1. The vertical leaf distribution 
can serve as a background for evaluation of different physiological processes (such as 
transpiration and photosynthesis (De Lorenzi et al. 2009), whereas the radial leaf dis-
tribution (indicating differences in LAI within the crown over a range from 1 to 7) 
provides a background for more detailed evaluation of remote sensing images.

Comparable data of leaf distribution can also be obtained by applying the “cloud” 
method, based on measurement of the spatial distribution of leaves along the branches 
(Čermák 1989, 1998; Čermák et al. 1998, 2008a; Morales et al. 1996a, b, c; 
Tognetti et al. 2000; Urban et al. 2009). The position of each leafed volume on 
branches (“cloud”) is measured three dimensionally. Additionally, the total leaf dry 
mass and leaf mass per area are measured on sub-samples for each leafed volume. 
The data are subsequently entered into a spreadsheet and evaluated in terms of vertical 
and radial (or spatial) distributions. Knowledge of spatial patterns of leaf dry mass per 
area, which is more or less linearly dependent on the long-term integral of illumination 
during leaf growth, allows the derivation of the relative illumination of foliage 
(expressed as a percentage of that above the canopy) and also permits calculation of  
the fractions of sunlit and shaded leaves (Čermák 1989, 1998). These parameters serve 
as a background for physiological and other studies. Methods involving destructive 
sampling for analyses of leaf distribution analysis and leaf mass per area require man-
ual work and therefore are a bit cumbersome, but provide data on any type of stand 
and also trees with different social positions within stands.

Methods similar to those applied to large trees can be even more easily used for 
leaf distribution studies in small individuals of woody species, such as seedlings or 
saplings as shown on example of Rhododendron shrubs (Nadezhdina et al. 2004a). 
An example of a European beech (Fagus sylvatica) sapling photographed in a dense 
shrub canopy from two perpendicular sides against a white blanket is shown in 
Fig. 15.1. Each photo was doubled from perpendicular directions and taking the 
right and left sides of the crown separately if the sapling was large and its crown 
did not fit within the width of the blanket). The data were evaluated by image 
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Fig. 15.1 Left panels: Leaf distribution in old olive trees (Olea europaea) in the orchard (southern 
Italy) estimated by different methods: (a) Photographic image of a tree (upper panel), elaborated using 
an image analyzer system and original leaf area measured manually in tree crowns (b) modeling 
approach (white columns) based on measurements (black columns) of main biometric data (stem 
diameter, height of tree top and crown base and projected crown area (lower panel, modified 
according to Čermák et al. 2007b). Right panels: Example of the photographic image of beech 
(Fagus sylvatica) sapling (the image of a larger sapling is composed of two pictures – left and right 
crown side here), analyzed on the basis of (a) similar photos taken from two perpendicular sides 
(upper panel) and simultaneously (b) through evaluation of spatial patterns of leaf dry mass per 
area. Pictures were analyzed by the image analyzer system. Columns show results of images and 
line results of mass per area (lower panel)
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analysis and on the basis of leaf count over the whole sapling and the corresponding 
leaf sub-samples of leaf dry mass per area. This parameter, which is easier to 
determine on a small scale than in large trees, yields data comparable to that of the 
image analysis.

Modern and more sophisticated approaches include lidar technology, which 
consists of a measuring device containing a rotating laser system, are able to acquire 
a high-resolution (5 cm) crown image. A complex 3D image is obtained when the 
tree crown images are taken from at least three different sides (Van Der Zande 
et al. 2009). This system works well with solitary trees, trees growing on stand 
edges or those growing in sparse canopies, but there are problems with its applica-
tion in dense canopies. A laser scanning system has also been applied within the 
framework of remote sensing technologies and is suitable for characterizing crowns 
on a large-scale basis.

2.2  The Hidden Half of Trees: Root Systems

Studies of the root systems of adult trees are especially challenging because their 
complex architecture includes both fine absorbing roots as well as coarse conducting 
roots (e.g., Zygurovskaya 1958; Jeník and Sen 1964; Schuurman and Goedwaagen 
1965; Kolesnikov 1972; Bohm 1979; Sutton and Tinus 1983; Steele et al. 1997; 
Coutts et al. 1999; Johnson et al. 2001). Coarse (skeleton) tree roots were classically 
analyzed by manually excavating them from the surrounding soils (Jeník 1957, 1978; 
Kutschera 1960; Kolesnikov 1972; Vyskot 1976; Mauer and Palátová 1996, 2003; 
Tatarinov et al. 2008). Applying additional microscopic analysis of excavated roots 
yields the most comprehensive type of data set (Kutschera and Lichtenegger 2002). 
Although this information is very detailed and valuable, the required methods are 
laborious, time-consuming and destructive.

Because plants take up soil water and mineral elements through absorbing root 
surfaces, their size and permeability are crucial parameters for plant survival. 
Several methods have been applied for estimating fine and thin root densities. 
Indirect methods include surface adsorption of acid or basic organic dyes (Wilde 
and Voigt 1949; Dunham 1958; Carman 1982; Costa et al. 2001), gravimetrically 
estimated loss of concentrated salt solutions (Carley and Watson 1966), absorption 
and desorption of nitrite (Ansari et al. 1995) and photoelectric measurements. In 
contrast, direct methods of root surface measurement (Lopez et al. 2001) are based 
on sequential soil core sampling techniques or the use of root-free in-growth cores 
and minirhizotrons (McQueen 1968; Persson 1983; Persson et al. 1995; Persson 
and Ahlstrom 2002; Steele et al. 1997; Helmisaari and Hallbacken 1999; Janssens 
et al. 1999). Special software and image analyses are often used, including fractal 
modeling and sophisticated allometric analysis (Coutts et al. 1999; Drexhage 
et al. 1999; West et al. 1999; Coomes and Grubb 2000; Bond-Lamberty et al. 2002; 
Salas et al. 2004), but the use of such techniques usually precludes the study of 
entire tree root systems. Several types of non-destructive methods have been used to 
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estimate the functional extent and depth of root systems of forest trees including 
radioactive tracers (Woods 1969) or combined measurements of soil water content 
and sap flow (Čermák et al. 1980; Čermák and Kučera 1990a, b; Nadezhdina and 
Čermák 2003a, b). Because these methods provide little or no resolution of root 
structure, an alternative method suitable for root quantification in situ is of great 
importance. In particular, studies of absorbing root surfaces are necessary to better 
understand plant physiological processes such as water transport and nutrient uptake 
(Smerthust and Comerford 1993; Steudle 1995; Comerford et al. 1995; Eckhard and 
Horst 1996).

2.3  Root Excavation with Supersonic Air Stream  
(the “Air-Spade”)

Entire root systems can be excavated using a supersonic air stream (Air-Spade 
150/90, made by Concept Engineering Group, Inc., Verona, PA, USA). This system 
is based on air flow from a strong compressor (Ingersoll-Rand VHP 400, giving an 
air flow rate of up to 12 m3 min−1 at an operating pressure of up to 1.2 MPa) that 
produces a “laser-like” thin air stream with a velocity of Mach two when connected 
to the special nozzle (Rizzo and Gross 2000; Nathenson and Jarabak 2001; 
Nadezhdina and Čermák 2003a, b; Čermák et al. 2008c). The method relies on the 
velocity of the stream and not on its pressure. The air stream is not harmful when 
it touches a smooth object (such as stones, roots or feet), but if it enters any small 
pores the air becomes compressed within, causing them to explode. Soil contains 
such pores and is therefore dispersed during micro-explosions into small particles 
and blown away (Fig. 15.2). Whereas fine roots (around 1 mm in diameter) can be 
exposed without major damage, micron-sized hairs of mycorrhiza cannot. Sufficient 
soil moisture is a pre-condition for proper application of this system. Dry soil is 
dispersed into relatively large pieces (up to the size of a fist) that hold fine roots 
too tightly, potentially damaging them when whole soil pieces are moved away. 
Roots can also be damaged by fast-moving pieces of sand or gravel. If the root 
network does not allow these hard objects to be moved away, it is better to remove 
them manually.

For optimal data analysis, the excavated root systems must be further evaluated 
and quantified based on photo images, using an image analyzer. Photographic images 
of excavated root systems using the central projection (of the photographic lenses) 
must be transformed to the orthogonal projection to find the correct geometrical 
positions of the analyzed objects. Generation of a square network when applying a 
grid (e.g., 1 × 1 m) to the field before taking images allows maintenance of a proper 
scale when composing particular pictures into a mosaic of the area studied. 
Interactive graphical software (e.g., KOKEŠ v. 6.57, Gepro Praha) has been used in 
the transformation procedure. The resulting transformed images are connected into 
a seamless photo-mosaic, where the mean position error is ±2 cm and the mean 
raster accuracy is 0.5 cm (Čermák et al. 2008c).
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2.4  Three-Dimensional Visualization of Root Systems  
Based on the Ground-Penetrating Radar (Georadar)

Coarse roots can be visualized using ground-penetrating radar (GPR, Hruška et al. 1999; 
Čermák et al. 2000; Wielopolski et al. 2000; Stokes et al. 2002). Root systems were 
visualized using a PulseEKKO 1000 geo-radar (Sensors and Software, Inc., Canada) 
by applying shielded antennas and a frequency of 900 MHz. This assures an accuracy of 

Fig. 15.2 Upper panel: excavation of tree root systems using a supersonic air stream (the “air-spade”) 
in a Norway spruce (Picea abies) forest. Sufficiently moist soil is dispersed and blown away by the 
stream, while smooth objects (roots, stones, etc.) remain undamaged. If the whole root system is 
to be exposed, the trees must be felled beforehand for operator safety reasons. Lower panel: the 
air-spade system can also be used for excavating rather deep roots (here 2.5 m). Such roots of very 
different sizes are visible along transect over the root system of a large Platanus orientalis tree 
growing close to the house wall in the city
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2 cm when specifying the location, a sampling depth of 1.5 m, and direct detection of 
roots with diameters over 1.1 cm (location, depth and root diameter are estimated using 
direct detection). Only larger roots can be visualized in deeper soil layers when applica-
tion of modified antennas and frequency is required. In principle, radar cannot see 
fine roots, which can only be detected indirectly on the basis of diffraction markers 
indicating location and depth, but not root diameter. Our measurements were done along 
a network of perpendicular profiles using a 0.25-m grid with a 0.05-m step. The effective 
velocity (v

ef
) was applied to convert the temporal radar data into the corresponding 

depth, and v
ef
 = 0.1 m ns−1 was suitable for weathered granodiorite. A large tree root 

system can be covered by ~400 m of profiles using ~10,000 geo-radar point measure-
ments (Hruška et al. 1999; Hruška 2008).

Individual geo-radar records were elaborated using the software package EKKO 
TOOLS (4.23 from Sensors and Software), which improved the signal-to-noise 
ratio, filtered interfering signals and frequencies and eliminated external disturbing 
sources. The individual records were used to produce a series of “slides,” from 
which we con structed horizontal and vertical maps of root systems below the 
areas measured. The 3D pictures are more precise when a dense grid is applied 
(i.e., 10 × 10 cm), while larger errors appear in sparser grids (i.e., 50 × 50 cm), 
because positions of individual roots must be reconstructed between the “slides”, 
and larger distances do not allow correct execution of this process. Geo-radar also 
cannot “see” vertically growing roots that run parallel to the electromagnetic beam. 
Although this system works with acceptable errors on homogeneous soils, it does 
not work on stony soils, as indivi dual stones cause many false reflections that are 
difficult to distinguish from roots.

3  Measurements of Whole Tree Function – Water Relations

3.1  Features of Integration, Excessive Energy Load,  
Leaves and Landscape Cooling

There are a limited number of variables that can be routinely measured at the 
whole-tree level to integrate the behavior of large numbers of leaves and roots 
amoun ting tens to hundreds of thousands per broadleaf tree and hundreds of 
thousands to several millions of needles in coniferous species. In fact, the integra-
ting effect of the variable may be more important than the measurable variable itself. 
Practically, the most comprehensive variable applicable for these purposes is sap 
flow, which links roots and leaves and provides important information about the 
relationships between trees, water and the physiological processes responsible for 
the transformation of the largest amounts of solar energy. The energy needed for 
photosynthesis and other functions only accounts for a fraction of a percent of that 
incident on the plant. A much larger part of this energy is absorbed by exposed 
surfaces, thereby increasing their temperature. Therefore, a huge amount of 
water is needed for cooling plant surfaces to prevent overheating and to allow 
other processes to work normally. The entire landscape is cooled this way if covered 
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sufficiently by vegetation (Makarieva et al. 2006, 2008; Makarieva and Gorshkov 
2008). No other phenomenon is more effective for cooling than the evaporation of 
water. The importance of water is greatest when it becomes scarce. Outside of the 
mostly frozen arctic regions, lack of water (drought) is the most frequent limiting 
factor for plant growth. Large plants, especially trees, have to transport massive 
amounts of water through their bodies to leaves distant from roots, especially 
through stem sapwood consisting of specialized conducting tissue (xylem).

3.2  Main Principles of Sap Flow Measurements

Following pioneering work in the last century (Huber 1932), many types of sap flow 
measurement methods based on a variety of principles (e.g., thermodynamic, elec-
tric, magneto-hydrodynamic, nuclear magnetic resonance, etc.) have been described. 
However, only a few of these, particularly those based on thermodynamics, are 
widely used in field-grown trees. A variety of thermodynamic methods are available 
for calculating the mass flow of sap in trees using heat as a tracer. Measurements can 
be made in any conductive organ of the tree, including branches and roots. Depending 
on the method, measurements are made in a localized part of the conductive organ 
immediately surrounding the sensors, or around the entire perimeter of the conductive 
organ. Some methods integrate the sap flow in the whole sapwood, while others 
provide information for calculating sap flow at different depths behind the cambium. 
Some methods are invasive because the sensors are located within the sapwood; others 
are non-invasive, with the sensors located outside of the conductive organ, although 
in close contact. Some methods are suitable for stems of very small diameters where 
only non-invasive ones are applicable, while others can be used in large trees. A subset 
of these methods measures continuously, while others measure discontinuously. 
Some methods cannot measure below a certain threshold rate of sap flow, whereas 
other methods are useful for measuring very low sap flow rates and even those 
occurring during reverse flow. Therefore, the user must be aware of the potential and 
limitations of the different available methods in order to select the most suitable one. 
In the following sections, we mention the currently most widespread methods for esti-
mating sap flow from heat measurements with references to key papers where details 
about each method are given. However, the measurements of sap flow itself represents 
only one of many aspects of sap flow studies. Additional important items to consider 
include evaluation of errors and spatial integration of data measured by individual 
sensors to the whole-tree and stand levels. These aspects are discussed below.

3.2.1  Classical Heat-Pulse and Cohen’s T-Max Methods

The first reference to a heat pulse velocity method (HPV) was by Huber (1932), 
whose system was based on two kinds of probes: a heater and two temperature sensors 
above it. The time of the first appearance of heat at the upper downstream sensor after 
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passing the lower one was assumed to be the same as the time taken for the sap to 
move this distance. Huber recognized the importance of distinguishing between con-
vective heat transfer by the moving sap and the transport of heat by thermal conduc-
tion. To separate these two effects, Huber and Schmidt (1936) developed an early 
version of the ‘compensation’ heat-pulse (CHP) method in which one sensor was 
downstream and the other sensor upstream of the heater. The time of peak warming 
of the upstream sensor as compared to the downstream one was used to ‘compensate’ 
for the effects of thermal conduction. Later, Marshall (1958) proposed a new probe 
arrangement and developed a theoretical framework for the compensation heat-pulse 
method. This analytical theory, with further improvements by Swanson (1965, 1970, 
1971), was used by Cohen et al. (1981) to develop the heat-pulse method known as 
the T-max method. This method uses a heater and two probes. One of the probes, 
with a single temperature sensor, is inserted downstream of a line heater to record the 
time delay for the maximum temperature increase at the sensor location. A second 
probe, also with a temperature sensor, is located upstream and used as a reference.

3.2.2  Green’s HPV System

The heat-pulse velocity (HPV) system developed by Green and Clothier (1988) and 
Green (1998) is based on the CHP method (Swanson and Whitfield 1981) The HPV 
system can be used for either the compensation or T-max methods (Green et al. 2003). 
For the compensation method, two temperature probes are placed asymmetrically on 
either side of a line heater that is inserted radially into the sapwood. Each tempe-
rature probe has several thermocouples at different depths behind the cambium. 
Following the application of a brief 1- to 2-s heat pulse, the time delay for an equal 
temperature increase at the two sensors placed at the same depth below the cambium, 
upstream and downstream from the heater, is used to calculate the heat pulse velocity. 
A theoretically derived correction factor is then used to correct the heat pulse 
measurements for any probe-induced effects of wounding and to calculate volumetric 
rates of sap flow. For the T-max method, the upstream probe is simply shifted to a 
position 40 mm from the heater so that it does not sense the heat pulse. This second 
reference probe is used to compensate for any background changes in stem tempera-
ture that may occur during the T-max measurement. Correction factors are needed to 
derive actual sap flow values from the recorded T-max values.

3.2.3  The Heat-Dissipation (HD) Method

The heat-dissipation method, developed by Ittner (1968), Radchenko et al. (1982) 
and especially Granier (1985), is based on the detection of convective heat transport 
(heat carried with the sap stream). A thermocouple is mounted on each of two thin 
needles inserted radially in the sapwood with a vertical distance of about 10 cm 
between them. The upper needle contains a heating element operated at constant 
power. The sap flow density is calculated from the temperature difference between 
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the two needles. The maximum temperature difference occurs when flow is zero, 
and decreases with increasing sap flow velocity. This is the most widespread method 
because of its simplicity and relatively low cost of sensors, although recording of 
very low flows (e.g., resaturating at night) and high flows (e.g., around midday in 
rapidly transpiring trees) are difficult.

3.2.4  Heat Balance with External Heating or Stem Heat  
Balance (SHB) Method

Vieweg and Ziegler (1960) developed a method where a heater band is wrapped 
around the conductive organ. A small quantity of heat is applied continuously to 
increase the temperature of the enclosed stem to a certain level above that of the 
non-heated parts below. The heat balance method was first described by Daum 
(1967), who measured the natural flow of heat and did not apply any artificial 
heating. A similar method was developed by Sakuratani (1981) and advanced by 
Valancogne and Nasr (1989) as well as by Weibel and Vos (1994). Further versions 
were applied by Baker and Van Bavel (1987), Steinberg et al. (1990), Ishida et al. 
(1991), Senock and Ham (1993) and Chandra et al. (1994), among others. All of 
these methods are based on the calculation of an energy balance between the energy 
put into the stem and energy losses from temperature measurements made on top of 
or just under the bark. The stem heat balance gauge actually comprises a flexible 
heater several centimeters in width that is wrapped around the stem and enclosed in 
layers of insulating and weatherproof materials. Heat is applied to the entire circum-
ference of the stem encircled by the heater and the mass flow of sap is obtained from 
the balance of the fluxes of heat into and out of the heated section of stem. The SHB 
method is suitable for both herbaceous and woody plants. However, with large 
stem sizes, both the heater band and energy requirements become too large, and the 
calculation of the stored heat term is difficult. Therefore, these methods are rarely 
used for stem diameters larger than 16–17 cm.

3.2.5  The Heat-Ratio Method (HRM)

The methods of Cohen and Green are reported to be of limited value for measuring 
low flow rates (Becker 1998). The heat-ratio method (HRM) is a heat-pulse-based 
method developed by Burgess et al. (1998, 2000a) (using some theory from Marshall 
(1958) and Barrett et al. (1995)) that is able to accurately measure low rates of sap 
flow. The HRM measures the heat pulse velocity V

h
 (cm s−1) from the ratio of the 

temperature increase following the release of a pulse of heat at points equidistant 
downstream and upstream from a line heater:

 
( ) ( ) ( )2 2

h 1 2 2 1 1 24 ln( / ) / 2V k t x x t x x   = − + −  ν ν  (15.1)

where k is the thermal diffusivity of fresh wood (cm2 s−1), t is time of measurements, 
n

1
 and n

2
 are increases of temperature relative to ambient, and x

1
 and x

2
 are upstream 
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and downstream distances of the probes from the line heater. As in other similar 
methods units of V

h
 can be written as sap flow density (cm3 cm−2 s−1), which allows 

integrating sap flow values for whole trees, when using sapwood area. The HRM 
configuration corrected for wounding as well as other operational details are given 
by Burgess et al. (2001a). The HRM is very suitable for fieldwork, because it is 
sensitive to the direction of sap flow and therefore is also able to measure reverse 
flow in stems, roots and other conductive organs.

3.2.6  Tree Trunk Heat Balance (THB) Method

The original trunk heat balance (THB) method, characterized by direct electric 
heating and internal sensing of temperature, was designed for large trees (Čermák 
et al. 1973, 1976b, 1982, 2004; Kučera et al. 1977; Tatarinov et al. 2005). The 
variant used for tree trunks with diameters over 12–15 cm consists of three to five 
metal plates inserted in parallel into the sapwood, at a distance of 2 cm from each 
other. Rather wide sensors (altogether 4–8 cm) are used to represent significant 
parts of stems, especially when more are installed together around the stem. The 
plates are used as the electrical poles of the heater. An AC voltage source isolated 
from ground is connected to the plates, and the current running through the wood 
between the electrodes generates rather even heating between them (Fig. 15.3). 
The current is automatically distributed in the xylem along the electrodes, reach-
ing the heartwood edge even when the electrodes in the sapwood do not reach it. 
Furthermore, the heartwood is not heated even if the electrodes are inadvertently 
inserted deeper than the sapwood/heartwood boundary, because the heartwood is 
usually relatively dry and therefore nearly non-conductive. Therefore sap flow 
is integrated over the entire sapwood. Either the power (P), which is directly 
proportional to sap flow or the temperature difference (dT), which is indirectly 
proportional, can be held constant by electronic circuits while the other variable 
is being recorded. This method calculates the heat balance of a defined heated 
space. As in all heat-balance systems, the temperature difference between the 
heated and non-heated parts of stem segments is measured and used to calculate 
the mass flow. The constant dT variant of the system has the advantage of better 
dynamic properties and of avoiding eventual overheating of the segment in which 
it is located.

Basically, the input energy has to be split between the conductive heat losses and 
the warming of passing water according to the following simple equation:

 wP QdTc dTλ= +  (15.2)

where P is the heat input power (W), Q is the sap flow rate (kg s−1), dT is the 
temperature difference in the measuring point (K), c

w
 is the specific heat of water 

(J kg−1 K−1) and l is the coefficient of heat losses from the measuring point (W K−1). 
The magnitude of l is clearly evident in the sap flow data as the so-called “fictitious 
flow” (Q

w fic
), which is recorded even when the actual flow is zero (under constant 

P, dT reaches its maximum). When calculating the actual sap flow (Q
w
), it is necessary 
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to subtract Q
w fic

 (estimated periodically when the actual flow approaches zero, such 
as in the early morning after a prolonged rain) from the recorded flow data (Q

w rec
).

 w w rec w ficQ Q Q= −  (15.3)

The impact of temperature gradients between dT probes can be compensated for 
by installation of additional pairs of thermocouples outside the heat field of the 
heater (Čermák and Kučera 1981). This modification has also been adapted for use 
with heat dissipation sensors (Silvestre and Ferreira 1998).

In addition, “baby” sensors (applicable for conducting organ diameters 0.6–2 cm) 
are also available. These are significantly improved versions of sensors based on 
flexible external heating and sensing as described by Čermák et al. (1984) and 
Lindroth et al. (1995). Heat is supplied by a resistance wire fastened to a soft 
resilient insulating tissue, assuring good contact with non-cylindrical stem sur-
faces, even if the plant grows in diameter by up to about 50% during the period of 
measurement.

Fig. 15.3 Schemes of sensor geometry for the trunk heat balance, THB, (left) and heat field 
deformation, HFD, (right) methods. THB electrodes supplying the alternating electric current isolated 
from the ground are shown as thick vertical lines and thermocouples (placed in 1-mm-diameter 
stainless steel hypodermic needles) are marked as circles. dT represents the measured temperature 
difference. The distance between edge electrodes delineates the width of the measured stem section 
(here 40 mm). The total sap flow per section or per tree is measured. An additional compensating 
pair of thermocouples installed on both sides of the electrodes (not shown) helps to correct for the 
impact of natural temperature gradients. HFD the linear heater of the HFD sensor is shown as a 
black circle and thermocouples measuring axial, symmetrical temperature differences (dT

sym
) as well 

as tangential, asymmetrical, temperature differences (dT
asym

) are shown as gray circles. The width of 
the measured stem section determines the distance between the heater and tangential thermocouples. 
This width can be doubled by installing the tangential thermocouples on both sides of the heater 
(not shown). A series of thermocouples installed in each needle allows measurement of both the 
total sap flow and its radial pattern across the entire sapwood depth
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The THB method is robust and provides reliable data for long-term measurements 
in trees with diameters over 15 cm in a range of species, size and environmental condi-
tions. The exact estimation of very low flow (values approaching the fictitious flow) 
is difficult because such flow interferes with the changes in heat loss. The THB 
measuring system has good dynamic properties (Čermák and Kučera 1991), although 
some inertia can occur. Due to the plane form of the electrodes, installation in stems 
with highly curved, spiral water conductive pathways (Kozlowski and Wignet 1963; 
Waisel et al. 1972) may be difficult because a larger sapwood area may be cut than 
that corresponding to the electrode thickness. Partially rotten stems with wet heart-
wood, stems with very deep sapwood, or stems of some tropical species with sapwood 
located deep inside may cause problems. The THB sensors integrate the radial sap 
flow profile by technical averaging within the wide stem sections when considering 
power distribution as mentioned above. This method was even applied as a standard 
when testing other methods (Offenthaler and Hietz 1998; Schubert 1999).

3.2.7  Heat Field Deformation (HFD) Method

The heat field deformation (HFD) method is based on measurement of the deforma-
tion of the heat field around a needle-like linear heater inserted into the stem in a 
radial direction (Nadezhdina et al. 1998, 2002, 2006; Čermák et al. 2004, Fig. 15.3). 
The frontal view of the heat field around the linear heater looks like a symmetrical 
ellipse due to different heat conductivities of the stem in the axial and tangential 
directions under zero flow conditions (the stem must be considered as a complex 
material consisting of a solid xylem as well as water and air) and takes a form of a 
gradually prolonging deformed ellipsoid under increasing flows (Nadezhdina et al. 
2004b). Using the HFD method, sap flow is calculated from the ratio of tempera-
ture gradients around the linear heater in the axial direction and symmetrical 
position (dT

sym
) as well as in the tangential direction and asymmetrical position 

(dT
asym

). The gradients are measured by two pairs of thermocouples inserted 
(similarly to the heater) in stainless steel hypodermic needles of 1.5 mm diameter. 
Sap flow is then calculated from the temperature differences. dT

sym
 is also known 

as the sap flow index (SFI), which can be used as a qualitative stress indicator 
(Nadezhdina 1999). Experimentally, the above ratio is proportional to the sap flow 
rate, Q

w
 (Nadezhdina et al. 1998). Constants in the corresponding equation also 

include the geometry of the measuring point and physical properties of the con-
ducting system (Nadezhdina et al. 2006):

 

03600 ,sym asym ax
i
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dT dT dT Z
q D

dT Z L

+ −
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×  
(15.4)

where q
i
 is sap flux density (cm3 cm−2 h−1) estimated at a thermocouple junction i, D is 

the thermal diffusivity of fresh wood (cm2 s−1), dT
sym

 (°C) is the temperature diffe-
rence between the axial thermocouple junctions, dT

asym
 is the temperature diffe rence 

between the tangential thermocouple junctions, Z
ax

 is the distance between the upper 
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junction of the axial thermocouple and the heater (usually = 1.5 cm), Z
tg
 is the 

distance between the upper junction of the tangential thermocouple and the heater 
(usually = 0.5 cm between needle surfaces) and L

sw
 is sapwood depth (cm). A nominal 

value for D of 0.0025 cm2 s−1 was chosen, according to Marshall (1958). The 
temperature difference under conditions of zero flow (dT

0
) was determined from the 

relationship: dT
0
 = (dT

sym
 – dT

asym
)

0
 and the ratio (dT

sym
/dT

asym
) when taking the point, 

where the extended line intersects the ordinate (Nadezhdina et al. 2006). The HFD 
method is the most sensitive measuring system presently available, responds quickly 
(with minimum inertia). Reverse sap flow associated with hydraulic redistribution 
(Daum 1967; Štěpánek et al. 1972; Burgess et al. 1998) can also be directly measured 
with this method (Nadezhdina et al. 2009, 2010) as well as basipetal and nighttime 
resaturating flows (Kunia 1955; Daum 1967; Burgess et al. 2000a; Brooks et al. 
2002), which provide valuable information about plant water status.

The HFD method can be fully exploited in large trees only when applying multi-
point sensors, which allow measurements of radial patterns of sap flow (Čermák and 
Nadezhdina 1998; Nadezhdina and Čermák J 1998; Nadezhdina et al. 2009, 2010) 
Some uncertainties were found during measurements of very high sap flow densities, 
such as those measured just below the crown of tall trees (N. Nadezhdina, unpub-
lished data). This may be a common problem for most methods using needle-like 
heaters. Multi-point HFD sensors integrate the cross-sectional area of the whole stem 
sapwood by measuring the flow at different depths and allow three-dimensional 
representation of flow (Čermák et al. 2004). Single-point sensors with needle heating 
can be used in small stems, roots or branches (over 10 mm in diameter).

3.2.8  Integration of Flow from Individual Sensors  
to the Whole-Tree Level

Measurement of sap flow itself represents only one aspect of sap flow studies. 
Additional important items to consider include evaluation of errors, integration of 
data measured by a given sensor for the whole stems (e.g. Marshall 1958; Shackel 
et al. 1992; Hatton et al. 1990, 1995; Allsheimer et al. 1998; Clearwater et al. 1999; 
Nadezhdina et al. 2002) and spatial variation of flow within trees (Čermák et al. 
1984, 1992, 2008b; Čermák and Kučera 1990a, b; Granier et al. 1994; Čermák 
and Nadezhdina 1998; Jimenez et al. 2000; Nadezhdina and Čermák 2003a, b; 
Nadezhdina et al. 2007). The interior of a tree is far from homogenous. As trees 
increase in girth, old knots and limbs are grown over and often become invisible at 
the surface, causing sap flow to be divided around the knot, leaving non-conducting 
voids immediately above and below. In general, it is not possible to avoid such 
areas. Careful attention to probe placement, use of the correct sampling design and 
careful analysis of the collected data are the only ways to insure representative 
and unbiased estimates of sap flow (Swanson 1970, 1994). The variability in flow 
should be considered, especially over the sapwood radial profile and around the trunk 
circumference at a given measurement height (Čermák et al. 1992, 2003; Čermák 
et al. 1992, 2004; Anfodillo et al. 1993; Phillips et al. 1996; Nadezhdina et al. 2002). 
A series of measuring points at different xylem depths is needed to characterize 
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each radial and circumferential pattern. In the example shown in Fig. 15.4 six 
multi-point sensors were installed, comprising a total of 30 measuring points for 
characterizing spatial variation in flow in a Picea abies stem cross section. It may also 
be necessary to consider that the specific flow and velocity may increase or decrease 
axially from the stem base to thin branches depending on species (Huber 1932). 
If water storage is not considered (e.g., when taking daily totals), data for the whole 
stem at the base of the live crown should be practically the same as that at the tree 
base (Schulze et al. 1985; Čermák and Kučera 1990a).

As shown in Fig. 15.4, there are two approaches to obtain true integrated radial 
patterns of sap flow: application of integrating sensors (such as THB) or multi-point 
sensors (such as HFD) situated over stem radii. Several of these sensors must be 
installed around the stem circumference to record the flow variation at different 
azimuths. Values for flow density must be multiplied by the corresponding sapwood 
cross-sectional areas (e.g., over individual growth rings or distinctly defined annuli) 
to obtain data for the whole stem. Misleading results can be obtained if a series 
comprising only single-point sensors is installed at different depths and simultane-
ously at various parts of the stem circumference. Changing the position of such sensors 
can yield different data. Positioning of non-integrating sap flow sensors only at a 
single point provides data that cannot be reliably applied for integration over the 
whole sapwood depth (i.e., the cross-sectional area), because the operator does not 
know the point at which the measured data are representative of the whole sapwood 
depth. If such a sensor is positioned at any other place, it will substantially overes-
timate or underestimate the representative value (Nadezhdina et al. 2002; Cermák 
et al. 2004). This problem is more important for highly variable radial flow densities, 
when errors of tens of percent can easily occur. Much smaller errors can also occur 
in rather homogeneous flow patterns, when the most representative point is mis-
judged by even a very short distance.

Fig. 15.4 Sap flow density across the stem at breast height (1.3 m) in a large Norway spruce tree 
measured by a series of six multi-point sensors based on the heat field deformation method. Each 
of the multi-point sensors is marked by a radial series of dots showing positions of 30 individual 
sensors. Density is represented by colors according to the scale on the right. The image was made 
using software of D. Nečas available at http://trific.ath.cx/software/dendrofit/ (2003)
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3.2.9  Upscaling of Data from Series of Trees to Entire Stands

Interpretation of results of studies at the whole-tree level is often clear, but sometimes 
(e.g., in landscape-oriented studies) the data need to be scaled up from a series of 
sample trees to entire stands. Relating sap flow measured in a series of carefully 
selected trees encompassing a range of size that is representative of the stand can do 
this. The “quantiles of total” method helps to identify such trees simultaneously 
based on size and stand density (Čermák and Kučera 1990b; Čermák and Michálek 
1991). Each selected tree should represent approximately the same fraction of the 
selected stand parameter. A suitable biometric parameter measurable at the sample 
tree as well as at the whole-stand level (e.g., forestry inventory based on DBH, basal 
area, leaf or root area) is needed for this purpose, irrespective of whether the stand 
is heterogeneous or homogeneous.

The equation generalizing values of all sample trees (“the scaling curve”; 
Fig. 15.5, upper panel) is applied to derive values for individual DBH classes. 
These values are then multiplied by the numbers of trees in the classes and sum-
marized to obtain stand values (e.g. Morikawa 1974, 1986; Loustau et al. 1998; 
Čermák and Kučera 1987, 1990a; Meiresonne et al. 1999, 2003; Čermák et al. 
2004). The resulting error is usually acceptable if a sufficient number of sample 
trees (roughly a dozen per species) are measured (Fig. 15.5, lower panel). If the 
data are to be scaled to even higher levels of biological organization (such as a 
watershed or forest plantation), a series of well-selected experimental plots repre-
senting that area must be incorporated. The selection is based on the forest site 
classification (“forest types”) or other site classifications available in particular 
areas at the whole-stand and landscape levels. Detailed hydrologic modeling or 
detailed remote sensing are suitable for such purposes. Data obtained from selected 
sites have been successfully utilized for verification of results from models calcu-
lated from the same sites (Balek et al. 1985a, b; Čermák and Kučera 1991; Oltchev 
et al. 2002a, b; Chiesi et al. 2002).

4  Sap Flow Measurements in Studies of Hydraulic 
Architecture

4.1  Whole-Tree Water Storage

Tree water storage confers a very important capacity to buffer extremes in xylem 
tension (Waring and Running 1978; Waring et al. 1979) that allows the tree to 
minimize hydraulic dysfunction associated with excessive embolism when soil 
water supply is limiting. The total amount of water available for withdrawal from 
storage in tree tissues can be estimated on the basis of tissue sampling (Čermák and 
Nadezhdina 1998; Kravka et al. 1999). As shown in earlier studies, fractions of stored 
water used on individual days can be estimated based on sap flow measurements 
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(Landsberg et al. 1976; Čermák et al. 1976a, 1982). The frequently applied and most 
straightforward approach for such estimation is to measure changes in stem volume 
using sensitive electric dendrometers or by diurnal courses of transpiration of foliage 
(or sap flow in small branches close to foliage) and shifted sap flow time series in 
the stem at its base or at different heights above ground (Čermák et al. 1982, 2007a; 

Fig. 15.5 The upper panel shows relationships between values of daily or diurnal sap flow for 
individual trees and the biometric parameter basal area, which was measurable at the sample tree 
and stand levels. Points represent the individual sample trees in a relatively homogeneous 
stand (Species 1) and a more heterogeneous stand (Species 2). The calculated “scaling curve” was 
applied for derivation of flow rates for mean trees of different DBH classes. Stand level data were 
obtained as mean values of trees in classes multiplied by the number of trees in the classes and 
summed. The lower panel shows the corresponding standard errors of stand sap flow (transpiration) 
measurements based on 12 sample trees for each species
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Phillips et al. 1997, 2003; Peramaki et al. 2001, 2005; Steppe et al. 2005; Meinzer 
et al. 2003, 2006, 2008). Ideally, both dimensional changes and sap flow should be 
measured concurrently. Shifts in the time series of branch and basal sap flow are 
typically brief in small plants, (e.g., only about 1.5 min in reed, Rychnovská et al. 
1980), but are often substantially more pronounced in large trees (Goldstein et al. 
1998; Phillips et al. 2003). However heat storage at the measuring points must be 
taken into account to prevent distortion of results (Sevanto et al. 2009). Measurements 
on giant old-growth Douglas fir trees on summer days have shown good correspon-
dence between estimates of daily reliance on stored water derived from branch and 
basal sap flow differences and dendrometer-based estimates of changes in stem 
volume (Čermák et al. 2007a). These analyses revealed that only a small amount of 
water was extracted from elastic tissues such as phloem and young wood, with a 
significantly larger volume of water being extracted from rigid conducting tissues 
such as sapwood. This differs in various parts of the tree crown, as little transpired 
water (3%) was extracted from relatively dry tissues of the upper crown, whereas 
much more (up to 35%) was obtained from the rest of the tree. Whole-tree tran-
spiration can be maintained with stored water for about a week, but the treetop 
itself can supply water only for several hours. Relationships of the recorded changes 
in stem volume and cumulated values of sap flow differences at different heights 
(or transpiration and sap flow) show their linear dependence over almost the whole 
day (although with only a 0.5-h shift at the tree top and 3 h at the tree base), but not at 
night (Čermák et al. 2007a). This pattern indicates that the stem grows significantly 
only at night during sunny days with high evaporative demand (and probably for 
longer period of time on warm rainy days).

4.2  Radial Patterns of Xylem Water Content and Sap  
Flow Related to Sapwood Depth

The sapwood cross-sectional area is a simple biometric parameter widely used for 
scaling up transpiration data between trees and forest stands and for estimation of 
free water storage in stems. However, it is not always clear how the sapwood area is 
best determined. One of the most common methods for distinguishing sapwood and 
heartwood is based on xylem water content (also called wetwood), which is typically 
about 50%

vol
 in sapwood (of this, about 40%

vol
 is free water) and about 10%

vol
 in 

heartwood where water is physically bound and unavailable for withdrawal from 
storage. The higher water content of sapwood is also observable in its more trans-
lucent appearance when looking at it against a light source. Sapwood has also 
been distinguished according its color or the presence of living cells. All of these 
characteristics can be used to estimate the potential size (depth, area or volume) 
of sapwood, which might not correspond to the xylem layers where sap flow actu-
ally takes place. The radial pattern of sap flow and estimated heartwood boundary 
(where flow density reaches zero) may correspond to the boundary estimated by the 
above-mentioned methods, but the functional sapwood is sometimes smaller due to 
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drought or other factors. Furthermore, the flow density can differ significantly along 
the sapwood depth, so the potential size of sapwood is not always reliable for 
purposes of scaling up the sap flow when it is measured over a narrow range of 
sapwood depth (Čermák and Nadezhdina 1998). The potential size of sapwood 
differs according to species and the size and age of trees (Kravka et al. 1999). 
The actual radial patterns of sap flow can also be quite different even among 
individuals having similar sapwood depths. The entire stem cross-sectional area is 
usually water conducting in small (young) trees with the relative sapwood depth 
decreasing as the stem grows, and a larger fraction of the xylem radius is gradually 
converted from sapwood to heartwood (Fig. 15.6).

4.3  Water-Conducting Systems in Stems

It has long been suggested that species differ in the degree of sectoriality of their 
xylem and that they can be divided in two large groups: sectored and integrated. 
Knowledge of this aspect of tree hydraulic architecture becomes more important 
for larger trees. Ring-porous species and some conifers (e.g., Thuja) tend to be 
more sectored. Very steep spiral pathways occurring in some species (e.g., often in 
Syringa vulgaris) are rare. Xylem of diffuse-porous species is regarded as usually 
more integrated. Some authors have found sectored flow to consist of direct con-
nections between certain parts of the root system with only a certain part of the 
foliage situated on the same side of the stem (Lanner 1984; Larson et al. 1994). 
However, other studies (Roach 1939; Vite and Rudinsky 1959; Zimmerman 1978; 
Teskey et al. 1985) have observed the fraction conducting tissues in the stem xylem 
cross-sectional area to increase toward the top of the tree. Sap flow measurements 
may provide the easiest way to study the degree of integration or sectoriality of 
water pathways in trees. This method is especially effective when applying experi-
mental manipulations such as branch or root severing (Fig. 15.7). For example, 
sap flow in all xylem layers of an oak stem decreased to zero after the large branch 
above it was severed during our experiments (Figs. 15.7 and 15.8). The sensor on 
the opposite side of the stem recorded no flow decrease after branch severing. The 
sap flow also decreased in all xylem layers of a maple tree on the side where the 
branch was severed (Figs. 15.7 and 15.8). The largest flow decrease was recorded 
in the outer xylem. However, the flow did not decrease to zero, and some low 
homogeneous flow occurred in all xylem layers below the cut branch. At the same 
time, the flow did not decrease in the outer xylem layers on the opposite side of 
the stem, but the flow decreased in the inner xylem, especially in the deepest part 
of it (42 mm below the cambium). This example indicates that water pathways in 
oak just below the crown were directed to a certain part of the crown only 
(sectored), whereas in the more integrated maple, water pathways were directed 
to the whole crown from each side of the stem, presumably to the nearest branch 
in the outer xylem and also to branches on the opposite side through the inner 
stem xylem.
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4.4  Studies of Water Redistribution in Trees: Soil–Root 
Compartment

Horizontal distribution of water in soil caused by high tree water demand for 
 transpiration plays an important role in tree survival, especially in low hydraulic 
conductive heavy soils (Čermák et al. 1993; Čermák and Prax 2001). Redistribution 
of water in trees is also very important. Sap flow methods with symmetrically placed 
thermometers (e.g., some versions of heat balance, heat ratio and heat field defor-
mation methods) opened the possibility of directly detecting the hydraulic redistri-
bution in soil mediated by tree roots (Caldwell and Richards 1989; Burgess et al. 
1998, 2000a, b, 2001b; Scholz et al. 2002; Moreira et al. 2003; Hultine et al. 2003; 
Warren et al. 2005; Nadezhdina et al. 2006; Brooks et al. 2006). Passive hydraulic 
redistribution in soil determined by gradients of water potential should be common for 
trees of any size (and other plants including grasses) if the moisture is heterogeneously 

Fig. 15.6 Changes in radial sap flow patterns representing the actual conducting sapwood 
(in contrast to the potential conducting sapwood according to xylem water content or its color) in 
relation to tree size as indicated by xylem radius (R

xyl
). Examples of ring-porous species Quercus 

pubescens and Q. cerris of are shown in the upper and middle panels; respectively, and the diffuse 
porous species Populus euroamericana is shown in the lower panel. Almost all of the stem cross-
section area is conductive in young trees (upper panel); and this fraction gradually decreases with 
increasing tree size and age (middle and lower panels) irrespectively of the species

Fig. 15.7 Redistribution of water in trees: scheme of sap flow sensor installation in the upper 
trunk of sample trees where the branch was cut during the field experiment. Arrows indicate model 
directions of sap flow when branches were still present. Transport in oak (Quercus robur, left 
panel) occurs within restricted pathways (sectorial), whereas more integrated transport occurs in 
maple (Acer platanoides, right panel). Red lines indicate where branches were cut; solid arrows 
show main direction of sap flow in the outer stem xylem and dashed arrows model additional flow 
direction in the inner stem xylem. Black boxes represent sensors marked by their numbers. These 
numbers correspond to numbers on graphs in Fig. 15.8
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distributed in bulk soil occupied by roots. Hydraulic redistribution within the 
aboveground part of a tree (Daum 1967; Štěpánek et al. 1972; Burgess and Bleby 
2006; Nadezhdina et al. 2006, 2009) may occur, especially in large trees where it 
can play an important role in the tree water balance.

Fig. 15.8 Sap flow dynamics at different xylem depths on opposite sides of tree stems recorded 
before and after branch severing. The vertical line indicates the moment of severing. The numbers 
1 and 2 on figure panels correspond to positions of sensors shown in Fig. 15.7. The numbers inside 
legend boxes show depths below the cambium (mm) where sap flow was measured. Upper pair 
of panels: In Quercus robur, a large drop in flow (nearly to zero) occurred below the severed 
branch (2), but not on the opposite side of the stem (1). Lower pair of panels: In Acer platanoides, 
the drop in flow that occurred below the severed branch was large (2), but the flow never com-
pletely stopped. Flow also dropped in the inner xylem of the opposite stem side (1)
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5  Effective Whole Tree Parameters: Crowns

5.1  Evaluation of the Effective Size of Tree Crowns

Crown conductance is often calculated from the ratio of transpiration estimated 
from sap flow to vapor pressure deficit (VPD). Similarly, the effective projected 
crown area (A

c_eff
) can be calculated based on sap flow measurements. For such 

calculations, it is assumed that the tree crown behaves like a given fraction of the 
area of a standard stand whose total area is equivalent to that used for calculation of 
potential evapotranspiration (PET), which is a more complex parameter than VPD 
that includes solar radiation. The magnitude of A

c_eff
 is derived from the sap flow rate 

per tree (Q
wt

 in l per day) divided by the value of evapotranspiration (PET in l per m2 
per day) for the same fine day: (A

c_eff
 = Q

wt
/PET), yielding results in m2 per tree 

(Čermák et al. 1982). This area is smaller than the projected crown area, but diffe-
rences are sufficiently small to permit the calculated data to be roughly checked by 
comparison with simple measurements of projected crown area (A

c_pro
). By applying 

similar calculations using the same variables already scaled to the stand level, the 
relative transpiration can be obtained. Theoretically, it is also possible to calculate 
effective projected root area (A

r_eff
) this way, if the daily decreases in soil moisture 

measured over the entire rooting zone of a particular tree are available (Čermák and 
Kučera 1990a).

5.2  Evaluation of Conducting Systems by Combined  
Macro- and Micro-level Studies

Sap flow technology has also been successfully applied for evaluation of the 
efficiency of the conducting system in trees: theoretical flow in stems and leaves 
was calculated using the Hagen–Poiseuille equation on the basis of anatomical data, 
measured spatial distribution of water potential in crowns and compared to actually 
measured sap flow. Examples are provided by the floodplain forest composed mostly 
of pedunculate oak (Quercus robur L.) and the laurel forest composed mostly of 
Laurus azorica L. Leaf petioles were sampled over the whole crowns and sapwood 
was sampled from tree stem bases. Floodplain and laurel forests differ significantly 
in their leaf area indices, leaf density per unit stand area and basal area, however 
the ratio of theoretical maximum flows in stems to that in petioles and maximal 
measured via sap flow are very similar in both species. Maximum measured sap flow 
reached an efficiency of about 95% in both species (approaching theoretical values 
of 100% in petioles), but the stems have large reserves (theoretical flow in stems 
was about 40 times higher than the maximum measured sap flow). This mechanism 
evidently allows better survival of long-lifespan trees, if their stems can work over 
much longer periods of time as compared to short-lifespan leaves and their petioles 
(Table 15.1).
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5.3  Form of Crowns (Branch Distribution) and Variation  
of Sap Flow Around Stems

When sap flow sensors are installed near the crown, they are close to branches 
and the sap flow better characterizes the behavior of the branches, as illustrated for 
a rather large solitary cork oak tree (Quercus suber) with a relatively short stem 
(Fig. 15.9; upper panel). The measuring system recorded seasonal and diurnal 
changes of sap flow. The sap flow was higher mostly below both major branches, 
under which the sapwood was also deeper. However, the magnitude differed accor-
ding to the intensity of illumination on the currently illuminated side and shaded on 
the opposite side, so a certain diurnal alternation appeared (Fig. 15.9; lower panel). 
The dynamics of shading and light suppression effects at the whole tree level can be 
quantified this way (N. Nadezhdina, unpublished).

5.4  Effective Shape of Tree Crowns Based on Crown Shade

Comparisons of the daily total sap flow and PET are valuable, but still include some 
uncertainties. The solar radiation term, which is one of the inputs for the PET 
calculation, is usually measured on a flat horizontal surface area, while tree crowns 
and their leaf distribution usually have much more complex spatially distributed 
surfaces. When working with individual leaves, this makes exact geometric descrip-
tions very difficult. It is questionable whether obtaining the viewpoint of the whole 
tree this way is really necessary, when simplification is possible by eliminating very 
large numbers of leaves (tens of millions per hectare) using a suitable integrating 
method. A similar method evaluates the radiation geometry of crowns based on 
shade areas of different forms projected onto a horizontal surface (Monteith 1975). 
This technique works rather well with crowns of solitary trees growing in the open, 

Table 15.1 Evaluation of the efficacy of conducting systems based on laboratory anatomical 
measurements and field sap flow studies

Species
LAI  
(m2m−2)

Leaf/petiole 
density  
(pc ha−1)

Vessels per Theoretical flow in Max. measured 
sap flow  
(mm h−1)

Stems Petioles Stems Petioles

(pc ha−1) (mm h−1)

Quercus 5.0 20 × 106 − − 10.1 0.25 0.24
Laurus 7.8 40 × 106 676 × 106 8.2 × 109 30.1 0.72 0.68

The main stems of trees at breast height as well as leaf petioles were analyzed for Quercus robur in 
floodplain forests in southern Moravia (Krejzar and Kravka 1998) and for Laurus azorica in foggy 
laurel forests of Tenerife in the Canary Islands (Morales et al. 2002; Čermák et al. 2002). Leaf or 
petiole density is expressed in pieces per stand area unit (1 ha). Vessel density is given separately 
per stems and per petioles, in both cases in pieces per stand area unit. Calculated theoretical flow 
is also given separately per stems and petioles in mm (=dm3 m−2) per hour. The highest (max.) 
measured sap flow over the growing season is expressed in the same units
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but it is not directly applicable in dense forest stands. However, the basic equations 
described for direct, diffuse and total radiation for different types of leaf distributions 
(such as vertical, spherical, conical, etc.) are useful.

Fig. 15.9 Circumferential variation in sapwood depth and sap flow recorded in the afternoon in a 
Quercus suber tree with sap flow sensors positioned close to the base of the crown. Sap flow was 
scaled to the whole tree based on data recorded from sensors installed in azimuths represented 
by the black squares. The relationship between circumferential variation in sap flow and sapwood 
depth changed throughout the day according to the positioning of the sun and mutual shading 
of branches



410 J. Čermák and N. Nadezhdina

5.5  Evaluation of the Effective Shape of Tree Crowns  
Based on Diurnal Dynamics of Sap Flow

One approach is based on comparison of the measured course of sap flow in individual 
trees with the diurnal course of radiation measured on a flat horizontal surface or 
derived courses of radiation for spherical or other geometrical shapes (Fig. 15.10, 
upper panel). Diurnal courses of radiation and their differences can be shown on a 
normalized scale (Fig. 15.10, middle panel). Daily total circumglobal radiation is 
higher by 70% than that of global radiation. When diurnal courses of sap flow in small 
and large Douglas fir trees (Pseudotsuga menziessii) during an almost cloudless day 
were also normalized (Fig. 15.10, lower panel) the shape of the time course for the 
large tree was a bit closer to that of circumglobal radiation, whereas the sap flow 
time course of the small tree was more similar to that of global radiation (Fig. 15.10, 
lower panel). The sap flow time course lags behind that of radiation in the morning 
hours due to utilization of internal water storage and continues to lag in the after-
noon and night hours partially due to persistently high vapor pressure deficit and 
especially because of flow associated with tissue rehydration. Acceptable results 
can be obtained when working during cloudless or almost cloudless days and by 
avoiding the decreasing portion of sap flow curve distorted by resaturating flows 
and the impact of vapor pressure deficit. Further analysis of this promising approach 
is ongoing.

5.6  Estimates of Fractions of Tree Crowns Based on Radial 
Patterns of Sap Flow

The illumination of trees of different social positions (and therefore usually of 
different sizes in closed stands) and of variable crown density substantially differs, 
especially under high flow conditions around mid-day. This is made most visible by 
the sap flow radial patterns. If the crowns are sparse, light penetrates more uniformly 
into the canopy, and the sap flow at different sapwood depths is more similar. If the 

Fig. 15.10 Effective form of tree crowns assessed from measurements of sap flow dynamics. 
Upper: scheme of global radiation measured on a horizontal disc (R

g
) and circumglobal radiation 

measured on a sphere (R
cg

) of the same diameter. Middle panel: Diurnal courses of R
g
 and R

cg
 (using 

a normalized scale) and the difference between them. This difference can reach up to 70% on a non-
normalized scale (Modified according to Čermák and Kučera 1990b). Lower panel: normalized 
diurnal courses of sap flow in small suppressed and large dominant Douglas fir (Pseudotsuga 
menziesii) trees on an almost cloudless day. The form of the curve of the large tree is closer to that 
of R

cg
, while the form of small tree curve is closer to that of R

g
 (when time shifts associated with 

storage not taken into account). This means, that the form of the small trees is effectively flat and 
that of large one is more spatially pronounced (effectively closer to a sphere)
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crowns are dense (usually at the top), greater sap flow in outer sapwood layers is 
observed. The amplitude of radial patterns of sap flow is clearly much higher in 
dominant then in suppressed trees. Sensors installed near the stem base provide data 
that better characterize root systems and sensors installed higher on stems (e.g., just 
below the green crown) provide data mostly on the crown. Sap flow in outer sapwood 
layers measured near the stem base characterizes the water supply presumably from 
superficial roots and shallow soil layers, while flow in the deeper sapwood layers 
represents the water supply from sinker and tap roots and therefore deeper soil 
layers. When measuring the same sap flow patterns just below the green crown, 
outer sapwood layers supply water mostly to the treetop and exposed outer layers 
of crowns, while inner sapwood layers supply water presumably to lower and 
inner canopy layers (Fig. 15.11, Čermák et al. 2008b). These results were based on 
experimental studies focused on root or branch severing as well as soil irrigation 
experiments in several coniferous and diffuse porous broadleaf species (Nadezhdina 
et al. 2006, 2009). It is more difficult to interpret radial patterns of sap flow in 
narrow and principally asymmetric sapwood only in ring-porous species. Flow 
dynamics in different sapwood layers can be very different, based on changes 
during the daytime and sensitive responses to changes in the tree water supply. 
The ability to evaluate the effective, functional size and shape of tree crowns as well 

Fig. 15.11 General scheme of the radial patterns of the sap flow in the main stems of trees and 
their interpretation in terms of prevailing water supply from different parts of the root system 
(superficial and sinker roots) to various parts of the crown: exposed (mostly upper and outer) and 
shaded (mostly lower and inner). Interpretation is approximate, because all layers are partially 
overlapping
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as water supply in different parts of crowns under field conditions is useful for 
assessing stand optical roughness, amounts of absorbed radiant energy, eventual 
defoliation and tree health.

6  Effective Whole Tree Parameters – Roots

6.1  Effective Root Absorbing Surface Area Determined  
by the Modified Earth Impedance Method

Several methods based on their electric properties were applied for root system 
studies. In herbaceous plants they were based e.g. on root capacitance (Chloupek 
1972; Dalton 1995). Good results were also obtained with bare roots of small woody 
species submerged in a water solution with electric impedance (Cao et al. 2010a, b). 
We have applied a method based on a modification of the earth electrical conductance 
method in small as well as large trees (Staněk 1997; Aubrecht et al. 2006). The method 
is based on the principle, that if a plant root system is submerged in a heterogeneous 
aqueous solution (such as soil water) and connected to a simple electric circuit, the 
electrical current from the external source (represented by ion flow) enters the plant 
through the electrically conducting/ion-absorbing root surfaces as well as lenticels 
or damaged parts of roots. This is measured by a series of electrodes inserted in the 
stems and soil. Suberized non-absorbing root surfaces, irrespective of their total 
area, barely conduct electric current. Considering the different conductivity of tree 
tissues and soil, the effective conducting or absorbing root surface area (A

root_ef
) in 

m2 per sampled tree can be estimated as:

 root _ ef wood mean rmA ( L ) / Rρ ξηζ=  (15.5)

where r
wood

 is resistivity of woody tissue (W), L
mean

 is the distance (m) between 
interfaces of measured rooted segments (not the length of roots), x is a dimensionless 
coefficient characterizing mutual shielding of roots (causing a small negative error), 
h is the coefficient characterizing possible mechanical injury (causing a small posi-
tive error), z is a negative error in estimation of root area caused by current passing 
outside the measured segment (both of these coefficients can approach 1), and R

rm
 

(W) is the value taken from the applied ratio-meter. More details and an analytical 
description of the principle are provided in the above-mentioned papers. A study of 
average root distribution measured around Sitka spruce trees growing in wet soil 
along ridges (Fig. 15.12) indicated that about 2/3 of effective absorbing roots 
were developed along ridges and only about 1/3 across ridges. Windthrown trees 
were always lying across ridges, revealing shorter coarse roots previously oriented 
across ridges (Butler et al. 2010). The method has been tested using allometric rela-
tionships in hundreds of trees of several species spanning a greater than two order 
of magnitude range in diameter (Čermák et al. 2006). Further testing continues to 
improve the technology and also to better specify eventual differences in ion and 
water pathways, the role of mycorrhizae and other variables.
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6.2  Effective Absorbing Root Distribution Derived from Radial 
Sap Flow Patterns

Radial patterns of sap flow measured from different sides of stems and expressed as 
the corresponding curves of flow density are usually asymmetrical and composed of 
two peaks, corresponding to the outer and inner sapwood layers. Based on previous 
experiments (Nadezhdina and Čermák 1999; Nadezhdina et al. 2003, 2006) that 
measured the sap flow in stems rather close to the soil surface, the curves can be 
interpreted in terms of effective root distribution, which can be better specified 
using mathematical methods (Čermák et al. 2008b). This can be observed for an 
adult European beech tree growing on stony soil under drought stress conditions 
(Fig. 15.13, upper panel). Patterns of water supply from different soil layers around 
the tree indicated, that sinker roots were about twice as active in the northwest direc-

Fig. 15.12 Mean spatial distribution of effective absorbing roots in Sitka spruce (Picea sitchensis) 
trees measured by the modified earth impedance method for trees growing along ridges in rather 
wet soil. Differences in root distribution along and across the ridges are shown (Results associated 
to the study of Butler et al. 2010)

Fig. 15.13 Upper: Radial patterns of sap flow in the stems of an adult European beech tree (Fagus 
sylvatica) expressed for different annuli along the stem radius in terms of percentage of total flow 
values (thin dashed line). This curve is asymmetrical and composed of two peaks corresponding to 
the outer and inner sapwood layers, as found experimentally (Nadezhdina et al. 2007). These peaks 
can be differentiated using mathematical methods (Čermák et al. 2008b). Middle: Sinker roots 
were about twice as active in the NW direction when compared to the South direction, while the 
water supply from superficial roots was about 2.5-fold higher in the West than in the East. Lower: 
Examples of branch size distribution around the crown in a tree growing on stony soil under 
drought stress conditions. The crown radius reached maximal values in the South
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tion as in the south direction, while the water supply from superficial roots was 
2.5-fold greater in the west than in the east (Fig. 15.13, middle panel). Branch 
distribution around the tree stem indicated that the crown radius reached maximal 
values in the south (Fig. 15.13, lower panel).

The responses of sap flow to localized watering and root-severing experiments 
provided experimental verification that the sap flow in the outer layers of stem 
sapwood comes from superficial roots, while the flow in the inner layers comes 
from sinker roots (Nadezhdina and Čermák 2003a, b). The circumferential variation 
in the rate of sap flow near the base of the trunk also reflects the positions of large 
coarse roots. The lowest sap flow as well as fewer lateral roots were found on the 
Northeastern side of the stem of mountain ash (Stokes et al. 2002). The sap flow in 
the stem corresponded to the presence of large roots beneath the sap flow sensors. 
The sap flow in the stem above the root zone was lower when no or few active roots 
were present. Water supply from different soil layers can be also interpreted as the 
effective amounts of roots in these layers. For example, a larger fraction of func-
tional sinker roots (32%) was found in Scots pine trees growing on a deeper layer of 
sandy soil, and a smaller fraction (22%) was observed in the shallower soil layer. 
The fraction of effective roots can significantly differ for different azimuths around 
the stems. This variation can be similar to the branch distribution (Nadezhdina et al. 
2007) under some conditions. Root distribution also differed in leaning Scots pine 
trees, which have lower water supply by superficial roots in the leaning direction 
than in the opposite direction (against the wind) (Čermák et al. 2008b). Radial 
patterns of sap flow in Pinus rotundata trees growing on a wooded peat bog were 
characterized by a clear single peak indicating root distribution in the very shallow 
soil (Kučerová et al. 2010). These results suggest that patterns of root distribution 
cannot be generalized due to the usually high variation of data and should be 
verified for each specific condition.

7  Conclusions

Routine studies of large trees in forest stands outside of well-equipped experimental 
plots are possible with appropriately modified laboratory equipment, but such studies 
are often logistically difficult and require numerous assumptions and extrapolation 
of data. Therefore instrumentation and methods specifically designed for field use 
and able to make measurements simultaneously in multiple trees spanning a broad 
range of sizes are recommended. Such methods provide a substantially more realistic 
view of how physiological function is integrated from individual organs to whole 
trees than laboratory measurements on excised parts of trees or extrapolating from 
juvenile to adult trees. For instance, sap flow can be measured in any part of trees of 
any size. In addition to allowing estimation of processes such as transpiration and 
water storage, it can provide new and important insights concerning tree behavior, 
effective structure-related tree parameters, redistribution of water in the root-soil 
compartment, and simultaneously occurring bilateral flows in roots and stems. 



41715 Instrumental Approaches for Studying Tree-Water Relations… 

Several methods for biometric (size and structure) measurements of crowns (leaf area 
and spatial distribution) and root systems (coarse and fine roots) are also available, 
although more experience is needed for different species and various conditions to 
improve their application.
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Abstract Secondary forests have probably become the dominant forest type in 
the tropics and provide many of the same ecosystem function as primary forests. 
There is thus an urgent need for a further understanding of their ecology and func-
tioning. Yet the mechanisms underlying species replacement during secondary 
succession in tropical forest are not clearly understood. What traits enable the early 
successional species to initially achieve dominance and by what means are the  
later successional species able to initially persist in the vegetation and become 
dominant later on? We review ecophysiological studies that have addressed this 
question for tropical moist forests. We discuss that while most research has focused 
on the trade-off between shade tolerance and other life history traits, a similar 
tradeoff with respect to water and nutrient availability also plays a role. We also 
strongly believe that the emphasis of the research should shift from comparing 
individual traits between different successional groups to the development of quan-
titative links between these traits and ecological performance measures at the 
whole-plant level (i.e., growth and survival), and point out that this inevitably 
entails a need to understand and quantify size related effects on tree functioning.
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1  Introduction

In the tropics human induced forest disturbance, i.e. timber extraction and conversion 
of forest land for agriculture and other uses, is leading to an increase in secondary 
forest area (Brown and Lugo 1990; Houghton 1994). In addition, in many tropical 
countries shifts from agrarian to industrial economies have led to large-scale aban-
donment of agricultural and pasture lands (see Marin-Spiotta et al. 2007). As a 
result it has been estimated that secondary forests are now the dominant forest cover 
in the tropics (Houghton 1994). Secondary forests can provide many of the same 
ecosystem goods and services as primary forest, including C sequestration, erosion 
control and watershed management (Brown and Lugo 1990; Guariguata and Ostertag 
2001). There is thus an urgent need for further understanding of the ecology and 
functioning of these forest types.

Secondary succession is the long-term directional change in community compo-
sition following a disturbance. In tropical forests this is a complex process that can 
be driven by propagule availability, random demographic factors, as well as the 
interplay between differences in functional traits and changes in the physical envi-
ronment as they occur during succession (see Chazdon 2009). The pattern of suc-
cession can also be strongly influenced by the type of disturbance and land-use prior 
to field abandonment (Lawrence 2003).

Nevertheless, some generalizations can be made. Early successional stages, 
shortly after field abandonment, are dominated by fast growing light demanding 
pioneer species whereas later stages are dominated by shade tolerant slower grow-
ing species, but which can ultimately attain a larger maximum height than the pio-
neers (Bazzaz and Pickett 1980; Whitmore 1996; Turner 2001). Under conditions 
where the soil is not overly degraded and where propagule availability is not limit-
ing, secondary succession in moist tropical forests has been described as proceeding 
in the following general pattern (Finegan 1996). Shortly after field abandonment 
various herbs, shrubs and climbers rapidly colonize the site. Short-lived pioneer 
trees (SLP) establish early in succession and dominate the canopy throughout the 
first 10–20 years. Long-lived pioneer trees (LLP) and some late successional spe-
cies are also present from the early stage onwards, but they replace the SLP in the 
canopy only later in succession. The LLP will typically dominate the forest for the 
next 75–150 years. During this phase there is a gradual transition with later succes-
sional species becoming increasingly dominant. But how is species replacement 
during secondary succession regulated? What traits enable the early successional 
species to initially achieve dominance and by what means are the later successional 
species able to initially persist in the vegetation and become dominant later on?

Smith and Huston (1989) developed a conceptual model based on variation in 
shade tolerance of different species. They proposed that where competition for light 
is strong, a trade-off between shade tolerance and other life history traits may be the 
primary mechanism determining species replacement in forest succession. Though 
this model was initially developed for succession in temperate forest, much of the 
work in tropical rain forest has (usually implicitly) been based on this model. Most 
studies on secondary succession in tropical rain forest thus implicitly assume that a 
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trade-off between shade tolerance and the ability for rapid growth at high light is a 
primary driving force determining species replacement. But other factors may limit 
plant growth in tropical rain forest as well: soils are generally limited in nutrient 
availability (Lawrence 2003) while periodic droughts are common even in hyper 
wet forests (Allen et al. 1996). The degree of water and nutrient limitation probably 
changes as secondary forests mature. In addition, adaptations to low nutrient or 
water availability might come at the expense of adaptations to shade (Smith and 
Huston 1989).

Much of the work on secondary forest species has focused on comparing their 
individual traits (e.g. Paz 2003; Santiago and Wright 2007) without quantitatively 
linking these traits to whole-plant performance, e.g. in terms of carbon gain, growth 
or survival, in natural conditions in the forest. Without such analyses, the relative 
importance of interspecific differences in trait values in determining species replace-
ment during succession cannot be assessed. Scaling from individual to whole-plant 
performance introduces the problem of tree size (e.g. height). LLPs and later succes-
sional canopy species have greater maximum height than early successional ones 
(i.e., short-lived pioneers Turner 2001) and forest height increases with forest age. 
Taller trees may have more respiration relative to their photosynthesis (Givnish 
1988), and may be subjected to larger hydrological stress than short trees (Tyree and 
Sperry 1988). Thus, potential size-effects on tree functioning should be considered.

In this chapter we first discuss how plant growth conditions, light availability, 
temperature and soil water and nutrient contents change during the course of sec-
ondary succession. The subsequent section deals with differences in plant traits 
between early and late successional species and discusses how these are associated 
with adaptations to different light, nutrient and water availabilities. In the final sec-
tion we scale up from individual traits to whole plant performance to address the 
question to which extent individual traits and trait correlation can be quantitatively 
associated with the success of different species at different stages of succession.

We limit this chapter to moist evergreen lowland tropical forests (tropical rain 
forests, hereafter). They constitute 30% of the terrestrial net primary productivity 
(Whittaker 1975) and hold about half of the world’s plant species (Terborgh 1992). 
They generally differ from dry deciduous forests (occurring in drier areas) by being 
taller, and by having a greater species richness, basal area and leaf area index 
(Chazdon 2009). But where information about tropical forests is lacking we some-
times extrapolate from other forest types. We also limit the nomenclature for func-
tional groups by indicating a gradual scale from earlier successionals (for simplicity 
denoted as pioneers) to later successionals.

2  Physical Growth Conditions

During succession vegetation structure changes dramatically. Vegetation height, 
standing biomass and leaf area index all increase while the vertical structure 
becomes more complex. Concomitantly litter production and root activity in the 
soil increase. These changes may have profound consequences for the environmental 



432 N.P.R. Anten and N.G. Selaya

conditions such as light availability, temperature, humidity, and soil water and 
nutrient availabilities in the forest (Bazzaz and Pickett 1980). Yet in spite of the 
importance of these factors for plant growth, relatively few studies provide quanti-
tative measurements of these conditions for secondary tropical forest.

2.1  Light Availability, Temperature and Air Humidity

Changes in light availability are the most conspicuous environmental change that 
occurs during secondary succession. During the initial phase of succession both the 
LAI and vegetation height increase rapidly creating an increasingly steep light gra-
dient in the canopy. Depending on prior use and level of clearing almost full sun-
light can reach the soil shortly after field abandonment. But this readily declines as 
plants develop their canopies and can drop to less than 1% of day light in mature 
forests (Chazdon 1986). This decline in understory light availability tends to taper 
off in older forest (Fig. 16.1a). For example, Peña-Claros (2003) found that the rela-
tive amounts of light reaching the forest floor did not differ significantly between 3, 
10 and 20 year old successional forest stands. Similar results were obtained in other 
studies (e.g. Nicotra et al. 1999; Montgomery and Chazdon 2001).

Variation in light availability on a horizontal plane, due to tree-fall gaps or leaf 
clustering in the canopy, occurs in every forest type (Niinemets and Anten 2009). 
Understory light conditions in a tropical forest can typically vary between 1–2% 
and 30% in large treefall gaps (Chazdon 1986). The death rate of mature trees and 
the concomitant occurrence of gaps increase during the course of succession. 
Consequently, the light availability at the forest floor tends to become more hetero-
geneous during the later stages of succession (Nicotra et al. 1999).

Due to the reduction in radiation, day time temperatures in the lower strata of the 
canopy should also be expected to decrease during succession (Fetcher et al. 1985; 
Lebrija-Trejos 2008). However, real data for tropical moist forest are lacking. As a 
result of this cooling and due to the transpiration of plants, water vapor pressure 
deficits strongly decrease (Fetcher et al. 1985, Fig. 16.1b). These effects obviously 
only apply for the understory and sub canopy layers and not for plants with leaves 
at the top of vegetation. Temperatures and VPDs at the top of canopy would prob-
ably not change very much with forest age.

2.2  Soil Characteristics: Nutrient and Water Availability

Most tropical soils are limited in nutrients especially phosphorus, and thus nutrient 
dynamics probably play an important role in determining secondary succession 
(Lawrence 2003). The classical view is that large scale disturbances due increases 
in soil temperature, aeration and associated microbial activity cause a flush in nutri-
ent availability (Bazzaz and Pickett 1980; Guariguata and Ostertag 2001; Lawrence 
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et al. 2005, Fig. 16.1d). But depending on the intensity and duration of subsequent 
use nutrient losses may then occur through harvesting, burning, erosion or leaching 
(Dos Santos 1987; Lu et al. 2002). It has been documented for example that soil 
nutrient stocks rapidly decline in the first years of pasture use making that sites with 
light pasture-use have larger nutrients stocks at the time of field abandonment than 
those with heavy use (Buschbacker et al. 1988).

In theory forest growth after field abandonment should, at least partly, reverse 
these losses. Vegetation plays an important role in providing and holding nutrients 
in the soil and maintaining soil structure (Lavelle 1987), for example by protecting 
the soil from drying, compaction and leaching (Lu et al. 2002). In association with 
mycorrhizae plants can also acquire nutrients, especially phosphorus, from large 
areas and soil volumes (Lambers et al. 1998). On the other hand, growing trees take 
up nutrients and thus tend to deplete soil nutrient stocks.

Nutrient measurements showed that aboveground nutrient pools (in plant tissue) 
increased with forest age concomitant with the increase in aboveground biomass, as 
expected (e.g. Hughes et al. 1999). Results for soil pools vary between sites and 
between the nutrients in question, but the general trend appears to be constant or 
declining nutrient stocks with forest age (e.g. Buschbacker et al. 1988; Johnson 
et al. 2001; Feldpausch et al. 2004, Fig. 16.1d). In some cases soil nitrogen avail-
ability was an exception to this trend in that it increased with forest age possibly due 
to the N fixation by certain vegetation components (Feldpausch et al. 2004).

Soil properties may also vary depending on prior land use (pastures, crop cultiva-
tion, agroforestry, slash and burn agriculture) and this is believed to strongly affect 
local patterns of succession. Pastures for example often entail the use of heavy 
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Fig. 16.1 Hypothesized qualitative patterns of changes in environmental conditions in forest under-
story with forest age during secondary succession in tropical rain forest: (a) light availability, (b) air 
temperature and vapor pressure deficit, (c) soil water content and (d) soil nutrient availability. Note 
that these are very general and putative patterns that will not generally apply to every site
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equipment, and in combination with cattle this may result in soil compaction 
(Guariguata and Ostertag 2001). Slash and burn agriculture is at the other extreme 
as it involves small areas and less manipulation of the soil and thus has a less severe 
impact on the soil (Ferguson and Griffith 2004). The impact of land use type on soil 
nutrient availability however is not clear. Lawrence et al. (2005) found N, P, and K 
levels in the soil to be higher at sites that had experienced more shifting cultivation 
cycles. On the other hand, neither maize cultivation nor pasture-use affected soil 
nutrient stocks in a moist secondary forest in Mexico (Hughes et al. 1999).

It so far unclear how water availability in the soil (soil water potential, SWP) 
changes during succession. Several factors determine SWP, i.e., precipitation, water 
uptake by plants (transpiration) and evaporation. As the forest develops transpira-
tion initially increases with increasing LAI of the stand while more precipitation is 
intercepted by the canopy which thus tends to reduce SWP (e.g. Becker et al. 1988). 
However, as the forest further matures trees become taller and the stand becomes 
dominated by later successional species. As discussed below, both trends can be 
associated with lower transpiration rates per unit leaf area, while LAI tends to level 
off, resulting in an overall reduction of the canopy-level transpiration (Ewers et al. 
2005). The importance of these latter effects has to our knowledge not been quanti-
fied for tropical forests. In addition, lower VPD of the air and lower wind velocity 
in the understory at later successional stages, slow down evaporation positively 
affecting SWP. The relationship between successional age and SWP is thus hard to 
predict. Declines in SWP following disturbances have been observed in both tem-
perate (Gray et al. 2002) and tropical forest (see Ostertag 1988) suggesting a ten-
dency for SWC to decline with forest age (Fig. 16.1c).

Overall, an increasingly tall and steep light gradient with declining light levels at 
the forest floor is probably the most important environmental change that occurs 
during secondary succession in tropical rainforests. But other factors change as 
well: the air in the understory becomes cooler and more humid, while soil nutrient 
and water availability tend to decrease. In general however much more research is 
needed especially on factors other than light.

3  Difference in Plant Traits Between Pioneers and Late 
Successional Species

As discussed in the previous section environmental conditions change drastically 
during the course of succession in tropical rain forest. The changes in the occur-
rence and relative dominance of species with forest age could thus reflect their spe-
cific adaptations to these conditions. Though, as noted in the introduction, other 
factors such as dispersal limitations and random demographic factors, also affect 
this pattern. In this section we will discuss plant traits associated with adaptations to 
different levels of light, nutrient and water availability. An overview of the expected 
differences in trait values between early and later successional tree species is given 
in Table 16.1.
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Table 16.1 Overview of the individual plant traits discussed in this chapter and the degree to 
which they differ between tropical rain forest trees of different successional status

Trait Symbol Cue (Plasticity)
Changes with 
successional status

Biomass allocation
Leaf mass fraction LMF Decreases
Stem mass fraction SMF Neutral
Root mass fraction RMF Increases

Leaf traits
Photosynthetic capacity per unit leaf area A

max
Decreases

Photosynthetic capacity per unit leaf mass A
mass

Decreases
Leaf nitrogen content per unit area N

area
Neutral

Leaf nitrogen content per unit mass N
mass

Decreases
Leaf dark respiration r

d
Decreases

Specific leaf area SLA Decreases
Leaf longevity Increases
Leaf toughness Increases

Stem and crown characteristics
Crown depth Increases
Wood dry mass density Increases
Wood modulus of rupture Increases
Hydraulic conductivity Decreases
Cavitation resistance Increases

Root traits
Specific root length SRL Decreases
Specific absorption rate SAR Decreases
Root toughness Increases

Plasticity traits
SLA Light Decreases
Stem elongation Light quality Decreases
Leaf turnover Light Decreases

‘Symbol’ refers to the symbol or abbreviation used in the text (not all traits were represented as 
such). The ‘cue’ refers to the main environmental factor that induces a given plastic response. In 
the column ‘changes with successional status’, ‘increases’ implies that later successional species 
have high trait values than pioneers, ‘decreases’ denotes the opposite and ‘neutral’ denotes that 
there is no clear trend

3.1  Different Light Availabilities

Huston and Smith (1987) proposed that the tradeoff between shade tolerance and 
other life-history traits might be the primary factor that underlies species replace-
ment during secondary succession. Their contention was that growing fast at high 
light conditions somehow goes at the expense of performance in the shade and 
vice versa.
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3.1.1  Plant Growth and Light Availability

The traditional view regarding variation in shade tolerance is that light-demanding 
species grow faster than shade tolerant ones at high light availability but are inca-
pable of growing in the shade (Bongers and Popma 1990). The underlying argument 
is that traits associated with rapid growth at high light (e.g. a high rate of light-sat-
urated photosynthesis, A

max
) are correlated with high rates of respiration, which at 

low light would lead to an unfavorable carbon balance. To test this idea a large num-
ber of experiments have been done comparing growth of tropical forest trees of 
different successional status (reviewed by Veneklaas and Poorter (1998) and Poorter 
(2005)). The general trend was that pioneers indeed grew considerably faster – they 
had a greater relative growth rate (RGR) – than later successional species at high 
light, but surprisingly this was also the case in the shade (Fig. 16.2a and see Chazdon 
et al. 1996).

RGR can be analyzed in terms of its components mean growth per unit leaf area 
(unit leaf rate, ULR) and leaf area per unit mass (LAR) (RGR = LAR * ULR). ULR 
in turn arises from the balance between photosynthesis and respiration and is thus 
related to leaf physiology. The ULR of pioneers was greater than that of shade toler-
ant species at high light but not in the shade (Fig. 16.2b). This difference is probably 
partly due to the fact that pioneer species tend to have higher A

max
 values than later 

successional species (e.g. Ellsworth and Reich 1996). Differences in A
max

 may arise 
from differences in leaf nitrogen content (N

area
), nitrogen being the main component 

of the photosynthetic system, or from differences in leaf photosynthetic nitrogen-
use efficiency (PNUE, A

max
 = N

area
 * PNUE). The greater A

max
 of pioneers appears 

to be associated with a larger PNUE rather than with a larger N
area

 (e.g. Poorter and 
Bongers 2006; Selaya and Anten 2010).

The LAR is the product of the specific leaf area (SLA) and the leaf mass fraction 
(LMF) and thus reflects both biomass allocation and leaf structure. At both light condi-
tions pioneers were found to have a larger LMF and especially SLA and thus a larger 
LAR (Fig. 16.2). The pioneers also exhibited a greater plastic increase in SLA at low 
light intensity. A large LAR could be beneficial at low light conditions as it contributes 
to a greater light acquisition per unit plant mass (Hirose and Werger 1995).

The fact that in growth experiments pioneers were found to initially grow faster 
in the shade than later successionals evidently seems to be counterintuitive. If pio-
neers are shade intolerant, why then do they grow faster than shade tolerant species 
at low light? Several explanations have been forwarded for this. The first is that 
characteristics that facilitate rapid growth may correlate negatively with those that 
make plants resistant to either physical or biotic damage. The second explanation is 
related to plant size: rapid growth results rapid size increment and thus greater 
respiratory costs.

3.1.2  Leaf Turnover

It is generally found that pioneers have considerably lower leaf longevities than 
later successional species (e.g. Reich et al. 1997; Poorter and Bongers 2006; 
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Selaya et al. 2008, Fig. 16.3). Three reasons can be forwarded to explain this dif-
ference. First, thin, highly productive leaves with high protein contents might be 
more vulnerable to damage than thicker leaves that are less productive. Leaf traits 
that facilitate high rates of net carbon gain (SLA, leaf N contents, A

max
 and 

PNUE) tend to be negatively correlated with leaf longevity, these correlations 
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having been demonstrated across thousands of species globally (Reich et al. 1997, 
1998; Wright et al. 2004).

Leaf mass per area (LMA; the inverse of SLA) is the product leaf thickness L
T
 of 

a large leaf mass density L
D
 (LMA = L

T
*L

D
). L

D
, in turn, largely reflects the amount 

cell wall dry mass per unit volume which is a strong determinant of leaf toughness 
(Read and Stokes 2006). Among 19 Bolivian tropical tree species L

D
 and toughness 

but not L
T
 were positively correlated with leaf life span (Alvarez-Clare and Kitajima 

2007; Kitajima and Poorter 2010), suggesting that traits associated with physical 
strength, probably partly through their effect on herbivory avoidance, are key in 
facilitating long leaf life span.

Second, as noted above the high photosynthetic capacity of pioneer species tends 
to be associated with high leaf respiration (Givnish 1988; Lambers et al. 1998). 
Such leaves therefore have higher light requirements to achieve positive net carbon 
gain, and are therefore dropped sooner as light levels diminish (Givnish 1988). 
Third rapid leaf turnover might be associated with the necessity for pioneers to 
compete for light in the top of the canopy. Leaf area growth tends to be limited by 
nutrient and particularly nitrogen availability (Lambers et al. 1998). When leaves 
drop part of the nutrients is resorbed while the rest is lost. The resorbed nutrients 
may contribute to additional stem elongation and leaf area production in the top of 
the canopy, and experimental work with transgenic tobacco suggests that plants 
with a fast leaf turnover have a competitive advantage over those with a slower 
turnover (Boonman et al. 2006). But the degree, to which this phenomenon plays a 
role in tropical trees, needs to be investigated.

3.1.3  Plant Size, Biomass Allocation and Respiratory Costs

Poor survival of pioneers in the shade could be partly the result of an unfavorable 
biomass allocation. Larger plants tend to have larger fractions of biomass in support 
structures and relatively less in leaves. This is related to the necessity for mechani-
cal stability (Niklas 1992). Thus rapid growth is probably associated with an 
increased respiratory load.

Variation in plastic growth responses to shade may play an additional role. Plants 
can respond to the presence of neighbors through increased stem elongation. This 
response, typically known as the shade avoidance syndrome, appears to be induced 
by changes in the spectral composition of light that occurs when radiation is trans-
mitted or reflected off plant tissue (Smith 1982). The increase in stem elongation 
may come at the expense of the allocation to leaves (Anten and Hirose 1998). It has 
been documented in temperate forests that early successional trees tend to show a 
stronger shade avoidance response than late successional ones (Gilbert et al 2001). 
This could explain the fact that while pioneers exhibited a greater mass allocation to 
leaves in experiments where plants were grown in isolation (Poorter 2005), studies 
on plants growing in dense natural forest seem to show the opposite result; pioneers 
having considerably lower leaf mass fractions than later successional species (Selaya 
et al. 2007, 2008, Fig. 16.3).
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3.1.4  Crown Structure

We define crown structure as the overall size and shape of the crown including the 
geometrical arrangement of branches and leaves. It was proposed that shade tolerant 
species should produce broad shallow crowns with a minimal leaf overlap thus min-
imizing self shading and improving light acquisition. Conversely light-demanding 
species should produce narrow crowns with more layers. This increases the effi-
ciency of height increment, improving their ability to compete for light at the top of 
the canopy (Horn 1971; King 1990).

Field studies on tropical trees however, do not confirm this prediction. Crowns 
of shade tolerant tree species tended to be deeper with more layers than those of 
pioneers (e.g. Kitajima et al. 2005). The production of a broad crown with mini-
mal leaf overlap while maintaining an efficient angular leaf display with respect 
to the prevailing light conditions may require substantial investment in support 
(additional branches), which might be prohibitively expensive for trees growing 
in the shade (Valladares et al. 2002). For light demanding species investing bio-
mass for height growth improves access to light but may entail continuous 
remobilization of resources from older to younger leaves (see Sect. 3.1.2, 
Valladares et al. 2002). For these reasons such species should be expected to 
have shallower crowns.

3.1.5  Wood Mass Density and Tree Allometry

Wood specific gravity (amount of dry matter per unit volume of fresh wood) is 
believed to play a key role in determining light acquisition strategies of trees (King 
et al. 2006; Chave et al. 2009; Anten and Schieving 2010; King 2011). Light-
demanding tree species tend to have lower wood specific gravities than shade toler-
ant ones (Putz et al. 1983; Welden et al. 1991; King et al. 2006).

It is generally believed that low wood specific gravity is energetically more effi-
cient – less energy being expended per unit stem volume – but that it also entails a 
greater mechanical risk: trees with low wood specific gravity being more prone to 
mechanical failure (e.g. Putz et al. 1983; Muller-Landau 2004). This notion is based 
on the strong positive correlation that exists between tissue strength and wood specific 
gravity (e.g. King et al. 2006; Sterck et al. 2006). However, differences in the mechan-
ical safety of trees arise from the combined effects of the length–diameter allometry 
of stems and branches, wood strength and rigidity, and wood dry- and fresh-mass 
density, as well as the direction of the forces that plants are exposed to. Tree species 
with low wood specific gravity can compensate for their lower tissue strength by hav-
ing a relatively thicker stem, but this entails additional mass investment. Anten and 
Schieving (2010) showed that trees with low wood specific gravity needed less mass 
to produce a vertical stem of given length and given mechanical stability (expressed in 
terms of its ability to carry the weight of the tree or to resist wind forces), contradicting 
the general notion that these trees should be more prone to mechanical failure 
(Fig. 16.4). Low wood specific gravity is thus both mechanically and energetically 
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more efficient in terms of height growth and is probably an important trait enabling 
light demanding trees to compete for light at the top of the canopy.

What then is the advantage of high density wood in shade tolerant species? 
First, high wood specific gravity tends to be more efficient in terms biomass 



44116 Ecophysiology of Secondary Succession in Tropical Moist Forest…

expenditure to grow a horizontal branch of given length and resistance against 
rupture (Sterck et al 2006; Anten and Schieving 2010). To persist in the shade, 
efficient horizontal crown expansion, reducing self-shading and thus improving light 
acquisition might be at least as important as efficient height growth (see Sect. 3.1.4). 
In addition high density wood is probably more resistant to pathogen attacks 
(Augspurger 1984) as well the occurrence of xylem cavitation (see Sect. 3.3). 
Finally, wood with high specific gravity is more resistant to crushing under static 
loads (King et al. 2006). Later successional canopy trees may achieve greater max-
imum height and weight than early successional ones, and are thus more prone to 
failure through crushing.

3.2  Differences in Nutrient Availability

As noted above, tropical forests are considered to be deficient in nutrients. Yet, 
compared to the extensive research on differences in light requirements between 
pioneers and late successionals, their nutrient requirements have received much less 
attention.

3.2.1  Growth Experiments

Lawrence (2003) conducted a meta-analysis of experiments wherein seedlings of 
pioneers and later successional species, grown at high light, were subjected to dif-
ferent nutrient availabilities. Interestingly, the magnitude of the growth stimulation 
by nutrient addition was considerably greater for the pioneer species than for the 
shade tolerant ones. This suggests that, pioneers are less tolerant to low nutrient 
availability than later successional species.

The distinctive responses of pioneers and later successionals to nutrient addition 
may partly be related to their respective leaf traits. For herbaceous temperate spe-
cies it was documented that those from nutrient rich habitats exhibit traits that facili-
tate high productivity (e.g. high SLA, leaf N content, photosynthetic capacity) but 
low biomass longevity while those from nutrient poor habitats exhibited traits with 
the opposite effect (Aerts 1996), a distinction that is similar to that between pioneers 
and later successional species in tropical rain forest (see above).

3.2.2  Root Characteristics

Adaptations to differences in nutrient availability are probably largely mediated by 
the size and characteristics of the root system. Plants tend to allocate biomass to 
resources to those organs that capture the most limiting resources; fractional alloca-
tion to roots increases with water and nutrient limitations, and decreases in the 
shade. One could thus argue that adaptations to shade may conflict with adaptations 
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to low nutrient availability (Smith and Huston 1989). Contrary to this assumption, 
however, seedlings of late successional species have been found to allocate larger 
fractions of their mass to roots (Paz 2003; Coll et al. 2008).

Early successional species tend to produce thinner roots with a greater length 
per unit mass (Specific Root Length, SRL) than later successional ones (Paz 2003; 
Coll et al. 2008). It could be argued that these results may reflect a tradeoff between 
the shade tolerance of plants and their ability to compete for nutrients. Thin roots 
tend to translate into a relatively large surface and associated ability to absorb 
nutrients efficiently (Lambers et al. 1998), which could be important for nutrient 
competition and rapid growth at high light. Under shaded conditions survival of 
plants may depend critically on their ability to store carbohydrates belowground as 
well as on the resistance of the root system to physical damage (Kitajima et al 
1996; Kobe 1997). Some tradeoffs between these two functions may exist if an 
increased storage capacity or mechanical strength of roots entails a smaller area to 
mass volume.

Differences in root characteristics between tropical trees or seedlings of different 
successional status might also be associated with differences in their leaf character-
istics. As noted, pioneers tend to have leaves with a higher mass-based photosyn-
thetic capacity (A

mass
), a greater photosynthetic nitrogen-use efficiency (PNUE) and 

a higher mass-based nitrogen content (N
mass

). Hikosaka and Osone (2009) devel-
oped a model demonstrating that this relationship can only exist if pioneer species 
also have larger root-specific N absorption rates (SAR). Why is this? A greater A

mass
 

and PNUE will result in more C uptake relative to N uptake and all else being equal 
should result in a lower N

mass
. However, a positive A

mass
–N

mass
 relationship may still 

be possible if high A
mass

 plants also allocate more N to leaves, less biomass to leaves 
or have roots with a greater SAR. Out of these three traits only SAR seems to be 
positively correlated with A

mass
 at least among herbaceous species and temperate 

tree species (Garnier 1991; Hikosaka and Osone 2009). While SAR values have not 
been compared among tropical tree species, the greater SRL of pioneer species 
compared to later successionals are likely associated with similarly larger SAR 
(Reich et al. 1998).

3.3  Water Availability

As noted in Sect. 1, tropical moist forests can experience an annual dry season of up 
to 3 months in addition to periodic droughts, such as those associated with the El 
Nino Southern Oscillation, and such dry spells can have a strong effect on the popu-
lation dynamics of tropical rain forest species (Slik 2004).

Given the reductions in light availability and increase in air humidity during suc-
cession, drought stress, if it occurs, is probably more severe in earlier than later 
successional forest. In addition because of the tradeoff in shoot versus root alloca-
tion, shade tolerance should come at the expense of drought tolerance (Smith and 
Huston 1989). This could lead one to argue that pioneer species should be more 
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drought tolerant than later successionals. But empirical studies that have measured 
mortality rates during drought events have found results that oppose this notion; 
increases in mortality rates during droughts tend to be larger among pioneers than 
among later successionals (Kochummen and Ng 1977; Swaine and Hall 1983; but 
see Condit et al. 2005).

Plant adaptations to dry conditions can roughly be categorized into three catego-
ries: (1) maintaining water uptake; (2) maintaining water transport from roots to 
leaves and (3) reducing transpiration losses. Below we discuss for each category 
possible differences between tropical trees of different successional status.

3.3.1  Maintaining Water Uptake

During dry spells the upper soil layers dry out faster than deeper layers (Lambers 
et al. 1998). A large size and depth of the rooting system may therefore enable 
plants to acquire water under dry conditions. As noted above, later-successional 
species have been found to maintain larger root mass fractions but their roots are 
also thicker with a smaller SRL. Owing to their limited size and thus smaller rooting 
systems, seedlings are particularly vulnerable to losing access to water during dry 
conditions. Seedlings of later successional species tend to have larger cotyledons, 
thus more carbohydrate reserves, and allocate more to root growth both of which 
would favor their survival (Bazzaz and Pickett 1980; Kitajima 2003). On the other 
hand, rapid growth in the wet season may enable seedlings of pioneers to produce a 
sufficiently large rooting system to survive the dry season. The relative importance 
of these factors probably depends on the timing of seed germination relative to 
occurrence of a dry spell.

3.3.2  Maintaining Water Transport from Roots to Leaves

Water transport from roots to leaves is possible as long as xylem vessels maintain 
their function and as long as leaf water potential is more negative than that of the 
soil (Lambers et al. 1998). Regarding the former, xylem embolism and the associ-
ated loss of hydraulic conductivity is probably one of the most important problems 
that trees deal with under dry conditions.

Among dry forest species, pioneers were found to be more prone to embolism 
than later successional species, losing their hydraulic conductivity at considerably 
less negative xylem water potentials (Markesteijn 2010). This difference was 
probably associated with the larger wood dry mass density of later successional 
species. A high wood mass density can result from narrow vessels (Hacke et al. 2001), 
though this correlation is not always evident (Chave et al. 2009). Narrow, thick-
walled vessels tend to have smaller pit membrane pores (Hacke et al. 2001), which 
is associated with a greater resistance to embolism (Lambers et al. 1998). The 
drawback of narrow vessels is their larger hydraulic resistance. Indeed later suc-
cessionals in tropical dry forest were reported to have stems with a lower hydraulic 
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conductivity than pioneers (Markesteijn 2010). It remains to be seen however 
whether a similar pattern of hydraulic wood properties with successional status of 
trees exists in tropical moist forest.

Water transport through the plant is strongly related to tree size and age (Tyree 
and Sperry 1988). The negative effect of gravity on water potential (Y) increases 
with tree height (Zimmermann 1983). This gravitational effect interacts with 
hydraulic path-length resistance (hydrodynamic tension) to further lower Y during 
transpiration. The extent to which hydraulics thus limit tree height is currently 
debated (Becker et al. 2000; Ryan et al. 2006). Trees can mitigate hydrodynamic 
effects (though not the gravitational effects) of height on Y in various ways includ-
ing: an increase in the sapwood area to leaf area ratio, reduction in the leaf osmotic 
potential, increased root surface area, greater capacity for water storage and/or sto-
matal closure (see Ewers et al. 2005), all of which however have carbon costs.

As later successional canopy species tend to have greater maximum height than 
earlier ones, negative height effects on Y and their potential mitigation, may play a 
role in determining patterns of species succession and ecosystem functions during 
secondary forest succession. Yet most research on this topic has been in the form of 
single species studies.

3.3.3  Reducing Transpiration

The most direct way of reducing transpiration is deciduousness, but is not consid-
ered in this chapter as we limit ourselves to evergreen forests. Other ways of reduc-
ing water losses are a tight stomatal control and, possibly in association with this, a 
high photosynthetic water-use efficiency (WUE). The latter entails that a given rate 
of photosynthetic carbon gain can be achieved with lower rate of transpiration 
(Lambers et al. 1998). Poorter and Bongers (2006) found that WUEs did not differ 
significantly between trees of different successional status. Pioneers exhibited 
higher photosynthetic rates (see earlier sections) but also higher rates of stomatal 
conductance and transpiration. This larger demand on water transport could partly 
explain why they have wood with a larger hydraulic conductivity (see previous 
section).

Overall it appears that pioneers species are less drought tolerant than later suc-
cessionals. This suggests the periodic dry spells may play a role in shaping succes-
sion by causing relatively large increases in mortality among pioneers and by 
changing light availability on the forest floor (Slik 2004).

4  Scaling up from Individual Traits to the Whole-Plant Level

The studies discussed so far have focused on individual traits and correlation 
between traits. This may provide valuable hypotheses about the role of differences 
in plant traits in determining successional dynamics. However, it does not provide 
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any quantitative indication of how different trait correlations determine whole-plant 
performance under natural conditions at different stages of succession. Two 
approaches have been taken to address this issue: (1) empirically comparing species 
trait values to their estimated whole-plant performance measures (growth and sur-
vival) under field conditions, and (2) by using physiological models that quantita-
tively relate individual traits to whole-plant performance. In this section we discuss 
how such studies provide insights into relationship between the interspecific trait 
differences (discussed in the previous section) between trees of different succes-
sional status, and their competitive ability, photosynthesis, growth and survival at 
different stage of succession.

4.1  Empirical Studies Relating Traits to Whole-Plant 
Performance

Several studies have evaluated whole-plant growth of tropical tree species in rela-
tion to their physiological and morphological traits but most of them were con-
ducted under controlled conditions (see reviews by Veneklaas and Poorter 1998 and 
Poorter 2005). Their results, though valuable, cannot be directly extrapolated to 
plants growing under natural forest conditions where plants are exposed to different 
and more fluctuating conditions as well as the presence of a larger number of patho-
gens and herbivores (Kitajima et al. 1996). More recent work is starting to focus on 
plant performance measures determined in the field. Comparing the height growth 
rate of 35 co-existing rain forest species, Coley (1988) found that species with fast 
leaf turnover rates have rapid growth height growth in gaps. Reich et al (1992) 
reported that height growth in gaps was particularly correlated with photosynthetic 
capacity but their study entailed plants from different biomes.

More recently, Poorter and Bongers (2006) compared leaf traits, height growth 
in gaps and low light survival rates across 53 Bolivian tropical tree species. Overall 
leaf traits were good predictors of plant performance. Fast growth in high light was 
associated with a high SLA, photosynthetic capacity and stomatal conductance and 
negatively with leaf longevity. Crown light exposure of juvenile plants (CE

juv
), a 

proxy for the light requirement for regeneration, was similarly correlated with these 
traits and also positively correlated with leaf respiration. Conversely survival in the 
shade was positively correlated with leaf lifespan and negatively with SLA, A

max
 

and respiration. Kitajima and Poorter (2010) analyzed traits underlying SLA – leaf 
thickness, leaf mass density and toughness – in relation to herbivory, growth in gaps 
and sapling survival in the shade. They found that leaf mass density, and toughness 
but not leaf thickness were positively correlated with survival and negatively cor-
related with herbivory and growth at high light, suggesting that physical strength of 
leaves plays an important role in determining shade tolerance (Table 16.2).

Baltzer and Thomas (2007) took a slightly different approach and determined the 
whole-plant light compensation point for growth and survival for 20 species in a 
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Malaysian rain forest and related these whole-plant values to leaf traits. Contrary to 
the pot experiments discussed above, they found a cross-over in the relationship 
between growth and light availability, with shade tolerant species exhibiting more 
rapid growth at low light. Interestingly, they also found that out of four leaf traits 
(A

max
, leaf N content, leaf longevity and respiration) only respiration was signifi-

cantly correlated with the whole-plant light compensation point for growth. This 
work seems to suggest that shade tolerance of later-successional species is associ-
ated more with low respiration and a low light compensation point for growth than 
with minimizing damage and maximizing survival.

4.2  Physiological Growth Models

Physiological growth models entail a second means of scaling from individual traits 
to whole-plant performance. In such models, characteristics of plants measured in 
the field are mechanistically linked to plant photosynthesis, carbon balance and 
growth and by comparing model prediction to field observation specific hypotheses 
about tree functioning can be tested. Relatively few studies however have applied 
physiological models to tropical forest succession.

During early secondary succession in tropical forests, vegetation density, height 
and LAI rapidly increase (see above), and light competition therefore most likely 
plays an important role in determining the pattern of species replacement that occurs 
during this phase of succession. Whole-plant photosynthesis (P

mass
) or growth (RGR) 

per unit mass in relation to light acquisition can be factorized as follows;

 plant massP or RGR * LUE= Φ  (16.1)

where F
mass

 is the whole-plant light capture per unit mass and LUE (light-use 
efficiency) either photosynthesis or growth per unit captured light (Hikosaka 
et al. 1999). F

mass
 in turn is the product of light capture per unit leaf area (F

area
) 

and leaf area per unit mass (LAR; F
mass

 = F
area

 *LAR) (Hirose and Werger 1995). 
LAR reflects allocation traits (SLA and LMF), F

area
 traits associated with posi-

tion of leaves in the gradient in the vegetation (crown structure and tree stem 
allometry) and LUE physiological traits (photosynthesis and respiration) 
(Hikosaka et al. 1999).

Selaya et al. (2007, 2008) applied this approach to young secondary forest stands 
in the Bolivian Amazon, ranging between 0.5 and 3 years in age. They found that 
during the first 4 years of succession pioneers grew disproportionally faster than 
later successionals, rapidly dominating the top layers of the canopy. Calculations 
with a canopy photosynthesis model showed that they also had higher whole-plant 
photosynthetic rates; associated with both a higher F

area
 and LUE but with a lower 

LMF and associated LAR than that of the later successionals. This suggested that 
the early competitive advantage of pioneers was associated with physiological traits 
(particularly a higher A

max
 values) as well as with a more favorable conversion of 
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biomass to height, probably due to their considerably lower wood specific gravity. 
As noted in the section on individual traits the lower LMF of pioneers was either a 
direct consequence of plant size – taller plants must invest disproportionately more 
mass in support structures to maintain mechanical stability – and/or a consequence 
of their shorter leaf longevity.

Using the same data set and model approach, Selaya and Anten (2010) calcu-
lated the life time net photosynthesis per unit leaf mass, by integrating daily photo-
synthesis per unit leaf mass (P

leafmass
 = P

plant
/whole-plant leaf mass) over leaf life span 

taking account of the change in the position in the light gradient that plants may 
experience as succession proceeds. This life-time photosynthesis was not very 
different between pioneers and late successional species (Fig. 16.5). This indicated 
that despite the large differences in traits that exist between pioneers and later 
successional species both groups produced leaves with about the same returns on 
investment. This probably partly explains how later successional species are able to 
coexist with the pioneers during the early stages of succession. It also implicates 
leaf longevity as a key trait involved in the ability of later successional species to 
persist early in succession.

But photosynthetic carbon gain is not equivalent to growth. Sterck et al. (2005) 
developed a complex growth model that integrates the spatial production of metamers 
(usually an internode with one or more leaves, and several meristems) with leaf 
physiological traits and leaf turnover to calculate the growth and three-dimensional 
structures of trees. In a set of simulations they compared trees that differed in 
correlated leaf traits; comparable to the pioneer vs. late successional dichotomy 
discussed earlier. Trees had leaves with high photosynthetic capacity (A

mass
), respiration 
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Fig. 16.5 The life time carbon gain per unit leaf mass (P
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). Individual points indicate mean 

values per species in a 0.5 year old secondary forest stand. Closed circles are pioneers and open 
circles later successional species. For details see Selaya and Anten (2010)
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(r
d
) and SLA but low leaf longevity (‘short leaf-life trees’ similar to pioneer species), 

intermediate trait values (‘intermediate leaf-life trees’) or low A
mass

, r
d
 and SLA but 

long leaf life span (‘long leaf-life trees’ comparable to late-successional species). 
Simulations were run for trees growing in open conditions, large and small gaps, 
and under a closed forest canopy.

In both the small gap and understory the ‘short leaf-life’ tree readily stopped 
growing and died. The ‘intermediate leaf-life’ tree performed somewhat better; it 
was able to grow in small gaps but under the forest canopy it persisted for only 2 
years. The long leaf-life tree on the other hand was able to grow in all sites. This 
result can be attributed to the fact that large carbon costs due to either high respiratory 
rates or fast leaf turnover are disadvantageous under shaded conditions.

In the larger gap and the open site the ‘short leaf-life’ tree initially grew faster 
than the other two types but it stopped increasing in height after about 6 years. At 
this stage it also produced fewer leaves than it lost, resulting in a reduction in standing 
leaf area. Both the ‘intermediate’ and ‘long leaf-life’ trees on the other hand were 
able to continue growing with the former achieving a greater maximum tree height 
than the short leaf-life tree. The mechanism underlying these results can be explained 
as follows. A high photosynthetic capacity and SLA facilitates rapid growth. But as 
plants grow bigger, their photosynthetic carbon gain levels off due to self shading 
while respiration continues to increase. Thus the net assimilation declines and a 
point can be reached where this not enough to compensate for biomass losses. This 
point is reached much earlier in tree species with highly productive but short-lived 
leaves than in trees that exhibit the opposite trend. This in turn may partly explain 
why pioneers are initially able to gain dominance but can only maintain this for a 
limited number of years. As they start losing leaf area and ultimately start dying, 
more light penetrates to lower vegetation layers providing opportunities for later 
successional species. These in turn, owing to their less productive but more persistent 
leaf traits are able to reach a greater size, have larger leaf areas and maintain a dominant 
position for much longer.

5  Conclusions

Changes in light availability are probably the most important change in environ-
mental conditions that occurs during secondary succession in tropical rain forest. 
But other factors change as well: the air becomes cooler and more humid, while soil 
nutrient and water availabilities tend to decrease, but more data are needed to 
quantify these trends.

Pioneers exhibit traits that facilitate rapid growth and efficient acquisition of 
resources enabling them to compete for light but also for belowground resources 
early in succession. This ability to compete partly results from traits (e.g. a strong 
shade avoidance response and rapid leaf turnover) that maximize the ability to 
compete with neighbor plants. Through a number of direct and indirect tradeoffs the 
characteristics of pioneers negatively correlate with durability and long-term 
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efficiency. For example’ thin, highly productive leaves are too flimsy to live long. 
Thin roots with a high absorbing area to mass ratio are not very resistant to mecha-
nical stress nor do they provide sufficient capacity for storage of carbohydrates. 
Wood anatomy that facilitates mechanically efficient height increment and high rates 
of water transport may also be vulnerable to disease, impact damage or embolism.

Physiological models provide a strong tool to quantitatively relate these traits 
and their correlations to whole-plant performance. They have shown that later suc-
cessional species produce leaves with about the same long-term returns on invest-
ment as pioneers, even though they initially grow in the shade. The inherent trade-off 
between leaf productivity and longevity and its interaction with plant size may also 
be an important mechanism explaining why pioneers are unable to survive in spite 
of their faster growth and why they can initially win the competition but are unable 
to maintain this advantage indefinitely.
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Abstract Dendrochronology has long used tree-rings to better understand 
 climate-tree-growth relationships within a site or across a region, with tree age often 
considered to contribute unwanted noise to the signal in question. Here I demon-
strate that strong climate-tree-growth relationships exist across sites, on a global 
scale, and that these changes are correlated with variation in average net primary 
productivity. The age-specific tree-ring data analyses used here show that the sensi-
tivity of tree growth to environmental variability changes predictably with tree age. 
Young trees were found to be particularly sensitive to each of the environmental 
factors investigated. These results are discussed in the context of climate change 
and established changes in tree morphology and physiological function with tree 
age or size. I argue that explicitly treating tree or forest age can yield tangible 
improvements in the projection of terrestrial carbon sink responses to climate 
change by increasing the accuracy with which forest to non-forest ecosystem bound-
aries can be projected.

1  Introduction

Understanding the processes that govern terrestrial ecosystem productivity is criti-
cal to predicting future concentrations of carbon dioxide in the atmosphere (Canadell 
et al. 2007). Forests make up a large portion of terrestrial productivity and their 
contribution to carbon stored in live trees, dead wood and soils keeps increasing 
long after the age in which maximum tree height is approached (Luyssaert et al. 
2008). Since 1850, the total amount of carbon released by cutting and burning of 
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forests is approximately one third of all carbon emissions (Houghton 1999). Indeed, 
many forests of the northern hemisphere are still recovering from this period of 
exploitative logging and land use practices, resulting in the northern hemisphere 
being identified as a major carbon sink over the past two decades (Keeling et al. 
1996; Schimel et al. 2001; Nemani et al. 2003). Predictions by each of ten coupled 
carbon and climate change models suggest that northern forests will continue to be 
a sink (Friedlingstein et al. 2006; Qian et al. 2009). However, data from the most 
recent decade suggest that droughts, largely in the southern hemisphere, have 
reduced global net primary productivity (NPP) despite the continued sink in the 
northern hemisphere (Zhao and Running 2010).

There are three main processes that determine the portion of global NPP associ-
ated with forests: (1) tree mortality rates, (2) tree establishment/colonization rates, 
and (3) the growth rates of the trees present. These three processes rarely act inde-
pendently because mortality rates of individual trees are strongly dependent on their 
radial growth rates (Kobe and Coates 1997; Wyckoff and Clark 2002) while the 
stand level balance between mortality and establishment greatly influences forest 
age/size distributions. Ultimately the interaction of these processes can affect the 
boundaries between forested and non-forested ecosystems. Substantial exceptions 
to the interdependence of these variables can occur when an exogenous factor such 
as climate change induces shifts in the likelihood or severity of disturbances or in 
the favorability of an environment for or against herbivores and plant pathogens to 
a degree that is not balanced by concomitant changes in tree growth, mortality and 
establishment rates.

One major challenge is to accurately model NPP responses to changes in cli-
matic conditions for forests that differ in tree age/size distributions. Efforts are 
underway to accurately scale physiological or growth responses of forests from the 
tree or stand-level to landscapes (Bradford et al. 2008; Hudiberg et al. 2009; Duane 
et al. 2010). Low-frequency variation in tree growth or forest productivity is diffi-
cult to discern from most empirical data owing to the presence of large and often 
inaccessible carbon pools as well as the inter-annual variability in carbon fluxes of 
old forests. A review of forest inventory data suggests that the growth rates of extant 
forests have increased through the late twentieth century (Boisvenue and Running 
2006). Likewise, other studies from tropical and temperate forests have shown 
increases in aboveground tree growth rates or total aboveground biomass produc-
tion, although the amount varies by region and species and often parallels an increase 
in mortality rates (Caspersen et al. 2000; Laurance et al. 2004, 2009; Lewis et al. 
2004; Phillips et al. 2008; Thomas et al. 2010). Some evidence suggests that the rate 
of change in radial growth in response to changing resources levels diminishes with 
tree age or size (Körner 2006; Voelker et al. 2006).

Another major challenge is to understand how boundaries of ecosystems will 
shift due to climate change and whether the persistence of forests along these bound-
aries is affected by tree age/size. Non-forested vegetated lands such as shrub, scrub, 
alpine, tundra or grassland contribute only about 75% of the terrestrial carbon 
uptake of forests growing under the same climatic conditions (Del Grosso et al. 
2008). Consequently, any climate change-induced shifts in the area of forests versus 
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non-forest on the peripheries of these ecosystems will impact carbon uptake to at 
least this extent. Differences in tree age or size distributions can affect the three 
primary processes governing carbon storage in forests mentioned above, but are not 
explicitly represented in large scale models of forest extent or productivity. Moreover, 
the physiological mechanisms that determine growth and survival of tree seedlings 
are largely uncharacterized (Johnson et al. 2011). If tree age or size affects the abil-
ity of a tree to survive environmental stresses and thus for forests to sustain adequate 
regeneration and establishment, there exists some substantial risk that current veg-
etation models will be unable to project shifting boundaries between forested and 
non-forested regions. The thresholds determining a transition between these ecosys-
tem types are particularly hard to predict because the amounts and distribution of 
forest versus non-forest vegetation can influence feedbacks on local water and nutri-
ent availability and in some cases even impact regional weather conditions (Scheffer 
et al. 2005; Hirota et al. 2010). Therefore a determination of age-related responses 
in tree radial growth to relevant biophysical variables may shed light on the nature 
of threshold responses of ecosystem boundaries.

As forests age and increase in stature, they extend root systems deeper into the 
soil, attain sexual maturity and incur changes in the environmental conditions to 
which leaves and meristems are exposed. However, it is not well known whether 
these developmental patterns are accompanied by changes in the sensitivity of 
growth to biophysical drivers. A lack of insight on the physiological mechanisms 
determining forest growth and persistence severely restricts our ability to predict 
future terrestrial carbon uptake at landscape to global scales. Rather than undertake 
the daunting task of tracking each physiological mechanism over long periods in 
time, it may be possible to infer which processes are most affected by tree age or 
size by investigating the effect of different biophysical variables on tree growth at 
different ages. These broad scale patterns in growth can serve to guide further in-
depth studies of tree size/age dependent physiological mechanisms. Towards this 
end, vast dendrochronological (tree-ring) datasets already exist. In this chapter I use 
a compilation of transformed tree-ring data to establish overall, age-averaged tree 
productivity responses to temperature, precipitation, relative humidity and an index 
of treeline proximity. I then quantify how tree age affects responses to these bio-
physical controls over productivity and discuss the implications of these results for 
forest responses to global climate change.

2  Methods

2.1  Tree-Ring Data

Data from 46 temperate and boreal tree species were obtained from the International 
Tree Ring Data Bank (ITRDB; http://www.ncdc.noaa.gov/paleo/treering.html). 
These species were largely selected on the basis of data availability from the ITRDB. 
Some species known to be very shade tolerant (i.e. Tsuga spp.) were not used 
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because variation in productivity from site to site was more likely to be confounded 
by the frequency of canopy disturbances. Within some species used here, data from 
certain sites were rejected because there were too few trees sampled or when data 
had obviously been artificially shortened (i.e. where each series began upon a dec-
adal-year). Altogether the dataset used here includes measurements of more than 
ten million ring-widths from 60,457 ring-width series collected at 1,838 collection 
sites (Table 17.1).

Conventional dendrochronological methods use a sample population of predom-
inately old trees where all ring-widths are aligned by calendar year after cross-dat-
ing verification. Each file from the ITRDB was inspected for data quality and then 
each ring-width series was manually re-aligned by cambial age at each site (as ring 
number from the pith) such that wood produced in the same developmental age 
could be compared within each species. This first step in data standardization is 
conceptually similar to the RCS (regional chronology standardization) method that 
has been used to infer other regional to hemisphere-scale climate investigations 
using tree-rings (Briffa et al. 1996; Esper et al. 2002; Cook et al. 2003). Because 
RCS-type methods are known to have end-fitting problems at the beginnings and 
ends of chronologies (Briffa 2011) the methods briefly described herein employ a 
series of standardizations aimed at eliminating the potential for this sort of bias 
within the raw ring-width data before they are combined into species-level growth 
curves plotted by cambial age (Fig. 17.1).

2.2  Standardization for Off-Center Tree Cores

Increment cores often do not reach the center of the tree due to imperfect increment 
borer alignment, heart-rot or eccentric cambial growth patterns. These unreported 
tree rings affect the perceived cambial age and if all cores are aligned by the earliest 
tree-ring reported, those with more “missing” rings near the pith would tend to 
underestimate tree growth. To minimize the potential for a systematic offset from 
older trees having more missing rings, it was assumed that the number of unreported 
rings and the resulting effect on productivity can be estimated from the number of 
rings reported. To determine an age to missing rings relationship, I visually inspected 
2,606 increment cores from seven different principal investigators. Those increment 
cores outside of my own collections (about half) were from archived collections at 
the University of Arizona Tree-Ring Laboratory (TRL). Data from all TRL cores 
used here had been measured and the data reported in the ITRDB. TRL cores were 
collected from locations across the Western United States. The data used for the 
missing rings relationship were collected for the purposes of climatic reconstruction 
and were from the following species: Juniperus occidentalis, Pinus flexilis, Pinus 
ponderosa, Pinus monophylla, Pseudotsuga menziesii and Quercus macrocarpa. In 
most cases, my own work and the notes of others at the TRL indicated the cores 
were collected by more than one person, often two to four people at each site. 
Thereby the cores likely reflect the work of 15–20 or more collectors’ individual 
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Table 17.1 A list of the species used, specified by number of tree-ring series, number of 
sites sampled and the mean number of tree-rings reported across all ring-width series

Species Tree-ring series Sites Tree-rings reported

Abies alba 1,266 52 127
Abies lasiocarpa 834 22 138
Abies pindrow 115 10 217
Abies spectabilis 600 23 236
Austrocedrus chilensis 759 32 257
Cedrus excelsa 235 7 376
Cedrus lebani 459 16 203
Fitzroya cupressoides 344 10 733
Juniperus occidentalis 1,066 22 379
Juniperus virginiana 531 15 206
Larix decidua 349 14 282
Larix lyallii 306 6 273
Larix sibirica 1,358 48 247
Larix gmelinii 1,178 47 258
Libocedrus bidwillii 1,151 27 298
Nothofagus pumilio 1,077 38 188
Nothofagus solanderi 569 25 163
Picea abies 3,344 130 131
Picea glauca 4,267 112 180
Picea mariana 1,075 33 122
Picea obovata 725 28 181
Picea rubens 506 16 217
Pinus albicaulis 474 13 257
Pinus aristata 193 8 528
Pinus cembra 284 10 181
Pinus contorta 367 12 201
Pinus echinata 1,041 26 122
Pinus edulis 2,434 75 296
Pinus flexilis 1,162 24 319
Pinus jeffreyi 669 17 295
Pinus longaeva 767 15 647
Pinus monophylla 481 13 256
Pinus nigra 851 40 219
Pinus palustris 381 7 88
Pinus ponderosa 4,568 166 246
Pinus resinosa 678 22 215
Pinus rigida 210 3 97
Pinus strobus 610 19 164
Pinus sylvestris 8,459 190 159
Pseudotsuga menziesii 5,765 193 293
Quercus alba 2,574 65 188
Quercus douglassii 611 10 188
Quercus macrocarpa 1,033 38 124
Quercus petraea 240 11 135
Quercus robur 1,812 48 132
Quercus Spp. (European) 473 32 125
Quercus stellata 2,206 48 178
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habits. Because data in the ITRDB are also collected for dendroecological studies, 
included here were data that I and three assistants collected from Pinus echinata, 
Quercus coccinea, Quercus macrocarpa and Quercus velutina. These collections 
were made to determine stand establishment ages and compare tree growth rates 
during early development. Altogether these species and purposes for tree-ring col-
lection should be reasonably representative of the larger ITRDB database.

The missing rings to pith were primarily estimated using the geometric calcula-
tion of Duncan (1989). In some cases where very few rings were missing or when 
growth ring arc height could not be accurately measured, the number of missing 
rings was visually estimated by comparing ring-width patterns and ray angles to 
“pith locator diagrams” (i.e. sets of concentric rings printed on clear plastic sheets). 
When available, notes on tree diameter measurements were also used in combina-
tion with core length and growth trends to help estimate the missing rings to pith.

From the age estimates for each tree-ring series the number of missing tree-rings 
to pith was estimated and combined with average ring-widths for each cambial age 
to calculate separate standardizations for each species (Fig. 17.2). This standardiza-
tion was applied to each ring-width in the dataset and accounts for the smaller stan-
dardizations needed for species with cambial age patterns that varied little such as 
Pinus longaeva versus the larger standardizations needed for species with strong 
negative exponential patterns such as Pinus ponderosa.

2.3  Climate and Biophysical Standardizations

Each ring-width in the dataset was also standardized by productivity trends as pre-
dicted from three climate variables, and an index of treeline proximity. These stan-
dardizations used globally-gridded 0.5° × 0.5° resolution monthly climate data for 
temperature, precipitation and vapor pressure from the IPCC data distribution 
center (http://www.ipcc-data.org/), which were originally made available through 

Fig. 17.1 Schematic flowchart showing the main steps used to produce a global tree-ring database 
that can be used to track tree productivity in space or time. TP is tree productivity; subscripts indi-
cate iterations of tree productivity as affected by standardization scheme
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the Climate Research Unit at the University of East Anglia (http://www.cru.uea.
ac.uk/cru/). Average growing season temperatures were calculated by weighting 
monthly mean temperatures with the growing degree days for the same month. 
Monthly relative humidity was calculated from the algorithm for saturated vapor 
pressure reported by Paw U and Gao (1988) that used ambient air and dew point 
temperatures. Monthly relative humidity values were weighted according to growing 
degree days for that month in each cell to calculate average growing season relative 
humidity. Mean annual precipitation was used to standardize tree-rings rather than 
growing season precipitation because of the ability of soil to store a certain amount 
of water that falls previous to the growing season.

The unique climate conditions at treeline can limit productivity not only through 
the effects on leaf-level physiology associated with the above climate variables, but 
also due to changes in plant form. A biophysical index of treeline proximity was 
calculated to help capture local elevation-related variation in site level productivity. 
Treeline position was estimated by using high resolution digital imagery and eleva-
tion models provided by Google earth software, version 4.2, Google Inc., Mountain 
View, CA. (Fig. 17.3). To these data was fit the following sigmoidal relationship:

 
( ) ( )6.032 6.032 6.032Treeline elevation = LowTLE Latitude / HighTLE Latitude ,− − −× +  

where LowTLE is the low latitude treeline elevation (the best-fit relationship was 
4,153 m), HighTLE is the high latitude treeline elevation (the best-fit relationship 
was 49 m), and −6.032 is a constant determining the shape of relationship (Fig. 17.3). 
To calculate treeline proximity the elevation at each tree-ring site was divided by 
predicted treeline elevation, and then the ratio was multiplied by 100 to yield a 
percentage.

Fig. 17.2 The relationship of estimated number of tree-rings to pith not reported to tree age. 
Data are from 2,606 increment cores from nine species and numerous collectors (see Sect. 2 
for details)
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2.4  Standardization for Biases Due to Past Mortality  
and Tree-Ages Sampled

The extent to which ecological effects deriving from past stand dynamics or epige-
netic differences may allow some slow-growing trees to disproportionately survive 
to very old ages was uncertain (sensu Black et al. 2008). This growth pattern could 
result in tree growth being overestimated for recent times if sites dominated by 
young trees were more likely to contain fast-growers that had undergone less selec-
tion against that growth strategy. To account for this potential bias in differential-
survival, I quantified this pattern only after an initial round of climate and biophysical 
standardizations were completed. For each species with enough replication of tree-
rings formed before 1850 (to avoid anthropogenic effects occurring later on) ring-
width data were divided into 10 percentile bins according to relative age. Relative 
age was determined for each tree by dividing the maximum age of the species in the 
database by the age of the tree as indicated by the number of rings reported for a 
ring-width series. Each ring-width value for a progressively older relative age class 
was divided by the mean ring-width of the same cambial age from the youngest 
relative age class. For example, growth across the first 80 cambial ages were com-
pared among 10 relative age classes for bur oaks (Quercus macrocarpa; max. 
age = 315) while for bristlecone pines (Pinus longaeva; max. age = 5,591) growth 
across the first 700 cambial ages were compared among 10 relative age classes. To 
plot the data as shown, the difference between one and the best-fit linear regression 
prediction of the Y-intercept for each species was used to reset data so that the slope 
of the line was the same but the Y-intercept was equal to one (Fig. 17.4). For clarity 

Fig. 17.3 Position of global 
average treeline elevation in 
relation to latitude. The 
sigmoidal regression fit to the 
gray circles was significant 
(R2 = 0.95, P < 0.0001). Small 
open circles indicate the 
distribution tree-ring sampling 
locations
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only genera-level relationships were plotted. Therefore each species was standard-
ized according to

 ( )max rY  y 1 G A= × + ×  

where Y is the post-standardization ring-width index value, y is the pre-standardization 
ring-width index value, G

max
 is the predicted growth of a species sampled at its 

maximum age (i.e. relative age = 100%) and A
r
 is relative age. Some species (gener-

ally those with less than 500 ring-width series reported) were standardized with the 
genera-level relationships because this paucity of data did not allow for adequate 
replication across relative age classes.

2.5  Model Validation with NPP

Validation is needed to judge the effectiveness of a model. In this case tree productiv-
ity can be compared against biophysical variables which may differ in the amount of 
control they exert over tree productivity across the range of a biophysical variable. It 
is uncertain, however, whether co-variation of some biophysical variables may cause 
unwanted biases to be introduced to estimates of tree productivity. To validate a 
model of tree productivity that derives from empirical relationships between tree 
growth and biophysical data, a back-prediction of tree productivity across the globe 
was attempted using age-specific growth in combination with 0.5° × 0.5° climate and 
elevation data. Gridded elevation data were obtained from the University Corporation 
for Atmospheric Research (http://dss.ucar.edu/datasets/).

Fig. 17.4 Genera-level estimates for the effect of tree age on growth rates. Relative tree age was 
calculated from the maximum age in the database set equal to one. Relationships with solid lines 
were significant (P < 0.05). Although genera-level estimates are shown for clarity, species-level 
estimates were used to adjust for age biases within the database where enough data existed
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By comparison to similarly gridded NPP data projections (Cramer et al. 1999) 
spatial patterns in differences can be assessed. These spatial patterns between pro-
jections can then help diagnose whether weighting certain biophysical variables or 
adding others can significantly improve the model so as to better match patterns in 
NPP. In this manner tree productivity modeling efforts can be validated with spatial 
data and changes made to reduce bias in the standardizations applied. This will 
improve the accuracy of future efforts at constructing tree productivity chronologies 
aimed at detecting whether differences in long-term trends exist within certain sub-
sets of the data.

3  Results

When averaged across ages 1–300 years, tree productivity as affected by tempera-
ture, precipitation and treeline proximity all had predicted minimum values (i.e. 
where trees still grow) that were about 60% of maximum (Fig. 17.5). Minimum 
predicted tree productivity under low relative humidity conditions was approxi-
mately 80% of maximum indicating this variable was less important. Constraints on 
tree productivity at sites with low annual precipitation formed the steepest relation-
ship shown for these biophysical variables indicating that productivity over this 
range is most sensitive. This sensitivity to precipitation may have been equaled by 
treeline proximity, had species-specific trends in tree height been used to more 
accurately estimate productivity.

To investigate age × environment interactions, sigmoidal curves were fit to each 
of the 31 ages investigated within each of the four biophysical relationships. When 
plotted across tree ages, treeline and relative humidity described half as much of the 
variation for old trees as for young trees (Fig. 17.6). There were no distinct long-
term trends in variability of productivity with age for temperature or precipitation. 
Besides variation within the relationships, age-related trends in the minimum values 
predicted for productivity for each biophysical variable should also be an indicator 
of the strength of age × environment interactions. Indeed, as shown by the age-
related trends in variation (Fig. 17.6), the minimum values for treeline and relative 
humidity showed a weakening of their effect on productivity throughout the ages 
investigated (Fig. 17.7). Temperature and precipitation also showed some weaken-
ing in their effect on minimum productivity with age, but this trend was associated 
with tree ages less than 50 years (Fig. 17.7).

The first round of spatial validation for tree productivity found the back-predic-
tion from the average relationship to the four biophysical variables to show a coarse-
scale agreement with NPP (Fig. 17.8a, b). As expected for this initial round of 
validation, in some regions tree productivity did not correlate well with NPP. 
Underestimates of NPP by tree productivity generally occurred where high eleva-
tions coincided with colder or drier regional climates (Fig. 17.8c). Overestimates of 
NPP tended to be greatest in regions where annual NPP is dominated by grass, 
shrub, savanna or woodland ecosystems (Fig. 17.8c).
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4  Discussion

4.1  Age-Dependence of Tree Productivity to Biophysical 
Variables

Tree productivity is equivalent to changes in radial growth rate, and biomass incre-
ment scales, albeit roughly, with radial growth rate to the third power. Minimum 
levels of age-averaged tree productivity ranged from about 0.55–0.8 across the range 
of the biophysical variables investigated (Fig. 17.5). In terms of biomass increment 
these minimum values are equivalent to a range of 0.553–0.803, or approximately 
17–51% of the maximum biomass increment than at maximum tree productivity 
equal to one. Tree productivity was found to be strongly related to temperature, 

Fig. 17.5 Overall trends in tree productivity plotted against four biophysical variables. Data were 
binned at intervals of 0.1 for treeline proximity, 1°C for temperature, 200 mm for annual precipita-
tion and 4% for relative humidity
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Fig. 17.6 Age-specific changes in the coefficient of determination (r2) describing the relationship 
between tree productivity and four biophysical variables. Age specific regressions used to calculate 
r2 values were of the same sigmoidal form as those shown in Fig. 17.5

Fig. 17.7 Age-specific changes in the productivity predicted by regressions fit to minimum or 
maximum values for four biophysical variables. Minimum or maximum values are for the same 
bins specified in Fig. 17.5. Age specific regressions were of the same sigmoidal form as those 
shown in Fig. 17.5
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precipitation, and treeline proximity while relative humidity had a smaller influence 
(Fig. 17.5). These age-averaged results are generally similar to the findings of other 
empirical studies of how temperature and precipitation influences vegetation 
productivity (Lieth 1972; Schuur 2003; Anderson et al. 2006).

Fig. 17.8 Comparison of 0.5° × 0.5° projections of (a) tree productivity, (b) model averaged 
annual net primary productivity and (c) the differences between the projections. For panels a and 
b, green indicates high productivity and brown indicates low productivity. Gridded NPP in panel 
b, ranging from 0 to 1,270 C m–2, and are plotted after Cramer et al. (1999). For panel c green 
indicates where tree productivity overestimates modeled NPP and red indicates where tree produc-
tivity underestimates modeled NPP
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For modeling efforts at landscape to global scales, the effects of tree age have 
often been assumed to average out. On the other hand, patterns in tree growth or 
vegetation productivity integrate many complex physiological processes that can be 
predicted to undergo directional changes as forests grow older and larger. As a gen-
eral rule, the growth of older trees appears to be more buffered from large variations 
in climate. However the pattern of this age-dependence as well as the overall strength 
of the effect differed among biophysical variables (Fig. 17.7).

Accurately predicting the effects of climate change on terrestrial carbon storage 
will depend on an ability to accurately delimit forest cover and forest productivity 
at those sites. Compared to other carbon sinks within a tree the allocation of carbon 
to stem growth is generally a low priority (Oliver and Larson 1996). Hence, trees 
that chronically grow very slowly for their species and size are much more likely to 
succumb to competition, pests and diseases (Kobe and Coates 1997; Bigler et al. 
2007; Wyckoff and Clark 2002; Voelker et al. 2008). As such, at some minimal level 
of forest productivity or average tree growth, the likelihood that a forest will persist 
at that site will be severely diminished. After a transition to non-forest, the re-colo-
nization of that same site may require a more amenable climate for trees than the 
threshold value that caused the initial ecosystem transition. For example, if a mix of 
woodlands and forests persisted across a landscape where annual precipitation was 
600 mm but was replaced by a grassland/savanna when decades of drought caused 
average precipitation to drop to 400 mm, the re-colonization of that site may require 
annual precipitation to significantly exceed the 600 mm that had previously sus-
tained the forests and woodlands. This can occur because of a loss of seed sources, 
nurse trees or other safe sites for seedling/sapling establishment. Moreover, increased 
precipitation must persist above a certain threshold for a long enough period that the 
seedlings can establish as trees and bypass the early growth stages that could other-
wise succumb to short-term droughts if their rooting depth and soil water supply are 
limited. Most models of tree/grass coexistence do not incorporate these tree age/
size-related effects (Sankaran et al. 2004) and in most cases it could only be guessed 
at how long this establishment phase may take or the shape of the curve. It may be 
nearly impossible to measure the actual shape of this age/size-related hysteresis in 
sensitivity to climatic variables, but the age-dependent patterns described here 
should provide a reasonable first-order approximation.

4.2  The Influence of Precipitation

Tree productivity was estimated at sites with annual precipitation that ranged from 
200 to 2,600 mm. This range covers the vast majority of forests across the globe. 
Like tree productivity (Fig. 17.5) NPP saturates above 1,600 mm annual precipita-
tion (Schuur 2003). On the few rare sites where precipitation exceeds 4,000 mm/
year NPP is somewhat reduced (Schuur 2003; Del Grosso et al. 2008), likely because 
the forests are radiation limited. There are also regions that receive less than 100 mm 
annual precipitation in which both hardwood or conifer trees can grow, albeit very 
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slowly and only as scattered trees (Abdoun et al. 2005; Andersen and Krzywinski 
2007). These species are likely relicts of a formerly wetter climate in Northern 
Africa whose widely scattered trees are sensitive to anthropogenic uses and 
presumably to continuing aridity. For both of these species the adults persist 
while seedlings of Cupressus are very rare and regeneration of Acacia is largely 
from re-sprouting rather than seed origin (Abdoun et al. 2005; Andersen and 
Krzywinski 2007).

At larger scales of inference, precipitation is undoubtedly one of the strongest 
determinants of the rates of successional development, or the amount of forest cover, 
vegetated cover, leaf area and NPP (Lieth 1972; Gholz 1982; Churkina et al. 1999; 
Schuur 2003; Sankaran et al. 2005; Scheffer et al. 2005; Anderson-Teixeira et al. 
2008). As expected, tree productivity follows a broadly similar pattern (Fig. 17.5). 
However, these variables are not entirely similar in their sensitivity to precipitation. 
Average NPP decreases dramatically between 1,500 and 2,000 mm of annual pre-
cipitation (Lieth 1972; Schuur 2003) whereas the upper bounds for woody cover 
decrease sharply at about 650 mm (Sankaran et al. 2005) and vegetation cover is 
reduced near a threshold of 350 mm annual precipitation (Scheffer et al. 2005). In 
comparison, maximum tree productivity occurs midway between these thresholds, 
with an inflection point at approximately 1,000 mm annual precipitation.

For most growing conditions the greatest change affecting the water status of a 
tree as it grows larger is the development of a more extensive root system that can 
provide access to water in deep soil layers when upper soil layers are dry (Fritts 
1976; Kozlowski and Pallardy 1997; Canadell et al. 1996; Cairns et al. 1997). 
However the occurrence of branch dieback and mortality after regional droughts has 
been found to be greater in older and/or taller trees (Voelker et al. 2008; Zhang et al. 
2009). Perhaps it is this contrast in sensitivity to drought of younger versus older 
trees that has prevented any systematic effort to determine a global average age-
dependence of responses to climate variables including precipitation. For the data 
summarized here, trees older than 50 years accrued biomass four times more rapidly 
than the youngest trees at the minimum annual precipitation sampled, 200 mm 
(Fig. 17.7). This radical change in sensitivity to precipitation is best explained by 
changes in maximum rooting depth that would be expected to occur during the first 
few decades of development for most tree species.

Although a critical rooting depth to access deep soil water is likely reached in the 
first few decades of a trees life, some trees may increase in height for another 
100 years or more. Associated with increasing tree size are greater tensions on the 
xylem stream which may require a tradeoff between xylem efficiency and safety 
(Ryan et al. 2006; Domec et al. 2008) as well as changes in leaf morphology and 
stomatal functioning (Koch et al. 2004; Woodruff et al. 2009, 2010; McDowell et al. 
2011; Woodruff and Meinzer 2011). All else equal this height-related change in tree 
function would impinge on the water status of leaves on the uppermost branches, 
potentially making the growth of a 200-year-old tree more sensitive to drought stress 
than a shorter 80-year-old tree. To help compensate for the greater hydrostatic ten-
sions at height, large old trees can alter their wood properties, sapwood area and 
crown morphology. These processes can benefit the tree by providing a greater whole 
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crown light use-efficiency via the production of epicormic sprouts (Ishii 2011) or 
promoting increased water storage that can buffer extremes in evaporative demand 
(Phillips et al. 2003; Domec et al. 2005; Meinzer et al. 2006). The greater reliance on 
stored water suggests that the oldest trees may need to more conservatively regulate 
water status as the asymptotic height is approached for that species and site. Taken 
together, the difference in timing and relative importance of these influences may 
explain the complex shape of the response to minimum rainfall (Fig. 17.7).

4.3  The Influence of Relative Humidity

Greater vapor pressure deficits can directly cause reductions in stomatal conduc-
tance (Leuning 1995). At the global scale of this investigation, stomatal sensitivity 
of the species investigated should be reasonably coupled to local vapor pressure 
deficit regimes that are in turn largely influenced by growing season temperatures. 
Indeed, stomatal sensitivity to vapor pressure deficit scales with average canopy 
conductance for a species (Oren et al. 1999). However, low canopy conductance can 
occur in cold, low productivity regions or in hot and arid low productivity regions. 
Because the temperature dependence of tree growth was already of interest, I inves-
tigated the sensitivity of tree productivity to relative humidity to better isolate the 
effects of atmospheric drought from low temperatures on canopy conductance and 
thus productivity. A recent study showed that branches excised from increasing tree 
heights and thus uncoupled with in situ xylem tensions still had maximum stomatal 
conductance values which occurred at greater vapor pressure deficits (Woodruff 
et al. 2010). This response of stomatal sensitivity is apparently a response to those 
branches being formed at different osmotic pressures necessary to balance the 
increasing xylem tensions at greater tree heights. Hence, in situ responses of sto-
matal conductance are expected to be similar among tree heights and ages while 
age-related decreases in sensitivity to both precipitation and relative humidity 
(Figs. 17.6 and 17.7) are likely a function of changes to whole plant water status as 
affected by age-related changes in rooting depth. At sites where trees grew at the 
minimum average growing season relative humidity, older trees were characterized 
by biomass increments that were about threefold greater than the youngest trees. 
The change in relative humidity response was greatest for young trees, less than 
50 years old, which corresponds better to expected differences in rooting depth 
rather than a limitation imposed by tree height which would continue to increase for 
many decades after this age.

Relative humidity also plays a large part in determining the rates of evapotrans-
piration and site water balance. Because low summer relative humidity values can 
occur even in regions with high annual precipitation, variation in relative humidity 
connotes a likelihood of drought stress that would not be represented by precipita-
tion alone. Ideally, the precipitation and relative humidity variables would be com-
bined with other meteorological data for each site to produce a water balance 
function, but these calculations and analyses are still underway.
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4.4  The Influence of Treeline Proximity

The influence of treeline proximity was investigated because gridded meteorological 
data do not capture local orographic effects on meteorological variables. Treeline ele-
vation changes on average with latitude (Fig. 17.3) yet is not absolute in a given locality 
considering the itinerant nature of regional climates at decadal to millennial timescales. 
Another source of variation in treeline elevation is that at mid-latitude treelines can be 
substantially lower on average when the mountain range has a maritime climate in 
comparison to the higher treeline position of drier continental slopes. Despite these 
considerations, the equation given here for average treeline position agrees well with 
the upper boundary elevations for tree-ring collection sites (Fig. 17.3).

Reductions in growth with elevation and the related treeline phenomena are often 
correlated with an array of meteorological, soil and site factors that are known to be 
temperature dependent (Körner 1998; Sveinbjörnsson and Hofgaard 2002; Holtmeier 
and Broll 2005; Malanson et al. 2007; Anderson-Teixeira et al. 2008). Some research 
suggests that variation in photosynthetic assimilation is not important because low 
temperatures, especially soil temperatures, provide a direct and primary limitation 
on growth metabolism (Körner and Hoch 2006; Hoch and Körner 2009). However 
other work suggests that differences in resource availability that affect photosyn-
thetic carbon capture cannot be discounted and that there is likely a gradient between 
limitation of growth by carbon demand and limitation of growth by carbon supply 
(Bansal and Germino 2008; Susiloto et al. 2010; Sveinbjörnsson et al. 2010). 
Moreover, carbon gain of seedlings at some treelines can depend critically on 
cloudy, high humidity conditions (Johnson and Smith 2008), an aspect of local cli-
mate that is poorly understood at present.

Dwarf tree forms or twisted Krummholz forests, are a common sight at many 
treelines, yet rarely have radial growth rates of trees been accurately determined as 
they vary across elevation gradients or proximity to treeline. Regional studies of 
radial growth rates have been undertaken by two research groups, and in each case 
they established a non-linear effect of altitude (Paulsen et al. 2000; Coomes and 
Allen 2007). These studies are in agreement with the more general curve provided 
here for treeline proximity (Fig. 17.5). The age-dependence of growth is stronger at 
treeline than for any other biophysical variable investigated (Fig. 17.7). Near tree-
line, the biomass increment of old trees should be approximately 12-fold greater 
than that of young trees. This suggests that growth is so slow for young trees at 
treeline that even infrequent disturbances, drought or herbivory have a good chance 
to kill most trees before they ever reach an effective reproductive size.

As discussed for precipitation, the conditions that limit growth at treeline likely 
require an extended period of more favorable conditions for substantial treeline 
expansion to occur. The mechanisms behind this age-dependence are not clear. 
Observational data have shown the timing of cambial activity can be initiated much 
later for old- growth versus young montane forests, suggesting age/size-related 
interactions with temperature thresholds may be important for predicting forest 
growth responses (Rossi et al. 2008a, b). It also seems likely that the trees  themselves 
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ameliorate the microsite conditions that may have previously limited the growth of 
more exposed trees (i.e. shifts in snowpack depth, air temperature, windspeed or the 
trapping of plant litter and sediments that can provide water and nutrients). Finally, 
age-related changes in growth form may play a role as there is some evidence from 
high-latitude treelines that upright growth forms tend to produce greater tree growth 
(Devi et al. 2008).

4.5  The Influence of Temperature

Growing season temperatures had a strong, non-linear effect on tree productivity 
when averaged across all ages (Fig. 17.5). Similar to the gross primary productivity 
and mean annual temperature data summarized by Lieth (1972) I found that a sig-
moidal function had the best fit to tree productivity. This contrasts with other exten-
sive studies of gross primary production rates that show a linear trend with winter 
minimum temperatures (Gholz 1982) and no saturation at high growing season tem-
peratures (Anderson et al. 2006). The data compiled by Anderson et al. (2006) were 
all from relatively moist sites which contrasts with the tree-ring database employed 
here where data from most sites with higher temperatures were from semi-arid 
regions. The theory provided by Anderson et al. (2006) suggests biomass accumula-
tion should increase linearly with temperature owing to the temperature response of 
Rubisco carboxylation. However, for plants growing within any particular environ-
ment, net photosynthesis declines above a certain threshold temperature. This occurs 
at approximately 24°C for most C3 species (Long et al. 2006). Therefore some 
reduction in photosynthesis and growth would be expected for high temperatures 
alone. In comparison to relative humidity or treeline proximity, the age-dependence 
of growth responses to temperature were more complex (Figs. 17.6 and 17.7). As 
observed for the response to precipitation, the minimum predicted growth at low 
temperatures increased across ages 1–50 (Fig. 17.7), but this response declines 
again thereafter. It is unclear whether this trend has a biological or ecological basis. 
However, one could speculate that this complex shape could result from younger 
trees growing in an open stand (at boreal or sub-alpine sites) being able to trap more 
heat near the ground level in spring which would locally thaw the soil while the 
shade of canopy closure could result in an insulating blanket of snow persisting 
longer into the spring and causing the soil to stay frozen for a longer period.

Leaf temperatures would also be expected to change with tree age or size as 
leaves are exposed to changes in irradiance, wind speeds, boundary layer conditions 
and xylem tensions. Evidence of leaf temperatures across a wide latitudinal range 
suggest that trees modify their form and hydraulic characteristics to promote opti-
mal photosynthesis near leaf temperatures of 21.4°C (Helliker and Richter 2008). 
Further investigations are needed to determine whether similar morphological 
changes occur in trees as they age to help keep a consistent leaf temperature as this 
effect could help explain the complex shape of age-dependence of the growth 
response to temperature (Fig. 17.7).
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4.6  Potential Biases of Tree Productivity Estimates

Estimates of tree productivity do not account for changes in the number of trees per 
unit area, which can affect NPP independent of leaf area index. For example, as 
forests transition to savannas and then grasslands the grass component can sustain 
equivalent leaf area, but NPP is generally lower even if the ecosystem change is due 
to fire and/or grazing and the climate is very similar (Del Grosso et al. 2008). 
Therefore the threshold precipitation value causing a rapid decline in NPP (Schuur 
2003; Del Grosso et al. 2008) is greater than the threshold causing a similar decline 
in vegetated cover. The steep decline in tree productivity (Fig. 17.5) occurs between 
that for the vegetated cover by grasslands and the global average NPP including all 
vegetation types. This indicates that the decline in NPP is influenced by disturbance 
(fire, grazing or anthropogenic) that reduces tree frequency before tree growth is 
affected. Because of this offset, tree productivity would be expected to overestimate 
NPP for disturbance-dependent ecosystems.

Part of the age-dependence of growth on the four biophysical variables docu-
mented here could occur if young trees at low productivity sites consistently 
allocated a greater fraction of growth belowground compared to older trees 
(Fig. 17.7). However, this situation seems unlikely because a large datasets on bio-
mass components suggest the ratio of above to belowground allocation is more or 
less independent of tree size (Enquist and Niklas 2002).

4.7  Comparison of Spatial Patterns of Tree Productivity  
and NPP

Spatial patterns of tree productivity and NPP show substantial agreement (Fig. 17.8a, b). 
Regional differences did occur (Fig. 17.8c), but the importance of these differences 
needs to be assessed with respect to the goals of this research. Rather than being a 
direct diagnostic of shortcomings of tree productivity estimates, the projected devi-
ations from the NPP projection should be thought of as a guide to potential biases. 
In this way it can be determined whether using biophysical variables to standardize 
tree-ring data can back-predict realistic spatial results and thus validate the opposite 
approach for calculating unbiased estimates of tree productivity back in time.

Tree productivity projections across deserts, tundra and wet tropical forests are 
bound to be less accurate because no tree-ring data are available for these regions. 
Nonetheless, it is instructive to compare productivity and NPP projections across 
all terrestrial ecosystems. Overall, the methods employed here may need little fur-
ther improvement where differences arise due to differences in disturbance regimes 
that affect the vegetation types and reduce NPP below what would be expected for 
the potential vegetation type at the site. These differences (Fig. 17.8c, see green-
colored regions) are most evident in portions of sub-Saharan Africa, India and 
Australia. These regions correspond strongly to savanna or grassland ecosystems 
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(see Del Grosso et al. 2008) where frequent fires and/or grazing reduce NPP from 
the potential maximum expected for those climatic conditions. For these types of 
overestimates of NPP no further changes should be required for the purposes of 
this model.

The largest underestimates of NPP (Fig. 17.8c, see red-colored regions) strongly 
correspond to ecosystems classified as tundra by Del Grosso et al. (2008). These 
tend to occur in relatively higher elevations at cooler northerly latitudes or, for 
example, in high elevation regions that are relatively dry and cold such as the Tibetan 
Plateau (Fig. 17.8c). The underestimate of NPP for these regions likely results from 
low precipitation values (<400 mm/year) predicting extremely low tree productivity 
(Fig. 17.5) even though evapotranspiration and resulting drought stress may rarely 
limit the vegetation in these cold regions. These differences can likely be corrected 
to better match NPP by employing a water balance function that uses annual evapo-
transpiration and precipitation estimates. The rate of reductions in tree productivity 
due to low temperatures and treeline proximity might also be attenuated by correct-
ing for the number of hours of sunlight received at each site. Finally, the structure of 
the model right now employs a mean response to the four biophysical variables. 
Further tree productivity projections should attempt to optimize performance by 
employing decisions as to which factor is most limiting at each site. For example, 
treeline proximity was included to differentiate local to regional effects of elevation 
that might not be captured by temperature alone but this effect may not need to be 
incorporated at high latitudes where sites are already clearly limited by growing 
season temperature irrespective of elevation. The incorporation of decision algo-
rithms that differentiate between temperature and precipitation limitations should 
also implicitly determine forest/grassland transitions while transitions to treeline 
proximity from another variable should implicitly determine forest/tundra bound-
aries. By incorporating age-specific responses of tree productivity and compar-
ing current versus predicted future climate projections, the locations and direction 
of change in NPP as affected by tree age might be coarsely estimated for the 
first time.

5  Conclusion

The database described here is an improvement over previous empirical modeling 
because it permits the establishment of global trends in the age dependence of tree 
growth responses to biophysical variables. These data are important for justifying 
the need for further characterization of changes to physiological function with tree 
age to help incorporate mechanisms into predictions of forest cover and rates of 
future terrestrial carbon sequestration.

The findings presented here argue that the growth of older forests may be more 
resilient to climate change effects, making old-growth forests all the more valuable 
considering that they can increase their carbon storage for centuries after peak pro-
duction is reached (Luyssaert et al. 2008). Although older forests may be initially 
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buffered from the effects of smaller changes in mean temperature and precipitation, 
the data here cannot speak to whether they are indeed more buffered from an 
increased incidence of extreme events such as severe droughts. Moreover, it may 
prove that the ever more dynamic and unpredictable disturbance regimes and cycles 
of pest and pathogen abundance may have stronger effects on NPP than the direct 
effects on tree function from shifts in average climate.

Old growth forests receive much attention, but the data here suggest that the 
growth and establishment of younger trees are more sensitive to shifts in climate. 
Because establishment can take a number of years, or even decades for slow-grow-
ing trees, an increase in the frequency of severe drought events without a change in 
the mean levels of precipitation could also cause major changes to the populations 
of sensitive tree species. Consequently, if a changing climate causes species migra-
tions and shifts in ecosystem boundaries, the early growth stages should be thought 
to represent the greatest potential for bottlenecks in the persistence of forests or 
colonization by new forests. In turn, these changes can have far-reaching effects on 
the location of ecosystem boundaries and the resulting differences in carbon storage 
and other services they provide.
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Abstract Determining how trees move water from the soil to the atmosphere has 
been central to the study of forest productivity and hydrology for over a century. 
Improved predictive understanding of stand age and water yield will become even 
more important as humans modify forest stand age structure through forest manage-
ment and/or climate change. Successional changes in plant species and/or plant 
functional traits increase uncertainty in estimates of stand transpiration as forest 
stands age because of the lack of theory on how tree species influence transpiration. 
This chapter investigates how changes in stand age can impact stand transpiration. 
We focus on reanalyzing published datasets from two of our own chronosequences 
of stand-scale transpiration. Our goal is to determine the minimal model complexity 
needed to maximally capture this variation in stand transpiration across chronose-
quences. We seek to answer the following question: “If we chose a reference sto-
matal conductance from one stand age of the entire chronosequence to put into a 
model, would modeled transpiration for the other ages be biased?” We then explore 
the relative roles of stomatal conductance, leaf and sapwood area in explaining these 
patterns in our study and in other published studies of forest chronosequences.
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1  Introduction

Determining how trees move water from the soil to the atmosphere has been central 
to the study of forest productivity and hydrology for over a century. The first plau-
sible explanation for the movement of water through very tall trees was by Dixon 
and Joly (1895); the Cohesion-Tension theory of that publication has since with-
stood over a century of various alternatives, all now soundly rejected (Angeles et al. 
2004; Pockman et al. 1995; Holbrook et al. 1995). The hydraulic limits of tree water 
transport have emerged as an important part of understanding not only limitations to 
tree productivity (Gower et al. 1996; Yoder et al. 1997; Ryan et al. 2006; Steppe 
et al. 2011), but also how hydrology changes in aging forests (Bond et al. 2007). 
Improved predictive understanding of stand age and water yield will become even 
more important as humans modify forest stand age structure through forest manage-
ment (Jackson et al. 2005) and/or climate change (Gillett et al. 2004).

Early studies of forest water yield showed that yield is proportional to forest 
cover (Dunford and Fletcher 1947; Douglass 1983). More recent work has shown 
that important mechanisms controlling forest water yield include plant physiology 
controls over transpiration, frozen and liquid precipitation interception, and erosion 
changes. These mechanistic controls have been recently synthesized (Bond et al. 2007), 
and so we focus on stand age and transpiration here. Early studies relied on forest cover 
and later leaf area index (LAI) as predictive parameters of stand transpiration, coupled 
with stomatal physiology for modeling purposes (Aber and Federer 1992). Most mod-
els operating at the stand or higher spatial scales use a stomatal physiology model that 
is a combination of empirical parameterizations and basic physiological responses to 
light, vapor pressure deficit and soil moisture because a full mechanistic understanding 
of stomatal physiology is still lacking (Franks et al. 2007).

Successional changes in plant species and/or plant functional traits increase 
uncertainty in estimates of stand transpiration as forest stands age because of the 
lack of theory on how tree species influence transpiration. One hypothesis recently 
posed is that as plant species diversity increases, dry growing season canopy evapo-
transpiration (E

T
) decreases; however, tests of this hypothesis with meta-analysis 

have been confounded by differences in edaphic, stand age and climatic conditions 
(Baldocchi 2005). Even the direction of change in E

T
 as forests change in dominant 

species from gymnosperm to angiosperm with succession can be difficult to general-
ize, especially if there are strong differences in the non-growing season (Ford et al. 
2007; Ford and Vose 2007). In Boreal forests, an increasing proportion of conifers 
causes lower transpiration per unit leaf area with increasing stand age (Ewers et al. 
2005); however, the opposite trend is observed in temperate forests (Stoy et al. 2006), 
likely due to widely varying leaf-life span in conifers (~18–80 months in these two 
studies) and associated leaf economic traits (Wright et al. 2004) that change with tree 
height (Koch et al. 2004).

Species differences in stand transpiration with succession could also be associ-
ated with changes in wood anatomy (i.e. tracheids only in gymnosperms, and ring 
or diffuse porous vessel arrangements in angiosperms, Brodribb and Feild 2000). 
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Baldocchi (2005) suggested that such variations in tree properties lead to systematic 
changes in sapwood area per ground area which would affect transpiration rates. 
In the last few decades sap flux per unit xylem area measurements have allowed 
species-specific transpiration responses to light, vapor pressure deficit (VPD) and 
soil moisture to be estimated at high temporal resolution. These responses can then 
be used to estimate canopy stomatal conductance when combined with leaf area and 
sapwood area scalars by inverting the Penman-Monteith (PM) equation (Monteith 
and Unsworth 1990; Phillips and Oren 1998). Such calculations are tractable, and 
have been validated against leaf-level gas exchange (Ewers et al. 2007a).

While the absolute magnitudes of maximum or reference stomatal conductance 
vary significantly with species (Körner 1994), plant hydraulics theory predicts that 
these species differences are minimized when expressed as the parameter (m), the 
ratio between the rate of reduction in stomatal conductance with the rate of increas-
ing vapor pressure deficit (i.e., stomatal sensitivity to VPD) and a reference conduc-
tance (G

Sref
; Oren et al. 1999). Using this approach can simplify models while 

maintaining physiologic rigor (Mackay et al. 2003). Future models should thus be 
able to capture the potential changes in stand transpiration with age that occur from 
a combination of tree species substitution and tree size impacts on G

Sref
.

This chapter investigates how changes in stand age can impact stand transpira-
tion. We focus on reanalyzing published datasets from two of our own chronose-
quences of stand-scale transpiration. Other chapters in this book already focus on 
the physiological changes occurring as individual trees increase in size and age. 
Thus, our goal is to determine the minimal model complexity needed to maximally 
capture this variation in stand transpiration across chronosequences. We seek to 
answer the following question: “If we chose a reference stomatal conductance from 
one stand age of the entire chronosequence to put into a model, would modeled 
transpiration for the other ages be biased?” We then explore the relative roles of 
stomatal conductance, leaf and sapwood area in explaining these patterns in our 
study and in other published studies of forest chronosequences.

2  Methodological Considerations

2.1  Succession and Chronosequences

Plant succession occurs over decades or longer; thus observational research on for-
est succession is challenging for human researchers, who have relatively short life 
spans and even shorter funding cycles. Researchers often meet this challenge by 
turning to the chronosequence approach–a space for time substitution concept, bor-
rowed from geology and soil science, in which it is assumed that all drivers of the 
system are the same except for time (Jenny 1941). If correct, each site repeats the 
succession sequence of every other site in the sequence. This approach has been 
widely used in the study of successional dynamics in ecology from its earliest days 
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to the present (e.g., Cowles 1899; Letcher and Chazdon 2009). Numerous studies 
have questioned the use of untested chronosequences (e.g., Johnson and Miyahshi 
2008; Chazdon et al. 2007; Yanai et al. 2000; Fastie 1995), but parameters such as 
leaf area index and plant cover clearly work well with some chronosequences 
(Ewers and Pendall 2008). Other chronosequences have mixed results, with basal 
area (amount of tree stem area) but not species richness working in one (Letcher and 
Chazdon 2009) and species richness but not diversity in another (Foster and Tilman 
2000). The main message from this is that the validity of a chronosequence may 
depend on the parameter being investigated, as well as the site selection of the 
researcher. Johnson and Miyahshi (2008) suggested that chronosequence selection 
should be based on mechanisms that likely change over the chronosequence and 
invalidate the assumption of a uniform trajectory. Combining the mixed results of 
the chronosequences tests with the call to mechanisms suggests that a biophysical 
approach that takes advantage of functional traits may work best in transpiration 
studies of chronosequences. Because of the tight link between basal area, sapwood 
area and thus transpiration, chronosequences may work well for forest transpiration 
studies. However, many forest types experience species change during succession, 
which does not work as well when tested in replicated chronosequences (Johnson 
and Miyahsi 2008). Further, species effects on forest transpiration are still not 
predictable from first principles (Baldocchi 2005).

2.2  Tree Species’ Functional Traits Effects on Transpiration

While species have been the biological unit of analysis for community ecology, 
functional traits are emerging as a superior alternative (McGill et al. 2006; Kearney 
and Porter 2006), suggesting biophysical traits could work well in succession and 
transpiration studies. Baldocchi (2005) summarized the arguments at both the tree 
and stand scale for tree species effects on transpiration. At the tree scale, sap flux 
per active xylem area varied less than sapwood area per ground area which has been 
confirmed in tree to watershed-level scaling (Ford et al. 2007); other variations 
could be explained by differences in ring- vs. diffuse-porous trees, and by within-
species variation in genotypes, tree age, height, and edaphic factors. Most of these 
factors can then be related to stomatal conductance through plant hydraulics (Ewers 
et al. 2005; Franks et al. 2007) providing a direct connection to transpiration.

A key part of understanding transpiration across tree stands and ages is determin-
ing what scalars are actually needed for both temporal and spatial scaling. Traditional 
bottom-up approaches start with leaf-level mechanisms and a few simplifying 
assumptions: big-leaf approaches assume that all leaves are equal, implying a sim-
ple averaging of leaf fluxes, while the multi-layer approach divides the canopy into 
some arbitrary number of layers to determine the profiles in leaf fluxes and their 
drivers (Raupach and Finnigan 1988). These approaches can be refined by modeling 
the amount of sun and shade leaves using light extinction coefficients (dePury and 
Farquhar 1997). The questions being asked and computational resources available 
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determine which method is chosen. Sap flux estimates of canopy transpiration often 
represent a superior means of parameterizing and testing both of these models 
(Williams et al. 1996; Samanta et al. 2008) because sap flux methods can sample a 
much larger fraction of the transpirational flux than do leaf chamber-based methods, 
and they do not include other sources of water loss like eddy covariance or water-
shed-based methods.

The now-standard approach to scale sap flux from individual sensors to trees and 
stands is to first quantify radial and circumferential trends in the active xylem sap-
wood (Oren et al. 1998), usually near breast height. The resulting trends are then 
used to calculate an average sap flux based on methods varying from simple weight-
ing schemes (Phillips et al. 1996; Clearwater et al. 1999; Ewers and Oren 2000) to 
dynamic functions calibrated against a point measurement (Caylor and Dragoni 
2009). Recent work suggests that there may be mechanistic ways to explain these 
trends using tree parameters such as wood density (Barbour and Whitehead 2003) 
or the proportion of the active leaf area (Fiora and Cescatti 2008). Regardless of the 
method used, the resulting tree sap flux is multiplied by the sapwood area to obtain 
either tree-based or stand transpiration per unit ground area.

This type of sapwood-based scaling has now been verified in several studies. 
Early approaches such as those by Hatton et al. (1990) and Cermak et al. (1992) 
showed the importance of sapwood area and radial trends in sap flux when describ-
ing whole tree transpiration. More recent studies have demonstrated that sapwood 
area is more important than sap flux per xylem area in obtaining transpiration at the 
stand (Wullshleger et al. 2001; Ewers et al. 2002; Kagawa et al. 2009) and at the 
watershed (Ford et al. 2007) scales. This conclusion has been reinforced by spatially 
explicit transpiration studies using tens to hundreds of sap flux sensors within stands 
to show that sapwood area is the key spatial scalar while sap flux per unit xylem area 
provides the appropriate temporal response to environmental drivers (Adelman 
et al. 2008; Loranty et al. 2008; Traver et al. 2010; Kume et al. 2010). These results 
have now been extended to sampling schemes which show that only a few trees 
need to be sampled to obtain the temporal response to environmental drivers such as 
light, vapor pressure deficit and soil moisture, while sapwood area estimates are 
needed more extensively for stand transpiration (Mackay et al. 2010).

The fact that sap flux gives the temporal response to environmental drivers while 
sapwood area provides the magnitude permits these measurements to be used to 
explain tree physiological responses to the environment. While there is some con-
troversy as to how well sap flux at breast height explains capacitance in larger trees 
(Burgess and Dawson 2008; Phillips et al. 2009), studies have shown that sap flux 
can be used to scale directly to leaf-chamber based stomatal conductance (Ewers 
et al. 2007a). Once sap flux is scaled to estimate stomatal conductance, it can then 
be used to explain how forest transpiration may change with successional time 
based on species or functional trait based approaches. Such approaches have been 
used to test hypotheses about how tree hydraulics explicitly regulate stomatal con-
ductance as trees increase in size and age (McDowell et al. 2002; Ryan et al. 2000; 
Phillips et al. 2003). Because of the evidence showing that most trees regulate leaf 
water potential to prevent runaway embolism (Oren et al. 1999; Ewers et al. 2007b; 
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Franks et al. 2007), sap flux measurements provide a relatively simple method for 
testing both large- and small-scale models of tree and stand transpiration.

E
T
 from vegetated land surfaces can be predicted from environmental drivers 

using the Penman-Monteith (PM) combination equation:
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where s is the rate of change of saturation vapor pressure with temperature [kPa 
°C–1], R

n
 is net absorbed radiation [W m–2], G is ground heat flux [W m–2], r

a
 is air 

density [kg m–3], c
p
 is the specific heat capacity of air [J kg–1 °C–1], G

a
 [m s–1] is 

aerodynamic conductance, VPD is vapor pressure deficit [kPa], r
w
 is density of 

water [kg m–3], l is latent heat of vaporization [J kg–1], g is the psychrometric con-
stant [kPa °C–1], and G

v
 is a combination of leaf boundary-layer (G

b
) and canopy 

stomatal conductance (G
s
). G

s
 is dynamic with environmental drivers at daily to 

seasonal time scales and can potentially change with tree size and age which can be 
incorporated as changes in G

Sref
 (Ewers et al. 2008).

3  Example Chronosequences of Stand Transpiration

To assess how forest aging affects canopy transpiration, we reevaluated two North 
American forest chronosequences of stand transpiration. The first example is from 
the northern hardwoods forest of the Western Great Lakes and uses the transpiration 
data and modeling tests from Ewers et al. (2002, 2007b, 2008) and Samanta et al. 
(2007, 2008). In this example we look at multiple pathways of succession from for-
est management culminating in an old-growth forest that is now rare in this region. 
The second example comes from northern North American boreal forests in which 
fire drives the disturbance regime and uses transpiration data and modeling results 
from Ewers et al. (2005), Angstmann (2009) and Bond-Lamberty et al. (2009). We 
take two different approaches to modeling and scaling these results. In the first 
example, we use a detailed stand transpiration model operating at half-hourly time 
scales assessed against stand transpiration with no additional scaling beyond the 
stand level. In the boreal example, we use a stand model that directly incorporates 
succession operating at regional scales to assess stand transpiration over 150 years. 
In both cases we ask the question “If we chose a reference stomatal conductance 
from one stand age of the entire chronosequence to put into a model, would mod-
eled transpiration for the other ages be biased?”

3.1  Northern Hardwoods Forest Chronosequence

The stands in our northern hardwoods chronosequence are a subset of forest sites 
that are represented by 11 flux towers in the northern Wisconsin/upper Michigan 
region and which comprise the Chequamegon Ecosystem Atmosphere Study 
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(Davis et al. 2003, ChEAS, http://cheas.psu.edu). Sites in the ChEAS network allow 
for an examination of how dynamics in stand age, stand type, substrates and other 
spatial variables affect regional estimates of land– surface atmosphere interactions. 
The climate of ChEAS is northern continental, characterized by short growing sea-
sons and cold winters. Soil moisture deficits impact transpiration and stomatal con-
ductance rarely (~ 1 in 10 years) and only in drought years, so it is not needed in 
modeling the data sets used here (Ewers et al. 2002; Mackay et al. 2002, 2007; Cook 
et al. 2004; Desai et al. 2005; Samanta et al. 2008).

The three chronosequence stands are regenerating aspen (Populus tremuloides) 
with an understory of balsam fir (Abies balsamea; hereafter called RA), mature sugar 
maple (hereafter called MM), and old-growth sugar maple (Acer saccharum) and 
eastern hemlock (Tsuga canadensis; hereafter called OM). This is not a traditional 
chronosequence because the aspen and maple stands represent two potential path-
ways of succession that will likely result in old growth. The old-growth site is located 
100 m north of the boundary to the Sylvania Wilderness and Recreation area, Ottawa 
National Forest, Michigan, USA (46° 14¢ 31″ N, 89° 20¢ 52″ W). The 8,500 ha 
Sylvania Wilderness in the Upper Peninsula of Michigan is one of few large tracts of 
old-growth forest in the Midwest (Frelich 1995). There is no history of logging dis-
turbance at this site. Tree ages range 0–350 years, and dominant species are sugar 
maple and eastern hemlock. The forest occurs within a glacial outwash and moraine 
landscape (Ferrari 1999), which creates an irregular and hummocky landscape with 
an average slope of 10% over short distances (Davis et al. 1996; Pastor and Broschart 
1990); average elevation is 517–567 m. Dominant upland soils are moderately well 
drained, coarse or sandy loam Spodosols (Pastor and Broschart 1990). Our study site 
is in an A. saccharum-dominated old-growth stand with A. saccharum comprising 
71% of trees in addition to T. canadensis (14%), yellow birch (Betula allenghanien-
sis Britton (7%)), American basswood (Tilia americana L.) and American 
hophornbeam (Ostrya virginiana (Mill.) K. Koch) (8% each). Additional details 
and description of this site are found in Desai et al. (2005).

The MM forest is located in the Chequamegon- Nicolett National Forest, WI, 
USA (45° 48¢ 21″ N, 90° 04¢ 47″ W) and is approximately 50 km from Sylvania. 
Dominant species at this site are A. saccharum (68%), T. americana (24%), and 
green ash (Fraxinus pennsylvanica Marsh.) (8%). The stand is about 70 years old 
with a sandy loam soil. A detailed site description can be found in Cook et al. (2004, 
cf. Willow Creek site).

The RA stand (tree age ~ 20 years) is a result of cutting and is solely dominated 
by trembling aspen in the canopy with balsam fir forming an understory in sandy 
loam soil. The site is located in the Hay Creek Wildlife Management Area. More 
details of the site can be found in Ewers et al. (2007b).

3.1.1  Northern Hardwoods Ecosystem Model Description

To test how our stand scale parameters would affect ecosystem modeling we ran the 
Terrestrial Regional Ecosystem Exchange Simulator (TREES) (Ewers et al. 2008; 
Mackay et al. 2003; Samanta et al. 2007; Samanta et al. 2008) on each plot. Most of 
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the details of this canopy model are described in these previous publications, and so 
here we present a few modifications that have been made to deal with more hetero-
geneous canopies along chronosequences.

We employed a simple whole-plant hydraulic function (Oren et al. 1999) as a 
constraint on C

3
 photosynthesis (dePury and Farquhar 1997; Farquhar et al. 1980) 

in sun and shade canopy elements. The hydraulically and biochemically limited 
photosynthesis was then used to calculate stomatal conductance to water vapor and 
then transpiration for both elements in parallel. We summed the sun and shade tran-
spiration values to obtain canopy transpiration (E

Csim
), which was then evaluated 

against sap flux scaled E
C
. Here we describe just the parts of the model needed to 

interpret the results from the current study.
Sunlit leaf area of the canopy (LAI

sun
) used the equations from Campbell and 

Norman (1998) with leaf angle distribution and clumping factors appropriate for 
broadleaf and needle-leaf. LAI is canopy total half-hemispherical leaf area index 
and LAI*P

CC
–1 is clumped leaf area index taking into account percent canopy closure 

(P
CC

) at the plot scale. Shaded leaf area (LAI
shd

) was calculated by subtracting L
sun

 
from clumped LAI using values from Table 18.1. OM and MM stands were domi-
nated by overstory with mixed species and no understory species, while the RA 
stand had overstory aspen and understory balsam fir. For this two-level canopy we 
first ran TREES on the aspen to determine the total short-wave radiation absorbed 
by this overstory species, and then deducted this from total above-canopy short-
wave radiation, with this remaining radiation serving as the input for the balsam fir 
canopy. ,CCP  the Bayesian posterior prediction interval for canopy closure, was a 
parameter input to the model which is described in the next section.

Canopy average stomatal conductance without photosynthetic limitation was 
calculated as (Oren et al. 1999):

 
lns SrefG G m D= −  (18.2)

where G
Sref

 is reference canopy stomatal conductance (mol m–2 s–1) at VPD = 1 kPa 
in absence of photosynthetic light limitation, and / lnSm G D= −∂ ∂  is the sensitivity 
of G

S
 to VPD. In mesic environments, for species that regulate leaf water potential 

to just prevent runaway cavitation it has been shown that m = 0.6G
Sref

 (Addington 
et al. 2004; Ewers et al. 2000; Ewers et al. 2005; Ewers et al. 2007b; Oren et al. 
1999; Wullschleger et al. 2002). For the understory balsam fir in the RA stand we 
calculated a reduced canopy VPD based on a ratio between upper canopy and below 
canopy VPD from a nearby, similarly structured aspen-fir stand (Loranty et al. 
2008). Both G

Sref
 and m were derived through Bayesian parameterization.

The CO
2
 conductance of sunlit and shaded canopy elements (hereafter denoted by 

subscript k) was calculated from stomatal and aerodynamic conductances in series. 
Leaf-level stomatal conductance to vapor as modified by photosynthesis was deter-
mined from Fick’s First Law of Diffusion using A

n,k
 as net photosynthesis (mmol m–2 

s–1), and c
a
 and c

i,k
 as ambient and intercellular CO

2
 concentrations, respectively. A

n,k
 

was calculated using the Farquhar photosynthesis model (dePury and Farquhar 1997; 
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Farquhar et al. 1980) and c
i,k

 was calculated following Katul et al. (2003), both 
constrained by stomatal conductance to CO

2
 (g

C0,k
). Most parameters for the photo-

synthesis sub-model were taken from literature (dePury and Farquhar 1997; Medlyn 
et al. 2002), but quantum yield (f; mol CO

2
 mol–1 photons), which controls the light-

limited response, and maximum carboxylation rate (V
cmax

; mmol m–2 s–1), which con-
trols the light-saturated response, were estimated using Bayesian parameterization. 
Simulated canopy transpiration (E

Csim
) was based on the PM equation, weighted by 

the relative amounts of sun and shade element transpiration.

Table 18.1 Predicted parameter distributions from Bayesian analysis, showing mean, median, 
and 95% posterior prediction interval for canopy closure (P

CC
), canopy average reference stomatal 

conductance (G
Sref

), canopy average sensitivity of canopy conductance to vapor pressure deficit 
(m), initial slope of the photosynthetic light response curve (quantum yield, f), and maximum 
carboxylation rate (V

cmax
)

Parameter Standa Speciesb Mean Median 95% Posterior interval

P
CC

 (m2 m–2) OM Hemlock 0.102 0.101 0.100 – 0.106
OM Sugar maple 0.630 0.627 0.582 – 0.693
MM Sugar maple 0.984 0.987 0.953 – 0.999
RA Trembling aspen 0.971 0.975 0.919 – 0.998
RA Balsam fir 0.121 0.118 0.102 – 0.154

G
sref

  
(mmol m–2 s–1)

OM Hemlock 21.8 21.8 21.1 – 22.5
OM Sugar maple 30.8 30.9 29.2 – 32.5
MM Sugar maple 90.3 90.2 87.7 – 93.3
RA Trembling aspen 92.7 92.7 89.9 – 95.9
RA Balsam fir 73.4 73.4 69.1 – 77.7

m (mmol m–2 s–1) OM Hemlock –2.5 –2.5 –1.3 – –3.9
OM Sugar maple –14.9 –14.8 –13.4 – –16.3
MM Sugar maple –58.8 –58.8 –53.6 – –64.3
RA Trembling aspen –45.2 –45.1 –40.9 – –49.4
RA Balsam fir –37.5 –37.4 –28.4 – –47.0

f (mol CO
2
 mol–1 

photons)
OM Hemlock 0.095 0.097 0.056 – 0.123
OM Sugar maple 0.097 0.104 0.037 – 0.124
MM Sugar maple 0.087 0.091 0.033 – 0.123
RA Trembling aspen 0.091 0.093 0.055 – 0.115
RA Balsam fir 0.106 0.108 0.073 – 0.124

V
cmax

 (mmol m–2 s–1) OM Hemlock 11.0 10.6 7.1 – 18.1
OM Sugar maple 45.0 46.9 16.9 – 67.1
MM Sugar maple 31.2 29.9 9.5 – 59.2
RA Trembling aspen 235.0 244.2 143.8 – 273.4
fir Balsam fir 9.0 8.4 6.9 – 13.9

aOM = Old-growth Maple; MM = Mature Maple; RA = Regenerating Aspen
bhemlock = T. canadensis; sugar maple- A. saccharum; trembling aspen = P. tremuloides; and 
balsam fir = A. balsamea
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3.1.2  Bayesian Model Parameterization

To estimate P
CC

, G
Sref

, m, j, and V
cmax

 and propagate the uncertainty in these param-
eters to E

Csim
 we employed Bayesian analysis, which has been discussed in detail in 

Samanta et al. (2007, 2008). The posterior distribution was sampled using Markov 
Chain Monte Carlo (MCMC) simulation (Metropolis et al. 1953; Hastings 1970). 
For each study site we initialized three Markov chains with randomly generated 
initial parameter values. Each chain was run through 200,000 iterations, with the 
first half of each chain used for chain convergence and the second half used to 
generate sample distributions for each of the parameters. Chain convergence was 
verified both visually and quantitatively by estimating the factor by which the scale 
of the current distribution for each parameter might be reduced if the chains were 
continued in the limit as the number of iterations approaches infinity (Gelman 
2004). From the second half of each chain we sampled every 50th iteration to obtain 
a total of 6,000 samples of each parameter at each site. We then ran TREES over the 
sampled posterior distribution of the parameters to obtain mean E

Csim
 and 95% 

confidence intervals.

3.1.3  Northern Hardwoods Forest Chronosequence Model Results  
and Discussion

Predictions of diurnal mean transpiration per unit leaf area (E
L
) for RA, MM, and 

OM forests closely fit the observed fluxes (P < 0.001 for the regression between 
measured and model E

L
 for all species) and the 95% posterior intervals bounded 

roughly 95% of the observations (Fig. 18.1). The predicted mean fluxes slightly 
underestimated observed fluxes for T. canadensis towards the end of the simulation 
period, but there were no other trends among the other species. Moreover, residuals 
plotted against observed or modeled fluxes showed no trends (not shown here) with 
any of the species. For a more complete appraisal of the TREES model performance 
on the sugar maple trees see Ewers et al. (2008), all of the original data for the diur-
nal means are from that publication and Ewers et al. (2002, 2007b).

Physiological parameters differed significantly among stand ages (Table 18.1). 
G

Sref
 and m were substantially lower, by a factor of 2–3 times, for the old-growth 

species than for the others. For all age classes in the chronosequence, G
Sref

 was 
slightly higher for broadleaf species in comparison to needle-leaf species. The rela-
tionship between m and G

Sref
 across the entire chronosequence was linear with a 

slope near 0.6; i.e. the changes in plant hydraulics with stand age and species just 
moved along the line. This result and its correlation with changes in sapwood-to-
leaf area ratio were shown with data only for all of these species in Ewers et al. 
(2007b). Values for f showed no substantial differences within or among age-
classes, while V

cmax
 was substantially lower for needle-leaf species compared to 

broadleaf species. In general, posterior distributions were normally distributed and 
typically symmetric about the mean. P

CC
 was correlated with LAI in all species, as 

expected, with narrow 95% posterior prediction intervals.
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We show significant differences in tree hydraulic properties, as represented by 
lower G

Sref
 and m (Table 18.1), in the oldest site compared to the younger, regenerat-

ing sites; thus the answer to our driving question-- “If we chose a reference stomatal 
conductance from one stand age of the entire chronosequence to put into a model, 
would modeled transpiration for the other ages be biased?”-- is yes. The TREES 
simulation results clearly show the modeled age effect (Fig. 18.2). This is consistent 
with declines in transpiration per unit leaf area with stand age (Cornish and Vertessy 
2001; Delzon and Loustau 2005; Domec and Gartner 2002); although, specific 
mechanisms for this are due more to tree height impacts on plant hydraulics than 
age (Delzon et al. 2004; Bond et al. 2007; Novick et al. 2009). It should be noted 
that hydraulic parameters for these species have previously been shown to have 
inter-annual variability by up to a factor of two (Ewers et al. 2007b, 2008), but not 
the threefold difference observed here from MM and OM forests. The photosyn-
thetic parameters covaried with the plant hydraulic changes as expected from theory 
(Katul et al. 2003).

Fig. 18.1 Diurnal means of measured (open circles), posterior simulation means (solid lines), and 
95% posterior prediction intervals (grey bands) for diurnal canopy transpiration per unit leaf area 
(E

L
). (a) old-growth sugar maple (OM), (b) old-growth eastern hemlock (OM), (c) second-growth 

trembling aspen (RA), and (d) second-growth sugar maple (MM)
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3.2  Boreal Forest Chronosequence

After the conclusion of the Boreal Ecosystem-Atmosphere Study (BOREAS, Sellers 
et al. 1997; Hall 1999) project in the 1990s, a follow-on study was established to 
study the effects of stand age on ecosystem carbon and water cycling. The BOREAS 
study design focused almost exclusively on mature stands, in spite of the fact that 
North American boreal forests are subject to frequent fires and thus successional 
dynamics (Fortin et al. 1999). Thus a series of follow-on studies aimed to examine 
the effects of stand age and succession-driven species shifts on forest biogeochemical 
cycling. From a water cycling perspective, boreal ecosystems are unusual and 
interesting because of (i) the importance of bryophytes—nonvascular, poikilohydric 
plants such as Sphagnum and Pleurozium—with differing and unusual water acqui-
sition and transport mechanisms compared to forest trees; (ii) the overwhelming 
dominance of the phenotypically plastic conifer black spruce, Picea mariana, in the 
poorly-drained landscape, and (iii) the interaction between water cycling and the 
occurrence of wildfires (Amiro et al. 2006) that shape the larger landscape into a 
mosaic of differently-aged stands.

Fig. 18.2 Mean diurnal 
response of transpiration per 
unit leaf area (E

L
) from sap 

flux as in Fig. 18.1 in  
(a) aspen from regenerating 
aspen (RA) and (b) sugar 
maple from mature maple 
(MM) (open symbols in 
each). In both panels, 
posterior simulation means 
(solid lines), and 95% 
posterior prediction intervals 
(grey bands) are shown using 
the parameters from 
old-growth sugar maple  
and eastern hemlock (both 
from OM) (From Table 18.1 
instead of the species-specific 
functional traits)
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The follow-on study was conducted in black spruce (Picea mariana Mill. 
BSP)-dominated chronosequences west of Thompson, Manitoba, Canada, near 
the BOREAS Northern Study Area (55° 53¢ N, 98° 20¢ W). The full chronose-
quence consisted of seven different-aged black spruce forests, all of which origi-
nated from stand-killing wildfire in mature forests; the youngest stands burned 
~2 years previous to the study initiation, while the oldest chronosequence stands 
(~157 years in 2007) surrounded the BOREAS NSA tower site (Goulden et al. 
1998; Dunn et al. 2007). The stands were dominated by three tree species: trem-
bling aspen (Populus tremuloides Michx), black spruce, and jack pine (Pinus 
banksiana Lamb). Early-successional deciduous tree species are replaced by 
black spruce in the older stands; the black spruce canopy closure, at 50–60 years, 
is associated with drastic thinning of the understory and growth of thick feather 
mosses. Mean annual temperature and precipitation were ~0 °C and ~450 mm, 
respectively.

The carbon and water dynamics of these sites were reported in a series of papers 
with the more notable conclusions that (1) both well- and poorly-drained areas 
transitioned from carbon loss to carbon gain at 15–20 years (Litvak et al. 2003; 
Bond-Lamberty et al. 2004); (2) species changes over succession significantly 
affected tree canopy transpiration (Ewers et al. 2005) as well as the significant 
bryophyte contribution to E

T
 (Bond-Lamberty et al. 2010); and (3) soil respiration 

was relatively invariant except in the first few years after fire (Wang et al. 2002).

3.2.1  Biome-BGC-MV Canopy Transpiration Model Description

The boreal chronosequence simulations discussed here were described in Bond-
Lamberty et al. (2007a). The model used, Biome-BGC-MV (Running and Coughlan 
1988; Running and Gower 1991; Kimball et al. 1997; Bond-Lamberty et al. 2005), 
runs on a daily time step, using daily meteorological data, ecophysiological param-
eters, and general stand soil information to simulate energy, C, water, and nitrogen 
cycling (Running and Hunt 1993; White et al. 2000). Ecophysiological parameters 
define vegetation types—descriptions based on leaf habit, photosynthesis pathway, 
plant type, etc.—that are intended to be broadly significant. These parameters 
change with stand age using height based-competition within and between conifers 
(black spruce and jack pine) and hardwoods (trembling aspen) to adjust a maximum 
G

S
 (Bond-Lamberty et al. 2009) which can be directly related to G

Sref
 and thus linked 

back to plant hydraulic mechanisms (Mackay et al. 2003).
There are two ways in which water can enter a Biome-BGC simulation, via soil 

inflow and precipitation, and six ways in which it can exit: soil outflow, soil evap-
oration, snow sublimation, canopy evaporation, canopy transpiration, and volatil-
ization in fire. A fraction of precipitation is intercepted by the plant canopy and 
subject to evaporation before transpiration occurs. Soil evaporation and canopy E

T
 

are determined using the Penman-Monteith equation (Monteith 1965; Campbell 
and Norman 1998) and thus driven primarily by radiation and vapor pressure 
deficit. Leaf and canopy conductances are determined by stomatal, cuticular and 
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boundary layer conductances (the first two in parallel, the last in series), defined 
on a vegetation-specific basis, which varies with successional status based on 
competition and is modulated by plant water stress, temperature, vapor pressure 
deficit and soil anoxia (Thornton 1998; Bond-Lamberty et al. 2007a, b).

3.2.2  Boreal Forest Model Results and Discussion

There is a stark difference in Biome-BGC-MV simulated canopy transpiration using 
a constant vs. dynamic G

Sref
 with stand age (Fig. 18.3). While this result may seem 

obvious, prior models of boreal evapotranspiration components do not incorporate 
multiple vegetation types and thus cannot account for much of the dynamics shown 
here (Bond-Lamberty et al. 2009). The model captures the impact of tree functional 
types (and thus species) on canopy transpiration because the simulations are always 
within the mean plus standard error of the sap-fluxed based canopy transpiration. 
Further, even the dynamic in the means of sap-flux based canopy transpiration is 
captured by the simulations (Fig. 18.3).

Because of the theory behind Eq. 18.2, the dynamics in G
Sref

 predicted by 
Biome-BGC-MV can be directly related to the impact of tree species and size on 
plant hydraulics. Trembling aspen and jack pine show the typical response of 
increasing sapwood-to-leaf area ratio with increasing height to compensate for 
increased resistance with path length while black spruce shows an opposite 
response (Ewers et al. 2005). The model successfully captures these differences as 
shown by the rise and fall in canopy transpiration in the hardwood before 40 years 

Fig. 18.3 Biome-BGC canopy transpiration simulations across the chronosequence. The model 
simulations are based on a conifer model simulating black spruce and jack pine and a hardwood model 
simulating trembling aspen. The constant model uses the potential vegetation from Northern Old 
Black Spruce (NOBS) site for the stomatal conductance across the entire chronosequence. Sapflux 
scaled estimates of canopy transpiration include standard errors taken (From Ewers et al. 2005)
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after fire and the drop in canopy transpiration of the conifers between 70 and 
150 years (Fig. 18.3). Thus, the answer to our question “If we chose a reference 
stomatal conductance from one stand age of the entire chronosequence to put into 
a model, would modeled transpiration for the other ages be biased?”-- is yes.

4  Synthesis of North American Northern Hardwood and 
Boreal Forest Canopy Transpiration Chronosequences

Both of our boreal and northern hardwood chronosequences are challenged by not 
satisfying all the assumptions of a true chronosequence. In the case of the northern 
hardwoods, the first two stands represent alternative states of early succession, 
which violate the assumption that all stands follow the same successional trajectory. 
These forests may start as either aspen or maple dominated while both will end up 
as maple and hemlock dominated if undisturbed for centuries (Davis et al. 1994). 
The boreal chronosequence discussed here was not formally replicated, but the stands 
were shown to be consistent (in structure and net primary production fluxes) with an 
additional 28 stands in northern Manitoba (Bond-Lamberty et al. 2004). Although 
Goulden et al. (2006) used Landsat TM and ETM + data to conclude that this 
chronosequence comprised a valid space-for-time substitution, Bond-Lamberty and 
Gower (2008) noted that some parameters do not fit a chronosequence. Despite not 
satisfying all of the chronosequence assumptions explicitly, stand age still plays a 
crucial role in explaining the ecosystem fluxes from both of these forest types (Desai 
et al. 2005; Bond-Lamberty et al. 2004). In both cases we used a biophysical approach 
through modeling stomatal conductance response to environmental drivers with the 
models operating at very different temporal and spatial scales. This biophysical 
approach models not the actual species but rather their functional traits (specifically 
G

Sref
 and m) that provide the species and tree age/size distinction for transpiration. 

Because these types of traits are valid for predicting transpiration regardless of how 
well we get the species composition or even proportion of species right with succes-
sion (Letcher and Chazdon 2009), our approach to modeling provides a mechanism 
for explaining the relevant variation in tree transpiration as forest stands age.

The answer to our question “If we chose a reference stomatal conductance from 
one stand age of the entire chronosequence to put into a model, would modeled 
transpiration for the other ages be biased?” is clearly yes for the boreal and north-
ern hardwoods chronosequences. Thus, even if our chronosequences are wildly 
deviant from conforming to the assumptions of true chronosequences, the large 
change in transpiration with stand age strongly suggests that this must be quanti-
fied and considered for regional type modeling and calculating the water cost of 
increasing carbon sequestration by vegetation (Jackson et al. 2005). Further, our 
functional trait approach can be used in larger scale models that investigate mass 
and energy exchanges (Bond-Lamberty et al. 2009), which would improve the 
ability of the models to determine the interaction between land surface processes 
and climate change. This argument is buttressed by the E

T
 data from FLUXNET 
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analyzed by Baldocchi (2005) showing that differences in functional traits reflected 
varying amounts of species’ change in E

T
.

5  Synthesis of Literature Examples of Canopy Transpiration 
from Forest Chronosequences

To further test how stand age impacts tree transpiration, we synthesize studies that 
combine sap flux and chronosequence approaches in forests. We selected as exam-
ples only those studies from the literature that reported both or one of sapwood and 
leaf area per unit ground area and explicitly investigate the impact of stand age. We 
thus excluded studies that looked at the impact tree age/size within stands. From this 
synthesis, it is clear that stand transpiration varies with tree and stand age, across 
dramatically different forest types (Table 18.2 and Fig. 18.4a).

Sapwood area and leaf area are more important determinants of stand transpiration 
at a given set of environmental conditions than sap flux per unit xylem area (Fig. 18.4b–c). 
The minimum difference in transpiration across a chronosequence was 0.4 mm d–1 in 
the North Americal Boreal Mixed Poorly-Drained boreal forest type while the 
maximum difference was 2.4 mm d–1 in the North American Mixed Conifer forest 
type; even 0.4 mm d–1 is a substantial difference in water loss just from canopy trees. 
The variability in canopy transpiration is constrained the older the forest (stands ages 
close to 200 years, Fig. 18.4a); however, this may be due to lack of studies in these 
ages rather than a real phenomenon. Across these very different chronosequences, it 
is clear that sapwood area is driving transpiration when it is less than 12 m2 ha–1 while 
the same is true of LAI below 5 m2 m–2. At these low to moderate values of sapwood 
and leaf area, the trees are limited by the ability to exchange gas with the atmosphere, 
and leaf area is then likely correlated to the sapwood area as suggested by the pipe-
model theory (Shinozaki et al. 1964). These data point to the use of fairly simple 
models for areas dominated by younger stands while older stands will need more 
complex models to capture the climatic, edaphic and biological differences driving 
transpiration reflected in the higher sapwood and leaf areas.

This synthesis reinforces our premise from earlier in the chapter (Sect. 2.1) that 
tree (Hatton et al. 1990), stand (Traver et al. 2010) and watershed (Ford et al. 2007) 
approaches agree that sapwood area is crucial to determine transpiration expressed 
as water lost by trees per ground area. From these studies and this synthesis, we 
suggest that more effort be spent on quantifying sapwood areas appropriately 
throughout stands while the sap flux per unit xylem area measurements are used to 
determine the temporal response to environmental drivers (Mackay et al. 2010). 
Such an approach will maximize the functional trait information gleaned from the 
data and ultimately better inform the models using such traits. A functional trait 
based approach to modeling the impact of forest stand age on ecosystem water loss 
will require models that can capture the dynamics in stomatal conductance while 
simultaneously coping with other dominant factors that are changing with stand age 
such as soils and microclimate. These results contradict models that use a potential 
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Fig. 18.4 Summary of sap flux estimates of canopy transpiration from chronosequences reviewed in 
Table 18.2 using the columns of stand age (a), leaf area index (b) and sapwood area (c) as explanatory 
variables
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vegetation approach (i.e., end of a chronosequence--constant model Fig. 18.3) 
such as IBIS (Foley et al. 1996; Kuckarik et al. 2006) to model regional vegetation 
feedback loops on global climate change. Such models are unfortunately reinforced 
by global FLUXNET datasets that look at mature but rarely regenerating stands 
(e.g., Teuling et al. 2009). One approach to improve such models is to incorporate 
height driven ecosystem demography into ecosystems, which are then constrained 
by LiDAR estimates (Hurtt et al. 2004). Our approach here strongly suggests that 
the stomatal conductance portion of revised or new models of canopy transpiration 
should be based on emerging plant hydraulic knowledge that provides realistic but 
relatively simple representation of plant functional traits.

6  Conclusion

We tested whether using stomatal conductance could capture the dynamic in tran-
spiration with forest age. To do this we answered the question “If we chose a refer-
ence stomatal conductance from one stand age of the entire chronosequence to put 
into a model, would modeled transpiration for the other ages be biased?” with a 
resounding yes. We found that obtaining the right stomatal conductance was crucial 
for accurate models in two different chronosequences. This strongly suggests that 
stomatal conductance can be an integrator of inter- and intra-species change in tree 
transpiration with forest age. If we had tried to use a single reference canopy sto-
matal conductance, it would not have been able to capture the variability in transpi-
ration with stand age despite the suggestion that hydraulic limitation was consistently 
acting on the trees. Because we used a biophysical approach, even if our and other 
researchers’ chronosequences do not fit the assumptions, the results are still useful. 
Further, our synthesis of sap flux based estimates of tree transpiration shows a large 
successional dynamic, and suggests that our approach to modeling is crucial in the 
face of anthropogenic changes to forest age, structure and species composition. We 
have now provided the framework for a mechanistically rigorous, yet simple 
approach based on tree hydraulics to measuring and modeling stand transpiration 
with changing forest age and/or species composition.
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