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Editor’s Note

For a variety of reasons, this book project took much longer to completion than
planned. It was commenced 4 years ago, and some contributions were received as
long as 3 years ago. Fortunately, this volume compiles excellent overviews of
current topics in tree environmental physiology and ecosystem process aspects,
and the delay does not diminish their value in any way. I am convinced that the
contributions in this book will prove of long lasting value in an otherwise fast
moving field of research. I would like to take the opportunity to thank all authors,
editors, and publishers involved for their excellent contributions and, particularly,
for their patience.

Creswick, Australia Michael Tausz
March 2014






Preface

The Earth’s climate is continuously changing and has always changed through time.
These changes are based on complex, oscillating cycles that occur on decadal,
century, and millennial time scales. Climate shifts are common, marked by ice ages
as well as long, warm periods.

There is by now overwhelming evidence that human activities have altered
natural climatic cycles (Stocker et al. 2013). Although atmospheric chemistry
changes (in CO,, CO, O;, CH,) have occurred in the past due to natural causes,
the current and expected future atmospheric composition is unlike any in the past
due to anthropogenically generated air pollution (in addition to the above: NO, and
tropospheric O3, double the concentration of the pre-industrial era).

In computer-based models (general circulation models, GCMs), rising concen-
trations of greenhouse gases have resulted in an increase in air temperature and
instabilities in weather. Warmer air holds more water, and it evaporates from all
surfaces: soil, vegetation, and open water. In other areas, there will be flooding, just
as deleterious as drought to maladapted species. Because every component of
ecosystems responds to temperature and water, current ecosystems are and will
continue to change in response to increases in temperature, increases in evapora-
tion, and weather instabilities (extremes in temperature and precipitation, its form,
and when the extremes occur). Evidence for climate change has already been
reported in thousands of publications, in locations distributed throughout the
globe. These changes, as well as predicted future changes, are predicted with
high confidence on a global scale, yet may differ considerably from place to
place (Stocker et al. 2013).

An increase in air temperature of 1-1.5 °C above the mean for 1850-1900 is
highly likely by mid-century. In addition to the direct effect of increasing air
temperature on water balance, global circulation models predict different amounts
of precipitation (Stocker et al. 2013). The greatest threat to ecosystems is increased
frequency, duration, and extremity of water availability (from drought to flooding)
and temperature (unusual timing and duration of cold snaps, prolonged heat spells)
that will disrupt function, survival, and distribution of plants, animals, insects, and
pathogens adapted to a past, or at best the current environment. In addition, air

vii
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pollution effects on ecosystems need to be considered over the long term, especially
with regard to the fertilizing effects of CO, and nitrogen deposition, and the
deleterious and CO,-negating effects of tropospheric O3 on carbon uptake and its
allocation. Although generalized approaches to managing ecosystems for climate
change may be developed, the novel combinations of atmospheric chemistry,
temperature, water availability, and the instabilities and extremities in weather
will require novel, place-based land management approaches for ecosystems.

At a time when much of the world seems to be discussing climate change, one
might ask, ‘why another book anticipating effects of climate change?’ Firstly,
because trees are such long-lived organisms they depend on the acclimation
potential of the individuals throughout their lifetime for their survival. Adaptive
evolutionary change is slow in species with long generation cycles; hence trees are
particularly vulnerable to rapid environmental changes. It is therefore even more
important to understand the life functions of trees and the function of forests to
underpin possible adaptive management strategies, and these will most likely be
different from strategies under consideration for annual or short cycle natural or
cropping systems. Secondly, most treatises on climate change effects on biological
systems are CO,-centric: they emphasize CO, fertilization and CO,-induced
increased temperatures, accompanying decreases in water availability
(in general), but increased plant water use efficiency. We have included the
interactive effects of elevated CO,, the physical environmental effects of green-
house gas accumulation, and the source of the CO,: atmospheric chemical changes
of air pollution (CO,, O3, NO,, and nitrogen deposition). This is a fundamental
consideration that many of the discussions on climate change have ignored, or
considered only in isolation (with some noted exceptions, see Emberson et al. 2000,
who advocated integration of the effects of these components in a process-based
model). Due to the difficulty and the magnitude of experimental studies with
multiple factors, there are few field studies that have accomplished two abiotic
interactive factors (such as CO, x temperature, Kellomiki et al. 2000, CO, x N
amendment, Pddkkonen and Holopainen 1995, O; x CO, Karnosky et al. 2003, or
O; x N amendment, Watanabe et al. 2000), let alone many environmental and
biological factors over the lifetime of trees and within the complexity of forest
ecosystems. Some studies along environmental gradients with carefully matched
sites (e.g., high N deposition, drought stress, and moderate O5 exposure vs. high N
deposition and moderate O3 exposure alone, Miller and McBride 1999) can provide
an insight into multiplicative effects. However, we are still restricted to the current
range in conditions and responses of extant trees that established in a past climate:
80-250+ years ago. The future holds an unprecedented combination and quantity of
atmospheric chemicals, and it is as yet unclear whether and which current species or
populations of trees are sufficiently equipped to cope with such conditions.

Our ecosystems are already and unequivocally (Stocker et al. 2013) experiencing
environmental and climate change, and forests and other tree dominated ecosys-
tems are likely to be severely affected. In this book, the authors have thoughtfully
reviewed and described constituent functions and processes that will help us
understand tree responses to the complex, concurrent effects of environmental
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stresses imposed by climate change, and its ultimate source, air pollution. In many
cases they have challenged current theory on expected responses, and in all cases
they have contributed their expert knowledge on tree and forest ecosystem response
to environmental change: an integrated, qualitative assessment. We offer this
comprehensive analysis of tree responses and their capacity to respond to environ-
mental changes to give us better insight as to how to plan for the future.

Creswick, Australia Michael Tausz
Prineville, Oregon Nancy Grulke
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Chapter 1

Resource Allocation and Trade-Offs

in Carbon Gain of Leaves Under Changing
Environment

Kouki Hikosaka, Yuko Yasumura, Onno Muller, and Riichi Oguchi

Abstract In leaf canopies, environmental conditions such as light availability and
temperature vary spatially and temporally. Plants change leaf traits such as leaf nitrogen
content, leaf mass per area, leaf anatomy, photosynthetic capacity, and organization of
the photosynthetic apparatus in response to the change in conditions. These changes
occur because a trait that is optimal under a certain condition is not advantageous under
others. When growth irradiance is high or air temperature is low, plants invest more
nitrogen into ribulose-1,5-bisphosphate carboxylase (Rubisco) rather than photosys-
tems. Leaf nitrogen content is high under such conditions because nitrogen content that
maximizes nitrogen use efficiency of daily carbon gain is higher under higher irradiance
or lower temperature conditions. Leaf anatomy constrains the maximal rate of photo-
synthesis: leaves with higher photosynthetic rate should be thicker to allot more
chloroplasts on mesophyll surface. To increase maximal photosynthetic rate after
gap formation, shade leaves of some species are thicker than the minimum required
for the photosynthetic rate, allowing further increase in chloroplast volume.

1.1 Introduction

In leaf canopies, there are spatial and temporal variations in photosynthetically
active photon flux density (PFD) and temperature. Air temperature and PFD change
seasonally especially in higher latitudes. PFD decreases with depth within canopies
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Fig. 1.1 Gradient of leaf traits in a canopy of Fagus crenata (Drawn from data shown by
Yasumura et al. (2005) and unpublished data (Y. Yasumura))

and often varies by two orders between the top and bottom of dense canopies
(Monsi and Saeki 1953). Gap formation, which is an important event in forest
ecosystems, greatly increases PFD in understorey. Various leaf traits exhibit sig-
nificant changes in response to such environmental changes. For example, leaf
nitrogen content is highest in the leaves at the top of canopy (Fig. 1.1). As a result of
these variations, photosynthetic activity of leaves varies greatly across canopy
layers and seasonal environment.

Responses in leaf traits to environmental change is an important information for
correct prediction of carbon flow in forest ecosystems (Baldocchi and Harley 1995;
Wilson et al. 2001; Ito 2010). Why do leaf traits change in response to environ-
mental changes? This may be because a leaf that is adapted to a certain environment
is not necessarily adapted to other environments. If a resource is allocated to
improve one function, it inevitably causes a reduction in other functions, i.e.,
there are trade-offs in resource allocation.

Here is a review of photosynthetic acclimation to spatial and temporal hetero-
geneity in environment. We particularly focus on light and temperature as impor-
tant environmental factors. We discuss trade-offs in resource allocation and its
relation to optimization of photosynthetic performance.

1.2 Trade-Off in Nitrogen Allocation Among
Photosynthetic Components

Nitrogen is one of the most important factors that limit plant growth in many
ecosystems (Aerts and Chapin 2000). Even under non-limiting conditions, nitrogen
acquisition requires carbon costs, which are utilized for development and
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maintenance of root systems and uptake, assimilation, and translocation of nitro-
gen. Therefore efficient use of nitrogen is an important strategy to survive, grow
and reproduce under natural environments (Aerts and Chapin 2000).

The photosynthetic apparatus is the largest sink of nitrogen in plants; approxi-
mately half of leaf nitrogen is invested in photosynthetic proteins (Evans and
Seemann 1989; Hikosaka 2010). The photosynthetic apparatus consists of various
proteins. Photons are absorbed by chlorophylls (chl) associated with photosystems I
and II (PSI and PSII) and the excitation energy is utilized for electron transport from
water to NADPH and for proton transport across thylakoid membranes to produce
ATP. NADPH and ATP are utilized in Calvin cycle to produce sugars. The first step
of CO, fixation is catalyzed by ribulose-1,5-bisphosphate carboxylase oxygenase
(Rubisco), where CO, is bound to ribulose-1,5-bisphosphate (RuBP) forming
3-phosphoglyceric acid (PGA). Triose phosphate (TP) is then produced by using
ATP and NADPH. Some of TP is transported to the cytosol and used for sucrose
synthesis, the remainder is used for the regeneration of RuBP. From the viewpoint
of energy utilization, the photosynthetic apparatus can be divided into light
harvesting (photosystems) and light use (other parts). Under low light, light
harvesting limits photosynthesis, while light use is the limiting process under
high light.

The organization of the photosynthetic apparatus changes depending on growth
photon flux density (PFD). For example, the ratios of Rubisco to chl and of chl a to
chl b increase with increasing growth PFD. Such acclimation has been reported not
only for herbaceous species (Boardman 1977; Anderson 1986; Terashima and
Evans 1988) but also for woody species (Hikosaka et al. 1998; Fig. 1.2). Within-
canopy variation in the photosynthetic apparatus has also been shown along light
gradients (Niinemets 1997; Niinemets et al. 1998; Warren and Adams 2001; Laisk
et al. 2005; Turnbull et al. 2007; Fig. 1.3).

Changes in the organization of the photosynthetic apparatus are related to the
role of each component in photosynthesis. Photosynthetic rates exhibit a saturating
curve against PFD. When PFD is low, photosynthetic rate linearly increases with
increasing light, whereas it saturates at high PFD. The initial slope of the curve is
the product of quantum yield and light absorption, the latter of which increases with
increasing chl content of the leaf (Gabrielsen 1948). The light-saturated rate of
photosynthesis (P,.x) is, on the other hand, related to the content of other photo-
synthetic proteins (von Cammerer and Farquhar 1981; Evans 1983; Makino
et al. 1983). Particularly, Rubisco content is important because it catalyzes the
limiting step of photosynthesis when CO, concentration is low under saturating
light. Thus nitrogen should be invested more into the light harvesting part under low
PFD and to the light use part such as Rubisco under high PFD (Evans 1989).

Hikosaka and Terashima (1995) developed this idea further and constructed a
comprehensive model to predict the optimal nitrogen partitioning among photo-
synthetic components. In this model photosynthetic components were categorized
into five groups: Group I, Rubisco; Group II, electron carriers, ATP synthetase, and
Calvin cycle enzymes other than Rubisco; Group III, core complex of PSII (PSII
core); Group IV, core complex and light harvesting chl-protein complex of PSI, and
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Fig. 1.2 Photosynthetic acclimation in Chenopodium album (annual herb; open symbols) and
Quercus myrsinaefolia (evergreen tree, closed symbols) grown at different light regimes. RuBCase
= Rubisco (Redrawn from Hikosaka et al. 1998)

Group V, light harvesting chl-protein complex of PSII (LHCII). The nitrogen cost
for each group was calculated from published data. P,,, was assumed to be a
function of amount of proteins belonging to Group L, I and III. The initial slope was
assumed to be a function of chl content. Optimal nitrogen partitioning that maxi-
mizes daily carbon gain was calculated. It considerably changed with PFD condi-
tions. Under high PFD, daily carbon gain increases with increasing nitrogen
allocation to proteins related to P,,.., while under low PFD carbon fixation is
high when nitrogen is allocated more to photosystems (Fig. 1.4). These results
are consistent with the observations that leaves allocate more nitrogen to Rubisco
than to chl at higher PFD (Fig. 1.2). Optimal nitrogen investment is higher in PSII
core than in LHCII at higher PFD. This is because more PSII core is necessary for
higher P,,.x. On the other hand, greater amount of LHCII is only advantageous
under low PFD because nitrogen cost of chl (the ratio of chl to N in each group) is
higher in LHCII than in PSII. Because most of chl b is associated with LHCII, this
result explains why the chl a/b ratio increases with increasing growth PFD
(Fig. 1.2).

Hikosaka and Terashima (1996) applied this model to plants of a sun
(Chenopodium album) and a shade (Alocasia macrorrhiza) species grown under
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Fig. 1.4 Daily carbon gain as a function of N partitioning in Alocasia macrorrhiza (perennial
herb; (a)) and Chenopodium album (annual herb; (b)) grown under various PFD (5-100 % of full
sunlight). Open and closed symbols denote actual and optimal nitrogen partitioning (Redrawn from
Hikosaka and Terashima 1996)

various PFD conditions. Figure 1.4 shows the effect of nitrogen partitioning on
daily carbon gain. There was an optimal nitrogen allocation to Rubisco and it
increased with increasing growth PFD (closed circles). Similar to the optimum,
actual nitrogen partitioning to Rubisco also increased with increasing growth PFD
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(open circles). Difference between optimal and actual nitrogen partitioning was
small except for C. album plants grown at the lowest PFD (5 % of full sunlight).
These results suggest that plants can adjust nitrogen partitioning among photosyn-
thetic components nearly optimally to different light regimes, though sun species
might be unable to do so in very low PFD.

Similar changes in nitrogen partitioning occur when growth temperature
changes. With decreasing growth temperature, for example, the Rubisco/chl and
chl a/b ratios increase (Hikosaka 2005; Yamori et al. 2009). This may be because of
the difference in temperature dependence between the light harvesting and light use
parts. As with other enzyme activities, activity of Calvin cycle enzymes is sensitive
to temperature and is generally lower at low temperatures. In contrast, photochem-
ical reactions are insensitive to temperature, and consequently the initial slope of
light response curve is less affected by temperature. At low temperatures, therefore,
proteins related to the light use part should be enhanced to keep the balance
between the light harvesting and use.

In temperate climates at mid-latitudes, temperature and light climate vary
strongly during the year (Fig. 1.5). In winter, the air temperature is around freezing
point and the PFD is lower with shorter day lengths than in summer when air
temperature is around 25 °C (Rohrig 1991). In the understorey of deciduous forests,
large changes in PFD occur due to sprouting and fall of canopy leaves in spring and
autumn, respectively. Leaves of evergreen species in the understorey of such forests
are exposed to large changes in light and temperature conditions over the year,
which may affect leaf functioning.

Muller et al. (2005) investigated seasonal change in the photosynthetic traits of
leaves of an evergreen understory shrub Aucuba japonica grown at three different
light regimes: gap, understory of deciduous forest, and understory of evergreen
forest. They applied multiple regression to evaluate quantitative contribution of
temperature and PFD to the photosynthetic acclimation (Fig. 1.5). The Rubisco/chl
ratio was significantly correlated both with air temperature and PFD as well as the
chl a/b ratio. Across sites PFD had stronger effects than air temperature, while
within a site temperature had stronger effects on photosynthetic acclimation. It was
concluded that the photosynthetic apparatus is strongly affected by the prevailing
PFD at the time of leaf development. Within a given light regime, however, the
balance between Rubisco and chl responds mainly to temperature and to a lesser
extent to PFD.

Apart from the trade-off mentioned above, there is another trade-off between
nitrogen allocation between two processes, carboxylation and regeneration of
RuBP. At low CO, concentrations under saturated light, RuBP carboxylation is
the limiting step of photosynthesis, while RuBP regeneration limits photosynthesis
at high CO, concentrations. Thus to increase photosynthetic rates at low CO,
concentrations nitrogen should be more allocated to Rubisco, whereas it should
be more to RuBP regeneration processes (Group II and III) at high CO, concentra-
tions (Hogan et al. 1991; Sage 1994; Webber et al. 1994; Medlyn 1996; Hikosaka
and Hirose 1998; Fig. 1.6). Hikosaka and Hirose (1998) theoretically showed that
elevated CO, (from 350 to 700 pmol mol ') increased daily carbon gain by 40 %
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when nitrogen partitioning is optimal for 350 pmol mol ~' CO,, while it increased by
60 % when nitrogen is reallocated to maximize photosynthesis at 700 pmol mol .
This prediction is consistent with the result on transgenic rice with decreased
Rubisco content (Makino et al. 1997). When leaves with similar nitrogen content
were compared, the transgenic leaves had lower photosynthetic rates than those of
wild type at low CO, concentrations, but the opposite was the case at high CO,
concentrations.

In experimental studies, nitrogen allocation to Rubisco and RuBP regeneration
processes has been evaluated as V..« (maximum carboxylation rate) and J,.x
(maximum electron transport rate, Farquhar et al. 1980), respectively. In the 1990s,
it was believed that the balance between J,,x and V n.x was not significantly
affected by growth CO, concentrations (e.g., Sage 1994; Medlyn et al. 1999).
However, recent meta-analyses of FACE (free air CO, enrichment) studies have
indicated that the J,../Vmax ratio changed significantly with growth CO, concen-
tration (Long et al. 2004). Osada et al. (2010) studied photosynthetic traits of
Polygonum sachalinense plants (a perennial herb) growing around natural CO,
springs where plants had been exposed to high CO, concentrations for the long term
and found a significant effect of CO, concentration on the J,.x/Vemax ratio. These
results suggest that these plants can alter the balance between carboxylation and
regeneration of RuBP depending on growth CO, concentration. However, the
alteration in actual plants does not seem to be optimal in a quantitative sense. For
example, in the study of Osada et al. (2010), the J,.x/Vcmax ratio increased by only
5-6 % when the current CO, concentration doubled, and increased by 5 % in FACE
experiments at ambient CO, + 200 pmol mol~! CO, (Ainsworth and Long 2005).
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These values are much smaller than the theoretical prediction of a 40 % increase in
the Jax/Vemax 1atio with a doubling of the current CO, concentration (Medlyn
1996).

The balance between carboxylation and regeneration of RuBP changes also with
temperature. Potential rate of RuBP regeneration exponentially increases with
increasing temperature, whereas that of RuBP carboxylation depends less on
temperature because of Rubisco kinetics (Fig. 1.7). When temperature is low,
therefore, increased nitrogen allocation to RuBP regeneration processes is benefi-
cial (Hikosaka 1997; Hikosaka et al. 2006; Fig. 1.7). Hikosaka et al. (1999a) found
that Quercus myrsinaefolia, an evergreen tree, realized such changes in the balance
between carboxylation and regeneration of RuBP. Hikosaka (2005) found that
Plantago asiatica, a perennial herb, invested more nitrogen in RuBP regeneration
at low growth temperature (Fig. 1.8). However, it has been indicated that some
species alter the balance but the others do not (Hikosaka et al. 2006). For example,
Hikosaka et al. (2007) studied temperature dependence of photosynthesis in canopy
leaves of Quercus crispula, a deciduous tree, which did not show seasonal change
in the J./Vemax ratio. Onoda et al. (2005) showed that the J,.«/Vemax ratio
exhibited a seasonal change in seedlings of Polygonum cuspidatum, a perennial
herb, but not in those of Fagus crenata, a deciduous tree. Recently, Yamori
et al. (2010) compared temperature acclimation in cold-sensitive and tolerant
crop species, the latter of which tended to show greater changes in the J.x/Vemax
ratio depending on growth temperatures.

1.3 Nitrogen Use Efficiency of Daily Carbon Gain at Leaf
and Canopy Levels

In many canopies, there is a vertical gradient of leaf nitrogen content per unit area
(Narea) (De Jong and Doyle 1985; Hirose and Werger 1987b; Hollinger 1989; Evans
1993; Ellsworth and Reich 1993; Anten et al. 1998; Niinemets 1997; Niinemets
et al. 2001; Kikuzawa 2003; Wright et al. 2006; Migita et al. 2007; Yasumura
et al. 2005; Fig. 1.1). This gradient is formed mainly in response to the gradient of
light availability. This has been proved mainly using herbaceous canopies. For
example, the gradient of N,., is steeper in a denser than in a scarce canopy (Hirose
et al. 1988). Ny, in vine species where PFD was manipulated, changes depended
on PFD (Hikosaka et al. 1994). The gradient of N,., is steeper in canopies that have
steeper light gradients (Anten et al. 1995, 2000; Ackerly and Bazzaz 1995).
Because almost half of leaf nitrogen is invested in the photosynthetic apparatus,
photosynthetic rate is related to N,., (Evans 1989; Evans and Seemann 1989;
Hikosaka 2010). In particular, there is a strong correlation between P, and
Naurea (Hirose and Werger 1987a; Evans 1989; Hikosaka et al. 1998; Hikosaka
2004; Niinemets et al. 2001; Warren and Adams 2001; Fig. 1.9a). Dark respiration
rate is also positively correlated with N,., (Hirose and Werger 1987a; Anten
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Fig. 1.7 Effect of nitrogen allocation on temperature dependence of photosynthesis. Broken and
dotted lines represent potential rate of Rubisco- (P.) and RuBP regeneration-limited (P;) photo-
synthesis, respectively. Closed circles are realized photosynthetic rate, defined as the lower rate of
Rubisco- and RuBP regeneration-limited photosynthesis (Redrawn from Hikosaka et al. 2006)

et al. 1995; Hikosaka et al. 1999b). On the other hand, correlation between
photosynthetic rate at low light and N,,., is generally weak (Hirose and Werger
1987a). Weak but significant correlation has been observed between the initial
slope and N, in some studies (Hirose and Werger 1987a; Hikosaka et al. 1999b),
but not in others (Anten et al. 1995).

As aresult of these correlations, daily carbon gain depends on N,.,; daily carbon
gain increases with increasing N, until its optimum and gradually declines due to
increasing respiration rate (Hirose and Werger 1987a; Fig. 1.9b). Each curve has
two optima. One is the N, that maximizes daily carbon gain (Nypcgr; A in
Fig. 1.9b) and the other is the N,., that maximizes nitrogen use efficiency of carbon
gain (daily carbon gain per unit leaf nitrogen, daily NUE) (Nypnug; B in Fig. 1.9b, ¢)
(Hirose 1984; Hirose and Werger 1987a; Hikosaka and Terashima 1995). N,ea
values at both optima increase with increasing PFD (Fig. 1.9b, c¢), which explains
why N,ea is higher in upper leaves.

The optimal Ny, that maximizes daily NUE (Nypug) implicitly assumes a
trade-off between leaf area and N,.,. When the amount of nitrogen for a leaf is
limited, plants have two choices: one is increasing leaf area, which inevitably
reduces Nye,, and the other is increasing Ny, at the expense of leaf area. Nopnug
is truly optimal when photosynthesis is limited only by nitrogen. However, it is not
the case if there are other limitations such as carbon supply. Hikosaka and
Terashima (1995) discussed that N, will be closer to the Nopcgr When nitrogen
is more available, while it will be closer to Nyynug When nitrogen is more limited.
This is consistent with the experimental results of leaves of spinach (Spinacia
oleracea) (Hikosaka and Terashima 1995; Terashima and Hikosaka 1995).

Naea exhibits seasonal change. In deciduous trees, N,., increases after
unfolding and reaches maximum in mid summer (Wilson et al. 2000, 2001;
Hikosaka et al. 2007; Fig. 1.10). Some of leaf nitrogen is resorbed and others
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Fig. 1.8 Nitrogen
partitioning in Plantago
asiatica (perennial herb)
leaves grown at high-light
with low-temperature
(closed circle), high-light
with high-temperature
(open circle), and low-light
with low-temperature
(closed square). FBPase
(stroma fructose-1,6-
bisphosphatase) activity
represents nitrogen
investment in the RuBP
regeneration process.
RuBPCase = Rubisco
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Fig. 1.9 Dependence on leaf nitrogen content (N,.,) of the light saturated rate of photosynthesis
(Pomax; @), daily carbon exchange rate (CER; b), daily nitrogen use efficiency (NUE, CER per leaf
nitrogen; and slope of the tangent of daily CER (OP/ON; d) in Aucuba japonica. Closed and open
symbols in a are data obtained in summer (August) and winter (January) at the growth temperature.
Daily CER was calculated based on the data shown in (a). Continuous, dotted, and thick lines
denote values at summer under high light conditions, those at winter under high light conditions,
and those at summer under low light conditions, respectively. The circle A and B denote the Ny,
that maximizes daily CER and daily NUE, respectively. In the circle “C”, OP/ON of high light
leaves is identical to that of low light leaves in “B”, indicating optimal allocation of nitrogen
between these two leaves. Calculated with data in Muller et al. (2011)

drop with dead leaves (Yasumura et al. 2005). Yasumura et al. (2005) showed that
nitrogen resorption efficiency in leaves was not different among layers, though
Narea Was very different.

In evergreen trees, N,., is generally highest in winter (Fig. 1.5). Muller
et al. (2005) applied multiple regression analysis to analyze effect of PFD and
temperature on N,., and showed that both PFD and temperature significantly
affected Nypeq; leaf Ny, was high when PFD was high and temperature was low.
Experimental studies have also shown that N,., is higher at lower temperature
regimes (Hikosaka 2005; Yamori et al. 2009).
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Fig. 1.10 Seasonal
changes in (a) mean leaf
mass per unit area (LMA),
(b) leaf nitrogen
concentration per unit mass
(Ninass) and (c) leaf nitrogen
concentration per unit area
(Narea) in canopy leaves of
Quercus crispula in 2001
(closed circle) and 2002
(open circle). Bars are
standard deviations.
Polynomial curves are
fitted for (a) (> = 0.95,

P < 0.05) and

(©) (* = 0.99, P < 0.05)
(Redrawn from Hikosaka
et al. 2007)
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Fig. 1.11 Optimal leaf 250
nitrogen content in relation
to the actual leaf nitrogen
content in Aucuba japonica
growing in a gap (closed
squares), under a deciduous
canopy (open circles) and
evergreen canopy (closed
triangles) with linear
regression line (broken line;
? =0.65) and 1:1 line (solid
line) (Redrawn from Muller
etal. 2011)
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Muller et al. (2011) addressed a question why N,, increases in winter. They
determined photosynthetic rate and N,., in leaves of Aucuba japonica plants
growing under three light regimes. From nitrogen dependence of daily carbon
gain, they calculated optimal N,., that maximizes nitrogen use efficiency of
daily carbon gain (Nypug; B in Fig. 1.9). Both increasing PFD and decreasing
temperature increases the Ngoynuge. There was a strong correlation between the
Nopovue and actual Nie,, which was close to the 1:1 relationship (Fig. 1.11).
Sensitivity analyses showed that both temperature and PFD had comparable con-
tribution to the change in the variation in the Nopug.

Vertical gradient of N,., has been discussed with respective to maximizing
canopy photosynthesis. As mentioned above, photosynthetic rate is less sensitive to
Narea at low PFD but increases with increasing N,., at high PFD. Therefore canopy
photosynthesis is improved when nitrogen is allocated more to leaves that receive
higher PFD (Field 1983; Hirose and Werger 1987b). Field (1983) showed that
canopy photosynthesis is maximized if nitrogen is allocated such that every leaf
satisfies following equation:

A= 0P/ON (1.1)

where A is the Lagrange multiplier, P is daily carbon gain and N is N,,. When
compared at the same N,.,, OP/ON is higher in leaves that receive high light
(Fig. 1.9d). Therefore N, should be higher in upper leaves. Farquhar (1989)
suggested that canopy photosynthesis is maximized if P,,, of each leaf is propor-
tional to light availability of each leaf. Anten et al. (1995) proved that this
relationship is maintained when the initial slope and convexity of the light-response
curve is constant across leaves. Hirose and Werger (1987b) calculated optimal
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nitrogen distribution among leaves in a canopy of Solidago altissima, a perennial
herb. The actual nitrogen distribution was significantly different from the inferred
optimal distribution, as it was less steep. Similar differences between actual and
optimal nitrogen distribution were reported by other researchers (Anten et al. 1995).
Anten et al. (2000) compiled data obtained from herbaceous canopies and showed
that the slope of the actual nitrogen distribution was almost half of that of the
optimal distribution.

It should be noted that optimal nitrogen content to maximize daily NUE
(Nopavur) 18 not necessarily consistent with the optimal nitrogen allocation among
leaves to maximize canopy photosynthesis. In NoynuE, the curve of daily CER-N
has a tangent from the origin (Fig. 1.9b). Slope of the tangent is different depending
on PFD (B in Fig. 1.9b). On the other hand, slope of a tangent of the curve,
i.e. OP/ON, is required to be identical among leaves in a canopy that maximizes
canopy photosynthesis (C for high light leaves in Fig. 1.9b, d). Nitrogen distribution
may be less steep in a canopy in which every leaf has Nopnug than in a canopy that
maximizing canopy photosynthesis. Therefore, less steep nitrogen distribution
found in actual canopies may be caused by a result of optimal regulation at a leaf
level rather than that at a canopy level.

1.4 Trade-Offs in Leaf Morphology

Sun and shade leaves differ from each other in morphological traits as well as in
physiological traits. In general, sun leaves are thicker and have higher leaf mass per
area than shade leaves. Also in tree canopies, there is a vertical gradient in
morphological traits (Ellsworth and Reich 1993; Niinemets 1997; Wright
et al. 2006). Figure 1.1 shows gradients of leaf traits in a Fagus crenata canopy.
Leaf mass per area (LMA) exhibited a large decrease from the top to the bottom.
N.rea can be expressed as a product of LMA and nitrogen concentration per mass
(Nmass)- In tree canopies, gradient of N,., is mainly attributed to LMA because
Niass 18 relatively constant or even higher in lower canopies (Fig. 1.1). In herba-
ceous canopies, in contrast, gradient of N,., is mainly ascribed to N ,ss (Hirose
et al. 1988). This difference reflects differences in canopy development. In herba-
ceous canopies, new leaves are mainly formed at the top of the canopy and light
availability for each leaf declines with development of new leaves. New leaves
developed as a sun leaf and N,., and N,,s gradually decrease mainly due to
resorption while morphological traits are relatively constant (but LMA generally
exhibits small reduction through leaf senescence). In tree canopies, on the other
hand, new leaves are produced in each layer and light availability does not change
greatly. Leaf thickness and LMA were altered according to the environment where
the leaves developed, while N, is relatively constant (Ellsworth and Reich 1993).

Leaf morphology is an important constraint for Py« (Terashima et al. 2001).
Large investment of photosynthetic proteins is necessary to achieve high Pp.x.
Since all photosynthetic enzymes are involved in chloroplasts, sun leaves need to
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have a large number of chloroplasts in the mesophyll cells. CO, diffusion in the
liquid phase is very slow and chloroplasts distribute near the cell surface. If a leaf
increased the number of chloroplasts without thickening the mesophyll layer, some
chloroplasts would become separated from the cell surface and any increase in the
number of such chloroplasts contributes little to increasing photosynthetic capacity
because they do not receive sufficient CO, to fix. Therefore, sun leaves are thick in
order to arrange all chloroplasts along the mesophyll cell surface. Hence there are
strong correlations between photosynthetic capacity and leaf thickness (McClendon
1962; Jurik 1986), between photosynthetic capacity and mesophyll cell surface area
(Nobel et al. 1975), and between the internal conductance of CO, and chloroplast
surface area facing the intercellular space (von Caemmerer and Evans 1991; Evans
et al. 1994).

This constraint of P,,,, brings about a trade-off between leaf thickness and leaf
area. If biomass is limited for production of a leaf, large leaf area is advantageous
for light capture but it inevitably forces small leaf thickness and thus suppresses
Poax- In fact, leaf area in Fagus crenata canopy was greater at lower layers
(Fig. 1.1).

Gap formation abruptly increases light availability for understorey plants in a
forest. This event is considered indispensable for further growth of tree seedlings
and thus for regeneration of forests (Denslow 1987; Naidu and DeLucia 1997; Ryel
and Beyschlag 2000). In a mixed temperate forest, gaps are formed throughout a
year (Romme and Martin 1982). When irradiance increased in the growing season,
plants often showed light acclimation where P.,, increased even in already
expanded leaves (Turnbull et al. 1993; Naidu and DeLucia 1998; Yamashita
et al. 2000). Nevertheless, it has been shown that leaf thickness is determined by
the irradiance at leaf development, and changes little after leaves have matured
(Milthorpe and Newton 1963; Verbelen and De Greef 1979; Sims and Pearcy
1992). Does this imply that leaves do not have to become thick to increase their
Prax?

Oguchi et al. (2003) found that mature shade leaves of Chenopodium album, an
annual herb, have vacant space along the mesophyll surface which is not occupied
by chloroplasts (Fig. 1.12). When the shade leaves were exposed to high irradiance,
chloroplast volume increased to fill the space and P, increased without an
increase in leaf thickness. However, these leaves had vacant space and conse-
quently were thicker than the minimum required to arrange all chloroplasts to fill
the mesophyll cell surface.

Oguchi et al. (2005, 2006) investigated leaf anatomy of various deciduous tree
species in a growth cabinet (Oguchi et al. 2005) and in the field where an artificial
gap was formed (Oguchi et al. 2006). They found that the response of existing
leaves to increasing PFD was different among species. Shade leaves of Betula
ermanii, Kalopanax pictus, Magnolia obovata, and Quercus crispula had the vacant
space in mesophyll cells and increased chloroplast volume after exposure to high
light, similar to the results on C. album (Fig. 1.13). Three Acer species, A. rufinerve,
A. mono, and A. japonicum extended not only chloroplast volume but also meso-
phyll cell surface after exposure to high light, suggesting that Acer species have
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Mo vacant space Shade leaf Sun-acclimated

Fig. 1.12 Diagram of anatomical acclimation in shade leaves that are exposed to a sunny
condition

504m 5 W o

Fig. 1.13 Leaf anatomy of Betula ermanii. (a) Low-light grown leaf, (b) low-light grown leaf
after transfer to high light, and (c) high-light grown leaf. Arrows: vacant space (Redrawn from
Oguchi et al. 2005)

plasticity in leaf anatomy even after full expansion (Fig. 1.14). On the other hand,
F. crenata had little mesophyll cell surface unoccupied by chloroplasts and leaf
anatomy was not changed after exposure to high light (Fig. 1.15). Consequently, it
did not increase P,.,. These results suggest that light acclimation potential is
primarily determined by the availability of unoccupied cell surface into which
chloroplasts expand, as well as by the plasticity of the mesophyll that allows an
increase in its surface area.
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Fig. 1.14 Leaf anatomy of Acer rufinerve. (a) Low-light grown leaf, (b) low-light grown leaf after
transfer to high light, and (c) high-light grown leaf. Arrows: vacant space (Redrawn from Oguchi
et al. 2005)

Then the question arises, why some species have vacant space while others do
not? Plants need to invest more biomass into thicker leaves (Fig. 1.12). Plants could
intercept more light if this biomass were used to enlarge leaf area. Oguchi
et al. (2008) evaluated the cost and benefit of photosynthetic light acclimation in
a natural environment. The researchers created gaps by felling canopy trees in a
cool-temperate forest and evaluated the cost and benefit of light acclimation in
K. pictus, a species that had vacant space in shade leaves. These leaves increased
Pax by enlarging chloroplasts into this space after gap formation. An increase in
carbon gain of light-acclimated leaves over non-acclimated leaves is a benefit of
acclimation. The authors used a biochemical model based on Rubisco kinetics and
combined it with an empirical model for stomatal conductance described as a
function of environmental factors (Harley and Tenhunen 1991). The costs are the
additional investment in biomass needed to construct the vacant space which would
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Fig.1.15 Leaf anatomy of Fagus crenata. (a) Low-light grown leaf, (b) low-light grown leaf after
transfer to high light, and (c) high-light grown leaf (Redrawn from Oguchi et al. 2005)

enable the chloroplast volume to increase for the future gap formation. When those
leaves were exposed to higher irradiance after gap formation, the area of the
mesophyll surface covered by chloroplasts increased by 17 % and P,.x by 27 %.
This increase in P, led to an 11 % increase in daily carbon gain, which was
greater than the amount of biomass additionally invested to construct thicker
leaves. Thus the capacity of a plant to acclimate to light (photosynthetic acclima-
tion) would contribute to rapid growth in response to gap formation. On the other
hand, if gaps are not formed, the cost to construct thicker leaf is wasteful. This
suggests that optimistic species may produce thicker leaves to allow an increase in
P .ax after gap formation, while pessimistic species produce leaves with a minimum
thickness to reduce construction cost.

As discussed above, evergreen leaves in temperate forests exhibit seasonal
changes in leaf nitrogen content. Muller et al. (2009) studied leaf anatomy of
Aucuba japonica and showed that a vacant space on mesophyll surfaces in summer
enabled the chloroplast volume to increase in winter. Thus, summer leaves were
thicker than needed to accommodate mesophyll surface chloroplasts at this time of
the year, but this allowed for increases in mesophyll surface chloroplasts in winter.
The authors also performed a transfer experiment in which irradiance regimes were
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changed at the beginning of autumn and of spring to evaluate differential effects of
winter and summer irradiance on leaf anatomy and photosynthesis. Leaf anatomical
characteristics such as mesophyll surface area were significantly dependent on
growth light in winter, suggesting that summer leaf anatomical characteristics
help facilitate photosynthetic acclimation to winter conditions.

1.5 Conclusion

Increasing photosynthetic capacity may benefit carbon gain but entails many kinds
of costs: investment of nitrogen, increased respiration, and thickening the leaf.
Shade leaves may be rather advantageous if they have low nitrogen content, low
respiration, and smaller thickness, which enables greater leaf area. Optimal traits
are different depending on growth irradiance and temperatures. Furthermore, the
strategy may be different depending on whether the species is “optimistic” or
“pessimistic” for the future. If a shaded plant “expects” improvement in light
environment in the future, it produces leaves that are thicker than the minimum
to allow increase in chloroplast volume after the light improvement. If it is
“pessimistic”, it may produce leaves with minimum thickness. Plants alter their
leaf traits not only in response to environmental change but also with their strategy,
which may partly contribute to coexistence of various species on the earth.
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Chapter 2
Ecophysiological Aspects of Phloem
Transport in Trees

Teemu Holtta, Maurizio Mencuccini, and Eero Nikinmaa

Abstract The primary function of the phloem is the transport of assimilate prod-
ucts from mature leaves to other tissues. Here we examine this function from a
whole tree perspective and relate it to assimilate production, tree water relations,
and tree structure. We argue that the turgor and osmotic pressures driving flow in
the phloem are determined by these factors. An example calculation of these
interactions is presented. The generalizations and possible shortcomings of the
Miinch flow hypothesis, the simplest theoretical framework used in describing
phloem transport, are also discussed.

2.1 The Miinch Flow Hypothesis

Long distance transport of water from soil through the xylem to the leaves is a fairly
well understood process (see Chap. 6), but the long distance transport of assimilate
products in the adjacent phloem tissue is a much less understood, and a more
complicated process. The formulation of the theory of phloem transport is acknowl-
edged to date to the work by Edward Miinch in the 1930s, although very similar
ideas were already developed in the nineteenth century (reviewed in Knoblauch and
Peters 2010). According to the Miinch flow hypothesis, sugars produced in leaf
mesophyll cells are loaded into the sieve tubes in the phloem. Sugar loading can be
an active process, or it can happen passively along a concentration gradient,
depending on the species (Turgeon 2010). This loading decreases the osmotic
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Fig. 2.1 A schematic presentation of the Miinch flow hypothesis. Sugars are loaded into the sieve
tubes of the phloem at the sugar source (leaf). The osmotic pressure of the sieve tubes is decreased;
water is taken up from the surrounding tissue, which results in an increase in turgor pressure at the
source. Unloading of sugars from the sieve tubes at the sinks (stem and roots) increases the sieve
tube osmotic pressure, water escapes to surrounding tissue, and turgor pressure is reduced. The
turgor pressure gradient between the source and the sink is the driving force for phloem transport.
Phloem function is linked to xylem transport as water circulates between the two tissues. Phloem
takes up water from the xylem along the whole transport pathway unless sugar unloading is locally
very large. The transpiration stream in the leaves can also pass apoplastically along the cell walls
without crossing the membrane of cells (Figure drawn by Kari Helivaara, University of Helsinki)

potential of the sieve tubes, which results in water flow from the surrounding tissue,
and a subsequent increase in turgor pressure. The active unloading of sugars from
the sieve tubes at the sinks decreases the sieve tube osmotic concentration, resulting
in water efflux and a reduction in turgor pressure. This turgor pressure gradient
between the source and the sink is the driving force for phloem transport. According
to the Miinch flow hypothesis, sieve tubes are thought to be symplastically contin-
uous along the whole plant axis, and the phloem sap flow totally passive outside the
source and sink areas. The Miinch flow hypothesis is depicted schematically in
Fig. 2.1.
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2.1.1 Possible Shortcomings of the Munch Flow Hypothesis

There are doubts over whether the Miinch flow hypothesis alone is sufficient to
explain phloem transport. According to the hypothesis, active processes are only
required at the sources and sinks, and the transport pathway is assumed to be
passive (non-energy consuming). Many experiments have demonstrated that this
is not fully the case, as for example metabolic impairment of the transport phloem
by cold blocking or metabolic poisons has been shown to affect phloem transport
dramatically (e.g., Peuke et al. 2006). Continuous leakage and reloading of solutes
has been observed along the phloem translocation pathway (Minchin and Thorpe
1987; McQueen et al. 2005).

Doubts over the role and significance of passive phloem transport have been
expressed, especially for trees due to long transport distances. In the case of tall
trees, the turgor pressure difference required to drive phloem flow between the
sources and sinks, and the speed of information transmission between the sources
and sinks, could become quite large based on standard theory (Thompson 2006).
Experimental tests of the basic tenet that the turgor pressure gradient will drive
solution flow in a compartment bounded by semipermeable membranes are difficult
to conduct at realistic micrometer scales. Jensen et al. (2010, 2011) used lab-on-a-
chip technology to develop a system with dimensions approximating those of real
sieve elements (50-200 pm) and experimentally verified that osmotic gradients can
generate large enough pressure gradients to move the solution at speeds predicted
by the theory.

2.2 Relationships Between Whole-Tree Transport
of Assimilated Sugars, Phloem Turgor Pressure,
and Osmotic Concentration

A turgor pressure gradient in the phloem sieve tubes is required to overcome the
frictional resistance between the phloem sap and sieve tubes walls and the sieve
plate pores between adjoining sieve tube elements. An important issue in reconcil-
ing phloem transport with the Miinch flow hypothesis is the magnitude of these
turgor gradients and the flow rates maintained in the sieve tubes (e.g., Thompson
2006). The pressure difference required for the transport of photosynthates from the
leaves can be approximated from simple equations, provided that the structural
characteristics of the phloem are known. The transport rate of sugars in the phloem
sap is proportional to the turgor pressure gradient times the concentration of the
phloem sap. The relation can be expressed mathematically as follows:
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AP kA
Jy=—c— (2.1)
I u

AP is the turgor pressure difference between the sugar source and sink, / is the
distance between the sugar source and sink, ¢ is sugar concentration, k is phloem
specific conductivity, A is phloem cross-sectional area, and u is phloem sap
viscosity.

Unfortunately there are no direct measurements of phloem specific conductivity
k, but from anatomical measurements of sieve tube diameter and the size and
number of the sieve pore plates adjoining the tubes, it has been estimated to vary
in the range of 0.22-56 pm? among different species (Thompson and Holbrook
2003; Mullendore et al. 2010). The specific conductivity ranged between 4 and
12 pm? among the tree species studied. Confirmations of these theoretical calcula-
tions are missing since there are very few simultaneous measurements of flow rates
and turgor pressure gradients (but see Gould et al. 2005). For example, it is
uncertain how open the sieve plate pores are in their natural state.

There is another restriction to phloem transport, which relates to the water
exchange with the adjacent tissues. Sieve tube water potential has to be nearly in
equilibrium with the water potential of the surrounding tissue, which is determined
mainly by xylem water transport, at least in the case of trees. Neglecting radial
water potential losses (Thompson and Holbrook 2003), a relationship between
phloem turgor pressure, osmotic concentration, and xylem water potential is
established:

¥ =P — ocRT (2.2)

Y is the water potential of surrounding tissue (xylem), P is phloem turgor
pressure, ¢ is the osmotic concentration in the sieve tube, R is the gas constant,
T is temperature and o is the reflection coefficient of the membrane separating the
sieve tube from its surroundings. Often o is assumed to have a value of 1, i.e. that of
a semipermeable membrane. All of the variables in these equations can be depen-
dent on the axial position along the phloem transport system, so that solving for the
pressure and concentration as a function of height is a complex problem, especially
as viscosity is highly concentration dependent. To demonstrate the calculation of
the phloem turgor pressure gradient, a simplified approach can be taken in which
the equations are solved only at one position, i.e. the axial variability in the vari-
ables is ignored. Adopting this approach, and assuming that all sugars produced by
photosynthesis are transported from the leaves to the soil, a unique solution for the
turgor pressure and sugar concentration can be obtained from Eqgs. 2.1 and 2.2. This
is done here numerically, based on values at the source, as the concentration
dependency of viscosity makes the equations impossible to solve analytically.

The turgor pressure at the top of our model tree is approximately 1.0 MPa
(Fig. 2.2a), leading to a turgor pressure difference of 0.5 MPa between the source
and sink. The osmotic concentration at the source is approximately 800 mol m >
(Fig. 2.2b). Both of these values increase with decreasing phloem permeability and
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Fig. 2.2 The turgor pressure (a) and osmotic concentration (b) at the source phloem, and the
phloem sap flow velocity at the source (c¢) and sink (d), and their changes when phloem
parameterization (in Eqgs. 2.1 and 2.2) is altered. The parameter values used in the base case
calculation are as follows: tree height () 10 m, phloem cross-sectional area (A) 0.25 x 107> m?
(which equates to 1 mm thick phloem on a 0.16 m diameter stem), phloem permeability (k) 4 pm?,
whole tree assimilation rate (J5) 17 pmol s~ ! of sucrose, xylem water potential (y) at source and
sink — 1 and 0 MPa, respectively, and a sink turgor pressure (P) 0.5 MPa. Phloem sap viscosity p
was made a function of sugar concentration. The parameter values for which no values can be
found in the graph (e.g. low conductance/phloem cross-sectional area) represent cases where the
phloem cannot transport all assimilated sugars. Tree height was not varied because a change in tree
height is likely to lead to simultaneous changes in almost all of the parameters. In (a) and (b),
changes in phloem conductance and phloem cross-sectional area both produce exactly the same
changes, and are therefore not drawn separately

phloem cross-sectional area, and with increasing whole tree photosynthesis rate and
sink turgor pressure. The turgor pressure and osmotic concentration at the source
increase with decreasing xylem water potentials. The turgor pressure also slightly
increases at very high xylem water potentials as the phloem sap gets diluted with
regard to sugar concentration. The values for the turgor pressure gradient and
osmotic concentration are in agreement with measured values (Turgeon 2010).
The resulting phloem sap flow velocity is approximately 0.1 mm s~ at the source
(Fig. 2.2c), but it increases considerably towards the sink (Fig. 2.2d) to compensate
for the decreasing sugar concentration towards the sugar sink, as the sugar flux rate
is the same everywhere. In our example base case calculation, the osmotic concen-
tration at the sink is only one fourth of the osmotic concentration at the source, and
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the flow velocity therefore is five times higher, i.e. 0.3 mm s~ ', which is very
similar to values found in experimental NMR studies (e.g., Windt et al. 2006). The
sap flow velocity is also sensitive to the parameter choices: it increases with
increasing phloem conductance and assimilation rate, and with decreasing phloem
cross-sectional area, xylem water potential and sink turgor pressure (Fig. 2.2c, d).

Note that the solution presented is the only possible (stable) solution to Egs. 2.1
and 2.2. Therefore, no other combination of values of turgor pressure (or its
gradient) and osmotic concentration is possible in steady state. For example, a
change in turgor pressure at any point along the pathway would lead to a perturba-
tion from steady state, and the turgor pressure gradient would eventually (although
not necessarily very quickly), have to return back to the steady state solution. This
could also indicate that it is not the pressure difference that controls the flow rate,
but rather the flow rate is determined by the transport needs of the plant, which
determines the whole tree pressure gradient, as hypothesized by Knoblauch and
Peters (2010). This could be compared to the situation in the xylem. It can be argued
that the xylem water potential gradient does not control the xylem sap flux rate.
Instead, the xylem water potential gradient is determined by xylem conductance
and the evaporative demand of water, which is tightly controlled by the stomata in
the leaves.

However, it seems possible that plants could exert control over phloem conduc-
tivity, and therefore be able to “tune” the values of plant turgor pressure and its
gradient. Phloem conductivity is likely to be very dependent on the effective radii
of the sieve pores and other obstructions to flow, which could be modified very
quickly (Thorpe et al. 2010). It also seems possible that the phloem conducting area
varies over time (Windt et al. 2006). Theoretically, a modification in phloem
conductivity and flow conducting cross-sectional area would change the turgor
and osmotic pressures and could therefore act as a mechanism to control the turgor
pressure and osmotic concentrations in the phloem. In addition, there could be
many other ways for a plant to regulate turgor pressure in the short term, such as
changes in the reflection coefficient of the sieve tubes (see Eq. 2.2) or the active
loading and unloading of sugars along the phloem transport pathway.

2.2.1 Speed of Link Between Phloem Sources and Sinks

One peculiar feature of phloem transport is that the propagation of changes in sugar
concentration is predicted to occur faster than the movement of the individual sugar
molecules themselves. The situation arises since the driving force for the advection-
driven phloem transport is created by the substance itself, i.e. sugar. This can be
predicted from the mathematical formulation of the Miinch flow hypothesis (e.g.,
Ferrier et al. 1975; Thompson 2006), but its demonstration is beyond the scope of
this chapter. Increase in sink sugar concentration due to source action can occur
before the actual sugar molecules have traveled from the source to the sink. The
experimental evidence for sugar concentrations propagating faster than individual
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sugar molecules is scarce, probably since the measurement of phloem sugar con-
centration dynamics is very difficult. However, a meta-analysis by Mencuccini and
Holttd (2010) revealed that the time lag between a change in photosynthesis rate
and a change in soil or ecosystem respiration rate was on average shorter, and much
less dependent on transport distance, than the transit time of individual, isotopically
marked molecules. Faster propagation of changes in sugar concentration could be
important as it allows sinks and sources at different parts of the plant to sense
changes in other parts. A reader interested in the time scales associated with the
speed of link should turn to Thompson (2006), for example.

2.2.2 Tree Size and Phloem Transport

Since large transport distances are hypothesized to lead to large pressure differ-
ences between the sources and sinks and to a slow propagation of molecules and
information between the sources and sinks, how can tall trees cope with the
challenges of transporting photoassimilates? An increasing turgor pressure differ-
ence with increasing transport distance could be inferred simply from Eq. 2.1: the
turgor pressure difference necessary to transport a given amount of solution is
linearly proportional to transport distance, provided that the cross-sectional area
and permeability remain constant. Experimental evidence of turgor pressure gradi-
ents in trees and especially its scaling with tree size is very limited. Turgeon (2010)
claimed that some indications exist that the turgor pressure differences between the
sources and sinks do not scale with tree size. On the contrary, calculations by
Mencuccini and Holttd (2010) from a meta-analysis of time lags between photo-
synthesis and soil respiration pointed towards phloem pressure gradients (calcu-
lated from the observed time-lags) increasing with plant size, although in the final
statistical analysis the calculated rate of change in pressure gradients with tree size
was highly correlated with the corresponding rate of change in specific conductiv-
ity, making their separation difficult.

Very little is known about the variation in phloem conduit properties and flow
conducting area with changing tree size and axial position. In the neighboring
xylem tissue, the water potential difference between the leaves and roots (which
is equivalent to the turgor pressure difference in the phloem as the driving force for
transport) normally does not differ much between small and tall trees. It is therefore
evident that conduit properties must change with tree size so that sufficient water
supply to the leaves is maintained with increasing transport distance. This is
achieved by an increase in xylem conduit size according to a power law to prevent
the loss of water transport capacity due to increased transport length (West
et al. 1999). This general scaling theory also suggests that a similar principle
must apply to phloem conduits to compensate for the increasing transport distance
with increasing tree height, but very few studies have been made to address this
topic directly. Perhaps the only systematic study was the one conducted by
Mencuccini et al. (2010), who found that phloem conduits did increase in size
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with increasing tree size, therefore alleviating the problems of phloem transport
over long distances.

Changes in the phloem cross-sectional area may also influence phloem transport.
However, quantitative measurements of conducting area along the stem axis are
rare. Along the stem height, the actual thickness of conducting phloem cells seems
to be fairly constant (Quilho et al. 2000), while the cross-sectional area of water
conducting wood increases clearly from the stem top towards the base. This means
that along the conducting axis, the ratio of phloem to xylem tissue increases towards
the leaves, being close to one in leaf veins. Holtté et al. (2006) showed that such a
structure can maintain higher phloem loading rates than if the proportions were
equal along the entire axis.

An alternative mechanism that would allow trees to overcome the problems of
long transport distances is the use of the so-called solute relays. If solute relays were
present, the sieve tubes would not be symplastically connected over the whole
transport distance, but there would be loading and unloading of sugars at specific
points along the transport pathway (Lang 1979). The pressure difference and the
speed of information transmission within a tree would then decrease in approxi-
mately linear proportion to the number of relays (Holttd et al. 2009). Lang (1979)
estimated that approximately 2 % of the transported sugars would be used up in
each relay because of the metabolic cost of unloading and reloading. Hypotheti-
cally, this metabolic cost could be compared with the cost of building larger or more
phloem sieve tubes without relays to achieve identical sugar translocation rates.
However, there is no substantial experimental evidence either in favour or against
the existence of solute relays.

2.3 Connections Between Phloem and Xylem Transport

While xylem transport must occur against gravity, phloem transport occurs down-
ward and therefore can take advantage of gravity (particularly at night). However,
during the day, phloem transport must occur against the tree water potential
gradient, which is generated by the transpiration stream in the xylem. Phloem
transport should therefore be strongly coupled to whole plant water relations, i.e.,
xylem water potential and its gradient. Detailed modeling studies (Ferrier
et al. 1975; Thompson and Holbrook 2003; Holttd et al. 2006) demonstrate this,
as does inference from our example calculation by modifying the water potential
term in Eq. 2.2. There is also accumulating experimental evidence showing
decreased phloem turgor pressures and exudation rates in connection with more
negative xylem water potentials (e.g., Cernusak et al. 2009).

The impairments in phloem transport have also recently been raised as one
candidate that may affect tree function, and even survival, during drought
(McDowell and Sevanto 2010; Sala et al. 2010). For example, drought has been
shown to decrease the export of sugars from the leaves and to decouple photosyn-
thetic production from below-ground processes (e.g., Ruehr et al. 2009). From a
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theoretical point of view, the turgor pressure has to decrease and/or the osmotic
concentration to increase due to the decrease in xylem water potential during
drought (see Eq. 2.2). A decrease in the turgor pressure gradient clearly slows
down phloem transport. Sugars also need to accumulate in the phloem as water
potential decreases to prevent an excessive loss of turgor in the phloem. In our
earlier example calculation, the total phloem sugar pool consists of approximately
1 week’s worth of photosynthesized sugars (total amount of sugars in the phloem
divided by the photosynthesis rate). If whole plant water potential decreases by half,
the amount of sugars in the phloem must double to maintain a constant turgor
pressure (see Eq. 2.2). This requires 1 week’s worth of photosynthesis, which is
taken away from active metabolic processes and/or must be found in some storage
compartment. Another issue with low xylem water potential could be the increase
in phloem sap viscosity with increasing sugar concentrations. Sucrose is the main
constituent of sugars transported in the phloem, and sap viscosity is an exponen-
tially rising function of sucrose concentration. Highly concentrated solutions
become too viscous to be transported efficiently (e.g., Holttd et al. 2009). This
problem could perhaps be partly alleviated by the use of other osmotic substances,
such as potassium, to create the turgor pressure required for turgor maintenance and
transport without an increase in viscosity. However, in contrast to sucrose, large
stores of potassium may not be available.

Also xylem functionality has been found to be dependent on phloem function.
Xylem embolism refilling has been shown to require the integrity of phloem
transport. Embolism refilling does not occur below a point of phloem girdling
(e.g., Salleo et al. 2004). Xylem transport capacity also seems to be dependent on
the recycling of ions from the phloem. Xylem sap ionic concentration apparently
modifies the hydration state, and therefore the conductivity, of the xylem inter-
conduit pit membranes (Zwieniecki et al. 2001). In addition, phloem sap flow also
creates a flow in the xylem, so called Miinch counterflow, which could be important
in driving the transport of, for example, nutrients in the xylem in the absence of
transpiration.

2.4 Measuring Phloem Transport

In contrast to the dead, hollow water conducting tissue in the xylem, the phloem
consists of living sieve cell complexes, made up of companion cells and sieve tubes
(themselves made up of sieve elements). It is very difficult to measure phloem flow
and pressure gradients non-intrusively. The living phloem tissue responds strongly
to disturbances which has made its function difficult to study in vivo (Van Bell
2003). Phloem tubes are under high pressure and defensive mechanisms readily seal
off any wounded sieve elements to prevent phloem leaking, for example, after a
puncture or an injury. This makes the anatomical and physiological analysis of cut
samples difficult and potentially unreliable.



34 T. Holtta et al.

Phloem transport has been measured using radioisotopes, stable isotopes and
nuclear magnetic resonance imaging. Findings from isotopic studies suggest that
sugars are transported quite directly from photosynthesis to the phloem as the
isotopic ratio of phloem sugars has been found to lag behind the isotopic ratio of
photosynthetic products by only a short time (Keitel et al. 2003; Gessler
et al. 2008). Nuclear magnetic resonance imaging has provided the possibility to
monitor the phloem sap flow velocities under laboratory conditions (Windt
et al. 2006). Recently, direct measurements of the phloem turgor pressure and its
gradient have been obtained by pressure probes glued to exuding stylets of aphids
(Gould et al. 2005). Jensen et al. (2011) developed an ingenious system to detect
phloem sap velocity based on the use of an aqueous solution of 5(6)-
carboxyfluorescein, which is placed on the surface of a gently abraded leaf surface.
Once absorbed, the movement of this substance into the plant is followed by shining
a low-intensity laser beam on the leaf petiole and following the movement of the
front of the photo-bleached fluorescing dye using coupled highly sensitive photo-
diodes (Schulz 1992).

A potential candidate to measure phloem function non-intrusively under field
conditions is stem diameter change measurements. The diameter of both the xylem
and the inner bark vary in response to changes in pressure, as any elastic material
does respond. Both the xylem and the inner bark diameter change mainly in
response to changes in xylem water potential due to transpiration, but one would
also expect that stem diameter changes also responded to changes in phloem sugar
dynamics (Sevanto et al. 2003; DeSchepper and Steppe 2010). However, no
theoretical framework has yet been presented to obtain phloem flow dynamics
from stem diameter change measurements.

2.5 Assimilate Production and Phloem Transport

Assimilate transport from leaves and utilization at sugar sinks are necessary
requirements to maintain continuous photosynthetic production in the leaves.
Without sufficient transport capacity, the storage capacity of the leaves would
eventually become exhausted. Sugar and starch accumulation in the leaves will
cause stomatal gas exchange to be limited and photosynthesis to be down-regulated
(e.g., Goldschmidt and Huber 1992; Paul and Foyer 2001). This has been shown to
occur for example in response to elevated CO, concentrations and phloem girdling.

Similarly, as stomatal conductance efficiently controls the leaf gas exchange
(Cowan and Farquhar 1977), especially to avoid dangerous levels of xylem embo-
lism, it could also simultaneously control efficient assimilate transport in the leaf
phloem. Due to xylem-phloem linkages, insufficient stomatal control could lead not
only to xylem cavitation but also to a reverse flow in the phloem, sugar accumu-
lation in the leaves, and to a loss of turgor pressure elsewhere in the phloem
transport pathway (Holttd et al. 2006). The water potential gradient controlling
xylem flow and affecting phloem flow is created at the leaf tissue where
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transpiration creates the hydrostatic pull lifting water up from soil through xylem.
Similarly, photosynthesis and sugar phloem loading in leaves facilitate moving
assimilates down the phloem. Depending on the degree of stomatal opening and the
prevailing environmental conditions, the relationships between these driving gra-
dients, xylem water transport and assimilate transport from the leaves change.
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Chapter 3
Mycorrhizae and Global Change

Michael F. Allen, Kuni Kitajima, and Rebecca R. Hernandez

Abstract Mycorrhizal symbioses are essential components of terrestrial ecosys-
tems. These symbioses are intimate associations between plants and fungi where
the plant fixes C, exchanging it for nutrients and water from fungal hyphae that
permeate and explore surrounding soil. Perturbations, whether acute (such as
disturbance or cutting) or chronic (global change, N deposition) alter mycorrhizal
functioning and thereby forest dynamics. Among these dynamics are C sequestra-
tion and alleviating nutrient stresses to optimize C:nutrient ratios. We explore three
areas whereby global change might alter mycorrhizae, which in turn, will affect
forest dynamics. First, increasing temperatures associated with elevated atmo-
spheric CO, will increase soil temperature, thereby potentially increasing respira-
tion. However, that may depend upon lags and the variation inherent in diel and
seasonal variation. Second, the increased temperature will increase soil drying, and
subsequently reduce the length of the growing season for mycorrhizal fungal
hyphae. However, elevated CO, will simultaneously increase water-use efficiency,
thereby increasing the length of the growing season. Third, mycorrhizae increase
activity and nutrient uptake with elevated CO,, negating some of the C:nutrient
stress. This activity is dictated by both changing amounts of mycorrhizal hyphal
growth and by shifting mycorrhizal fungal taxa, altering the strategies whereby
nutrients are acquired and C allocated. This includes spatial (breadth and depth) as
well as enzymatic shifts. Finally, we examine the longer-term implications of how
global change can alter plant communities and plant dynamics on both ecological
and evolutionary time scales.
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3.1 Introduction

Mycorrhizae play critical roles in all terrestrial ecosystems globally. The vast
majority of plants are dependent upon mycorrhizae for acquisition of soil resources,
largely because plant roots, including root hairs, are too large to thoroughly explore
soils for water and nutrients. Mycorrhizal fungi require carbon (C) obtained from
the plant in exchange for the nutrients the fungus provides (e.g., Allen 1991). In
addition, because the fungi have the ability to cross soil air gaps and penetrate
pores, down to large ultra-micropores, and because water flux occurs in response to
potential gradients, the fungi can serve to exchange water between water pockets in
soil and the host plants (Allen 2007). Plants that do not form mycorrhizae, largely
annuals in the Caryophyllales, live in nutrient rich environments and rapidly exploit
open patches of soil resources. For these plants, mycorrhizae are a net C drain
(Allen and Allen 1990). A small group of plants form cluster roots, extremely fine
roots that simulate mycorrhizal fungi, largely in extremely nutrient deficient soils,
such as South Africa and Australia (e.g., Pate et al. 2001). For all other plants,
mycorrhizae are the normal condition.

It is also important to remember that the mycorrhizal condition for fungi evolved
multiple times, in multiple, independent lineages of fungi. The most common
mycorrhiza is the arbuscular mycorrhiza (AM) formed between most plants and
members of Glomales, a monophyletic group arising sometime in the Silurian, and
expanding with land plants. The second most common mycorrhiza is an
ectomycorrhiza (EM), which independently evolved many times among different
plant groups, and among many fungi, including the Endogonales, Ascomycota, and
Basidiomycota. A third mycorrhizal type, the ericoid mycorrhiza, merits consider-
ation because it forms in extremely nutrient-deficient conditions, which may be
altered by changing global conditions. There are specialized mycorrhizae, includ-
ing orchid mycorrhizae that we will not address in this review. Thus, associations
hinge upon diverse groups of fungi but only in the orchids are there interesting
directional shifts within life stages, being important for biodiversity, but not global
carbon management.

The impacts of global change are largely focused on increasing global temper-
atures (and resulting shifts in precipitation patterns) or on CO, directly. Increasing
atmospheric temperature (T,) increases fungal respiration (Ry) but it also increases
evaporation, thereby reducing soil moisture (0). Furthermore, changes in soil
temperature (T,) and 6 could have dramatic effects on mycorrhizal composition
and thereby mycorrhizal functioning. Changing CO, also has important conse-
quences to mycorrhizal functioning. Increased atmospheric CO, increases water-
use efficiency, delaying soil drying and increasing 6. Delays in soil drying are
especially important in arid and semiarid environments. Shifting precipitation
regimes also alter the depth distribution of soil moisture (Thomey et al. 2011),
again a factor that is related to mycorrhizal dynamics (Querejeta et al. 2009).
Finally, increasing atmospheric CO, alters the C:N and C:P ratios in soils, with
dramatic impacts on mycorrhizae. During the history of terrestrial vegetation,
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abrupt changes in atmospheric CO, have had important consequences to the
evolution of mycorrhizae (Allen et al. 1995).

Global change is a complex suite of changes resulting from chronic anthropo-
genic perturbation. In the past, most human impacts have been acute: heavy metal
deposition, tillage, and soil disturbance. Global change is different in that it
proceeds across generations of organisms, including many fungi and plants. This
means that there are ecological interactions between organisms (e.g., Klironomos
et al. 2005), and likely evolutionary changes incurred (altered gene frequencies
within a population). This time scale, coupled with the global nature of the
perturbation, means that virtually every interaction between plant-fungus-soil-fun-
gus-plant is altered. These changes include direct CO, effects on fixation and C
allocation, global-regional-local temperature regimes (with impacts on respiration,
water use, and growth), water-use efficiency (WUE), and nutrient-use efficiency
(NUE). In addition, not only are humans increasing atmospheric CO, through fossil
fuel burning and increasing deforestation and desertification, we are also increasing
N deposition, at a more local scale, again through fossil fuel consumption and food
production. Ecosystems are extremely sensitive to C:N ratios, so that it is the
interactions between elements of global change that pose the greatest challenge to
understanding and managing forest resources. Similarly, at the scale of an individ-
ual plant: fungus mycorrhiza, as either CO, increases, or a soil resource increases
(e.g., N, P), and the C:N or C:P ratio is altered; the mycorrhizal activity is increased
or decreased depending upon the relative ratio (Treseder and Allen 2002).

A final caveat is that most of the results we will present are from our field sites in
the southwestern US, particularly the James Reserve, a UC NRS site located near
Idyllwild, CA (http://www.jamesreserve.edu) and the Sky Oaks Reserve, (http://fs.
sdsu.edu/kf/reserves/sofs/), a San Diego State University reserve near Warner
Springs, CA. Other programs are also relevant, but these provide a perspective
from a system that appears to be very sensitive to the changing global environment
and for which sites have been studied for almost two decades.

3.2 Resource Acquisition and CO, Allocation

Water acquisition and nutrient acquisition are fundamentally different processes,
and should be so thought of in the context of global change and mycorrhizae.
However, both directly affect CO, acquisition and nutrient use, so both processes
need to be understood as separate parts of the mycorrhizal system. We will first deal
with the two individually, then examine how they interact later.
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3.2.1 Temperature, Water and Global Change

Elevated global temperatures result from actually a very small increment in long-
wave re-radiation (a global average of 3 Wm™?). Given that the peak radiation for a
site such as the James Reserve is as high as 1,400 Wm 2, this value appears quite
small. But, the change occurs primarily at night (re-radiation), thereby slightly
increasing soil temperature (T;). Every GCM (Global Circulation Model) run shows
increased T, over the next half-century to century (IPCC 2007; Hayhoe et al. 2004)
including ecosystems within southern California. This change alters both evapora-
tion, thereby reducing 0, and microbial and root respiration because of increased T.
But concomitant increases in atmospheric CO, will likely negate some of that
response by increasing water use efficiency (WUE) and thereby increasing 6.
Both of these directional changes are subtle and will require careful new modeling
efforts. Nevertheless, some interesting hypotheses can be generated (Fig. 3.1).

In EM ecosystems, net ecosystem exchange (NEE) and soil respiration (Ry)
appear to be sensitive to changes in T (Vargas et al. 2010). AM systems may be less
sensitive to changing T,, but that may be because AM plants occupy such a broad
range in T, (from alpine to hot deserts). In any case, increased T, a consistent
response among GCM'’s, will have complex impacts on mycorrhizae. In an exper-
imental AM system, Staddon et al. (2003a) reported that % AM root length
increased with summer drought and winter warming. But, we do not know if this
was due to decreasing fine root production relative to AM inoculum density, or
increased fungal activity. Their observation of reduced hyphal density suggests that
we need additional information on production and mortality of both roots and fungi.
In theory, increasing T, should increase microbial activity and Ry (e.g., Pritchard
2011). Thus, increasing T, should result in increased T, thereby increasing mycor-
rhizal growth, respiration, and mortality. Many studies support the notion that
higher T increases activity of soil organisms, including mycorrhizae (see Pritchard
2011). At the James Reserve, our modeling of Ry (Vargas and Allen 2008;
Hasselquist et al. 2010) suggests that shifting T upward by a few degrees could
have a measurable indirect impact on mycorrhizae and soil dynamics. However, we
do not know if the changing T, will reasonably alter T enough to directly alter
soil microbial or mycorrhizal functioning. Applying DayCent modeling (http://
www.nrel.colostate.edu/projects/daycent/) to our system, we increased T, by 2 °C
(Kitajima and Allen, unpublished data). There are some interesting problems with
DayCent modeling, mostly dealing with the consequences of soil depth and lags in
response times that are not captured by the model. Nevertheless, the overall effect is
instructive. Two particular responses are relevant here. First, heterotrophic respi-
ration (Ry,) increased by approximately 6 % with increasing T, (and subsequently
Ts). Secondly, NEP and NPP increased by approximately 8 %.

In looking at changing T with seasonal change, the response of variables such as
fine root production and leaf production is similar given the projected change in Tj.
Is this enough (68 %) to cause a detectable ecosystem response? That is an issue
requiring additional research. T varies greatly at this site on both a diurnal and on a
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Fig. 3.1 Daily energy 1200
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seasonal basis. Q¢ analyses show a highly variable response within these ranges
(Kitajima and Allen, unpublished data), in part associated with the hysteresis
actually measured in the field (Vargas and Allen 2008). These differences can be
greater than the 6-8 % responses measured.

This interpretation is also supported by the small variation in net radiation
exhibited by elevated atmospheric CO, to 450 or 550 ppm at the scale of a single
site (such as beyond 2,050 or 2,060). For values above these levels, variance
estimates increase and predictability declines dramatically. However, we do not
really know how this plays out with 0, especially as 0 both deceases (higher
evaporation) and increases (higher WUE with elevated CO,). Hernandez and
Allen (unpublished data) found that T, will likely increase with all GCMs, scaled
down to the James Reserve (Fig. 3.2). But precipitation varied greatly, depending
upon both the model, and on the time element. The clearest signal was a T, response
that will likely modulate 8—presumably occurring via increased evaporation and
longer dry seasons under a warming climate—in concert with a dynamic precipi-
tation regime.

We ran two types of models. First, we looked at the ecosystem-scale responses to
changing 6 using both increasing and decreasing levels using DayCent, in compar-
ison with direct measurements of NEP using eddy covariance (provided by
M. Goulden, University of California-Irvine), sapflow, and fine-root dynamics.
Second, we modeled R based on the Fick’s second law of diffusion and measured
CO, concentrations at three different soil depths (Tang et al. 2005). These relate to
mycorrhizae as approximately 50 % of the Ry is newly fixed C based on 8'*C of
respired soil CO, (Trumbore, personal communications). Further, in the case of this
site, every root tip is mycorrhizal, so that we equate increasing fine root NPP with
increasing mycorrhizal numbers (see Allen et al. 2010 for more discussion). The
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Fig. 3.2 Projected air
temperature (°C) and total
growing season
precipitation (cm) based on
individual global climate
models (n =20) and mean
projected temperature
(black points) averaged
over each decade at UC
James Reserve (Idyllwild,
CA). Models include: (/)
CCMA (cgem3 1 t63); (2)
CNRM (cm3); (3) CSIRO
(mk3 0); (4) GFDL (cm2 0);
(5) GFDL (cm2 1); (6) GISS
(aom); (7) GISS (model e
h); (8) GISS (model e r); (9)
IAP (fgoalsl 0 g); (10) INM R . S S S S
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(13) MIROC3 (2 medres);
(14) MIUB (echo g); (15)
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(pecml); (19) UKMO
(hadecm3); (20) UKMO
(hadgem1)
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DayCent response of increasing precipitation (precipitation) is dramatic. Virtually
all ecosystem parameters increased between 5 % and 10 %. These included NEP,
NPP, fine and coarse root NPP, and R;. As T, increases, if precipitation also
increases due to warming ocean temperatures (one of the GCM scenarios), then
we can expect a dramatic increase in C allocation to roots and mycorrhizae, and
subsequent sequestration in soils from fine root and mycorrhizal organic matter
inputs (see Treseder and Allen 2000; Treseder et al. 2005b). Just as important, if
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winter precipitation drops, and the recharge of soil moisture declines, all relevant
activity declines 10—15 %.

Beyond simply the predictability issues, a key question will be whether these
changes are enough to affect other ecosystem processes, including accumulation of
fine fuels, drying of soil water with increasing leaf production, or tree mortality due
to periodic droughts. As EM fungi consists of chitin and other complex C com-
pounds, rising T could both increase C sequestration by facilitating production,
however, it could also decrease soil C due to increased R..

AM-dominated ecosystems are sensitive to changes in 6 (Vargas et al. 2010) but
across a far broader range (deserts to tropical forests). But under global change
scenarios, accounting for 0 is complicated. Treseder et al. (2003) found small
increases in O because of the increased WUE with elevated CO, in chaparral. AM
activity also increased, but separating the effects of slight increases in 0 from the
direct increases in AM due to increased C allocation to AM was not possible. A
change in T, could increase evaporation and thereby reduce 0, and the subsequent
length of the growing season. However, in that study, we did not change T
(Fig. 3.3).

In that vein, changes in T and 6 may also play out in altering the duration of the
growing season. Specifically, if Ty increases evaporation, or if 6 declines or
increases directly due to changing precipitation, then the dry season will be longer
or shorter, respectively. If we can establish life spans of fine roots and mycorrhizal
fungal hyphae, then we could model how changing conditions would affect total
annual production and C inputs to soils.

Estimates in the literature based on laboratory studies appear wildly inaccurate
for field studies. For example, Staddon et al. (2003b) estimated that hyphal turned
over in 3 days. If all AM hyphae in a field site had this type of lifespan, then the AM
hyphae alone, over a growing season, would require an order of magnitude more C
than is allocated to root systems. Thus, field observations of hyphal dynamics and
growth characteristics are needed.

Allen et al. (2003) developed a hyphal expansion model based on the growth of
new roots (from Allen 2001). In this model, as a root tip grows, a new infection
forms. Specifically, the extramatrical hyphae branch out from the infection point,
transferring nutrients to the plant in exchange for C. In laboratory observations, the
hyphae grew at approximately one branching unit per day and up to eight branching
orders. Subsequently, the hyphae died back from the tips. The hyphal tips lived only
a few days, but the base of the network would survive for 40-50 days, and the
runner (or arterial) hyphae could survive for a growing season. Using this model we
could better estimate hyphal growth and mortality if we could observe hyphae
directly in the field. Such observations would also confer the ability to measure
standing crop of AM and EM hyphae. For tracking, we observe the hyphae radiating
from a root or EM for identification, especially for EM, where there are no
morphological differences.

Using an automated minirhizotron (Allen et al. 2007), which can resolve hyphal
dynamics on a daily basis, we found that the mean life span for AM hyphae in the
field was 46 days in a meadow at the James Reserve (unpublished data, Hernandez
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Fig. 3.3 Percent changes of various ecosystem components modeled with DayCent relative to the
values estimated from the historical weather condition at the James Reserve (between 1943 and
2010). Six hypothetical weather conditions were simulated: increased/decreased air temperature in
spring (Feb—May), precipitation in winter (Dec—Mar), and precipitation in summer (Jun—Aug)

and Allen). This is quite different from the estimate of 3 days from a grassland
microcosm study (Staddon et al. 2003b). In the direct observations of individual
hyphae, some lived only hours whereas others persisted for a full growing season,
generally supporting the model of Allen et al. (2003). In addition, those observa-
tions throughout a growing season showed that the AM hyphae rapidly grow with
the onset of winter rains. The average remains high throughout the growing season,
although both production and mortality occur in response to weather events
(Fig. 3.4). At the end of the growing season, in late spring, as T increases and 0
declines, the AM hyphae rapidly disappear. In general, this pattern conforms to
analyses from soil cores (Allen et al. 2005b) of AM dynamics through growing
seasons in a shrubland. With these results, we can model the production of AM
fungal hyphal C based on the standing crop and turnover, using traditional ecosys-
tem calculations. This value could also be contrasted with fine root production and
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mortality at the same site. Using this approach, we estimate that the mean standing
crop of AM fungi was 20 g m ™~ during the growing season, (compared with a peak
standing crop of 21 g m~2 measured from soil cores, as per Allen et al. 2005).
Assuming an average growing season length of 8 months, then the total allocation
to AM fungi would be approximately 100 g m ™2, a value similar to that of fine root
production, where the life span was slightly less than a single growing season
(Kitajima et al. 2010). Based on this analysis, then, the annual allocation of C to
mycorrhizal fungi may approach that of fine roots. Changes in T or 0 that alter the
growing season of AM fungi, or the total number of fine root new tips (that support
the mycorrhizal fungi, Allen 2001) could dramatically affect C balance estimates,
not to mention ecosystem dynamics.

In a final analysis, in modeled projections of environmental change, precipita-
tion was extremely variable both among models and within each model through
time (unpublished data, Hernandez and Allen). This is an extremely critical out-
come. Increasing variability in precipitation even under decreased total precipita-
tion may mean more biologically effective 6 (Thomey et al. 2011). This result
occurs because larger (even less frequent) storms increase the depth to which water
infiltrates. Soils at the James Reserve are quite shallow, to the point where they are
unable to store enough moisture to support the current growth of trees, including
both oaks and conifers, through the dry season. Egerton-Warburton et al. (2003)
found that trees, such as live oaks, utilized water in granite bedrock during the dry
season. Egerton-Warburton et al. (2003) and Bornyasz et al. (2005) observed
mycorrhizal roots in bedrock fractures and individual hyphae extending into the
granite bedrock matrix. We analyzed the isotopic signatures of the water in the
plant stems at the end of the growing season (Allen 2006). Mature plants were using
water from the bedrock that had been deposited during winter rains. It is unlikely
that the water diffused from the granite matrix to the roots, because of the extreme
tortuosity of the material. However, the hyphae grow across these gaps, and provide
a rapid pathway for water flow through that matrix (Allen 2007). Thus, if water
increases infiltration with depth in response to greater storm variability (Thomey
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et al. 2011) or in response to greater precipitation, then mycorrhizae will play a
critical role in acquiring that water for plant production and survival.

Just as important, both AM and EM fungi benefit from the water provided by
hydraulic lift (Querejeta et al. 2003, 2007, 2009). Thus, the seasonal life spans of
the mycorrhizal fungi can be extended beyond the growing season predicted by
precipitation and T alone. Indeed, in our sapflow and Ry measurements, this was
illustrated by an extension of activity into the summer drought, likely using water
provided by hydraulic lift, and a result not predicted by the DayCent model.

3.2.2 Nutrients and Global Change

CO, fixation is linearly related to N concentration in the leaves, and curve-linearly
related to P. Yet, CO, is taken up by the plant from the atmosphere, while water, N,
and P (as well as other elements) from the soil. Uptake of CO, by the plant is direct,
and depends upon its physiological status. The plant must either acquire soil
resources through rather inefficient structures (roots) or “bargain” with the fungus
for N or P. The exception being the formation of cluster roots by the plant, in which
root systems are so fine as to co-opt mycorrhizal functioning (e.g., Adams
et al. 2002) in surface area, and rhizosphere chemistry.

One clear fact emerges, however, and that is as atmospheric CO, increases, the
need for N and, to a lesser extent P, increases. This creates a greater dependency by
the plant on mycorrhizal fungi to acquire nutrients (e.g., Allen et al. 2003). We
found that more C went through the mycorrhizal fungal energy channel under
elevated CO, than in control model ecosystems in both sagebrush and Populus
tremuloides (Klironomos et al. 1996, 1997). Further, elevated CO, altered the
allocation of C within the mycorrhizal system (Rillig et al. 1998a, b, 1999).
Alberton et al. (2007) also postulated that the increased C flow to mycorrhizal
fungi requires increased N in the increased fungal mass, setting up a negative
feedback to the host from the mycorrhizal fungi. However, whether mycorrhizal
fungi increase soil C sequestration under elevated CO, is surprisingly controversial.
Treseder and Allen (2000) and Treseder et al. (2005) proposed that as plants require
more N and P, they allocate more C to mycorrhizal fungi, and the slower-
decomposing compounds in the fungi remain, increasing soil C sequestration.
Alternatively, Heinemeyer et al. (2007) argued that simply more C was respired
by the mycorrhizal symbiosis; i.e., there was simply greater C throughput from
plant to atmosphere. We argue that while throughput might increase, it is incon-
ceivable that the increased mycorrhizal fungal C allocation would not add soil C
based on the fungal chemical composition. Compounds like glomalin and chitin
will remain in the soil well after the active life of the hypha. While it is likely that R
increases with elevated CO,, it is likely less than the net fixed. Indeed, studies of N
additions, that reduce mycorrhizal activity, reduce soil C (Allen et al. 2010),
evidenced by declining soil C age (measured by 8'*C analysis, Trumbore, personal
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communications) probably from increased saprotrophic activity, and decomposi-
tion of older carbon.

In a chaparral shrubland, we increased atmospheric CO, in 100 ppm increments
(Allen et al. 2005) over a four growing season period. As atmospheric CO,
increased, N became more limited in the host plant. N fixation in Ceanothus greggii
(an actinorhizal-associated plant) increased, and uptake and transfer of N by EM, as
estimated by isotopic fractionation increased. Root biomass and AM fungal mass
increased. The amount of new C fixed into soil aggregates and glomalin also
increased indicating that more C was being deposited in the soil through mycor-
rhizal fungi (Rillig et al. 1999; Treseder et al. 2003) in both the chaparral shrubland
and in experimental annual forb/grasslands. In AM plants, the dominant fungi
shifted, particularly from Glomus spp. to taxa in the Gigasporeaceae that form
extensive mycelia networks. Production and soil functioning crashed under severe
N limitation somewhere between 600 and 750 ppm atmospheric CO,, a level
projected (without CO, limits) to occur sometime in the next century.

These responses suggest that there is a response curve between soil resources
and atmospheric CO, that will regulate mycorrhizal functioning along a changing
global environment. Treseder and Allen (2002) described such a response surface in
an experimental analysis of mycorrhizal response to and N and P gradient. Apply-
ing that curve to a CO, by N by P (or other limiting nutrient) response provides
useful information on mycorrhizal responses to a variety of global change param-
eters (Fig. 3.5) but especially the impacts of CO,. In one perspective, adding N
deposition in an elevated CO, atmosphere, drives many processes back to
pre-industrial relationships, albeit towards a more eutrophic environment overall.

Nitrogen is the next critical plant resource after T and 0 in most ecosystems. Leaf
N is linearly related to photosynthesis, such that as N increases, photosynthesis
increases. But, if N is added, particularly through N fertilization or through anthro-
pogenic N deposition, the plant does not need to exchange N with the mycorrhizal
fungus to obtain the critical resource. Alternatively, if it declines (in a high CO,
environment) the plant will be more dependent upon mycorrhizae. In most AM
dominated ecosystems (Egerton-Warburton and Allen 2000, 2001; Egerton-
Warburton et al. 2007; Johnson et al. 2008), as soil N increases through anthropo-
genic additions, AM activity of many plants declined (e.g., Andropogon gerardii,
Panicum virgatum, Bouteloua gracilis, B. eriopoda). However, AM do not always
decline. Some AM plants (Juniperus monospermum, Elymus elymoides, Agropyron
repens) simply respond by increasing total production (Johnson et al. 2008; Corkidi
et al. 2008; Allen et al. 2010). EM systems are less well measured for soil activity,
but are likely very sensitive. In an N fertilization experiment, EM functioning
declined in Pinus edulis, as measured both by total mycorrhizal root tips and by
N fractionation between hyphae and leaf, although AM juniper showed increased
production (Allen et al. 2010), as did mortality in red pine (Johnson et al. 2008;
Corkidi et al. 2008; Allen et al. 2010). Mortality in red pine at the Harvard Forest
was also observable with high levels of N fertilization, although AM angiosperms
increased in production (Allen, unpublished observations). Theoretically, as CO,
increases, and the ratio again shifts toward higher C:N ratios, mycorrhizal activity
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Fig. 3.5 The interaction of plant and fungal nutrient limitation on the biomass of mycorrhizal
fungi. At high nutrient levels, fungi will receive little carbon from plants and will be C-limited. At
lower nutrient levels, plants will be N- or P-limited and will allocate C to mycorrhizal fungi. At the
same time, if N or P concentrations are sufficient for fungal growth, mycorrhizal fungi will
proliferate. At the lowest nutrient levels, both fungi and plants should be nutrient limited, and
fungal biomass will be low regardless of C allocation to the fungi by plants (Redrawn from
Treseder and Allen 2002)

should again increase, and as N deposition increases, mycorrhizal functioning
declines. If N deposition is controlled, then mycorrhizae should again become
more important.

In addition, as atmospheric CO, increases, P becomes more limiting. Treseder
and Allen (2002) found that shifting N:P ratios shifted AM fungal composition. In
other studies, the Konza prairie has been noted as a model ecosystem for studying
AM functioning. However, N fertilization actually increased AM activity (Johnson
et al. 2008). This site has calcareous soil, which makes soil nutrients N and P
extremely limiting, resembling high CO; in the case of both soil nutrients. Based on
the Treseder and Allen (2002) model, the Konza prairie may exist nearer the
extremely low nutrient condition end of the spectrum, and nutrient additions
stimulate mycorrhizal activity, in a similar mechanism to increasing atmospheric
CO,. Mycorrhizae can also shift activity in response to altered P conditions. In a
high P, but clayey soil, AM fungi produced oxalate crystals that enhanced P uptake
by mycorrhizal fungi (Jurinak et al. 1986) but in sandy soils with high available P,
AM fungi apparently did not produce oxalate crystals, although EM fungi did
(Allen et al. 1996). Sites with serious nutrient deficiencies may make important
test models for environments being altered by increasing CO, levels.

Mediterranean climate forest and shrubland ecosystems may be a useful test case
system. Above ground, there is a large literature on convergent evolution because
the climate has driven similarities in leaf structure and physiognomy between very
different groups of plants in the different regions (the Mediterranean Basin,
South Africa, Australia, Chilean coast, California coast). However, belowground,
these ecosystems radically diverge in mycorrhizal types largely because soil nutri-
ent conditions also differ. Australia and South Africa contain many plants forming
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cluster roots, a mechanism to acquire nutrients under extreme nutrient deficiencies
when even mycorrhizae are limiting. There are a few legumes forming cluster roots
in P deficient calcareous soil in the Mediterranean Basin. Many of these sites also
contain plants forming ericoid mycorrhizae. These associations are especially
effective at acquiring organic N in bogs and other highly organic environments.
Interestingly, in Australia, South Africa, and (a few) in the Mediterranean Basin,
these associations exist in arid soils with little organic matter, but where that
organic matter is still critical for N cycling. In all regions, ectomycorrhizal and
arbuscular mycorrhizal plants abound. In California and Chile, there is a special
abundance of nonmycotrophic annual plants (e.g., annual Chenopodiaceae,
Brassicaceae- although perennial taxa in these families are mycorrhizal, e.g.,
Allen and Allen 1990, unpublished observations) and many other invasive plants
in particular that show minimal response to mycorrhizae such as annual grasses
(Bromus spp., Avena spp.). There are no comparative studies among ecosystems to
explore these dynamics, an area ripe for comparative research.

3.3 Global Change and Biodiversity

3.3.1 Shifting Fungal Composition

Measuring ecosystem response is a complex task, particularly teasing apart the
multiple impacts of global change in highly variable environments, where daily
values may exceed the change in response. However, organisms tend to track
extremes and variation, often better than instrumentation and models. Fungi toler-
ate incredible variation in T, 6 and nutrients. However, in a competitive environ-
ment, they may be readily overtaken by fungi less sensitive to altered conditions. In
general, individual hyphae are presumed to have relatively short lives, although a
mycelial network may be long-lived. This interpretation has also been applied to
mycorrhizal fungi, as most studies of mycorrhizae are limited to short-lived pot
culture studies (e.g., Staddon et al. 2003b). An outcome resulting from this assump-
tion is that hyphae turn over rapidly and composition can likely change rapidly in
time as one fungus replaces another following environmental change. Another
problem is that assessments of mycorrhizal activity tend to be made from relatively
infrequent coring in which space cannot be distinguished from time. Soils are
remarkably heterogeneous, and even neighboring cores a few centimeters apart
can result in very different communities (Allen and MacMahon 1985; Klironomos
et al. 1999).

Allen et al. (2003) developed a simple stochastic model to study shifting the
relative production under shifting ratios of C, N and P. This approach was built
around known variation in physiological dynamics of different fungal taxa. Inter-
estingly, this model showed a complex array of outcomes in nutrient allocation,
plant growth, and fungal growth dependent upon the fungal physiology. Although
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increased diversity of mycorrhizal fungi is often related to increased plant perfor-
mance (e.g., Van der Heijden et al. 1998), that is not the only outcome. In multiple
stochastic runs of our stoichiometry model, in some cases, increasing fungal
richness increased productivity. In others, increasing richness caused no change,
or even reduced plant productivity, depending upon the characteristics of the
individual fungi (Allen et al. 2003). These multiple outcomes can be observed in
other published studies of plant growth responses to fungal diversity (Allen
et al. 2003). We proposed that understanding the individual physiological charac-
teristics of the participants under shifting environments is crucial to understanding
the outcomes of global change.

A few experimental studies have demonstrated a change in mycorrhizal fungi in
response to elevated CO,. In a plant x AM fungal experiment, Wolfe et al. (2003)
reported complex changes in AM fungal communities to increasing CO,. In annual
communities with a mix of invasive and native species, complex changes in the
fungal communities emerged (Rillig et al. 1998a, 1999). In chaparral, Treseder
et al. (2003) found that AM fungi shifted from a predominance of Glomus spp. in
low to ambient CO, levels, to a predominance in Acaulosporaceae and
Gigasporaceae in high atmospheric CO, levels. Apparently, the increased N and
P deficiencies associated with elevated CO, increased the dependency upon AM
fungi known to form an extensive mycelial network (Allen et al. 2005). However,
only recently have molecular sequencing techniques been developed for AM fungi
allowing for more extensive species-level community analyses. These have not yet
been applied to AM fungal communities altered by elevated CO, experiments.

EM communities are far more complex and difficult to assess. Parent
et al. (2006) found changes in EM fungal communities in response to elevated
CO,. However, there was a shift toward EM fungi located deeper in the soil profile
(Pritchard et al. 2008). Alberton and Kuyper (2009) showed that two fungi with
different N strategies (one nitrophilous, one not so) resulted in very different
outcomes in N allocation and immobilization in response to elevated CO,. A site
like the James Reserve probably has somewhere between 40 and 200 species in a
stand of plants (Allen et al. 2002). However, we have very little information on how
the community composition changes in response to elevated CO,, increasing T, or
altered 6. Alternatively, as a test system, we might look at the impacts of N
deposition on EM communities with the hypothesis of hindcasting back to higher
C:N ratios (Hoeksema et al. 2010). If this model is appropriate, we have a few
studies in which to examine mycorrhizal composition and even functional change.

In an early study, Karen et al. (1997) found that although there was a large
decline in sporocarp production (see also Arnolds 1991), an analysis of root tips
using RFLP analyses showed that a high diversity actually remained at the site. This
result has been duplicated in other ecosystems (e.g., Lilleskov et al. 2001). In a
cross-continent study, Lansing (2003), using an RFLP analysis of the ITSF region,
found that richness declined slightly with high N fertilization, showing a shift in the
species increment curve, but that species overlap between N-fertilized and control
plots was low.
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One hypothesis is that the turnover of EM would be increased under high N, such
that individual mycorrhizal tips last shorter, returning the C back to the atmosphere
more rapidly. We were unable to demonstrate a consistent response, however
(Treseder et al. 2004). In response to fertilization, some fungi increased their C
accumulation lifespan and others decreased. Another approach is needed to tease
this community level dynamic apart.

Allen et al. (2010) found that with N fertilization, the total numbers and richness
of EM declined. In the control plots, the pines obtained approximately 35 % of their
N from mycorrhizal fungi, while allocating 20 % of the leaf NPP to the fungi in
exchange for that N, based on Hobbie and Hobbie (2006). However, with fertiliza-
tion, the needle biomass dramatically increased, making the ratio of leaf:root tip
increase dramatically. N isotopic fractionation data showed that the trees could
obtain all their N from the added fertilizers, and the EM were reduced to improving
P uptake, or simply existing as commensalists or even parasites. The fungi might be
C starved, as no fruiting of EM was found during the duration of the study in the N
fertilized plots, although they continued fruiting in control plots and in the sur-
rounding forest. Alternatively, in Adenostoma fasciculatum, under elevated CO,,
8'°N fractionation between the leaf tissue and soils indicated that mycorrhizal fungi
increased the fraction of N available for aboveground productivity (Allen
et al. 2005).

Examination of high N deposition-fertilization studies in southern California
also show interesting patterns that we can use to understand the implications of N
deposition and, indirectly, develop testable hypotheses to elevated CO,., using the
Hobbie and Hobbie (2006) model of N and C allocation based on isotopic fraction-
ation. Pinaceae appear to be particularly sensitive to N deposition, in part because
aboveground productivity tends to increase beyond the sustainability of the root/
mycorrhiza system to sustain water and P uptake (see Allen et al. 2010). In the
San Bernardino Mountains, where N deposition has been studied extensively
(Sirajuddin 2009, Allen, Sirajuddin and Fenn in preparation), we developed a
regional phylogeny for the Transverse Ranges in southern California, focusing on
a low N input site (Camp Osceola), a high N site (Camp Pavika) and with additional
N fertilization at both sites (Fenn and Bytnerowicz 1993) along with the James
Reserve, an intermediate depositional site. In the low N control site, we estimated
that the trees obtain approximately 35 % of their N from mycorrhizal fungi (based
on the Hobbie and Hobbie fractionation model). To obtain that N, the trees
allocated approximately 21 % of the total NPP. In turn, the fungi allocated 41 %
of their N to obtain that C. This value is within the expected allocation range for the
allocation of C to mycorrhizal fungi. In the high N treatments, we could not
generate an allocation. The dominant shift was from fungi such as Rhizopogon
sp., Russula acrifolia, and Cortinarius sp. No fruiting was observed, although this
may be compounded by the severe 2001-2002 drought. But, in both the high N
deposition site, and following long-term N fertilization, the dominant fungi were
Cenococcum sp. and unknown Thelephoraceae species found on the root tips.
Sporocarps of Cenococcum have not been found and we were unable to find
sporocarps of Thelephora spp. Our preliminary analysis suggests that the total
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allocation may remain similar, but the NPP of the sites increased dramatically with
added N (Fengming Yuan, personal communication). Trees in the region did suffer
high rates of mortality during the 2001-2002 severe drought.

Angiosperms, including oak (Quercus agrifolia), may simply increase produc-
tion in response to added N, but alter their C allocation patterns. Again, using the
Hobbie and Hobbie (2006) model and examining isotopic data from sporocarps
collected from high and low N deposition sites (Allen et al. 2005) and the isotopic
signatures in oak leaves (Cario 2005), we were able to determine changing alloca-
tion of C and N patterns. In a low N area (the Sky Oaks reserve), the trees received
35 % of their N from EM fungi, while allocating 20 % of the aboveground NPP
(estimated as per Arbaugh et al. 1998) to the EM fungi in exchange. With N
deposition (at the San Dimas Experimental Range), the plants only needed 23 %
of their N from EM fungi and allocated only 10 % of their aboveground NPP.

Importantly, few of the fungi found in the control plots actually disappeared
from the N added areas, although they did shift relative dominance. Those EM
fungi lost could have simply been missed in the sampling. Species increment curves
demonstrated that not all EM fungi present at any of the sites were accounted for.
As CO, continues to increase, and potentially N deposition is controlled, will the
species’ relative abundances shift back or adjust to a new composition remains an
interesting question.

One aspect that could be undertaken is to study individual fungi and use these to
parameterize currently hypothetical stoichiometric models (Allen et al. 2003). In
examining AMR images, we identified two EM morphotypes that correspond to
morphotypes isolated by coring and identified by sequencing. Both were from our
James Reserve site, a moderate N deposition location. We have analyzed the fungi,
plants and soils for 8'°N and 8'*C, along with soils and plants to evaluate dynamics
and change. Hoeksema and Kummel (2003) found that turnover rates of fungi
increased with elevated CO,, although Treseder and colleagues (2004) did not
find a consistent change with N fertilization in either sporocarp and root tip age
or rhizomorph lifespans, respectively. Hobbie and Agerer (2010) developed a
means to evaluate comparative strategies among fungi based on 8'°N fractionation.
Two fungi in particular were identified at the James Reserve, located near each
other. The first was Russula acrifolia. This fungus has only a small isotopic
fractionation, suggesting that it is more exploratory, probably utilizing the same
N sources as the plant (NO3;~, NH,", and amino acids). The other fungus is an
unknown taxon of Cortinarius. This fungus has a high fractionation, suggesting that
it is taking up organic N, fractionating, and transporting proteins to the plant. Based
on the stoichiometric model, these two fungi together increase the ability of the
plant to acquire multiple forms of N. If one or more of these strategies are lost, then
we could expect important shifts in plant nutrient relationships to emerge. By
coupling observations of individual tip and hyphal dynamics from AMR units,
with sequencing for both identification and specific gene activities, and with
isotopic analyses, hypothetical models such as the stoichiometric approaches
could be accurately parameterized. With time and with experimental treatment,
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patterns of individual fungal behaviors might emerge that would provide the critical
answers to this difficult question.

3.3.2 Shifting Plant Composition

There are numerous studies on the impacts of increased N and CO, on plant
communities. We will not deal with this specific issue here, except as they relate
to mycorrhizal functioning. Wolf et al. (2003) reported that elevated CO, altered
the diversity of plants, which in turn changed the composition of AM fungi.
Unfortunately, the site had been sterilized with methyl bromide prior to the
imposition of the elevated CO, compromising what could have been a very
important study.

The interesting shift in vegetation in response to elevated CO, relating to
mycorrhizal dynamics occurred in the Mojave Desert FACE (Free Air CO, Enrich-
ment) study. There, Smith et al. (2000) found that for a wet period, there was a
dramatic increase in Bromus tectorum. This pattern was not consistent through
time, but Bromus dominance appears to cycle (Salo 2004) with precipitation, and
has important implications for mycorrhizal functioning. We would have expected
to see an increase in AM fungal activity and even a potential shift in the species
composition in response to elevated CO,. But no change in percent infection, or
glomalin (an indication of long term AM fungal activity) was found (Clark
et al. 2009). Importantly, all species of Bromus are also considered nitrophilous,
and often replace native shrubs and forbs under N deposition or fertilization (e.g.,
Allen 2004). Bromus tectorum seems to have little response to AM, although the
relationships are formed (Wolfe et al. 2003). In other species of Bromus, the AM
fungi shift in response to elevated CO, and to N (Rillig et al. 1998a, b, 1999), but
the plant appears relatively unaffected. Clearly more work on the relationships
between mycorrhizae, elevated CO,, and plant community dynamics is needed.

3.3.3 Adaptation: A Missing Element from Global Change
Studies

The rate of change in atmospheric is very rapid. There are many calls that although
CO; levels are nowhere near highest levels geologically, the rate of change is
unprecedented. As we do not know past rates of change (such as the elevated
CO, shift from the Paleocene to Eocene with high CO, inputs), it is difficult to
know if ecological or evolutionary adaptations can occur within the timescales of
the current rate of change.

Across the long history of mycorrhizal symbioses, major changes in new mycor-
rhizal types occur at times of elevated CO, (Allen 1996). When the land was first
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invaded, atmospheric CO, was high, and nutrients in short supply. AM fungi, which
were already present, possibly living symbiotically with algal communities as
Geosiphon does today (Schuessler and Kluge 2001). During the Carboniferous
Period, globally high levels of CO, were found (as high as 2,000 ppm). This is
also the time period when there was a major change in the Pinales (i.e., order
comprising extant conifers). Specifically, the EM Pinaceae separated from the
Cupressaceae. The Cupressaceae and all other northern hemisphere gymnosperms
are AM whereas the Pinaceae forms EM. The fungi forming AM are
Glomeromycota, a distinct monophyletic of ancient fungi, whereas EM are
Ascomycota and Basidiomycota (plus one advanced Zygomycota, the
Endogonales). The timing of this event corresponds to a spike in atmospheric
CO;. On one final note, nonmycotrophic annual plants in the Caryophyllales are
modern plants. They rapidly spread in high fertility soils during the Pleistocene,
when atmospheric CO, levels were particularly low (180 ppm).

Klironomos et al. (2005) found, by looking at mycorrhizal infection over several
generations of short-lived plants, that if the imposition of elevated CO, occurred
abruptly, then a marked change in mycorrhizal activity and composition occurred.
However, if the imposition of elevated CO, occurred gradually across multiple
generations, then neither parameter changed significantly. This experiment sug-
gests that we need to think about our systems and interpretations of rates of change.
The advantage of this study was that it went across generations of plants. For many
plants, changes in CO, levels, and warming conditions will occur across genera-
tions, unlike the immediate imposition of FACE and growth chamber experiments.
However, for many tree species, the changes humans are imposing are well within a
generation. Many old growth forests were initiated under atmospheric CO, at
approximately 300 ppm, and individual trees will be alive as we exceed 450 ppm
and beyond.

Whether the fungi are adapting across generations, or even evolutionary is an
important question that deserves consideration. The Glomeromycota do not have
cross walls, such that the mycelial network has unbounded, large numbers of nuclei
scattered through the hyphae. There is still debate as to whether these are identical
or vary within an “individual” but even within an individual there must be some
mutation of individual haploid nuclei. In EM in the higher fungi, the dikaryons have
variation upon which there can be changing gene frequencies under environmental
change condition. Thus there is a potential for both ecological and evolutionary
adjustment that cannot be studied in growth chamber studies or short term field
enrichments.

3.4 Altered Environments: A Global View

Mycorrhizae contribute a large fraction of the sequestered C in soils. Further, soils
contain approximately three times as much C as in the atmosphere; imparting small
changes in soil processes with potential to confer dramatic impacts on the
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atmospheric CO, concentrations, and feedback effects such as climate change and
C:nutrient dynamics. However, soil ecological research, and mycorrhizal research
in particular suffers from a strong aversion to getting in the field and determining
what is actually occurring. It is far easier to continue to run pot culture studies than
to investigate belowground processes as they happen. There is a further notion that
the tools of the 1970s, coring and laboratory measurement, are adequate to study
soil processes. Unfortunately, these perspectives are hindering our understanding of
C dynamics at ecosystem to global scales.

Measuring aboveground processes and subtracting to extract soil “differences”
are extremely inaccurate. Even the best eddy co-variance system dumps much of
the phenomena data (using best Ameriflux standards), much of which we believe is
tied to soil dynamic processes. Coring is completely inadequate, manifesting as
almost a classic Heisenberg uncertainty principle. As soon as the soil is extracted, it
is changed. One can never take two cores in time, because the second core changes
space as well. We know enough about soil communities to know that two cores
samples differ in organisms, compositions, and structure (Allen and MacMahon
1985; Klironomos et al. 1999; Allen et al. 2007). At the very least, coring should be
coupled with sensor technology to actually determine what is happening in the field,
not what might happen based on theory.

There is a large research base with background information on the impacts of
acute anthropogenic perturbation on mycorrhizae, from disturbance, to N and P
fertilization, as well as immediately enriched CO, environments. The impacts of
chronic change, in particular N deposition and increasing atmospheric CO, that
changes at decadal to century scale adjustments are much more difficult. We often
try to relate changes occurring today with those in the geological record, but we do
not know if those occurred at the century or millennial scale. We can model (e.g.,
DayCent) and we can hindcast (e.g., Egerton-Warburton et al. 2001), but we need a
combination of real long-term monitoring and perturbation studies focused on the
soil environment and soil environmental change. New tools from soil observatories
(Allen et al. 2007) to next generation sequencing capacity (Nilsson et al. 2011),
with the ability to resolve processes, not just composition, provide incredible
opportunities to study the impacts of global change. Observatories such as NEON
and Ameriflux (and their international collaborations) have the potential to incor-
porate such exciting new technologies and ideas, but those programs must not be
allowed to continue to flounder on past approaches, because it is easier for the
entrenched bureaucracy, agency personnel, and entitlements to particular groups of
scientists to continue with business as usual.
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Chapter 4
Dynamic Stomatal Changes

Hartmut Kaiser and Elena Paoletti

Abstract Stomatal pores regulate CO, uptake and water loss from leaves. Stoma-
tal responses are dynamic by nature and often lag behind the faster changing
environmental conditions as is common in tree canopies. Even under constant
conditions, gas exchange of angiosperms occasionally shows cycling fluctuations,
called stomatal oscillations. They are interpreted as an effect of feedback control
failing to achieve stable regulation and thus demonstrate that stomata not only
respond to external factors, but also to the environment inside the leaf. The
processes which translate transpiration into turgor are called the physiological
gain. The physical processes and environmental conditions which control stomatal
aperture, stomatal conductance and transpiration are called the physical gain. More
research on the physiological gain is needed in order to understand these processes.
In order to overcome the epidermal backpressure, guard cell turgor has to reach a
certain threshold level, although guard cell swelling anticipates the opening. When
the pore opens, the relation between pore area and stomatal conductance determines
the physical gain. In contrast to the Fick’s first law of diffusion, this relation is not
linear, but convex shaped, with a rapid increase of conductance just after opening
and much less effect of aperture changes at large apertures. The high and abruptly
changing gain at smallest pore openings can promote overshooting oscillatory
responses, as supported by microscopic observations of stomatal apertures. A
review of the literature suggests that stomatal movements are metabolically active
responses of guard cells to local water status. A full understanding of the mecha-
nisms, however, is complex because stomatal movements result from the interac-
tion of two processes that are difficult to separate experimentally: hydraulic effects,
and active osmotic adjustment of guard cells and epidermal cells. Hydropassive
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movement, resulting from an unbalance of turgor pressure between guard cells and
the surrounding epidermis, may also occur. An example of hydropassive movement
is the so-called Iwanoff effect or Wrong Way Response (WWR), i.e. a fast opening
response followed by a slow closure, that occurs as a response to a steep increase in
the leaf to air difference in water vapor pressure and may last 2.5-38 min depending
on the species and the experimental conditions. An additional 10-60 min may be
required for completing the closing response. In contrast to the rather slow osmo-
regulatory negative feedback, hydraulic responses act fast, starting within seconds
and completing within minutes, and have been suggested as a key mechanism in
stomatal oscillations. In a plant displaying oscillations, movements of individual
stomata are more or less synchronized on a very small scale within a leaf (1-2 mm).
The nature of the synchronizing mechanism is not clear. Synchronization can also
occur among leaves, ultimately leading to concerted cycling of gas exchange of
entire plants. Comprehensive models of stomatal behaviour based on the mecha-
nisms operating in and around stomatal guard cells are still missing, and may help
explaining gas exchange response to stressors. Studies with the air pollutant of most
concern to forests, i.e. ground-level ozone, suggest that stomata show a transient
decrease of stomatal conductance upon exposure and are sluggish in responding to
further stimuli.

4.1 Introduction

Ever since vascular plants started the conquest of land, the interior of
photosynthesizing organs had to be maintained in a state of sufficient hydration
by evaporational barriers which limit transpiration, while at the same time putting
minimal constraints on CO, supply for photosynthesis. The solution was stomatal
pores which in response to a multitude of environmental factors perform the task of
adjusting leaf conductance to an optimal compromise between the needs of water
conservation and photosynthetic carbon gain. As the multi-factorial microclimatic
conditions, which determine optimal leaf conductance, are usually in permanent
fluctuation, stomatal responses are dynamic by nature. Due to the slow rates of
movements, stomatal responses often lag behind the faster changing environmental
conditions. All this makes the stomatal response in natural environments transitory
and fugitive, most often far from the optimum and equilibrium state which at best
can be observed under constant laboratory conditions.

We now know a great deal about gas exchange of trees (see Thomas and Winner
2002), although most insight comes from young trees and steady-state measure-
ments. Eddy-correlation measurements provide an integrated assessment of
canopy-level gas exchange, but cannot untangle the leaf-level dynamics as a
response to fluctuating environmental stimuli. Tree canopies are very dynamic
environments where all physical parameters vary with space and time (Zhang and
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Xu 2000; Wang and Jarvis 1990), for example, variable light may represent two
thirds of the incident light in forest canopies (Pearcy 1990). The ability to adjust gas
exchange to rapid changes in environmental stimuli is an index of successful
adaptation of trees.

Stomatal opening is driven by the accumulation of K* salts and sugars in guard
cells, which is mediated by electrogenic proton pumps in the plasma membrane
and/or metabolic activity. Opening responses are achieved by coordination of light
signalling, light-energy conversion, membrane ion transport, and metabolic activity
in guard cells. Great progress has been made in elucidating the signal transduction
pathways by which stomatal guard cells respond to changes in light intensity and
CO, concentration (Assmann and Shimazaki 1999; McAinsh et al. 2000; Assmann
and Wang 2001; Hetherington 2001; Vavasseur and Raghavendra 2005), and short-
term changes in hydraulic variables such as humidity (Mott and Parkhurst 1991;
Monteith 1995; Oren et al. 1999), xylem hydraulic conductance (Saliendra
et al. 1995; Cochard et al. 2002; Brodribb and Holbrook 2004; Powles
et al. 2006), and soil water status (Fuchs and Livingston 1996; Comstock and
Mencuccini 1998). Substantial progress has been made in elucidating the mecha-
nisms leading to stomatal closure (Pei and Kuchitsu 2005; Schroeder et al. 2001).
Briefly, as a response to a sudden exposure to a stressor, production of reactive
oxygen species (ROS) in guard cells increases. This leads to suppression of plasma
membrane H™ and Ca*?, adenosine 5'-triphosphatases, and perturbations in mem-
brane polarization and ion permeability, particularly to Ca*?. The ultimate result is
loss of osmotic substances and a decrease in stomatal pore width. The whole
cascade of events may be completed within 5-10 min (Pei and Kuchitsu 2005),
although 10-60 min may be required for complete stomatal closure.

As soon as methods for continuous observations of stomatal responses were
available, scientists found that even under constant conditions, gas exchange
occasionally showed cycling fluctuations, a baffling observation as it does not
reconcile well with the idea of an optimal stomatal aperture. Stomatal oscillations
were soon interpreted as an effect of feedback control failing to achieve stable
regulation and as such, demonstrated that stomata not only respond to external
factors, but also to the environment inside the leaf which is affected by the
diffusional streams through stomatal pores, thus forming a negative feedback loop.

The aim of this chapter is to summarize the present state-of-knowledge and
future prospects about dynamic stomatal changes, with a focus on stomatal
oscillations.

4.2 Stomatal Oscillations

The interest in these peculiar responses has led to a large number of published
observations from a diverse range of species (Barrs 1971) both from monocotyle-
donous and dicotyledonous angiosperms. In gymnosperms, there is only one casual
observation (Stélfelt 1928) of uncertain quality. Other authors only found damped
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oscillations in conifers (Phillips et al. 2004). Apparently stomatal oscillations have
never been observed in Pteridophyta.

Stomatal oscillations were observed in plants with various stomatal anatomies
ranging from the simple anomocytic type (without specialized subsidiary cells,
Barrs 1968; Kaiser and Kappen 2001; Marenco et al. 2006) to plants with more
complicated stomatal complexes with an apparatus of several subsidiary cells
(Nikolic 1925; Brun 1961). Oscillations were also observed in Gramineae type
stomata (Raschke 1965; Brogardh and Johnsson 1973; Prytz et al. 2003). Stomatal
oscillations may occur in herbaceous plants (Ehrler et al. 1965; Shaner and Lyon
1979; Santrucek et al. 2003; Yang et al. 2003; Wallach et al. 2010), grasses (Florell
and Rufelt 1960; Raschke 1965; Johnsson 1973; Johnsson et al. 1979), shrubs
(Ehrler et al. 1965; Shirazi and Stone 1976a; Rose et al. 1994; Kaiser and Kappen
2001; Marenco et al. 2006) and trees (Levy and Kaufmann 1976; Elias 1979; Reich
1984; Naidoo and von Willert 1994; Herppich and von Willert 1995; Zipperlen and
Press 1997; Steppe et al. 2006). Therefore it can be concluded that stomatal
oscillations may occur in any clade of angiosperms, irrespective of life form and
stomatal anatomy.

Stomatal oscillations were most often observed under laboratory conditions for
the simple reason that under fluctuating outdoor conditions oscillatory responses
cannot be easily discerned from responses to environmental fluctuations. Nonethe-
less, a number of observations in the field (Elias 1979; Hirose et al. 1994; Dzikiti
et al. 2007) show that stomatal oscillations do not only occur under artificial lab
conditions but can be of relevance for real life situations of plants.

Oscillations can be observed on different spatial scales, ranging from move-
ments of individual stomata to whole tree fluctuations of gas-exchange and stem-
flux. The temporal and spatial resolution of the applied methods is determined by
the degree to which responses of individual stomata are integrated. Most observa-
tions were made at leaf level by measuring gas-exchange of leaves or parts of
leaves. Leaf patches, often separated by veins, may however show independent
dynamics, with phase shifted oscillations (Cardon et al. 1994). This variation can be
detected by chlorophyll fluorescence imaging which visualizes effects of different
CO, supply on the photosynthesizing tissue (Cardon et al. 1994; Siebke and Weis
1995; West et al. 2005). Using chlorophyll fluorescence parameters as a proxy for
stomatal apertures, however, only allows qualitative inferences as long as the causal
chain stomatal aperture — conductance — C; — fluorescence yield is not quanti-
fied. Another method to determine spatial differences in transpiration is thermog-
raphy of leaf temperature, which responds to transpirational cooling (Prytz
et al. 2003; West et al. 2005). The spatial resolution of these imaging methods is
not so much restricted by pixel resolution as by thermal conduction and CO,-
diffusion blurring the image. Nonetheless they may approach sub-millimeter reso-
lution and thus offer the most spatially inclusive and comprehensive measurement
of stomatal actions. However, even the smallest discernible area contains many
stomata which may include significant variation. The degree of variation among
stomata is little known as only a few reports of directly observed aperture oscilla-
tions exist (Kaiser and Kappen 2001).
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Integrating measurements hide the variation in amplitude and frequency
between individual stomata, leaf patches or different leaves. Therefore they cannot
answer central questions of the mechanism of stomatal oscillations: How do
individual stomata get synchronized to a degree that periodic oscillations become
observable on a higher scale? At what level does variation among stomata prevent
coordination and has a damping effect on oscillations?

4.2.1 The Mechanism of Stomatal Oscillations

Stomatal oscillations disclose the action of negative feedback loops in aperture
regulation, which under certain conditions produce an unstable response (Cowan
1972). Feedback controlled systems have one or more inputs from signal sources
conveying information on the state of the parameter to be controlled. Dependent on
the magnitude of this input, an output is produced, which has an effect on the state
of the controlled parameter. In negative feedback loops, the effect of this output is
inverse to the deviation of the controlled parameter, thus having a stabilizing effect.
In positive feedback the output is positively related to input, thus enforcing devi-
ations and having a destabilizing effect. The dynamics of feedback control is
determined by some basic properties. The degree of regulation, called feedback
gain, is the amplification a signal receives when being translated into regulatory
output. A high gain promotes oscillations. All processes in the feedback loop, the
sensing of the system state, the generation of an output and the response of the
controlled parameter to this output usually do not occur instantaneously but with a
certain lag, which introduces delays and possibly overshooting responses and
oscillatory cycling. Feedback loops may also consist of a mixture of negative and
positive feedback acting with separate kinetics.

In leaves, two separate negative feedback loops could be involved in regulation
of stomatal aperture (Fig. 4.1). The first one is the feedback loop which keeps
intercellular CO, (C;) concentration at sufficient levels for photosynthesis. This
loop is formed via guard cell sensitivity to CO, and aperture response to photosyn-
thetically decreased C;, thus allowing higher diffusional influx of CO, into the leaf,
which then increases C;. The other feedback loop balances leaf hydration: guard
cells respond to transpirational water loss with stomatal closure and thus decrease
transpiration.

The relative contribution of each of these interacting feedback loops has been
analyzed experimentally only in a few cases. Reducing C; towards the CO, com-
pensation point and thus preventing feedback related to C; fluctuations did not
prevent oscillations (Bravdo 1977) nor the period of oscillations (Marenco
et al. 2006). The (difficult) inverse experiment, keeping transpiration constant and
allowing C; fluctuations, apparently has not been performed, therefore it is not
known if oscillations based on CO,-feedback alone can develop. The prominent
role of hydraulic relations in oscillations is obvious in most studies on stomatal
oscillations where multiple parameters were measured. Hydraulic fluctuations



66 H. Kaiser and E. Paoletti

photosynthetic
CO,
consumption

Intercellular CO, -
concentration CO, influx

3

stomatal conductance

guard cell

1 alnuade |ejewols

h

transpiration
Iy

.water deficit sensor,

water supply via

AW
roots/xylem

Fig. 4.1 CO, and water-related feed-back loops in stomatal regulation of gas exchange. Stomatal
aperture governs stomatal conductance, which controls both CO, influx and transpiration. CO,
influx, together with photosynthetic CO, uptake, affect intercellular CO,-concentration which is
sensed by guard cells. This feedback loop keeps CO,-concentration in the mesophyll at sufficient
levels for photosynthesis. Transpiration, driven by leaf to air concentration gradient of water
vapour (AW) and controlled by stomatal conductance affects leaf hydration, directly impacts
epidermal and guard cell turgor (dashed lines) and results in ‘hydropassive’ movements. This
rapid effect leads to increased stomatal opening upon increased transpiration (and vice versa), thus
forming a positive feedback-loop. A putative ‘water deficit sensor’ perceives leaf hydration and
elicits active stomatal osmoregulation leading to changes in guard cell turgor and aperture. This
active response of guard cells constitutes a negative feedback loop, keeping transpiration below a
threshold level

affect any parameter related to water status like transpiration, leaf thickness, trunk
diameter and sap flow. In contrast, as fluctuations in photosynthesis remain com-
parably small, it can be concluded that stomatal oscillations are mainly caused by
instabilities in the water-related feedback loop with a possible additional contribu-
tion of CO,-related feedback. The feedback mechanism involved in oscillations
therefore appears to be identical to the mechanisms involved in regulation of leaf
water loss. Unfortunately, these mechanisms are not well understood although
examined and heatedly debated over decades (Buckley 2005). One of the points
of dispute was whether air humidity could also be sensed directly, i.e., without
transpiration through the stomata necessarily being involved. The claim for this
so-called feed-forward response was bolstered by observations of a
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disproportionally strong closing response to dry air (Schulze et al. 1972; Farquhar
1978). If only negative feedback via transpiration sensing was involved, transpira-
tion should gradually approach a maximum with increasing leaf to air difference in
mole fraction of water vapor (AW). Contrary to this expectation, in some cases,
transpiration at highest AW decreased again, which could not be explained by
feedback regulation alone. These observations led to the proposition of a feed-
forward response and to a search for mechanisms providing the claimed direct
sensitivity to air humidity outside the leaf without proportional transpirational
water loss. Many of the proposed mechanisms involved water loss of stomata
through cuticles (Farquhar 1978; Maier-Maercker 1983; Grantz 1990), but exper-
imentally such a mechanism could not be confirmed (Meidner 1986; Kerstiens
1997).

The idea of feed-forward lost momentum after it was shown that stomata are
sensitive to changes in transpiration when AW was kept constant, but not to
changes in AW under constant transpiration (Mott and Parkhurst 1991). A
reanalysis of existing data (Monteith 1995) and further experiments (Franks
et al. 1997) questioned the general existence of a true feed-forward response
(e.g., direct sensitivity to external humidity) and offered alternative explanations
for the earlier observations. The current evidence supports feedback-response of
stomata to effects of transpiration on leaf water status (Buckley 2005).

The mechanism by which changes in transpiration translate into stomatal
responses, however, is still not identified. A number of possible mechanisms have
been proposed, either involving localized transduction processes, which are con-
fined to the guard or adjacent cells, or spatially distributed mechanisms involving
other leaf tissues. A locally confined sensing mechanism could be developed
through transpiration-dependent accumulation of substances in the apoplast of
guard cells (Lu et al. 1997; Zhang and Outlaw 2001). Evaporation from the guard
cell apoplast should induce a local accumulation of apoplastic solutes. This effect
has been confirmed for sucrose (Outlaw and De Vlieghere He 2001). Evidence
against such strictly local sensing mechanisms in or at individual guard cells comes
from the observation that blocking the transpiration of a single stoma has no effect
on its humidity response (Kaiser and Legner 2007). Only after additionally
blocking adjacent stomata could closure in dry air be observed. Sensing of transpi-
ration therefore is not located at individual guard cells but appears to be a function
of the local tissue, integrating the transpiration of several stomatal pores on a
sub-millimeter spatial scale. These results support the general notion, derived
from gas exchange and water status measurements that stomatal responses are
controlled by local tissue leaf water potential. For a discussion see Buckley (2005).

Understanding the involved mechanisms is difficult due to the fact that stomatal
movements are a result of an interaction of hydraulic effects, and active osmotic
adjustment of guard cells and epidermal cells. Both processes, acting simulta-
neously but with different kinetics, are hard to separate experimentally. The
simplest conceivable mechanism would be a direct drawdown of guard cell turgor
by an increase in transpiration, without active osmotic adjustment. This does not
reconcile, however, with the mechanical relations between guard and epidermal
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cells. Stomatal aperture is regulated by the balance of turgor pressures between
guard cells and the surrounding epidermis. One crucial feature of this counterbal-
ance is the so called mechanical advantage of epidermal cells over guard cells
(DeMichele and Sharpe 1973; Sharpe et al. 1987; Franks et al. 1998). This means
that a change in epidermal turgor has a larger effect on aperture than a similar
change in guard cell turgor. A shift in water status similarly affecting epidermal and
guard cell turgor will therefore cause a so-called hydropassive movement. Such
hydropassive movements have been detected for any possible perturbation of the
balance between water supply and loss, irrespective if the cause is a change in leaf
water supply (Iwanoff 1928; Powles et al. 2006) or altered transpiration rate due to
an increase in AW (Kappen et al. 1987; Kaiser and Legner 2007). The typical
stomatal response to a steep increase in AW is a fast hydropassive opening response
(also called Iwanoff effect or Wrong Way Response, WWR), starting almost
immediately and finished within a few minutes, followed by a more or less delayed
closing response (Fig. 4.2a). The hydropassive opening response further increases
transpiration and acts as positive feedback within the control loop. These hydraulic
processes therefore have a tendency to destabilize the regulatory loop, making the
concept of a negative feedback regulation of transpiration based on purely hydrau-
lic processes implausible.

Nonetheless, there were some attempts to develop hydraulic models explaining
the observed stomatal responses on the basis of transpiration-induced micro-gradi-
ents between mesophyll, epidermis and guard cells (e.g. Farquhar 1978; Dewar
1995; Eamus and Shanahan 2002). These models require intricate additional
assumptions, like variable flow resistance in the hydraulic continuum, to describe
the biphasic stomatal response to a step change in humidity (Buckley and Mott
2002) which lack experimental support. Therefore, the most parsimonious hypoth-
esis for stomatal response to transpiration is a metabolically active response of
guard cells to local water status (for a detailed discussion see Buckley 2005).

The sensing mechanisms leading to the ‘physiological’ response to transpiration
are not well understood. They could involve osmo-sensing (Yoshida et al. 2006) or
mechano-sensitive channels (Zhang et al. 2007), which are triggered by hydraulic
disturbances in guard cells or the adjacent tissues. Another possibility could be a
local perturbation of the chemical composition of the apoplastic solution (Harris
et al. 1988; Zhang and Outlaw 2001), possibly involving pH and its interaction with
partitioning and redistribution of abscisic acid (Wilkinson and Davies 2008). As it
is not yet known if abscisic acid (ABA), pH, mechanical stresses or other proximal
effectors transduce transpiration-related changes into leaf water relations into
active stomatal responses, there is no reason to delve into intracellular details of
signal transduction. In this field, much more recent progress has occurred than in
the question of transpiration sensing by guard cells. How little this research field is
settled is demonstrated by recently proposed mechanisms for transpiration sensing,
which are fundamentally different from the existing models (Peak and Mott 2011;
Pieruschka et al. 2010).

We will now try to identify properties of the stomatal feedback system which
favor oscillations. In feedback-controlled systems, oscillations are promoted by a
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Fig. 4.2 Time course of
Phaseolus vulgaris stomatal
conductance (g;) after
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decrease with increasing 0
leaf water stress. Graph B
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high feedback gain, and delays in the response to changed input with involvement
of positive feedback. Feedback gain in negative regulation of transpiration is the
degree of regulation of the causal chain: transpiration — physiological (osmotic)
activity of stomata — turgor — aperture — stomatal conductance (g;) — transpi-
ration. The processes which translate transpiration into turgor determine the phys-
iological gain, whereas the following translation into stomatal aperture, g, and
transpiration is governed by physical processes and environmental conditions,
which can be summarized as the physical gain. The overall gain is the product of
physiological and physical gain. The physiological gain is somewhat obscure, as
the underlying physiological events are hardly understood and there is a lot of
variability induced by plant species, acclimation responses, diurnal variations and
large stoma to stoma variability. Therefore, the physiological gain at the current
state of knowledge can only be addressed in a “black box” approach without much
prospect to better understand its influence on oscillations. The physical gain,
however, is better understood and has some clear effects on the susceptibility to
oscillations. First, it depends on the relation between guard cell turgor and aperture,
which has a sigmoidal or convex shaped relation (Franks et al. 1998). This relation
is strongly dependent on the epidermal backpressure. Notably, in order to overcome
the given epidermal backpressure, guard cell turgor has to reach a certain threshold
level. As a consequence, at the lowest range of the physiologically possible turgor
pressures, the pore is simply closed and any osmotic activity below the opening
threshold has no effect on leaf diffusion resistance, and the total gain of the
feedback loop is zero. The opening threshold may also lead to a delay in opening,
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as demonstrated in Sambucus nigra, where guard cell swelling was observed for up
to 30 min before the pore initially opened (Kaiser and Kappen 2001). As soon as the
pore has opened, the relation between pore area and gs determined the physical
gain. In contrast to widespread notions, based on a simple application of Fick’s first
law of diffusion, this relation is not linear, but convex shaped, with a rapid increase
of conductance just after opening of the pore and much less effect of aperture
changes at large apertures (Kaiser 2009). The reasons for this non-linearity can be
found in the three dimensional shape of the pore and additional mesophyll resis-
tances to water vapor diffusion (Kaiser 2009). Consequently physical gain is
variable and changes discontinuously within the available physiological range of
turgor pressures. It is zero at small pressures, leaps to maximum gain at initial
opening and gradually decreasing again, as the pore opens further (Fig. 4.3). The
high and abruptly changing gain at smallest pore openings should promote over-
shooting oscillatory responses.

This view is supported by microscopic observations of stomatal apertures of
Sambucus nigra during oscillations (Kaiser and Kappen 2001), which revealed that
most stomata were closed completely in the troughs of the oscillations and opened
only slightly during their respective maxima. Similar observations of oscillations in
another four species (Fig. 4.4 and Kaiser, unpublished) confirmed that stomata
always cycled between the completely closed and slightly opened state. During the
troughs of oscillations, Marenco et al. (2006) estimated that 22 % of the stomata
were open. Gas-exchange measurements of oscillation often show very small,
minimal conductance, also indicating temporary complete closure (e.g. Rose and
Rose 1994; Steppe et al. 2006). Some measurements, on the other hand, appear to
contradict this view as oscillations occur at a rather high g, indicating on average
significantly opened pores (Hirose et al. 1994; Santrucek et al. 2003). The integrat-
ing gas exchange signal, however, may hide a lot of variation between individual
stomata and asynchronously oscillating leaf patches (Cardon et al. 1994). Each
individual pore may completely close in the troughs, but at any time there are
enough open pores to maintain a high leaf conductance (Kaiser and Kappen 2001).
In summary, experimental evidence indicates that intermittent, complete closure is
the typical mode of stomatal oscillations, which is in accordance with the idea that
the high and discontinuously changing gain at small apertures, promote oscillations.

Delays in feedback loops contribute to oscillating behavior. For the case of
stomata, the time required to perceive transpiration and produce osmotic activity of
guard cells introduces a significantly lagging response. The lag is difficult to
determine, as physiological responses of stomata to changes in humidity are always
intermixed with the hydropassive wrong way opening response. Typical lag times,
defined as the time span between switching to high AW and the reversal of the
initial transient opening response range between 2.5—4 min in Phaseolus vulgaris
(Meidner 1987), 5-8 min in Xanthium strumarium (Mott 2007), 8-20 min in
Sambucus nigra (Kaiser and Legner 2007) and 8-38 min in Vicia faba (Kappen
et al. 1987; Assmann and Gershenson 1991; Kaiser and Legner 2007). An addi-
tional 10-60 min may be required for completing the closing response. The lag
times for opening are similar, as opening speed as an energy-requiring process is
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Fig. 4.3 Schematic representation of the dependence of physical gain of the stomatal feed-back
loop on aperture area. Physical gain here is defined as SE/SAperture, which is the unit change of
transpiration (E) per unit change in aperture. Gain was calculated using the widely used formula
describing the relationship between aperture and stomatal conductance given by Parlange and
Waggoner (1970) or a realistic pore model including a detailed pore geometry and mesophyll
resistances (Kaiser 2009). As aperture area is, in first approximation, linearly related to guard cell
turgor pressure (y,), the graph can also be read as SE/dy;, vs. y,,. At the ,, value indicated by the
arrow, guard cell turgor is sufficient to overcome the backpressure of the epidermal cells, leading
to rapid opening from zero to maximum gain (The figure is redrawn from Kaiser 2009)

often slower than the closing response. These delays in signal transduction can
delay the response to changed transpiration to the extent that it coincides with the
opposite phase of the cycle and this feedback becomes positive.

A destabilizing component of positive feedback is also introduced by the
hydropassive response, which tends to open pores further upon increasing transpi-
ration and vice versa. The gain of this feedback, like the gain of negative feedback,
also depends on the relation between aperture and gg, and is largest at small
apertures. This effect should further increase instability of response of nearly closed
stomata. In contrast to the rather slow osmoregulatory negative feedback, hydraulic
responses act fast, starting within seconds and completing within minutes. This
effect is known to speed up any response in dry air (Assmann and Grantz 1990;
Kaiser and Kappen 2000), and has been suggested as a key mechanism in stomatal
oscillations (Cox 1968).

Low air humidity, therefore, has a dual effect on the development of oscillations:
an increased water vapor gradient proportionally increases transpiration and thus
the physical gain of the feedback loop and, second, the aperture at which the target
transpiration is attained is shifted to smaller apertures, where a larger effect of
aperture changes on g, further increases the gain.

In a plant displaying oscillations of gas exchange, movements of individual
stomata are more or less synchronized. Obviously mechanisms exist which
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Fig. 4.4 Typical stomatal oscillations in Vicia faba. Simultaneous recordings of leaf conductance
and stomatal opening (length:width ratio) of 12 randomly selected stomata. Oscillations were
elicited by darkening the leaf for 3 min (hatched bar). No apertures were recorded before 14 h. The
leaf was kept at 25 °C, a photon flux density of 145 pmol mol m~2 s~' and AW of c. 25 mmol
mol ™! (Data author and holder: H. Kaiser)

synchronize the individual oscillators. Synchronization has been observed on many
different scales, between neighboring stomata (Kaiser and Kappen 2001), and on
leaf patches measuring a few mm (Siebke and Weis 1995; West et al. 2005) within
leafy organs (Teoh and Palmer 1971). Even entire trees can oscillate synchronously
(Herppich and von Willert 1995; Dzikiti et al. 2007).

Due to a lack of detailed microscopic observations, the minimum number of
synchronized stomata needed in order to sustain oscillations is unknown. In
Sambucus nigra, out-of-phase oscillations were observed in stomata with a distance
of less than 2 mm (Kaiser and Kappen 2001). More recent experiments revealed a
tight synchronization when the distance between stomata was less than 1 mm,
gradually decreasing with increasing distance (Kaiser, unpublished), which indi-
cates synchronizing mechanisms acting on a very small scale. This view is
supported by observing the effect of blocked transpiration of selected stomata on
their humidity response (Kaiser and Legner 2007): the transpiration of a single pore
affected active closure of other stomata within an area of 0.5 mm?. In Helianthus
annuus, oscillations on only one face of the leaf were observed, without transmit-
ting to the other surface (Nagarajah 1978). Similar evidence comes from Mott
et al. (1993) who found different patchy patterns of stomatal opening on the two
faces of leaves of Xanthium strumarium. Additionally, Mott (2007) found no
response of stomata on one face of the leaf, if only the other face was subjected
to dry air, despite a substantial decrease in epidermal turgor on the treated face of
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the leaf. This lack of synchronization between the two leaf surfaces points to a
localization of feedback mechanisms in the epidermis rather than in the mesophyll.

The nature of the synchronizing mechanism acting on this small scale is not
clear. Based on the assumption that stomata respond to variations in local water
potential in the epidermis or the adjoining layers of mesophyll (Buckley 2005),
local transpiration could affect larger areas by gaseous diffusion within the
intercellular spaces. Additionally, gradients of water potential could be equalized
by symplastic and apoplastic flows of water. Another possible mechanism provid-
ing lateral synchronization could be the generation of a chemical signal by epider-
mal or mesophyll cells which is spread by diffusion or mass flow within the tissue.
Only one of these possibilities, the hydraulic coupling of the tissue, has solid
experimental support. Streaming dry air to a small region of a leaf, which was
otherwise kept humid, led to hydropassive opening in a distance of up to 0.4 mm
(Mott and Franks 2001), which demonstrates that positive hydraulic feedback of
pore transpiration also affects the responses of adjacent stomata. A spatial model of
hydraulically connected stomata (Haefner et al. 1997) showed agreement with
observed patch formation and dynamics.

Lateral transmission of hydraulic disturbance within this small scale network of
hydraulically coupled stomata relies on cell to cell water transport. The hydraulic
interaction of different regions of the leaf (Buckley and Mott 2000) most likely
involves water transport in xylem vessels, which are able to transmit water potential
changes to distant regions of the leaf due to their low resistance compared to
extravascular pathways (Sack and Holbrook 2006). Interactions between hydrauli-
cally coupled leaf patches, forming a higher level network, may allow for pattern
formation and synchronization (Johnsson 2007). Hydraulic resistance in itself is
highly dynamic and its fluctuation appears to play a role in the development of
stomatal oscillations. In Helianthus annuus, Marenco et al. (2006) found periodic
xylem embolism and refilling corresponding with the fluctuations in transpiration,
with highest percentage of embolised vessels at peak transpiration. Embolism
occurring under increasing transpiration further impairs leaf water status, and
amplifies hydropassive opening. This not only boosts positive feedback, but also
synchronizes responses within the area supplied by the affected vessel.

Synchronization can also occur between leaf organs, ultimately leading to
concerted cycling of gas exchange of entire crop plants (Cox 1968; Marenco
et al. 2006) or trees (Steppe et al. 2006; Dzikiti et al. 2007). The responses in Citrus
sinensis (Dzikiti et al. 2007) are in good agreement with a water balance model
considering water reservoirs and hydraulic resistances within the entire plant. The
role of cavitations in the generation of whole plant oscillations, however, is still
hypothetical and needs further research (Marenco et al. 2006).

Stomatal oscillations promise insight into the stomatal control system; therefore
many attempts have been made to construct models that will allow testing their
assumptions (Johnsson 2007). Any modeling of complex systems faces the
dilemma of choosing between a simple and manageable but possibly nonrealistic
model, and the futile attempt to comprehensively describe all sub-processes. Earlier
attempts were optimistic in that they focused on the hydraulic processes which are
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comparably easy to formalize. These first modeling approaches described the leaf in
terms of hydraulic capacitors connected by flows with corresponding hydraulic
resistances (Cowan 1972; Shirazi et al. 1976b; Delwiche and Cooke 1977), assum-
ing no short-term, active adjustment of guard cell osmotic potential in response to
transpiration. These models were valuable in that they enhanced the understanding
of physical processes within the stomatal hydro-mechanic apparatus. They treated
the leaf as a “lumped model” consisting of one guard cell and one of each of the
interacting components, epidermal cells, xylem, etc. As a spatio-temporal dynamic
was obvious from observations of patchy oscillatory behavior, models of hydrau-
lically interacting stomata were developed (Rand et al. 1982; Haefner et al. 1997),
which were based on known hydraulic interactions, and included stomatal variabil-
ity and its influence on pattern formation (Laisk et al. 1980). These models
successfully simulated patchy stomatal coordination and dynamics similar to
those occurring in real leaves. However, the active regulation of guard cell osmotic
pressure in response to local leaf water status, and the spatial and temporal
dynamics of leaf hydraulic resistances involved in stomatal oscillations were not
satisfactorily accounted for.

4.3 Rapid Transient Variation of Stomatal Conductance
Under Ozone Exposure

A very interesting example of rapid stomatal responses to environmental stimuli is
the rapid transient decline of g, (RTD, Fig. 4.5) induced by ozone (Vahisalu
et al. 2010). Ground-level or tropospheric ozone (Os) is the gaseous pollutant at
present of most concern for forest health (Serengil et al. 2011). Ozone is also used
as a tool to induce ROS production and investigate their effects. RTD coincided
with a burst of ROS in guard cells of 11 Arabidopsis ecotypes (Vahisalu
et al. 2010). Mutants deficient in various aspects of stomatal function revealed
that the SLACI1 protein, essential for guard cell plasma membrane S-type anion
channel function, and the protein kinase OST1 were required for the ROS-induced
fast stomatal closure. The recovery of gg occurred even during O; exposure
(Fig. 4.5) and stomata did not respond to additional O3 pulses until a resting period
for the guard cells allowed them to sense and respond to Oz again (Vahisalu
et al. 2010).

The temporary desensitization of stomata may be a cause of the sluggish
responses to environmental stimuli observed after O3 exposure (Paoletti and Grulke
2010). Sluggishness is defined as a delay in stomatal response to changing envi-
ronmental factors relative to controls (Fig. 4.2), and has been demonstrated in
different plant physiognomic classes (Paoletti and Grulke 2010). Sluggishness
results from a longer time to respond to the closing signal and slower rate of
closing. Sluggish stomatal responses to light variation with O3 exposure were first
postulated in Norway spruce using a transpirational assay, i.e. by measuring water



4  Dynamic Stomatal Changes 75

400 250

350

200
300

qdd‘co

150

200

150 100

gs,umol m-2s-1

100
50

0
S N

S O P P S PP PP PSS IS
IS MICONRC GRS R R g g g

[NERSERSIENEN

Time

Fig. 4.5 Transient decline of stomatal conductance (g;) in a Helianthus annuus leaf exposed to
230 ppb ozone (O3). The recovery of gs occurred even during the O3 exposure, suggesting a
desensitization of stomata (Data authors and holders: H. Kaiser and E. Paoletti)

losses over time in detached needles (Keller and Hisler 1984). Delayed stomatal
response following O3 exposure has since been reported with changes in leaf to air
vapour pressure deficits (Tjoelker et al. 1995; Kellomaki and Wang 1997; Grulke
et al. 2007b), fluctuating photosynthetic photon flux density (PPFD) (Reich and
Lassoie 1984; Reiling and Davison 1995; Paoletti 2005; Grulke et al. 2007b;
Paoletti and Grulke 2010), and water stress (Reich and Lassoie 1984; Paoletti
2005; Mills et al. 2009; Grulke et al. 2007b; Paoletti et al. 2009; Hoshika
et al. 2013). Drought stress itself, however, is able to induce stomatal sluggishness
(Hoshika et al. 2013). Sluggish stomatal control over transpiration may increase
water loss at the leaf level. At the crown-level, however, O3 exposure reduced gas
exchange and accelerated leaf shedding, thus compensating for sluggishness-
increased water loss (Hoshika et al. 2012). Several mechanisms by which O3 may
induce sluggishness can be found in the published literature. Omasa (1990) reported
a slight increase in permeability of epidermal cell membranes and alteration of the
osmotic pressure after O3 exposure that may modulate a balance in turgor between
guard and subsidiary cells. Vahisalu et al. (2010) found that Ca®*-dependent
signalling and Os-induced stomatal movements were independent, and noted that
the temporary desensitization of the guard cells was due to blocked K* channels.
Ozone may also delay stomatal responses by stimulating ethylene production and
reducing stomatal sensitivity to ABA (Wilkinson and Davies 2010). Another cause
of sluggishness may be Oj-induced lower rates of transpiration, which permit
leaves to take longer to perceive the same change in water status or light variation.
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4.4 Concluding Remarks

Stomatal regulation is the primary function for balancing the efficiency of water
expenditure in relation to carbon gains (Cowan 1977). Optimization theory states
that for each set of environmental conditions, an optimal stomatal conductance
exists. It is immediately evident that g, during stomatal oscillations is not at its
optimum most of the time, either expending too much water in relation to carbon
gain at peak conductance, or unnecessarily limiting carbon gain in the troughs.
Nonetheless, modeling the effect of stomatal oscillations on time-averaged water
use efficiency, Upadhyaya et al. (1988) identified conditions where oscillations
slightly improved water use efficiency at reduced transpiration when compared to
constant conductance. However, there is no experimental support for these obser-
vations. The marginally positive effect of a relatively rare phenomenon is unlikely
to provide sufficient selection for this resulting complex feature.

Considering the prominent role of hydraulic positive feedback in stomatal
oscillations, another hypothesis can be suggested. Hydropassive positive feedback
in stomatal mechanics is a property only existing in seed plants and has not been
found in ferns and mosses which appear to respond with hydropassive closure to
increased transpiration (Brodribb and McAdam 2011). Positive hydraulic feedback
evolved in seed plants along with a more sophisticated control of stomata through
leaf water relations (McAdam and Brodribb 2012). Acceleration of stomatal open-
ing as well as closing by hydropassive positive feedback enables larger and faster
responses with the same metabolic effort. This allows a faster tracking of the
dynamic environmental conditions resulting in an on average smaller deviation
from the floating optimum. The metabolic costs necessary for dynamic stomatal
movements (Vico et al. 2011) could be reduced due to hydraulic amplification of
osmotic activity. Stomatal oscillations therefore may not in itself enhance effi-
ciency of water use, but could be seen as a side effect of an aggressive tuning of
feedback-regulation, which has evolved because it allows a faster response to
environmental fluctuations.

The control of gas exchange by leaf stomata has broad implications for the
response of terrestrial vegetation to changes in environmental conditions, including
climate change (Hetherington and Woodward 2003). The feedback mechanism
involved in oscillations appears to be identical to the mechanisms involved in
regulation of leaf water loss. Unfortunately, there is still no consensus regarding
the identity of the effectors involved in stomatal responses to hydraulic perturba-
tions, nor regarding the biophysical mechanisms by which those effectors induce
changes in stomatal conductance (Buckley and Mott 2002b; Meinzer 2002; Franks
2004; Buckley 2005). Although a vast amount of knowledge has been gathered on
the intracellular events of guard cell signal transduction, these processes are both
too complex and still too poorly understood to be described other than in a ‘black
box’ approach. Moreover, the mechanism providing sensorial input of local leaf
water relations into guard cell signaling is still obscure. Integrating these signaling
events and metabolic actions merely as empirical functions into the models is
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difficult as the response is highly variable depending on — among others — species,
previous treatment, and circadian effects.

Similar to cellular processes, the higher levels of hydraulic interaction between
stomata, leaf regions or different leaves or branches require a better understanding
before these pivotal processes can be integrated into models of stomatal dynamics
at the leaf or whole plant level. A prerequisite is to monitor rapid changes in plant gs
by means of gas-exchange measurement devices with high-time resolution (Grulke
et al. 2007a), ideally coupled with microscopical observation of individual stomata
(Kappen et al. 1987; Kaiser and Kappen 2000, 2001).
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Chapter 5
The Regulation of Osmotic Potential in Trees

Andrew Merchant

Abstract The availability of water and the ability of plants to acquire it influence
productivity among many ecosystems. For all plants, both terrestrial and marine, the
modification of internal osmotic potential (y,) is a commonly observed response to
changes in water availability. This chapter highlights that modification of y,; and its
effects on plant water potential () should be considered with regard to physiological
relevance, particularly when discussing the physiology of trees. A limited range of
solutes are suitable as cellular osmotica and we highlight the physiochemical
properties that help to maintain physiological function at low y. Overall, differences
in the capacity to regulate y, are among many functional adaptations that enable
growth and productivity of trees across a wide range of environments.

5.1 Principles of Monitoring Osmotic Regulation in Trees

The regulation of osmotic potential () is one of many adaptive traits that enable
trees to obtain water from their environment. Combined with structural and physio-
logical adaptations, the regulation of ;. in response to saline and/or dry conditions
has been demonstrated across many tree species leading to the compilation of several
reviews on the topic (e.g. Abrams 1988a; Hoch et al. 2003; Lemcoff et al. 1994;
Popp et al. 1997). Variation in the capacity to modify y,, among tree species has been
proposed to explain differing salt (e.g. Grieve and Shannon 1999; Martinez et al.
1991; Nikam and McComb 2000) and drought (e.g. Li 1998; Gebre et al. 1998)
tolerances leading to suggestions of its use as a selection criterion for high performing
individuals (Abrams 1988a, 1990; Lemcoff et al. 1994; van der Moezel et al. 1991).
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While little doubt remains that the regulation of y,; plays a significant role in tree
survival and growth, it is also important to recognize that regulation can take
several forms. To explain these phenomena, it is first useful to outline the compo-
nents of water potential as it pertains to tree physiology and some common methods
of measurement.

5.2 Calculating Osmotic and Water Potential

For the purposes of tree physiology, water potential (y) is a measure of the free
energy contained within a solution or the ‘chemical potential of water’ (Jones 1992)
and is generally expressed in mega-Pascals (MPa). In order to occupy a lower
energy state, water will flow from regions of higher chemical potential to regions of
lower chemical potential. To maintain a net influx of water into cells, trees may
modify the chemical potential of cellular water through a number of mechanisms.
Osmotic potential is a component of y and is expressed as:

W= W W g (5.1)

Where y,, W, and y, represent gravitational, matric and pressure forces. By
reducing y,, inside cells, plants are able to obtain water from their environment as
water becomes less available. Several methods for the assessment of osmotic
potential have been developed including pressure chamber (Turner 1988), psychro-
meter (Martinez et al. 2011), and pressure probe (Tomos 2000) technologies.
Investigations seeking to characterize changes in y,; generally encompass responses
to imposed stress under controlled conditions with less focus on responses to
environmental variation across seasonal cycles and the heritability of such traits
among populations. Values of y; are most commonly expressed at full turgor (y00)
in response to stress conditions (Abrams 1988a; Turner 1988; Clayton-Green 1983;
Lenz et al. 2006; Merchant et al. 2007a; Schulte and Hinckley 1985) and are most
commonly derived from analysis of pressure-volume curves (PV curves, Fig. 5.1;
cf. Chap. 6, Fig. 6.1). PV curves are generated with the use of a pressure chamber
(Turner 1981, 1988) and rely upon the repetitive measurement of y and relative
water content (RWC). Plotting the inverse of y against the reciprocal of RWC
produces a two phase relationship (Fig. 5.1). y; at full turgor (W) of the tissue is
represented by extrapolation of the linear phase of the PV curve (Fig. 5.1). A
significant advantage of PV curve analysis is the ability to simultaneously quantify
adjustments of ; at the point of zero turgor (Y ), relative water content at turgor
loss point (RWC;,,), and apoplastic water volume and cell bulk modulus of elas-
ticity (g). Adjustments of € (hence cell volume) may be employed by plants to
modify y via influences on y; and . Inter-specific variation in the capacity to
adjust € is observed among trees in response to water deficits (Fan et al. 1994) and
correlates with environmental origin. Whilst € is likely influenced by tissue age
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Fig. 5.1 Pressure volume (PV) curve depicting a typical two phase relationship between the
relative water content (RWC) and the inverse of the water potential (). Note the relationship
becomes linear after the point of zero turgor is reached. Osmotic potential at turgor loss point
(Wryp) is obtained from the y-axis at the point of zero turgor whilst the osmotic potential at full
turgor () is obtained by extrapolation of the linear phase of the PV curve to the y-axis. Relative
water content at turgor loss point (RWCy,,) is obtained from the x-axis. Bulk modulus of elasticity
(e) is obtained via the integration of the area under the pressure volume curve bound by the
extrapolation of the linear phase to the y-axis. Apoplastic water volume can be calculated as the
residual of the linear phase at the point of intersection with the x-axis

(Fan et al. 1994), the capacity to adjust € undoubtedly plays a role in regulating y
among trees species.

An alternative to pressure volume analysis is the quantification of compounds
from leaf material combined with measures of tissue water content. Using this
approach, the w, of the cell solution may be approximated by the van’t Hoff
equation (Eq. 5.2):

y, = —RTc; (5.2)

Where R is the universal gas constant (8.32 J mol ' K™ '), T is the temperature in
Kelvin and c; is the concentration of solutes in solution (mol m ™). This approxi-
mation of \, is suitable for most biological systems despite the influence of ‘non-
ideal’ (Cameron et al. 1997) behavior of solutions at high concentrations (see also
Jones 1992 and references therein). Whilst both PV analysis and chemical analysis
have important limitations, used in combination they provide information regarding
the structural and chemical traits adopted by plant tissues to regulate water content.
Information gleaned from such approaches is now beginning to characterise the
mechanisms employed by plants to regulate y, and the identity of the compounds
used to perform this role.
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5.3 Considerations for Physiological Relevance

Trees occupy a range of environments that encompass a wide range of edaphic and
climatic conditions. Despite the seemingly central role of regulating y, in
maintaining plant function, several aspects are often not considered when character-
izing the nature of the response. Changes in y,; can arise via several mechanisms
working at different temporal and spatial scales. Consequently, clear definitions
must be established to accurately describe often complex and co-occurring
processes.

5.3.1 [Inducible and Constitutive Responses

Many physiological and chemical studies characterize induced plant responses to
the onset of stressful conditions. Plants may increase synthesis of compounds to
reduce ,, in response to stress, a process termed ‘osmotic adjustment’ (Turner and
Jones 1980). Alternatively, accumulation of solutes in plant tissues due to reduc-
tions in breakdown or changes in solute transport may also lead to increases in
solute concentration that do not fall under the definition of osmotic adjustment.
Constitutive presence of solutes (rather than changes in concentration upon expo-
sure to altered conditions), offers an additional mechanism for the regulation of y,
and may provide a more valid reflection of a plants ability to withstand low external
y. Constitutive accumulation may be considered a pre-emptive arrangement by
plants to tolerate conditions of periodic stress and underpin an-isohydric behavior
(e.g. Tardieu and Simonneau 1998) observed among many tree species.

A well characterized example of both inducible and constitutive mechanisms is
that of the broadly distributed tree genus, Eucalyptus. The magnitude of inter-
specific species variation changes of y, is consistent across the genus despite
significant differences in environmental origin and growth habit (Table 5.1).

In contrast, the taxonomic pattern of osmotic potential at full turgor (yy100)
shows a clear delineation between those species growing in arid environments.
These species exhibit values of oo consistently <—1.5 MPa. Differences in
remain clear and significant despite considerable variation among tissues both in
treatments and tissue age among studies (not shown). Whilst it appears likely that
the capacity to lower osmotic potential as a means of maintaining turgor under mild
osmotic stress is a widespread phenomenon — and the constitutive presence of
osmotica lead to inherently low osmotic potentials — both inducible and constitutive
effects appear independent from responses arising from the restriction of growth.
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5.3.2 Acute and Adaptive Responses

When distinguishing the chemical processes leading to solute accumulation in plant
tissues, one must also consider the context of regulatory control. Plant responses
may take the form of either acute or acclimatory response mechanisms (Smith and
Stitt 2007) with major implications for plant function. Imposition of short term,
intense stress conditions (as is the case for many investigations) often leads to acute
responses as a result of the temporary repression of physiological processes such as
photosynthesis, metabolism and transport. Delineation of acute and adaptive
responses is a major challenge to understanding plant responses to stress and serves
to highlight the importance of field based and long term monitoring campaigns.
Relatively slow imposition of environmental stresses, may induce traits that protect
plant components from repeated or rapidly induced conditions (Kozlowski and
Pallardy 2002). Such studies are crucial for ‘real world’ perspectives on the
response of plants to changes in their environment.

5.3.3 Magnitude of Osmotic Potential

Despite various mechanisms for the regulation of y,, changes in tree species under
stress are generally limited to between 0.2 and 0.8 MPa (Taiz and Zeiger 1998) with
broad scale reviews into tree species exhibiting values consistently within this
range (Table 5.2). y below —3.5 MPa are common for many tree species inhabiting
low rainfall environments (Abrams 1990; Kozlowski and Pallardy 2002; Taiz and
Zeiger 1998; Bell and Williams 1997; Kozlowski 1997; Merchant et al. 2009),
therefore the magnitude of reductions in y, are not sufficient to provide osmotic
equilibrium with the prevailing conditions. While the potentially significant influ-
ence of sub-compartmentalisation is largely not known for many solutes, a logical
hypothesis may be that changes in y, do not play a major role in determining the
growth and survival characteristics (hence distribution) of tree species, but rather
help to ‘expand the window’ of positive turgor across diurnal changes in y.

5.3.4 Tissue Types

While the majority of studies investigating ys,, focus on leaves, osmotic balance is
critical in maintaining function of other plant tissues. Regulation of root tissue s is
undoubtedly important for plants to acquire water from an increasingly drier and/or
saltier soil profile. Many biochemical and molecular characterizations of this
process are now available (Kozlowski and Pallardy 2002) including details of
root and mychorrizal associations (Lehto and Zwiazek 2011). Phloem tissues are
also thought to regulate \, in response to external y with several studies
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characterizing changes in phloem sap , among tree species (Cernusak et al. 2003;
Merchant et al. 2010a; Pate et al. 1998) including that of carbohydrate and raffinose
family oligosaccharides (Merchant et al. 2010a,b).

5.3.5 Plasticity

The plasticity of traits that regulate s, remains weakly characterized. This is
surprising given the regulation of y,, with a firm footing in biochemistry and
molecular biology, represents a promising candidate for tree selection and environ-
mental monitoring. Despite a plethora of screening studies seeking to develop such
tools by characterizing both inter- and intra-specific variation in growth strategies
under drought and salt stress (van der Moeszel et al. 1991; van der Moezel and Bell
1987; Sun and Dickinson 1993; Zohar and Schiller 1998), broad categorizations on
chemical responses are rare. Such approaches are well served by an understanding
of the identity and functional significance of solutes that accumulate in plant tissues
across spatial and temporal scales. In addition to characterizing the general mecha-
nisms responsible for regulation of y, among the diversity of tree species, advances
in metabolomic tools are now available to assist in identifying the chemical identity
of these responses.

5.4 Candidate Solutes for the Regulation of Osmotic
Potential in Tree Species

Relatively few solute classes have been shown to significantly influence v, in tree
species attributable mainly to the physiochemical properties required for solutes to
perform this role. Stable osmotica must be compatible with the function of cellular
components (Popp et al. 1997; Paul and Cockburn 1989; Palacio et al. 2007), and
must be highly reduced to avoid damage to cellular structures. Such properties can
be far reaching in metabolic networks, enabling trees to avoid cellular damage
through the maintenance of metabolic function at constitutively low osmotic
potentials. Osmotica should also be synthesized from readily accessible precursors
and ideally, should be readily convertible to other more metabolically active and
transportable compounds. A limited number of common cell constituents satisfy
these criteria and are often found in tissues of higher plants.
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5.4.1 Organic Acids

Organic acids that accumulate in plant tissues in response to abiotic stresses are
usually either amino acids (e.g. proline) or amino acid derivatives (e.g. betaines).
The magnitude of increases in organic acid concentration is often sufficient to
suggest an osmolytic role (Prat and Fathi-Ettai 1990; Escobar-Gutierrez
et al. 1998; Larher et al. 2009; Morabito et al. 1996) notwithstanding the potential
and likely effects of sub-cellular compartmentalization. However, in cases where an
osmolytic effect of organic acids is substantiated in the genus Eucalyptus, often
reductions in growth are also observed (Morabito et al. 1994). Such responses,
concurrent with the breakdown of cellular processes suggest that increases in
concentration may be acute consequence of stress induction rather than an adaptive
response. For example, increasing concentrations of proline and glycinebetaine in
the initial phases of salt (NaCl) adaptation have been reported in E. microcorys
tissue culture (Chen et al. 1998), with the subsequent reduction of these solutes
during the remainder of the conditioning period. As is the case with many previous
studies, increases in solute concentration reported on a fresh weight basis in both
studies clouds our ability to distinguish increases in solute concentration attribut-
able to inducible or constitutive phenomena.

Additional functions of organic acids in the amelioration of stress in plant tissues
are subject to various hypotheses (e.g. Franco and Melo 2000). Hare et al. (1998)
highlighted the common hypothesis that methylation (which is present in proline,
MHP, DHP, and betaines) improves the protein stabilizing properties of osmolytes.
Methylation incorporates a partial hydrophobicity as well as increasing the size of
the hydration shell of small zwitterionic molecules (Hare et al. 1998) thus may
stabilize tertiary protein structures through both direct and indirect mechanisms
(such as ‘preferential exclusion’, Bohnert and Shen 1999). Similarly, Palfi
et al. (1974) also suggest that the high level of hygroscopicity enhances any role
of proline as an osmoprotectant.

5.4.2 Inorganic Ions

Inorganic ions often have significant influence over y,; in plant tissues although
their role in regulation is less clear. A major limitation to the function of inorganic
ions as regulators of y, is their disruptive influence over cellular structures and the
need to maintain trans-membrane electrochemical balance. It is widely argued that
plants must separate toxic ions (such as Na* and CI™) from cellular processes to
maintain cellular function as excessive ion accumulation disrupts membrane and
protein integrity. Excessive concentrations of cations can also lead to nutrient
deficiencies due to their inherent toxicities and competition for transport sites
within the plasma membrane (Taiz and Zeiger 1998; Blumwald 2000) with a
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large and permanent efflux of potassium (Morabito et al. 1996) usually indicating
damage to the limiting membranes (Chen et al. 1998).

The role of potassium in lowering leaf y, in tree species is widely recognised on
account of its ubiquitous presence in plant tissues (Taiz and Zeiger 1998). Potas-
sium often constitutes over 50 % of y, in plant tissues due to the combined effects
of its high concentrations and low molecular weight (Eq. 5.1). While the contri-
bution of potassium to the regulation of y; is difficult to establish due to the effects
of concentration and rapid exchange between plant compartments, rapid trans-
membrane movement of potassium has been implicated in osmo-sensing capabili-
ties among many plants including that of trees (Liu et al. 2001). Further use of
isotopic and other non-invasive techniques to detect the concentration and move-
ment of potassium in plant tissues will undoubtedly prove informative.

5.4.3 Carbohydrates

Carbohydrates are frequently cited as being suitable osmotica and are major
constituents of osmoregulation in expanded leaves of many species of higher plants
(Morgan 1984). Many studies have sought to characterize non-structural carbo-
hydrates (NSC) in both temperate (Hoch et al. 2003) and tropical (Wurth
et al. 2005) trees in response to variation in environmental conditions. Of particular
interest for osmotic regulation is the occurrence of non-reducing sugars, most
commonly sucrose and raffinose family oligosaccharides (RFO) among a range of
plant tissues.

The close association of carbohydrates and their participation in primary meta-
bolism, low molecular weight, relative low toxicity, and potential for recycling
back into plant metabolism renders them sensitive to environmental change leading
to suggestions that synthesis and degradation may be genetically engineered to
improve stress tolerance (Rajam et al. 1998). Fluctuations in pools of carbohydrates
due to close association with primary metabolism reduce their effectiveness as
stable osmotica, however, this close association simultaneously supports the notion
that these compounds also act in the sequestration of damaging oxygen radicals
(Orthen et al. 1994) and in other forms of diversion of excess photochemical energy
(Hare et al. 1998). Many studies have shown accumulations of carbohydrates in
response to environmental perturbations, although few give regard to the hypothesis
by Turner and Jones (1980) that osmotic adjustment arises from an accumulation of
solutes as a result of the continuation of photosynthesis after the cessation of leaf
growth.
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5.4.4 Polyols

Polyols are reduced forms of aldose and ketose sugars consisting of either the
alditol (straight chain) or cyclitol (cyclic) forms. Polyols have been shown to
accumulate in plant tissues in response to many environmental cues thus are
regularly included in lists of stress metabolites in plant tissues. Chemo-taxonomical
and physiological studies conducted by various authors illustrate that polyol distri-
bution among trees follows strong taxonomical patterns (Bieleski and Briggs 2005;
Merchant et al. 2007b; Pfundner 1993; Popp et al. 1997) suggesting large potential
for use as selective markers for tree improvement programs.

The physiochemical properties of polyols provide putative evidence for their
function in osmotic regulation. Polyols are non-charged, relatively inert solutes and
are thought to assist in hydrating protein structures via a ‘preferential exclusion’
(Andersen et al. 2011) from membrane surfaces. Some cyclitols may also be mono-
and di-methylated, a characteristic unique to plant tissues (Bieleski 1994; Nguyen
and Lamant 1988; Popp et al. 1997) and it has been proposed as a mechanism for
sequestration of excess photochemical energy arising from photorespiration (Hare
et al. 1998) and improving potential as an osmoprotectant (Popp et al. 1997; Hare
et al. 1998; Popp and Smirnoff 1995; Orthen et al. 2000; Orthen and Popp 2000).
More generally, polyols can contribute up to 80 % of the carbon isolated from
phloem sap (Moing et al. 1997), and hence significantly influence leaf carbon
balance and primary metabolism. While much is known regarding the roles and
distribution of polyols in plant tissues, few studies (Streeter et al. 2001) have
incorporated this information to the development of plant breeding programs.

5.5 Conclusions

Changes in osmotic potential are an important chemical trait that functions in
concert with physiological changes to regulate plant water relations. A limited
number of chemical species are thought to function as cellular osmotica based on
their occurrence in plant tissues, the chemical properties of the solute, and their
likely interactions with cellular processes. Characteristics of the regulation of
osmotic potential also differ between genera and such changes need to be consi-
dered in the context of plant adaptive and acclimative responses to changes in
resource availability. Great potential remains for the use of osmotic adjustment as a
selection criterion for plant improvement programs and as a tool for use in environ-
mental monitoring and assessments of tree health.
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Chapter 6
Ecophysiology of Long-Distance Water
Transport in Trees

Hanno Richter and Silvia Kikuta

Abstract We give a short overview over some basics of tree water relations and
the likely impact of future climate changes on the functionality of the soil-plant-
atmosphere continuum. We start with a short account of the biophysics of water
transport and explain some methods for determining relevant parameters in the field
and in the laboratory. Important results are described next: the variable values of
total water potential in crowns, the use of pressure-volume curves established in the
lab for a detailed analysis of leaf water relations in the field, parameters indicating
water stress, and the stability of water columns in the xylem. A look at the water
relations of small plants shows that the numerical values of key parameters in
seedlings or herbs are not much different from those in tall trees; this enigma may
have to do with evolutionary selection for a cautious use of soil water reserves.
There are still a number of weak spots in our understanding of water transport in
trees. We have only a very general knowledge of root distribution over the soil
layers and of fine root turnover. Also, cavitation in the different size classes of roots
has not been investigated sufficiently. The most important unknown however is
probably the distribution of resistances over the whole length of the xylem, which
depends on xylem structure at different points in the plant. Finally we speculate
about possible effects of future climate changes. There are a number of relevant
climate factors which can influence plant water relations in both positive and
negative ways; they are described in some detail. Changes of these factors will
not be uniform, not even on small scales, let alone over continents or the whole
globe. It depends on their combinations whether tree water stress will increase or
decrease at a given site. It seems however safe to conclude that the existence of
trees on our planet is far from being jeopardized: trees have existed uninterruptedly
since the late Devonian, including long periods with climates far more extreme than
the ones predicted for the next 100 years. This positive outlook does however not
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pertain to the fate of single tree species, which may well succumb to increased
competition by better adapted ones.

6.1 Introduction

Water transport in plants has fascinated researchers from the earliest times of
physiological investigations up to the twenty-first century. It is still an active
field, where novel experimental approaches have contributed to a deeper under-
standing of a complex issue even in the past few years.

Water relations date back to the beginning of plant life on land in the
mid-Ordovician. Finding a supply of water in the soil and bringing it to the leaves,
where green cells photosynthesize, was crucial for exploiting the resources of
minerals and light on land, by far richer ones than those in the sea. A mechanism
for transporting huge amounts of water from the roots through the stem into the
leaves was not perfected until the late Devonian, when the first tall trees appeared. It
is this transport which will be the subject of this chapter.

In green land plants, a unique trait is the direct coupling between photosynthetic
production on the one hand and water loss to the dry atmosphere on the other.
During the lifetime of a plant, the transpirational water loss may add up to 100 times
the fresh weight of its body. Water for transpiration is thus the most important water
requirement of a green land plant. All chemical reactions of water molecules in the
cell, including those in photosynthesis, are negligible in comparison.

Of the many possible topics, we focus mainly on the following: biophysics of
plant water relations, methods for studying physiological parameters relevant for
transport, experiments on transport and their results, and the likely future stress on
the transport system due to climate change. We refrain from detailed discussions
and extensive citations. Pertinent monographs (Holbrook and Zwieniecki 2005;
Meinzer et al. 2001; Tyree and Zimmermann 2002) are recommended for more in
depth information.

6.2 Biophysics of Transport and the Cohesion — Tension
Theory

The foundations of water transport are part of the theory of plant water relations,
which describes the energy status of water at any point in the plant body and the
forces acting on this water. In this framework, how can we describe the water status
of a plant by measurable parameters? We have a set of two equations at our disposal
which are well defined thermodynamically (Nobel 2005).
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The first equation describes the demands of the soil-plant-atmosphere continuum
(SPAC) in a steady-state situation:

()Y = (—)¥s + (—)¥6 + (—)¥E (6.1)

Where W, is total water potential, Wg static substrate potential, ¥ gravitational
potential, and W frictional potential. The dimension of water potential is energy
per volume; therefore, we should expect the proper SI units, J m . Since “energy
per unit volume” equals exactly “force per unit area” (that is, pressure), we can and
do use pressure units for quantifying ¥, and its components. The numerical values
are therefore given in the SI pressure units, megapascals (MPa).

The water potential of pure, distilled water under atmospheric pressure has been
arbitrarily set at 0 MPa. The energy content of water in the SPAC is usually less. All
the values in Eq. 6.1 thus become negative or O at the most; therefore the minus
signs are indicated in brackets. Also, it should be kept in mind that they are of
different variabilities with time.

Static substrate potential (Ws) becomes less negative whenever rainfall or
irrigation refill the soil, and more negative when evaporation and plant transpiration
extract water. In the field, these are mostly slow to moderately rapid processes; in a
small pot on a balcony, with a big plant in it, they can become very rapid. The
second term, gravitational potential (¥;), depends on the vertical distance between
the absorbing roots and the measurement point. Work has to be done to hold water
against gravity, but this leads to a loss of water potential of only 0.103 MPa per
10 m. Gravitational potential can be easily calculated from a height measurement,
and it is completely invariant with time and climate. The last term, frictional
potential (Wg), is the most variable of all the parameters in Eq. 6.1. Moreover,
this potential loss is directly caused by long-distance transport. Wherever water is
moved by transpiration, passing through soil capillaries, narrow xylem conduits and
the pit membranes connecting them, and finally into the pores of cell walls lining a
substomatal cavity, there will be friction and a requirement for energy to overcome
it. Frictional potential may be simply described as:

(—)¥F = —Z fir (6.2)

This means that Wg is the sum of products of the water fluxes (f;) in different
sections of the SPAC and the resistances (r;) against this water transport. In other
words, the higher the amount of water flowing per unit time towards transpiring
leaves, and the higher the resistances, the more negative ¥, will become at any point
along the pathway. A numerical solution of this equation is difficult even for a
steady-state situation, but the principle should be kept in mind.

The second equation describes the responses of compartments in the plant body
to the demands of the continuum:
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(¥ = (=) + (+/-)¥ (6.3)

Again there is total water potential (¥;) on the left side. The right side shows
only two parameters for adjusting W, to the value preset by the demands. The first is
osmotic potential (¥,). This term becomes more negative with higher concentra-
tions of solutes in the cell and plant. A wide range of different values co-exist in a
plant, from the very concentrated solutions in vacuoles and protoplasm of living
cells to the xylem sap, which has a composition close to distilled water and,
therefore, an osmotic potential close to zero.

To these osmotic potentials we add the potential changes caused by hydrostatic
pressure. They appear as pressure potential (¥p). Pressure may be either an over-
pressure or a tension, and is thus the only parameter which can both increase and
reduce total water potential, depending on the compartment under study. Concen-
trations of osmotically active substances on the one hand and pressures on the other
change at very different rates: concentration changes need time, pressures can be
adjusted almost immediately.

One of the pressure phenomena is well known and undisputed: the turgor
pressure in living cells. Here, the very negative osmotic potential of a concentrated
cell sap is made less negative by a rapidly variable positive pressure adjusting ¥, to
the fluctuating numerical values imposed by Eq. 6.1. We could easily imagine an
opposite system where an invariant overpressure would be maintained by variable
concentrations in the cell sap, leading to fluctuating osmotic potentials. No plant
ever utilized such a mechanism, and the reason is obvious: changes in osmotic
potential require time and metabolic energy for the translocation of substances by
active transport, whereas pressure changes need no active transport of big mole-
cules or charged ions, just rapid diffusion of water molecules across cell mem-
branes perforated by aquaporins (Kaldenhoff et al. 2008). The energy required is
supplied by the sun via transpiration and does not depend on metabolism.

For the xylem, theory forecasts negative pressures of variable magnitude, since
xylem water is poor in solutes and its osmotic potential therefore negligible in most
cases. Water in narrow capillaries is remarkably stable and may be subjected to
high tensions without snapping. The cohesion of water molecules is very strong,
and so is its adhesion to cell walls and cell wall capillaries. This is a consequence of
hydrogen bond formation between neighboring molecules. Water can thus be
sucked up from the soil reservoir to replace transpirational losses by the leaves.
This process resembles the action of a technical suction pump. There is however a
fundamental difference: the tube of a suction pump has a large diameter, whereas
the water column in a tree stem of the same diameter is divided into thin capillaries,
the tracheids and vessels with a diameter of between 10 and 500 pm. And in
mesophyll cell walls there is another set of capillaries, extremely fine ones of the
order of 10 nm. Where these walls line intercellular spaces or substomatal cavities,
surface tension keeps air from entering the capillaries even when cell wall water is
at very negative pressures.
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Water evaporates from the walls of mesophyll cells, and the surface tensions in
the narrow wall capillaries suffice to suck the chain of water molecules, as a
replacement, against all resistances up into the crowns of the tallest trees. Under
these conditions water in the xylem is in a metastable state of tension, but the lack of
surfaces in contact with free air suppresses the formation of vapor bubbles, and
therefore boiling. The water column can thus be lifted far higher than in the wide
tube of a suction pump.

The solid theoretical foundation of the Cohesion-Tension Theory (CTT) based
on these facts and elaborated since the 1890s adds to its credibility, as do a number
of independent experimental findings (Holbrook et al. 1995). Nevertheless, the
theory is not accepted by everybody; in particular, the postulated negative pressures
have repeatedly met with disbelief. The history of the CTT and the discussions
concerning its validity may be read in more detail in two web essays (Cruiziat and
Richter 2006; Richter and Cruiziat 2006) connected to recent editions of the
textbook Plant Physiology by Taiz and Zeiger. In addition, Tyree (1997) is
recommended reading.

6.3 Methods and Instrumentation

Let us first turn to the parameters forming the two-equation system with ¥, at its
center (Richter 1997). Which methods determine the parameters in these equations,
what are their pros and cons?

Total water potential (¥y): There are two instruments with radically differing
measurement philosophies (Pallardy et al. 1991; Turner 1981): (i) The pressure
chamber has a number of advantages. It is robust and equally well suited for field
work and the lab, it does not depend on sophisticated electronics, and one can buy
inexpensive versions or custom-made for special applications. The disadvantages
are the weight of the equipment, the (small) danger inherent in working with
compressed air, the destructive nature of the measurements, and the fact that
there are apparently no pathways to automation. (ii) Thermocouple psychrometers
are easily automated, often non-destructive, and ideally suited for the lab, however
are very sensitive to temperature fluctuations. Thus, only the temperature-
compensated Dixon-Tyree stem hygrometer is a field instrument, although a rather
voluminous one suited for tree stems or thick branches only (Dixon and Tyree 1984;
Vogt 2001).

The parameters on the right side of Eq. 6.1 start with static substrate potential
(Ws). Direct measurements utilize tensiometers or soil thermocouple psychrome-
ters. Equation 6.1 opens up an indirect approach: where friction is negligible, ¥,
(minus the easily calculated value for W) will equal Wg of the root zone. Thus,
pressure chamber measurements at the end of the night (predawn), on resaturated
plants with closed stomata and in energy equilibrium with the soil, should give
values for Wg in the root zone (Martinez-Vilalta et al. 2002). However, it is often a
difficult question whether soil and plant are indeed in equilibrium. Another indirect
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approach is the calculation of Wg from measurements of soil water content by time-
domain reflectometry (TDR; Evett 2008) and the relationship between water
content and water potential established with a pressure-plate apparatus (Cresswell
et al. 2008).

As mentioned, gravitational potential (W) needs only a simple height measure-
ment for calculating its correct value. This does not contribute much to the total
except in the crowns of very tall trees. Wg is however completely invariant with
time and meteorological conditions; leaves 40 m above ground will thus never
experience total water potentials higher (less negative) than —0.41 MPa.

Frictional potential (Yr) depends on both the water fluxes in the SPAC and the
resistances against this water transport (cf. Eq. 6.2). In most cases the resistances
are more or less constant over short timespans, while fluxes are always likely to
change rapidly. The easiest way to find the momentary value for Wk is to solve
Eq. 6.1, where slowly changing Wg and invariant ¥ are not hard to determine and
¥, can be measured.

There are experimental methods to determine the components of W in Eq. 6.2.
The fluxes in stems and branches of trees may be measured by variants of Bruno
Huber’s approach (Huber 1932). They all use heat as a tracer and quantify the fluxes
over the whole depth of the sapwood or even in different layers from the outermost
to the innermost conducting zones (often non-destructively: Cermdk et al. 2004).
Detailed flux data for the circumference of tree stems and different sapwood depths
show their dependence on climate factors such as irradiation and temperature as
well as on the complex hydraulic architecture of trees. For resistances, on the other
hand, water flows are measured under a preset pressure head. This is a cumbersome
and destructive approach which however provides valuable insights into the distri-
bution of low-resistance sections and high-resistance “bottlenecks” from the roots
to the transpiring leaves. The high-pressure flow meter (HPFM) gives resistance
values for relatively small root systems, leaves, and shoots (Nardini et al. 2001), but
not for entire tall trees.

For the two parameters on the right side of Eq. 6.3, we can make use of quite an
impressive array of methods. However, the choice requires careful attention to
select the appropriate ones for a given purpose. Osmotic potential (¥,) is, after
gravitational potential (¥s), the parameter of the two-equation system known for
the longest time. The first method, used from the beginning of the twentieth century
onward, was cryoscopy of press saps, mostly from leaves or succulent stems. It is
rather time-consuming and fraught with a number of error sources. These can be
partly avoided by vapor-pressure osmometry of killed (preferably frozen and
re-thawed) tissues. The common problem of these two approaches is the mixing
of vacuolar sap, which is the target, with xylem and cell wall water poor in solutes;
the values found are therefore not as negative as those inside the living cells (Kikuta
and Richter 1992). Pressure potential (W},) requires at first a decision on the tissue
compartment which we intend to study. There are good indirect methods for the
pressures above atmospheric in the interior of living cells. They can be calculated
from total water potential and osmotic potential, preferably from pressure-volume
(PV) data. A direct approach is the cell pressure probe, where a small capillary is
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inserted into the vacuole and overpressures are registered with a pressure sensor
(Steudle 2000). For the negative pressures inside the xylem, there is no direct
method serving over the whole range of values encountered. Attempts to apply
the cell pressure probe to the lumen of conducting elements have failed (Wei
et al. 2001). Water inside the probe cavitates under modest tension; the negative
pressures usually reached in trees in the field are therefore not measurable. The fact
that the composition of xylem water is very close to distilled water gives us the
possibility to use ¥, as a proxy for xylem pressure potential (Eq. 6.3). Under special
circumstances, for instance on saline soils, the value thus found must be corrected
by the osmotic potential of the xylem sap. Information on the whole range of
possible combinations for ¥, ¥, and ¥, in the living cells is available from the
construction of pressure-volume (PV) curves in the lab (Sect. 6.4.2).

6.4 Some Significant Experimental Results on Tree Water
Transport

6.4.1 Total Water Potentials and Water Potential Gradients
in Trees

It is predicted by theory (Sect. 6.2) that there is no unique ¥, value for a whole tree
or even for a crown. The reason is the branched pathway of water. Two leaves
inserted somewhere on a tree are the endpoints of pathways which up to a certain
point in the stem are in common but then depart from one another. Starting at the
point of departure, resistances and especially fluxes may become very different.
This is evident from diurnal measurements in crowns, highly branched systems,
where there may be potential differences of up to 1 MPa between leaves at the same
height on opposite sides, not stable ones, but fluctuating with the changing position
of the sun.

One particular observation caused some confusion when the first results of
pressure chamber measurements from tree crowns were published (Scholander
et al. 1965). At that time the hydrostatic gradient of 0.103 MPa per 10 m was
considered most important. To the consternation of researchers, leaves at a vertical
distance of 10 m showed sometimes higher, sometimes lower differences than this,
and there were even cases where leaves on upper branches of a crown had less
negative potentials than those on the lower ones. This apparent enigma is solved by
the insight that friction is numerically far more important than gravity for producing
negative total water potentials, and that leaves at the end of different branches have
partly independent pathways with different hydraulic resistances.
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Fig. 6.1 Pressure-volume (PV) curve of a mature, fully saturated leaf of Euonymus latifolius
showing the relationship between the inverse of leaf water potentials (¥ ") and the water
saturation deficit (WSD). Leaf water potential was measured with an L-51 Leaf Hygrometer
(Wescor Inc.) connected to a CR7 Data Logger (Campbell Scientific Ltd.). In the curvilinear
part of the graph W,~' is composed of the inverse of pressure potential (‘prl) and osmotic
potential (¥, 1. In the linear part po! equals W, since turgor has been lost. ‘I’O([lpfl is the
inverse of osmotic potential at the turgor loss point, WSDy;,, the water saturation deficit at the
turgor loss point. ‘Po(satf' is the inverse of osmotic potential at full saturation estimated by
extrapolation of the straight osmotic line

6.4.2 Pressure-Volume (PV) Curves

The venerable determination of osmotic potentials on pressed sap or killed tissues
includes a dilution error because of the pure water in xylem conduits (Sect. 6.3).
This effect is avoided by the pressure-volume (PV) curve technique, a lab method,
which has however its greatest benefit in combination with field measurements of
Y,. The PV curve (Fig. 6.1) shows all the combined values for ¥, and ¥, from full
saturation to far below the turgor loss point (TLP). Thus, total water potentials
measured in the field can be related to the osmotic counterbalance inside the living
cells, which gives unique insights into the variability of turgor pressures.

PV curves describe the relationship between total water potential (¥,) and water
saturation deficit (WSD; Eq. 6.4) and are typically measured on single leaves
(Brodribb and Holbrook 2006) or small twigs (Lo Gullo et al. 2000), which are
first resaturated with distilled water. Weighing for saturated weight and determin-
ing ¥, which is very close to 0, come next. Then the plant organ is allowed to
dehydrate on the bench for a short period. Afterwards, the next pair of values for
fresh weight and ¥, is measured, and so on. The series is broken off when ¥,
becomes very low. At last, the organ is dried in an oven. From the data for saturated
weight (SW), fresh weight (FW), and dry weight (DW), the water saturation deficit
(WSD) can be calculated for the measurement points:
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WSD = (SW — FW)/(SW — DW) (6.4)

If we plot the inverse of the corresponding water potentials against WSD, we get
a graph which separates into two parts (Fig. 6.1). A steep curved portion is followed
by a flat straight line. An analysis shows that the linear portion starts at the turgor
loss point (TLP), where the pressure potential inside the living cells becomes zero.
From then on, total water potential (¥;) and osmotic potential (¥,) are identical,
their slow decline is due to the gradual concentration of sap inside the shrinking
cells. The straight line may be extrapolated back to full saturation and the difference
between the ¥, curve and the straight ¥, line in the region above the turgor loss
point gives the values for turgor potential (V).

We can now calculate ¥, and ¥}, for all combinations of WSD and ¥,. When
there are values for W, available, as from diurnal courses of total water potential
measured in the field, the other three parameters can be calculated or read from a
graph (Hinckley et al. 1983). We thus obtain diurnal courses for ¥, and WSD and,
most importantly, for ¥y,

6.4.3 Parameters Indicating Stress

Historically, the differences in osmotic potential between plants on different sites
were already recognized in the first half of the twentieth century, and at that time
more negative values for ¥, were considered as indicative of increased stress. Since
diverse strategies for coping with water stress have been found even for desert
plants, which do not always utilize negative osmotic potentials, this reasoning is no
longer considered valid.

Low water potentials in trees arise from different combinations of the three
factors on the right side of Eq. 6.1. Total water potential of one individual leaf in a
crown will become more negative whenever the soil gets drier or more water has to
be transported to maintain transpiration. Therefore, it may be tempting to use values
of W, as indicators for water stress situations. This reasoning is justified when we
compare ¥, in leaves of similar age exposed to identical microclimatic conditions
during one diurnal course. However, errors can arise with leaves at different
developmental stages or leaves from different species. The best indicator for
water stress is a lowering of water potentials to the vicinity of the turgor loss
point (TLP). This parameter is indeed nearly identical in leaves of the same age and
position in a tree crown, but will usually occur at different water potentials in
different species, and in younger and older leaves of the same species, e.g. in 1- and
2-year old leaves or needles of evergreens. The cell saps of young leaves contain
less solutes, turgor pressures at full saturation are therefore lower and turgor loss
points are found at a less negative total water potential. Young leaves close stomata
at a less negative W,, thus avoiding a drop below their TLP. This does certainly not
indicate that their water status is better than in adult leaves with lower potentials or
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that they are less stressed (Karlic and Richter 1983). Why is turgor so important?
First, it is the driving force for cellular expansion. This becomes clear from the
Lockhart equation:

dv/dt =m(¥, - Y) (6.5)

Where dV/dt is the expansion rate of a growing cell, m is the extensibility of its
cell wall, ¥}, is turgor pressure, and Y a threshold value of turgor which has to be
reached before extension starts. A lower turgor means a reduced expansion rate and,
since the extensibility of the cell wall ceases after some time, a smaller final volume
of the cell.

Second, leaf cells at the TLP begin to wilt. The protoplasm of non-turgescent,
wilting cells is mechanically stressed between the cell wall and the shrinking
vacuole; this stress is avoided, if possible. Stomatal closure is induced to prevent
a further drop in water potential. However, it also reduces photosynthetic CO,
uptake. The leaf has, so to speak, the choice between thirst and hunger.

6.4.4 Cavitation, Embolization, and Refilling

Although gas-free water in glass capillaries can sustain tensions of several dozen
MPa, water in the xylem is far less stable. The reason lies in the construction of
xylem elements. Their walls are perforated by pits, holes closed by a very thin
membrane with rather wide pores. It is through these pit-membrane pores that water
passes from one vessel or tracheid to the next in its course along the transport
pathway. Pit-membrane pores are weak spots for the stability of the water column.
Where they contact air-filled structures, air will be sucked into the water-filled
conducting element when the pressure difference exceeds a given threshold value
(Sperry and Hacke 2004). This causes cavitation, the sudden snapping of the water
column (Tyree and Zimmermann 2002). Cavitating elements emit audible and
ultrasonic signals, which provide a means for detailed studies. Sensitive micro-
phones pick up the signals (Ritman and Milburn 1991). The number of cavitating
elements may be related to water potentials at the point of measurement, and the
wave form characteristics emitted give information on the size of the cavitating
structures (Johnson et al. 2009; Rosner et al. 2009).

A near vacuum filled with water vapor is created in a cavitated element and
water conduction interrupted, but the cell walls of the cavitated vessel or tracheid
keep this bubble from spreading over the whole xylem. Later, air seeps into the
vacuum, and emboli are formed, that is, gas-filled xylem elements (Holtta
et al. 2007). The vulnerability of an individual conducting element to cavitation
depends on its surroundings (since an element cannot cavitate when it contacts only
water-filled counterparts), its anatomy and its mechanical properties (Delzon
et al. 2010). The vulnerability of the entire xylem column of intact stems, branches
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Fig. 6.2 Vulnerability curve of a mature, attached leaf of Euonymus latifolius showing the
relationship between leaf water potentials and the percentage of cumulated numbers of ultrasonic
acoustic signals (AEs) emitted during bench-drying from full saturation. Leaf water potentials
were continuously measured with an L-51 Leaf Hygrometer connected to a CR7 Data Logger,
ultrasonic acoustic emissions were detected with a I151 transducer connected to a 4615 Drought
Stress Monitor (Physical Acoustics Corp.). The dashed line shows the osmotic potential at the
turgor loss point (‘o)) from a pressure-volume curve measured on the other leaf of the pair

and twigs is further limited by cortex and bark, which isolate the interior from the
outside air to species-specific and developmentally variable degrees.

There are numerous data on vulnerability curves in the literature, that are plots of
the loss of hydraulic conductivity (in percent of the maximum) or of cumulated
numbers of ultrasonic signals against the increasingly negative water potentials
from full saturation to severe stress (Fig. 6.2). Various methods are employed for
inducing cavitation (Choat et al. 2010; Cochard et al. 2010), such as bench-drying,
high-speed centrifugation, and air overpressure applied to the outside of twigs with
pressure collars. The results are highly dependent on the methodology used, and
numerical comparisons should probably be avoided where methods differ.

The question is whether non-embolized structures remain numerous enough to
sustain water conduction, or whether refilling processes may restore the conduc-
tivity of embolized elements after some time. The answer seems to be yes in both
cases. The wood of trees is constructed in a very redundant way, which means that
the functional impairment of a good part of the conducting elements can be
tolerated quite easily. However, refilling under tension will also occur, for instance
in laurel (Hacke and Sperry 2003; Salleo et al. 2006). This process depends on
metabolism. Although there are numerous attempts to suggest a plausible mecha-
nism, up to now no final consensus has been reached (Clearwater and Goldstein
2005; Zwieniecki and Holbrook 2009). The difficulty to explain is that water must
be transferred into a vacuum from the xylem water, which is at negative pressures,
against a potential gradient.
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6.5 Tall Trees and Small Herbs: A Useful Comparison

Resistances and fluxes result in gradually more negative values for frictional
potential in the direction of the water flow. When we compare tall trees with
small herbs, a riddle arises. The absolute values for ¥, in the leaves at the end of
these pathways are quite similar, although the length of the pathway from the roots
upwards may differ by factors of several hundreds. Why aren’t herbs investing an
additional, very small amount of material and energy into the construction of
parallel xylem elements, thus building a more efficient transport pathway with
lower resistances and potential losses? The reason may be an inherent selection
advantage for higher resistances in herbs, but what does it consist of?

We think this advantage is in water economy. An over-efficient xylem with very
low resistance would let a tiny herb transport huge amounts of water over the short
distances in its body with hardly any loss of energy. Normally, a ¥, close to the TLP
triggers stomatal closure. In the absence of this signal, transpirational water loss
would become extreme during periods of high temperatures and low air humidity,
e.g. at noon on a hot summer day. The amount of water molecules spent for the
uptake of one CO, molecule would increase dramatically and water use efficiency
(WUE), which is poor anyway, would become extremely low. The inherent resis-
tances of the transport pathway are high enough in trees, but they have to also be
maintained in seedlings and herbs, which have evolved from woody plants. Without
this precaution, soil water would be rapidly depleted, with Wg falling to very low
values. This would result in stomatal closure and prolonged periods of low photo-
synthesis, thus reducing competitiveness of the herbs.

6.6 Weak Spots in Our Understanding of Water Transport
in Trees

Long-distance water transport makes use of the dead conducting elements of the
xylem. The amount and energy content of the water transported may be described
by a formula analogous to Ohm’s law in electricity (cf. Eq. 6.1). So here, too, there
are potential differences, fluxes, and resistances. This could perhaps be misleading
us to regarding water transport as a simple, purely physical problem. Water
transport described in electrical terms, together with the extant morphological and
anatomical information characterizing the pathway, could permit us to calculate
parameters from simple data and to devise precise models. However, this reasoning
is incorrect. Our knowledge has vast gaps, which are mostly due to our incomplete
understanding of the resistances in the pathway. Our gaps in understanding these
resistances follow.

Fine roots: These short-lived organs are the points of entry for water molecules
into the plant body. The total resistance of the fine root system of a plant will
obviously depend on two parameters: the transverse resistance of a single root from
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the surface to the xylem and the number of parallel roots taking up water. While
there are good methods for assessing single root hydraulics (e.g. Knipfer
et al. 2007), fine root dynamics are still underinvestigated. This is mainly a problem
of methodology (Hendricks et al. 2006). Even apparently simple procedures, such
as counting and mass determination, are difficult, tedious and imprecise. Different
methods give vastly differing results. Root growth and dieback are therefore not
fully understood. What is known suggests highly variable numbers of functioning
fine roots over the year.

Embolization: The pathway for long-distance transport is reached in the root
where the water enters the xylem, a continuous system of dead vessels and tracheids
leading from the root through the stem to the leaves. Here, the water column
becomes metastable under the prevailing tensions. Cavitation as well as emboliza-
tion will have an impact on the resistance of the pathway. Numerous data on
cavitation thresholds are available for stems and leaves of woody plants, they are
scarce for herbs, and absent for minor roots.

Bottlenecks: By this term we understand short anatomical regions where the
xylem elements are rearranged. Here, their average diameter, length, and wall
thickness will often differ from the values in the main part of the pathway. In
general, they are sites of higher resistances. Examples are the branching points of
roots, the transition zone between root system and stem, and the nodes. Therefore,
we can for instance observe a pronounced potential drop between the xylem of a
twiglet and the leaves inserted. Information on bottlenecks is still incomplete
because the HPFM has not yet been applied to all the relevant spots in trees.

We notice a lack of simple and efficient methods to determine all these resis-
tances with the same ease and accuracy and at the same level of resolution as the
fluxes. Thus it is still impossible to calculate the value for frictional potential in,
say, a leaf or a needle from the available data for fluxes and resistances along the
pathway to this individual organ.

Leaves: Transport of liquid water becomes even more complicated in a leaf
(Sack and Holbrook 2006). A network of veins with differing diameters distributes
water in the lamina. The minor veins are in close contact with the living mesophyll
cells. The distribution of resistances in leaves is rather unclear yet and will certainly
depend on species and developmental stage. However, living protoplasm surely
plays an important role, since a strong reaction to changing light and temperatures
has been demonstrated (Cochard et al. 2007). Involvement of aquaporins is shown
by an increase in transport resistances after application of mercury salts, reversible
by mercaptoethanol. We do not know exactly where the water is passing from the
finest veins into the mesophyll cells and through them into the cell walls lining the
intercellular air spaces and substomatal cavities.

From these cell walls, water molecules finally escape into the gaseous phase,
pass through open stomata along the vapor pressure gradient and diffuse into the
very dry free atmosphere.
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6.7 Likely Effects of Climate Change on Tree Water
Transport

Water transport is strongly influenced by the microclimate impinging on a tree.
Since microclimate depends on macroclimate, global changes must have an impact
on water transport. It is however still very difficult to predict the direction of future
changes for the most relevant parameters, i.e., rainfall, air humidity, summer and
winter temperatures, irradiance, and wind. This is true at the macroscopic scale of
continents or landscapes, and even more so on the microscopic scale of sites or
forest stands. We will therefore shortly discuss, for each of the climate factors
mentioned, the effects of changes in both directions on water transport.

Rainfall refills the soil and specifically the wide pores which have been emptied
first. They have less transport resistance than narrow pores, so friction will be less in
saturated soils. Increased rainfall will keep stomata open longer for CO, uptake.
Prolonged flooding will stress most plants and lead to root dieback. Reduced
rainfall will lower static substrate potential (Ws). Transpiration decreases because
of high friction in the smaller soil pores and the stomatal closing reaction at the
turgor loss point.

Transpiration is driven by vapor pressure deficit (VPD). With an increase in
temperature, air can hold a higher weight of water until a relative humidity of 100 %
is reached. The increase is not linear, but higher at elevated temperatures, so the
differences between the vapor pressures at 100 % relative humidity and, say, 50 %
will be by far higher at 25 °C than at 15 °C. An increase in temperature or a decrease
in relative humidity will therefore increase transpiration, water flows, and tensions
in the xylem. Decreasing temperature or higher relative humidity will reduce these
parameters. For the globe as a whole, increased average temperatures are forecast
for this century. It is not clear how this scenario will hold at continental scales
Western Europe. For instance, some models predict lower temperatures for Western
Europe because of an altered course of the Gulf Stream (Rahmstorf 1997).

Winter temperatures have probably exercised the strongest selection pressure on
plants moving from the tropics north or south, or from sea level into high moun-
tains. Among taxa evolved in the tropics there are comparatively few which tolerate
the formation of ice within the plant. Recent studies (Mayr et al. 2006) have shown
that water transport is a key factor in explaining how an alpine timberline is
established. Frozen xylem cannot transport water, so the duration of this transport
interruption in relation to water loss, which continues even at sub-zero tempera-
tures, will be crucial for survival. Since xylem water in stems and branches may
stay frozen when evergreen leaves or needles have already thawed and started to
transpire, sudden warming by air or high springtime irradiation, followed by
refreezing during the night, will stress trees even more than a continuous cold
period in winter.

Changing patterns of wind directions could steer air masses at unusual temper-
ature or humidity towards a site, with consequences for VPD. Changing wind
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speeds will have a minor impact limited to an increase or decrease in calms unable
to remove the water-vapor boundary layer from the leaf surface.

Irradiation depends first on solar radiation, which is not influenced by terrestrial
climate. The second factor however, cloud cover, might be altered. Clouds reduce
leaf temperature, transpiration, and transport requirements, while a cloudless sky
increases transpiration.

Will climate change have a major impact on the capacity for water transport in
trees? The answer is probably no, barring extreme scenarios. Xylem transport is
rather adaptable and resilient. Strain on the transport system of trees is nothing new:
our planet has gone through periods of extreme climate change, far more pro-
nounced ones than now predicted for the next century, and fossil evidence shows
that trees never disappeared. This is not to deny, of course, that altered transport
requirements will influence the competitive success of species. Changes in the tree
floras of landscapes or sites are quite likely, but as a result of interacting physio-
logical processes, not of the breakdown of a single system (McDowell et al. 2008).

In conclusion, theoretical considerations and experimental results show us that
plants have developed an efficient way of securing their water supply by means of
an elaborate mechanism for long-distance transport, a fact which becomes espe-
cially conspicuous in tall trees.
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Chapter 7
Forest Trees Under Air Pollution as a Factor
of Climate Change
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Abstract Air pollution and climate change are inherently linked to each other.
After introducing into the presently prevalent air pollutants and their relevance for
forest tree and ecosystem performance, the account focuses on nitrogen deposition
and tropospheric ozone (O3), the latter being regarded as potentially most detri-
mental to vegetation, and hence, as negating carbon sink strength and storage.
Mechanisms of O3 action in trees and stands are highlighted, stressing interactions
with other abiotic and biotic factors, including volatile organic compounds, as a
fundamental pre-requisite for understanding O3 effects. O; is emphasized as a
globally effective agent of climate change, regarding relevance for forest produc-
tivity, in particular, at hot spots of air pollution in the southern hemisphere,
prognosticated for the upcoming decades. Adaptation capacities of forest trees are
discussed in view of the rapidity in the progression of environmental change.
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7.1 Air Pollution: A Component of Climate Change

Air pollution and climate change are inherently linked to each other, as both have
the same origin: human activity. The link arises from the combustion of fossil
energy resources and land-use changes such as clear-cutting and burning of eco-
systems, which release, as major constituents, carbon dioxide and monoxide (CO,
and CO, respectively), nitrogen oxides (NO,) and, with currently decreasing
relevance, sulphur dioxide (SO,). Such trace gas emissions add to those from
intense agricultural practices, in particular, ammonia (NHjz; IPCC 2007). The
resulting high nitrogen load on ecosystems can lead to enhanced release of nitrous
oxide (N,0). In addition, biogenic volatile organic compounds (BVOCs) increase
the mixture of reactants in the atmosphere (Guenther et al. 1995; Laothawornkitkul
et al. 2009), predominantly originating from natural sources.

Although BVOC:s are emitted by all biota, they are largely produced and emitted
by forests and shrublands accounting for about 90 % of the natural emissions.
BVOCs are important in the global C cycle. With an atmospheric carbon flux of
1,200 Tg C yr~ ', they represent approximately 1 % of the total C exchange between
biota and the atmosphere (Lal 1999). The contribution of VOCs from anthropo-
genic sources to the total VOCs emission accounts for approximately 150 Tg C
yr~', indicating that on global scale biogenic emissions dominate. Anthropogenic
VOC emissions relate to fuel production and handling as well as to fuel combustion
in car traffic. Another component released from industries is halogenated hydro-
carbons. As such trace gases accumulate in the atmosphere, their chemical inter-
actions are increased under high irradiance. In particular, short-wave radiation as
energy source, production of NO, as catalysers, and VOCs as substrate and pre-
cursors result in the photo-chemical formation of ground-level tropospheric ozone
(0O3), a secondary air pollutant (Stockwell et al. 1997). NO, and VOC:s are crucial in
driving O5 regimes, as both have the capacity of lowering or enhancing O levels,
depending on the circumstantial physico-chemical conditions of the atmosphere
and on ecosystem characteristics.

At this stage, the major determinants of climate warming are represented, i.e.,
the greenhouse gases CO,, Oz, N,O, and halogenated hydrocarbons. As warming
favours the evaporation of water, the accumulation of water vapour as another
important greenhouse gas is promoted in the atmosphere. In view of the current
atmospheric conditions, water vapour accounts for about 66 % of global warming,
CO, and O; by about 15 % and 10 %, respectively, and both N,O and CH, by about
3 % each. In addition, halogenated hydrocarbons are known to be responsible for
the destruction of the Oj layer in the stratosphere (“ozone hole” formation),
opening the protective shield for terrestrial life against the deleterious UV-B
radiation in sunlight. Although the physico-chemical mechanisms determining the
regimes of atmospheric trace gases are still poorly understood, their relevance both
as air pollutants and agents of climate change is evident. Some exceptions are CO,
and nitrogen compounds, as they act primarily as plant fertilizers. However, if
available in excess and in imbalance with other nutrients, N compounds are to be
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regarded as pollutants, as they can perturb ecosystem processes, accumulate and
eventually become harmful. Either way, trace gases act on and are affected by
ecosystems, both directly and through effects on climate.

For these reasons, forests are currently facing significant pressures, while being
ecologically crucial for carbon (C) storage in a world of increasing atmospheric
CO, concentration with consequences for climate warming. Forests with coverage
of about 30 % of the terrestrial surface area comprise about 85 % of the C stored in
the phytomass (Saugier et al. 2001). Not to be overlooked is the C storage in soils,
which can range between 20 % of the entire ecosystem C pool in tropical rain
forests to 70 % in boreal coniferous forests. In contrast to forests, croplands have
smaller belowground C pools and are generally C sources because of agricultural
management (Luyssaert et al. 2008; Schulze et al. 2009). Forests and other vege-
tation, nevertheless, do not have the C sequestration capacity to counter-balance
anthropogenic CO, emissions (burning of fossil fuels and ecosystems). They are,
however, important for mitigating the atmospheric CO, enrichment, including the
sustainable use of wood production in lieu of other energy sources. At present, C
fixation by terrestrial ecosystems globally equals the C release through forest
destruction (Korner 2003).

It is crucial to prevent the transformation of forests from a C sink into a C source,
as could occur with degradation due to air pollution and climate change. Determi-
nants of this quest are (i) air quality as defined by atmospheric CO, concentration,
nitrogen (N) deposition (Nadelhoffer et al. 1999), and Oz exposure (Sitch
et al. 2007) in relation to precursor availability (VOCs, NOx), (ii) climate change
influencing site conditions through altered regimes of insolation, air temperature
and precipitation (Myneni et al. 1997; Wamelink et al. 2009), and (iii) soil condi-
tions through effects of air pollution and climate change (Poorter and Navas 2003;
Wamelink et al. 2009; De Vries and Posch 2011).

Given the focus on air pollution in this chapter, atmospheric CO, in elevated
concentration, although being of anthropogenic origin, is least representative of a
gaseous pollutant from the viewpoint of trees. The extent of growth stimulation by
CO, is mediated through the availabilities of other resources, such as irradiance,
nutrient elements and water (apart from plant-internal factors), and if such effects
become limited, then by interaction with other pollutants like ground-level O3 (see
below) rather than by CO, per se. Elevated CO,, if in imbalance with plant
nutrition, can nevertheless affect food chains in ecosystems and host-parasite
relationships. However, such effects lie within the range of ecological responsive-
ness, and it appears to be a matter of definition, what kind of quality or extent such
effects should attain to view them as adverse. Hence, CO, effects on trees per se,
which have been reviewed extensively elsewhere (Ceulemans et al. 1999; Saxe
et al. 1998; Karnosky et al. 2003; Korner 2003), will not be a subject of this chapter,
however, elevated CO, will be highlighted, if interacting with actual pollutants in
the impact on or the response of trees.

More pronounced is the ambiguity of the N compounds amongst the trace gases
in terms of being fertilizer or pollutant. An outline will be presented on the
contrasting ways of action in trees and forest ecosystems. Although a severe
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pollutant in the past, SO, has been lost in importance since the 1980s, which had
been released from the burning of coal (in particular, brown coal) in parts of the
industrialized world (e.g. in Central Europe). The reasons for this change are the
shift from coal to mineral oil and petroleum gas for energy production, use of
heating oil of low sulphur (S) content, and desulphurization of industrial waste
gases. In some areas, S deposition has become that low so that S fertilization is
required again in agricultural crop production.

Conversely, with concentrations well above pre-industrial levels, O; is regarded
as the potentially most detrimental air pollutant to vegetation (Matyssek and
Sandermann 2003; Fowler et al. 2008; Wittig et al. 2007, 2009). Empirical evidence
suggests chronically enhanced O; to negate the C sink strength of forest ecosystems
to an extent similar to the (limited) stimulation by the increasing atmospheric CO,
concentration (Karnosky et al. 2003, 2007; Grams et al. 1999, 2007; Wittig
et al. 2009). Findings are scarce and circumstantial, being defined by genotype,
phenology and ontogeny as well as ecophysiological traits (e.g. tree and foliage
type, trace gas interactions of BVOCs efflux), and factors of climate change like
nitrogen (N) deposition and water availability (Matyssek et al. 2010a, b). Poorly
validated modelling predicts chronically enhanced O; stress to negate the C sink
strength of forest ecosystems by the end of this century at the global scale, as O;
regimes are expected to stay high or further increase (Sitch et al. 2007; Dentener
et al. 2006; Vingarzan 2004). As a consequence, the radiative forcing of the
atmosphere by reduced C fixation is expected to be significant. Relationships of
such a kind again demonstrate air pollution as an intrinsic component of climate
change (Fowler et al. 2008). The global dimension is supported, in addition, by the
observation that plumes of enhanced O; levels are transported across and between
continents (Newell and Evans 2000; Derwent et al. 2004). Such a global view on
tropospheric Oj has attained awareness only since recently (Keating et al. 2004;
Matyssek et al. 2010a).

Given the paramount role O3 currently plays in air pollution at global scale, the
major focus of this chapter will be on tropospheric Oz and its impact on forest trees
and ecosystems. As Oz today is to be understood as part of climate change
scenarios, emphasis will be directed to interactions with other factors of relevance
in a changing environment. This will constitute most of the presentation after
introducing into principles of O3 action in trees. Global dimensions and relevance
of O; regimes, including the southern hemisphere, will be examined before con-
cluding on capacities in forest trees of coping with and adapting to a changing
environment under air pollution impact.
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7.2 Principles of Pollutant Impact on Trees

7.2.1 Nitrogen

Natural forest sites are typically limited in N availability, and accordingly, managed
forests have been planted on sites too poor in nutrition to allow for profitable
agricultural crop production. Exceptions are N-demanding, short-rotation tree
plantations for biogenic energy production, but in general, high N input as intro-
duced from anthropogenic sources initially stimulates forest productivity as a
fertilizer (Aber et al. 1998). This is relevant for industrialized countries, where
such sources are the combustion of fossil energy resources (release of NO, and
other N oxides) and emissions from intense agricultural practices (ammonia) with
high N demands and turnover. Such agricultural practices are based on the Haber
process, which converts atmospheric N, into ammonium in chemical fertilizer
production. As N emissions are not transported in the atmosphere across long
distances, high N deposition transport is typically associated within the region of
high N release. Since pre-industrial times, N flux to continents has doubled on
average (Galloway et al. 2004). As a result, increasing N availability to plants in the
atmosphere and soils drives N uptake and the stimulation of photosynthesis and net
primary production, provided other nutrient elements, water, insolation and tem-
perature are not limiting. Gaseous N compounds (except for N,) taken up through
stomata may cover about 20 % of the metabolic N demand of trees (Fig. 7.1a).

The stimulation of net primary production (NPP) is based on the high biosyn-
thetic demands of the CO,-fixing enzyme Rubisco and chlorophyll for nitrogen.
However, luxurious N supply, which may arise from human activity, leads to an
over-saturation of forest trees and ecosystems (hyper-eutrophication), and to the
acidification of soils (Aber et al. 1998), which is regarded to be one driver of forest
decline.

In more detail, high N deposition, typically characterized by high ammonium/
nitrate ratios, leads to ammonium accumulation in soils, expelling other nutritional
cations from soil particles (as ion exchangers) into the soil solution. Such cations
are prone to leaching, impoverishing the site in nutrients, while soil micro-
organisms make use of the excess ammonium for their population growth. This
leads to high proliferation of nitrate as an outcome of nitrification and favours the
decomposition of organic soil matter. As a result, respiratory C loss from soils can
be enhanced, so that forest ecosystems may turn into C sources, promoting rather
than mitigating climate warming. The mobile nitrate ion is readily leached out of
the ecosystem, contaminating groundwater and springs to the extent that preclude
their use as drinking water (Schulze et al. 2005). In such springs, nitrate levels have
increased by about four times since the 1930s in Central Europe. High nitrate levels
in soils also stimulate denitrification, a process that releases N,O as a driver of
global warming (Aber et al. 1998). In addition, isotopic signatures of the leached
nitrate demonstrate that a high proportion has not entered metabolic pathways of
the vegetation, corroborating the N over-saturation of forest ecosystems (Durka
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Fig. 7.1 Scaling principles of NO, and Oj; effects in juvenile trees under chamber conditions,
exemplifying (a) Populus x euramericana/NO, (Siegwolf et al. 2001), and (b) Betula pendula/O3
(After Kolb and Matyssek 2001 and Matyssek and Sandermann 2003; “+” stimulation, “—”
limitation, arrows vectors of action. (a) Populus grown as cuttings under NO, exposure oriented
at high urban situations (100 nl NO, 1™Y) or in the absence of NO, as control (duration of
experiment 15 weeks): Upon NO, uptake through stomata, stimulated nitrate reductase activity
(NaR) reflects metabolic NO, incorporation, confirmed by respective change in the 'SN/'*N
signature of leaves. Subsequent effects are increase in leaf size, decrease in stomatal density and
leaf mass per area (LMA = inverse of SLA) as well as increase of whole-plant foliage area at
unchanged leaf formation rate. Leaf area-related photosynthesis, stomatal conductance, transpi-
ration and water-use efficiency (WUE) are increased (the latter parameters being corroborated by
decrease in '®0/'°0 and increase in '*C/"*C ratios) along with whole-plant biomass production,
whereas C allocation changes at the expense of root growth. Overall, NO, uptake caused plant
performance to resemble that by N fertilization from the soil (Mooney and Winner 1991, Stitt and
Schulze 1994), irrespective of the N supply by the soil. Betula grown as cuttings, summarizing
several experiments under up to 100 nl O3 nl~" or under charcoal-filtered air as control (duration of
experiment growing season). After entering the leaf through stomata, Oz induces repair and
defense mechanisms (including raised respiratory activity) with effects on resource allocation;
stimulation of the enzyme PEP carboxylase (PEPC) is involved, and tissue '*C content is increased
by this enzyme rather than by effects of leaf gas exchange. Leaf size can be reduced and LMA and
stomatal density increased, but transpiration is often decreased by partial stomatal closure. Tissue
collapse also reduces photosynthesis in parallel to inhibition through Osz-induced biochemical
signals, leading to low WUE and perturbed translocation processes in resource allocation. Also,
disruption of phloem structure and function can occur. Although R/S stays low, whole-plant
biomass production declines because of reduced leaf size, photosynthesis, branching, and leaf
turnover, but increased premature leaf loss and respiration. Also, WUE of biomass production
decreases. Note, however, that the selected processes and their linkage strongly depend on
nutrition, water availability and insolation as well as on the genotype and co-occurring biotic
stress (e.g. by competitors). See Matyssek and Sandermann (2003) for graphical extension by the
cell level, and Sandermann and Matyssek (2004) for further details on mechanistic scaling)
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etal. 1994). The enhanced nitrate availability along with the loss of alkaline cations
(Ca, Mg), and hence, of buffering capacity, causes soil acidification, which in turn
facilitates acidic cations such as aluminum (Al) to enter the soil solution. Also, Al is
toxic in freshwater and has been discussed as a disturbant of ecosystem processes
(Marscher 1991).

At this level of ecosystem N saturation, tree mortality may increase, and the once
stimulated NPP is now suppressed, as the proportions among nutrient elements
gradually shifts to an imbalance dominated by nitrogen (Aber et al. 1998). How-
ever, a balanced nutrient supply is crucial for tree growth. Imbalance is indicated by
lowered Ca/Al and Mg/Al ratios (reinforced by a high affinity of roots to passive Al
uptake) as indicators of forest decline. A shortage in Ca can restrict radial stem
growth (Lautner et al. 2007), limitating water transport capacity. In this way, the
development of tree foliage may be reduced, which can lead to progressive crown
transparency. In addition, leaves may become yellowish as a consequence of Mg
limitation (Schulze et al. 1989). Mg is crucial for chlorophyll functionality so that
shortage reduces photosynthesis and C gains and is accompanied by the loss of
chlorophyll. In particular, advanced needle age classes of evergreen coniferous tree
species can turn yellow, as the retranslocation of Mg from old needles to new
represent a strong sink during needle growth. Further adverse effects of luxurious N
availability may be an increasing attractiveness to herbivores and pathogens and an
enhanced susceptibility to early and late frosts, as high specific leaf area is induced
during differentiation at the expense of leaf robustness. High N supply in addition
favours aboveground relative to belowground organs in whole-tree C allocation, so
that trees may become susceptible to soil drought.

At the global scale, the annual consumption of N fertilizer has steadily increased
since the 1950s throughout the year 1990 from 10 to about 80 x 10° t yr~'
(Millenium Ecosystem Assessment 2005). At that time, the economic collapse of
the former Soviet Union and other eastern European countries led to reduced use
into the early twenty-first century. In other industrialized countries, the consump-
tion stagnated at somewhat more than 20 x 10° t yr~' since the early 1980s. This
contrasts, however, with the developing countries, where fertilizer use is still
increasing, representing the highest proportion in the global fertilizer consumption.
To date, the amounts of N, converted into ammonium by terrestrial ecosystems and
by the Haber process have become similar (Galloway et al. 2004). Another dou-
bling of N flux to the continents by the Haber process is expected by the year 2050.

7.2.2 Ozone

Ozone is occurring both in cities and rural landscapes of industrialized countries at
levels that exceed natural, pre-industrial background concentrations (10-20 ppb) by
a factor of 2-5. During recent decades, O3 has increased by 1-2 % per year
(Stockwell et al. 1997). For trees and forests, O3 is regarded as an air pollutant of
high risk (Fowler et al. 2008). Nevertheless, involvement in forest decline is still a
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matter of debate, as knowledge about O; effects, due to logistic reasons, is pre-
dominantly based on controlled experiments in chambers with juvenile individual
trees. Such findings can hardly be validated for adult trees at forest sites with
multiple concurrent stressors and contrasting ontogenetic specificities (Kolb and
Matyssek 2001). The fundamental principles of O3 action have been described here
rather than their relevance for mature trees growing under field conditions (see
overviews by Matyssek and Sandermann 2003; Matyssek et al. 2010a; Niinemets
2010 and Fig. 7.1b).

7.2.2.1 Juvenile Trees, Chamber Conditions
Cell Level

Ozone and its oxidative derivatives which originate from its rapid decomposition
after entering the plant via stomata primarily act on the apoplast of the leaf
mesophyll and the plasmalemma adjacent to the cell walls (Sandermann
et al. 1997). The apoplast contains antioxidants as defence metabolites
(e.g. ascorbate) which need to be regenerated by the cells, while signal chains are
initiated by the plasmalemma (as long as it is resistant to injury), which can enhance
the defence capacity or may induce membrane and chloroplast injury, and as a
result, decrease photosynthesis. In addition, cellular processes (e.g., translocation of
assimilates) may be distrupted and leaf differentiation may be shifted towards
reduced specific leaf area (SLA) and leaf size (Pddkkonen et al. 1998a; Matyssek
2001). A broad spectrum of gene expression is involved that controls the synthesis
of lignins and callose along with “programmed cell death” in leaves (i.e. induction
of necrosis for confining oxidative injury; Kangasjarvi et al. 2005), as well as a
broad range of metabolites for processes of defence and repair (e.g. synthesis of
pathogen-related proteins, as pathogen attack also stimulates oxidative stress;
Hahlbrock et al. 2003; Matyssek et al. 2005). The additional metabolic effort may
be reflected by enhanced respiratory activity.

Leaf-Level

Although O; stress can cause stomatal closure, the photosynthetic water-use effi-
ciency (WUE) often declines, as relative to the restricted transpiration reduction in
photosynthesis may be higher in proportion (Matyssek et al. 1995; Fig. 7.1b). In
addition to cell-internal processes (see above), one reason is that collapse of
mesophyll cells collapsed causes membrane injury (Giinthardt-Goerg et al. 1993;
Matyssek 2001). Progressive tissue destruction eventually hinders the assimilate
translocation in the leaves. Also, phloem loading can be impeded, as injury even-
tually leads to premature leaf loss.
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Whole-Tree Level

Premature leaf loss, in addition to inhibited photosynthesis at the cell and leaf level
(see above), reduces the foliage area and, as a consequence, the whole-tree C gain
(Maurer and Matyssek 1997; Fig. 7.1b). The reduced C gain along with perturbed
assimilate translocation and enhanced respiration lowers the growth rate and
biomass production (Karnosky et al. 1996; at reduced WUE related to whole-tree
water consumption, according to the lowered WUE in leaf gas exchange; see
above) and alters the C allocation between the tree organs (Matyssek 2001).
Often, root growth appears to be more limited than shoot growth (Andersen
2003), although leaf sizes and branching may be reduced. The lowered C gain
can be at the expense of competitiveness relative to neighbouring plants, as space
occupation and exploitation for resources is mitigated upon reduced above and
belowground growth (Kozovits et al. 2005).

Tree responses are strongly influenced, however, by multiple stresses, in partic-
ular, competing plants, parasites, mycorrhization, as well as plant-related factors
like genotype and age (Coleman et al. 1995; Maurer and Matyssek 1997; Matyssek
et al. 2005). Crucial to these responses are O3 dose uptake, the time span of uptake
(Reich 1987), and the dynamics of O3 levels along with the sensitivity of tree per
unit dose (i.e. the ‘effective O; dose’, as determined by the capacities of repair and
defence, the seasonal course and further environmental stress; Musselman
et al. 2006; Matyssek et al. 2008). Given the significance of the effective O3
dose, it is not justified to merely conclude Oj sensitivity from foliage type
(evergreeness vs. deciduousness with low vs. high O3 flux, respectively) (Calatayud
et al. 2010). The interaction of internal and external variations determines O3
uptake, C gain and reserve storage as pre-requisites for repair and defence capac-
ities, and eventually, O3 sensitivity (Wieser and Matyssek 2007). O3 is no longer
believed to be a ‘tree killer’ at the short-term scale. However, long-term O5; impact
may weaken the trees’ tolerance of further stresses and induce respective
pre-dispositions, which can eventually become lethal. Such kinds of mechanisms
are discussed for regions of chronically high O; regimes (such as California/USA;
Miller and McBride 1999). Hence, considering principles of Oj action in trees must
not neglect the complexity of O3 impact and responses, within the context of abiotic
and biotic stressors and other factors. The topics will be pursued in Sect. 7.3.

7.2.2.2 Adult Trees and Stand Conditions

Most data have been obtained from juvenile trees in closed chambers (see above),
and therefore are biased by unnatural growth conditions and altered plant sensitivity
to O3 (Kolb and Matyssek 2001; Stockwell et al. 1997). Their value for extrapola-
tion to forests, therefore, is limited. In the following, key results from a unique
8-year free-air Os-fumigation experiment on mature beech and spruce trees (Fagus
sylvatica and Picea abies, respectively), both being ecologically and economically
important climax tree species in Central Europe, will be discussed (Fig. 7.2; see
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overviews in Matyssek et al. 2010a, b). A novel canopy O3 exposure methodology
was employed that allowed whole-plant assessment of in situ growing forest trees
under twice-ambient O3 levels (2 x Os; Nunn et al. 2002; Werner and Fabian 2002;
Karnosky et al. 2007) without enclosure in chambers (therefore, no micro-climatic
bias on Oj; sensitivity). The treatment 2 x O3 was restricted to < 150 nl 17" to
prevent acute injury. The 2 x O; regime was based on monitoring the ambient O;
regime at the site (1 x Os, control) continuously throughout the eight growing
seasons of 2000 through 2007.

Volume increments of whole stems revealed a deleterious effect of 2 x O3 in
beech throughout the study period (Pretzsch et al. 2010; Fig. 7.2), based on
increment analysis along the entire stem length by making use of diameter-height
allometric relationships, which determined the individual’s stem shape and volume.
At the stand level, the decline in stem wood productivity attributable to O3 was
10 m® ha~' yr~', on average over the 8-year study period, representing a 44 % loss
relative to the 1 x Oz beech trees. Such an effect was absent in spruce, where
O;-changed diameter-height allometry and compensated for the reduction in radial
increment at breast height which was similar as for beech, resulting in an increase in
total stand productivity by 0.5 m® ha~' yr~" under 2 x O (Pretzsch et al. 2010).
The Os limitation in beech did not become apparent, however, when restricting the
analysis to radial breast height increments, according to conventional forestry
practices (Wipfler et al. 2005; Pretzsch et al. 2010).

In contrast to prevalent knowledge, elevated O did not affect mesophyll pho-
tosynthesis of beech directly, but reduced net CO, assimilation by stomatal closure
in both sun and shade foliage (Kitao et al. 2009; Fig. 7.3) to some moderate extent,
so that the WUE of leaves was increased. In the absence of drought and at probable
enhancement of ethylene formation (Nunn et al. 2005b), Os-induced stomatal
closure was associated with the induction of the abscisic acid (ABA) biosynthesis
gene NCED] (9-cis-epoxycarotenoid dioxygenase 1), whose transcripts were more
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abundant in 2 x O3 (Jehnes et al. 2007, cf. Wilkinson and Davies 2010). No
consistent differences in expression were detected for other genes, but at periods
of exceptionally high O3 levels, there were indications of oxidative stress and of
challenge to plant defences (cf. Dizengremel et al. 2009). Lowered starch and
sucrose levels indicated increased glycolysis (Blumenrdther et al. 2007; Einig
et al. 1997) and were consistent with enhanced leaf dark respiration (Kitao
et al. 2009), fuelling defence and repair under 2 x O5. Nevertheless, minor macro-
scopic leaf injury and shortening of the growing season (by up to 10 days; Nunn
et al. 2002, 2005a) was not prevented. Also in spruce, photosynthetic limitation
occurred under 2 x O at reduced stomatal conductance, although such effects were
mainly restricted to shade crowns (Nunn et al. 2005b). Although O3z does not
physically penetrate soil, under 2 x O3 soil respiration was increased (Nikolova
et al. 2010) around respective beech and spruce trees. Hence in beech, the C storage
capacity was reduced in the entire tree-soil system. The respiratory effect was
accompanied by increased diversity of mycorrhizal associations and enhanced
annual production of fine roots under 2 x O3 (Nikolova et al. 2010; Grebenc and
Kraigher 2007; Haberer et al. 2007). Stimulated root growth under O3 stress is
remarkable, in contrast to findings from chamber studies (Matyssek and
Sandermann 2003). In adult beech, O3-induced disturbance of the phytohormonal
relationships of cytokinins as mediators in shoot-root communication appear to be
responsible (Winwood et al. 2007), because Oz-mediated cytokinin destruction in
leaves led to declining re-translocation belowground via the phloem — a change
known to relieve inhibition of fine-root production (Riefler et al. 2006).

The measured decline in beech stem growth validates predictions from model-
ling that elevated O3 will result in a substantial reduction of C sink strength in trees
(Sitch et al. 2007), also suggesting that the most commonly used stem growth
assessment method (i.e. being restricted to breast height) is insufficient for
assessing the impact of environmental stress. The reported empirical study for the
first time demonstrated whole-stem growth of adult trees of a climax species to be
restricted under natural stand conditions and enhanced O3 impact. In addition, adult
and juvenile trees appear to be similarly sensitive to O3, although physiological
mechanisms may differ (Niinemets 2010). The study also underscores the need to
understand the Oj risks for individual species when modelling tree and stand
performance in climate change. Along with reduced stem growth of adult beech
under 2 x O3, the spectrum of further O; responses reflected Os stress to be
metabolically experienced by the trees. In the long term, weakening of trees in
terms of their tolerance of further environmental stress, therefore, cannot be
excluded.
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7.3 Modifying Factors of O3 Impact

Air pollution is one component of climate change. Among other anthropenic
pollutants, tropospheric Oj is the ecologically most significant compound, given
its toxic potential for plants and widely spread occurrence at enhanced concentra-
tions (see Sect. 7.1). O3 impact, therefore, must be understood in concert with other
factors of relevance in a changing environment (addressed in this section), because
multiple interactions determine the plants’ sensitivity to stress (Mooney and
Winner 1991; Skirby et al. 1998; Matyssek and Innes 1999). Because of this,
principles of O3 action in trees, as highlighted in Sect. 7.2, may be moderated or
even masked (Matyssek and Sandermann 2003). Still, our judgement largely relies
on findings from young trees and chamber experiments, although evidence has
increased recently on tree performance at advanced ontogenetic stages and under
ecologically relevant field conditions (Kubiske et al. 2007; Matyssek et al. 2010a,
b). Section 7.3.1 will highlight interactions of O3 with temperature, drought, and
irradiance, followed by Sect. 7.3.2 on the relevance of nutrition. Sections 7.3.3 and
7.3.4 will address such interactions with VOCs and CHy4, and between Oz and CO,
respectively. Biotic influences on the Oj response of trees will be highlighted in
Sect. 7.3.5, comprising the significance of tree genotype and effects by competition,
host-pathogen/herbivore relationships and mycorrhizospheric interactions.

7.3.1 Ozone Interactions with Drought, Temperature
and Irradiance

Temperature increase and, as a consequence, altered spatio-temporal patterns of
precipitation are facets of climate change (Scarascia-Mugnozza et al. 2001; Gessler
et al. 2007), which are basically driven by the anthropogenic release of CO, and
other ‘climate-effective’ gases including ground-level O3 at enhanced concentra-
tions (Fabian 2002; IPCC 2007). Altered precipitation and, hence, cloudiness
affects light availability, which in turn is crucial both for the O; formation
(Stockwell et al. 1997) and the sensitivity of plants to O3 (Matyssek et al. 2008).
As in concert with light, water availability and temperature determine O3 sensitiv-
ity. In the following, these three abiotic factors will be jointly viewed in relation to
O3 impact.

7.3.1.1 Temperature

Associating climate change with temperature typically implies expected increase of
the latter (IPCC 2007). However, risks associated with enhanced temperature and
O; regimes are rather uncertain (Matyssek and Sandermann 2003). Although
ecologically relevant, this factorial combination has few investigations, given the
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Fig. 7.3 Pathways of O3 action in adult individuals of Fagus sylvatica at Kranzberg Forest (near
Freising, Germany; Matyssek et al. 2010b). CK = active cytokinin; upon destruction in leaves
under 2 x O3, export of mobile isopentenyladenine-type CK to the roots is decreased, diminishing
the suppression of fine-root growth (Winwood et al. 2007, Riefler et al. 2007). The sink induced in
this way for carbon belowground apparently competes with stem growth

susceptibility of trees to spring and autumn frosts under prolonged growing seasons
and, hence, O3 impact, or pests profiting from mild winters (Karnosky et al. 2001).
O3 stress in combination with low temperature has been accounted for (Skirby
et al. 1998). Tree injury during winter has been debated as a consequence of O;
effects during the preceding summer that eventually weaken frost hardening
(Chappelka et al. 1990). Such an O3 action might be mediated through the propor-
tion of unsaturated fatty acids arising from lipid synthesis, given their importance in
preventing frost injury of membranes (Heath 1980; Wolfenden and Mansfield
1991), and through the availability of glycoproteins and carbohydrates as cryopro-
tectants. Such demands relate to the trees’ carbon balance may have been curtailed
via the prior summer’s O3 impact (Wieser and Matyssek 2007). Starch must
sufficiently be converted into raffinose and sucrose for freezing-point depression
of cell solutions (Sheppard 1994), and in fact, Alscher et al. (1989) observed delay
in raffinose formation under O3 exposure. Reduced accumulation of starch and



130 R. Matyssek et al.

glucose under O; stress, however, does not necessarily lower sucrose availability
(Barnes et al. 1995), and some cryoprotectants may even be increased (e.g. pinitol
in Pinus sylvestris, Landolt et al. 1989). In addition, desiccation and photoinhibition
during winter can relate to preceding O; impact in summer (Mikkelsen and
Ro-Poulsen 1995). Although low-temperature regimes appear to be atypical of
climate change, they are of relevance in combination with enhanced O3 levels at
high altitude (Matyssek et al. 1997a) and high geographic latitude (Karlsson
et al. 2009). Metabolic limitation of detoxification and repair by low temperature
can reduce the Oj tolerance of trees, although temperature-limited stomatal opening
may restrict O3 uptake (Klingberg et al. 2010). However, measurements of frost
hardiness during winter dormancy at the inner-continental alpine timberline
suggested that the maximum frost resistance of Picea abies was related to minimum
air temperature throughout the winter rather than to mean and peak ambient O;
concentration of the preceding growing season (Wieser 1999).

7.3.1.2 Drought

The extraordinarily warm and dry year of 2003 (Ciais et al. 2005) provided a rare
episode in Central Europe of prolonged water shortage during the growing season
in combination with distinctly enhanced O3 exposure (Matyssek et al. 2010b). The
Kranzberg free-air O3 fumigation experiment on adult forest trees (see Sect. 7.2)
made use of this circumstance (Low et al. 2006, 2007; Nikolova et al. 2009, 2010;
Matyssek et al. 2010b). Progressive soil drought was shown to decouple O3 uptake
from O; exposure in beech (Matyssek et al. 2006, cf. Panek et al. 2002). The O3
uptake was reduced because early summer drought-driven stomatal closure
pre-empted Oz-driven closure. As a result, seasonal O; uptake in 2003 was slightly
less than the average for the humid years, even though O3 exposure was greater by
41 %. Apparently, the assumption upon which current protection policy in Europe
is based, that O5 exposure correlates reliably with O3 uptake, was not substantiated
(cf. Wieser and Tausz 2007). Drought overruled the O3 impact on photosynthesis,
causing distinct reduction of CO, uptake at decreasing sensitivity to O3 (Low
et al. 2007). Drought also nullified the Os-driven stimulation of belowground
activity (see Sect. 7.2), although this result is within the context of only one study
of Os/drought interactions in belowground processes (Andersen 2003). In 2003, the
prolonged water limitation rather than O; stress limited both the radial and whole-
stem volume increment of the beech trees (Pretzsch and Dieler 2010).

The findings from the Kranzberg experiment corroborate previous evidence that
both stresses (i.e. by drought and O;) have the capacity of lowering stomatal
apertures. Nevertheless, drought-induced stomatal closure can limit O; uptake
even under high O; levels, whereas the Oz influx may be high under the low O;
levels of humid weather or moist soil conditions (Fig. 7.4; Wieser and Havranek
1993, 1995; Piidkkonen et al. 1998b; Retzlaff et al. 2000; Paoletti 2006). The
exclusion of O3 under drought, however, is ‘paid’ for by restricted CO, uptake
(Panek and Goldstein 2001). Conversely, O3 can prime trees to drought through
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inducing sluggishness in stomatal regulation and, by this, inefficient control of
transpiration (Keller and Hisler 1987; Barnes et al. 1990a, b; Pearson and Mans-
field 1993; Karlsson et al. 1995) or even enhancement of stomatal conductance
during drought (Oksanen 2003). Altered ‘mechanics’ in the stomatal apparatus
appear to be responsible due to reduced cell wall lignification and membrane
impairment under O; stress (Heath and Taylor 1997; Maier-Maercker 1998).
Given resource limitation caused by O3 and drought, both stressors reduce lignifi-
cation during organ differentiation (Kiviméenpii et al. 2003). In Betula, drought
and O; stress were additive in reducing foliage area, but increasing epidermal cell
wall width and tannin-like depositions in the vacuoles are indications of O3 defence
(Padkkonen et al. 1998a). The extent to which drought-induced abscisic acid (ABA)
affects stomatal sensitivity under Oj stress is still uncertain, but appears to result
from interaction with ethylene formation (Wilkinson and Davies 2010), although
ABA synthesis may be stimulated by O3 (see Sect. 7.2.2). Injury in cell membranes
may modify, through effects on ion pumps, the stomatal sensitivity to ABA under
drought (Torsethaugen et al. 1999). ‘After-effects’ of drought on stomatal conduc-
tance and O3 uptake can also occur (Karlsson et al. 2000).

Although both O; and drought favour ROS production, interactive effects on
detoxification apparently depend on the experimental conditions and analysed
parameters (Pddkkonen et al. 1998a). Relative to drought impact alone, only
concurrent exposure to elevated O; increased ascorbate levels (Kronfull
et al. 1998). Similarly, needle age is crucial, as shown for Pinus halepensis (Gerant
et al. 1996; Alonso et al. 2001), in which O3 tended to lower the resistance to
drought. Given that both stressors induce ROS and the need for detoxification (both
inciting defence-related proteins; Padkkonen et al. 1998b), one stressor may prime
for improved defence against the other, depending on the sequence of their occur-
rence. The drought tolerance of evergreen Mediterranean plants in this way may
inherently foster their O5 tolerance (Nali et al. 2004). Decrease in RubisCO activity
under Oz and drought stress was less pronounced than under Oj stress alone
(Pelloux et al. 2001; Fontaine et al. 2003). O5; exposure lowered antioxidant
capacity, reduced chlorotic mottling, but induced earlier needle loss in Pinus
Jjeffreyi growing in mesic relative to xeric sites. In xeric sites, mottling was related
to high drought-induced ROS production perhaps strengthening defence, which was
not necessarily driven by stomatal Os uptake (Grulke et al. 2003).

Both O3 and drought, alone each or in combination, have the potential for
restricting the carbon sink strength of trees under climate change scenarios (Sitch
et al. 2007). However, Oz/drought interactions are largely variable, depending
circumstantially on plant-intrinsic and external factors (including the intensities
of the two stressors relative to each other).

7.3.1.3 Irradiance

Provided that the steady increase in atmospheric CO, concentration leads to climate
warming (IPCC 2007), in regions of induced progressive drought, coupled with
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reduced cloudiness, insolation will increase. High irradiance promotes Oz forma-
tion (Stockwell et al. 1997), and in addition, the injurious potential of O3 to plants is
increased under high light. The reason is that oxidant-driven chloroplast
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degradation upon Oj uptake is exacerbated by the high photosynthetic energy
capture which eventually turns, via formation of singlet oxygen, into
photoinhibitory bleaching (Heath and Taylor 1997). Oxidant production during
photosynthesis requires detoxification, which under undisturbed conditions is
accommodated by the photosynthetic energy supply (Schupp and Rennenberg
1988). Findings suggest that the light-demanding character of pioneer tree species
predisposes them to high O sensitivity, although comparisons across species and
genotypes are inconsistent (Kolb and Matyssek 2001; Matyssek et al. 2010a).
However, if light becomes limiting as in the shade or at high geographic latitude,
detoxification may become insufficient to cope with the additional oxidative stress
upon O; uptake (Foyer et al. 1991). Evidence indicates that low-light conditions
increase sensitivity to Oz (Volin et al. 1993; Tjoelker et al. 1995; Kolb et al. 1997).
In Betula (Matyssek et al. 1995), the same O5 exposure at night (including dawn
and dusk) led to more distinct decline in biomass production than during the
daylight hours, as open stomata at night allowed O3 influx. High O sensitivity of
shade leaves (Tjoelker et al. 1995) may relate to their low palisade versus spongy
parenchyma ratio (and therefore reduced antioxidant capacity, cf. Matyssek
et al. 2010a) and low structural mesophyll compactness. The latter alleviates O3
diffusion within the intercellular space and increases the exposure of palisade cells
relative to sun leaves (Bennett et al. 1992). Shaded leaves may in addition have a
higher ratio of O3 versus CO, uptake (Fredericksen et al. 1996a, b). As the latter is a
proxy of defence capacity, ratios relating agent uptake to assimilatory capacities
may provide estimates of O; tolerance (Wieser et al. 2002).

7.3.2 Nutrition

Forest ecosystems tend to be oversaturated with N in regions of the industrialized
world, where N depositions are enhanced (Durka et al. 1994). High N depositions
are drivers of global change scenarios (IPCC 2007), so that other air pollution
effects such as enhanced tropospheric O3 regimes need to be viewed in relation to N
availability and nutrition in general. The water relations of trees are influenced by
nutrition, and in particular low N availability, which tends to ensure high sensitivity
in stomatal control (Schulze 1994). Under high N availability and climate change
scenarios that are characterized by high O; regimes and water limitation to an
extent that still permits stomatal opening (favored by the high N supply), there is
also high O; influx into leaves (see Sect. 7.3.1). If N is the only nutrient to vary,
high supply tends to decrease Oj injury and premature leaf loss (Pddkkonen and
Holopainen 1995; Greitner and Winner 1989), and high N deposition is believed to
ameliorate O; effects (Takemoto et al. 2001). Conversely, it was shown for Fagus
creneta leaves that at high N availability O; stress reduced the N allocation to the
soluble protein fraction in conjunction with promoting protein degradation, so that
in total a higher Os-induced protein loss was observed than under low N availability
(Yamaguchi et al. 2010).
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Fig. 7.5 Mean rates of net photosynthesis, dark respiration, carbon balance, and leaf conductance
(gmo0) related to needle nitrogen levels of Picea abies seedlings expose to Oj free air (-O3) and
twofold ambient O5 concentration (+0O3) from August 10, throughout September 27, 1999, related
to needle nitrogen content of the needles. (a) On day 221 i.e. prior to O3 exposure, and (b) mean
rates of the same seedlings estimated for the whole fumigation period (mean 222-270). Each data
point in B represents the mean of 5,300 measurements taken every 12 min). Note: linear
regressions were similar in —O3 and + O3 plants prior to O3 exposure (day 221), but differed
throughout the entire experiment (solid line =+0;, dotted line =—0; plants) (After Havranek,
Wieser and Tausz, unpublished data)

Viewing nutrient availability in general, chronic O3 exposure lowered the
stomatal conductance in spruce (Picea abies; Fig. 7.5) and in Betula pendula
only at low nutrition (Maurer et al. 1997) by restricting O; influx. However, low
nutrition did not necessarily prevent O injury (Bielenberg et al. 2001), although the
antioxidative defense capacity against O; was enhanced and premature leaf loss
delayed (Fredericksen et al. 1995; Maurer et al. 1997; Polle et al. 2000; Matyssek
2001). The maintenance of O3-injured foliage can substantially diminish photosyn-
thesis, increase respiratory costs, and lower the whole-tree carbon balance (Wieser
and Matyssek 2007; Fig. 7.5). As a consequence, WUE of biomass production can
be lowered (Maurer and Matyssek 1997), and root growth limited rather than
stimulated at low nutrition (cf. Mooney and Winner 1991).

Conversely, high nutrient supply does not necessarily enhance Oj tolerance, as
also shown for Betula (Maurer and Matyssek 1997; Matyssek et al. 1997b), and
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may foster limitation of root growth and leaf loss (Grulke and Balduman 1999).
Surprisingly, periodic soil drought with water potentials down to -0.5 MPa did not
significantly affect the biomass production and partitioning of spruce, independent
of fertilization (Fig. 7.6). O; effects on nutrition have predominantly been found to
be inconsistent and may be confounded by processes of senescence and
re-translocation or depend on the specific nutrient under consideration (Matyssek
et al. 1995; Polle et al. 2000). The role of nutrition in driving leaf turnover, i.e.,
replacement of Os-injured leaves, may be determined by the different seasonal
dynamics of determinate versus indeterminate shoot growth (Tjoelker and
Luxmoore 1991; Laurence et al. 1994; Matyssek 2001; Kolb and Matyssek
2001). An interacting third component under climate change is drought, as nutrient
uptake may be affected both through Os-caused limitation of belowground C
allocation and soil drought (see below and Kreuzwieser and Gessler 2010). Multi-
ple factorial interactions contribute to inconsistencies in trees’ response to Os.

7.3.3 Ozone Interactions with VOCs

As mentioned earlier, BVOCs are reactive molecules and play an important role in
air quality and climate dynamics in the lower troposphere of anthropogenically
polluted areas (Fig. 7.7). The group of BVOCs embraces a large variety of
chemicals, including alkanes, alkenes, alcohols, ketones, aldehydes, ethers, esters
and carboxylic acid (Kesselmeier and Staudt 1999; Laothawornkitkul et al. 2009).
The dominate and most important BVOCs for O; formation are isoprene (2-methyl-
1,3-butadiene, a C5 compound) and monoterpenes (e.g. a-pinene, -pinene, cam-
phor, linalool, C10 compounds). The reactive terpenes react with hydroxyl radicals,
NOj; radicals, and O3 in a similar way to most VOCs of anthropogenic origin
(Atkinson and Arey 1998).

On a global scale, BVOCs quantitatively dominate anthropogenic VOC emis-
sions. In industrial areas (e.g. most of Europe, North America, or Eastern China),
however, VOC emissions from fossil fuel combustion, direct release from industrial
processing of chemicals, and waste are the main sources of non-methane hydrocar-
bons (NMHCs) emitted into the atmosphere (Fuentes et al. 2000). The world’s
estimated annual emission of isoprene and monoterpenes from vegetation is about
200-500 Mt of C, an amount equivalent to annual global CH, emissions (Guenther
et al. 1995; Keppler et al. 2006, 2009).

Volatile terpenes can react directly with O;, and become degraded mainly to
methyl vinyl ketone, methacrolein and formaldehyde. In the presence of a sufficient
concentration of NOy, BVOC:s directly contribute to the formation of tropospheric
O3 (Thompson 1992). The dynamics of O3, hydroxyl radical (OH"), carbon mon-
oxide (CO), methane (CH,) formation/breakdown and secondary aerosol formation
cannot be explained without taking into account the plant-produced reactive com-
pounds (Biesenthal et al. 1997; Tunved et al. 2006; Kiendler-Scharr et al. 2009;
Fig. 7.7).
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Fig. 7.6 Biomass partitioning between roots (solid bars), shoots (hatched bars), and needles
(open bars) of fertilized (F) or unfertilized (U) Picea abies seedlings, grown either under
non-limiting water supply (W) or being submitted to three moderated drought cycles with soil
water potentials down to —0.5 MPa (D). Each factorial combination was exposed, in addition, to
either O3 free air or 2.5 x ambient air O; (O3) concentration for 48 days (After Havranek, Wieser
and Tausz, unpublished data)

Beside their relevance for tropospheric O; formation, isoprene as well as mono-
and sequiterpenes (highly reactive semi-volatile C15 terpenes) influence global
warming. Due to their unsaturated double bonds, they are highly reactive and
thus significantly reduce the OH' concentration in the lower troposphere, with
consequences on the decomposition rate of methane (Bell et al. 2003). Model
calculations predict that BVOCs, mainly isoprene and monoterpene, can increase
the surface concentration of O3 by up to 60 % and increase the atmospheric lifetime
of methane by about 14 % (Poisson et al. 2000; Fig. 7.7).

To quantify the importance of BVOCs for tropospheric O; formation under
future climate, the regulation and driving forces of BVOC emission must be
considered. BVOCs emissions from plants are controlled by multiple abiotic and
biotic factors that might be differentially affected under future conditions (Pefiuelas
and Staudt 2010). The main environmental drivers of BVOC emissions are tem-
perature, light (Kesselmeier and Staudt 1999), drought (Brilli et al. 2007), ambient
O; (Loreto and Velikova 2001), as well as atmospheric CO, concentration
(Rosenstiel et al. 2003; Fig. 7.7). Plant BVOC emissions are also largely induceable
by both abiotic and biotic stresses (for review see Loreto and Schnitzler 2010;
Holopainen and Gershenzon 2010; Dicke and Baldwin 2010). Low atmospheric
CO; concentrations, as present in historical times, are associated with high isoprene
and monoterpene emission rates, whereas the high atmospheric CO, concentrations
in the future will suppress volatile terpene emissions (Pefiuelas and Staudt 2010).
Drought reduces isoprene and monoterpene emissions only when the stress is
severe and almost completely inhibits photosynthesis (Loreto and Schnitzler
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Fig. 7.7 (a) Burnt area distribution given by the ATSR satellite sensor (Modified from Monks
et al. 2009); (b) modelled mean surface ozone concentrations in p.p.b. (=nl l_l) averaged over
June, July and August (JJA) for the year 2100 under the SRES A2 emissions scenario (Modified
from Sitch et al. 2007)

2010). Temperature strongly influences the activity of the enzymes, which catalyze
the synthesis of many BVOCs (Monson et al. 1992), and increasing light directly
influences the isoprene and monoterpene emission by enhancing photosynthesis
(Sharkey et al. 2001).

Besides all abiotic drivers, plants produce a diversity of BVOCs in response to
biotic stress, as for example, by herbivore feeding for direct defence or to attract
herbivore enemies (Dicke et al. 2009; Unsicker et al. 2009). At the moment, one can
only speculate whether these spatially and temporally highly transient bursts of
BVOCs are important for O3 formation. Conversely, evidence emerges that O3
influences the lifetime of stress-induced BVOCs. By this, O3 changes the spatial
distribution of these signal molecules as well as their specific emission patterns with
consequences for plant-insect interactions (Holopainen and Gershenzon 2010).
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The increasing scarcity of fossil fuels, the combustion of fossil fuels causing
increases in greenhouse gas (GHG) emissions, and growing interest in renewable
energy sources has placed an enormous pressure on land use change in the tropics
(Wiedinmyer et al. 2006; also see Sect. 7.4). In all scenarios for the future, energy
fuels from biomass, so-called biofuels, and/or other energy sources from biomass
(i.e. biogas, thermal recycling), play an important role (Demirbas 2008). To what
extent biomass can contribute to a significant regional and global reduction of GHG
emissions depends critically on several factors such as land availability and land use
conflicts, sustainable crop production management, cost and actual carbon neutral-
ity, and environmental safety.

Recent comprehensive analyses of biosphere-atmosphere exchange of BVOCs
and atmospheric composition, together with atmospheric chemistry modeling
(Hewitt et al. 2009) demonstrated that conversion of tropical rainforest to oil
palm plantations in Malaysia resulted in much greater BVOC emissions that led
to O; formation. In combination with increased NOx emissions, severe ground-
level O3 pollution (>100 ppbv) can be reached. This study clearly shows the need to
quantify current and future effects of land use change on air quality when assessing
the ‘environmental safety’ of palm oil and other biofuel crops and woody biomass
species. Keeping in mind that all fast growing tree species (Populus, Salix, Euca-
lyptus) are among the strongest emitters of reactive isoprene and monoterpenes
(Kesselmeier and Staudt 1999), the large scale extention (millions of hectares) of
woody biomass plantations expected in near future will put a strong pressure on air
pollution strategies. Of course, air quality is only one single consideration in
assessing the consequences of biofuel production. Effects such as GHG emissions
and climate change, deforestation, biomass burring, biodiversity and water avail-
ability must also be considered (Fig. 7.7).

7.3.4 Oj; Interactions with CO,

The environment is currently influenced by the gradually increasing atmospheric
CO, concentration, which sets the context for examining the action of enhanced
tropospheric O; regimes. Contrasting with enhanced O; levels, elevated CO, may
stimulate tree growth (Ceulemans et al. 1999), unless growth conditions, i.e. the
supply of other resources, constrain plant development (Norby et al. 1999;
Scarascia-Mugnozza et al. 2001). The question is whether high CO, availability
may ameliorate adverse Oj effects in trees (Karnosky et al. 2001), or conversely, if
enhanced O; levels may neutralize enhanced carbon gains under elevated CO,.
Ameliorating CO, effects were observed regarding macroscopic foliar injury
(Karnosky et al. 1999), photosynthesis and/or growth under Oj; stress (Manes
et al. 1998; Volin et al. 1998), although dependence on nutrition, water supply or
seasonal influences was apparent (see above, and Lippert et al. 1996; Grams
et al. 1999; Liitz et al. 2000). High CO, may favor detoxification and repair
(cf. Grams and Matyssek 1999) or lower stomatal conductance and O; influx
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(Klingberg et al. 2010), perhaps at the expense of responsiveness to moisture
deficits (Broadmeadow et al. 1999). Bias may result from experimental restrictions
on root growth (e.g. tree growth in pots), inciting down-regulation of photosynthe-
sis and associated stomatal closure (Saxe et al. 1998).

Regarding leaf gas exchange, the effects of elevated O; and/or CO, regimes
apparently are highly variable, even amongst individuals of same species (see
Sect. 7.3.5; Matyssek et al. 2010a), as reported from the Aspen FACE (‘Free Air
CO, Enrichment’) experiment (Karnosky et al. 2005). Early-successional species
(e.g. trembling aspen, paper birch) appeared, in general, to be more responsive than
late-successional ones (e.g. sugar maple). As exposed within Aspen FACE, O3
effects limited photosynthesis and biomass production, and elevated CO, incited
stimulation. Co-exposure of both gases at high levels demonstrated O3 to offset
positive effects of CO, (Percy et al. 2002; King et al. 2005). In Betula, negative
response to O3 may only become effective when concurrently exposed to elevated
CO,, although the overall response still reflected stimulation (Kubiske et al. 2006).
However, such a response contrasted with that of aspen, where actions of elevated
O3 and CO, resulted in neutralization. Tree responses to elevated O3 and/or CO,
can strongly be modified by competition with neighbouring plants, as will be
detailed in Sect. 7.3.5. Such observations also hold for juvenile trees of European
beech and Picea abies, where irrespective of competition, spruce tended to profit
from elevated CO,, whereas beech was more sensitive to Oz (Kozovits et al. 2005a,
b). Whole-tree biomass partitioning in response to the gas regimes followed
allometric rules relating to changes in growth rates rather than reflected metabolic
re-adjustments in allocation.

O; tolerance appears to be promoted by the trees’ capacity for creating C sinks
that may facilitate compensation growth of leaves or lammas shoots in replacement
of injured structures, if favorable conditions in nutrient and CO, supply are also
available (Kolb and Matyssek 2001). Given the multiple external and internal
influences on the O3/CO, interaction in trees, the ameliorating CO, effects are
rather unlikely to occur throughout a tree’s entire lifespan (Karnosky et al. 2001), as
elucidated in detail by Korner (2006).

7.3.5 Oj; Interactions with Biotic Factors

Experimental research on O stress has typically been designed as if trees merely
existed in abiotic environments (i.e. without competitors, consumers or mycorrhi-
zae, Matyssek and Sandermann 2003). In addition, focus has been on species rather
than genotype sensitivity, often ignoring further effects by seasonality or the trees’
history prior to enhanced O; impact (Karnosky et al. 2005; Niinemets 2010), and,
most importantly, the plants’ capacity for deploying pronounced plasticity in
response. Consequently, variability in tree response to O3 stress has been observed
to be high, at times leading to contradictory findings. In some of the studies reported
above, however, variability was apparently related to biotic influences. One typical
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example is the genus Populus, within which a broad range of Oj sensitivity at the
genetic level exists, with some genotypes even being stimulated by elevated Os,
regardless of the CO, regime (Karnosky et al. 2007). Also Coleman et al. (1995)
reported on high variability in photosynthetic O3 response amongst genotypes of
trembling aspen. During the Aspen FACE experiment, some genotypes were
limited in growth under enhanced O3, whereas others were insensitive or showed
amelioration of adverse Oz impact under elevated CO, (Kubiske et al. 2007).
Hence, ranking of O3 sensitivity should not be done by species but by genotypes,
as variability might be higher within than across species (Vanderheyden
et al. 2001).

Another biotic factor driving variability in O3/CO, response is competition. In
juvenile beech, growth in mixture with juvenile spruce exacerbated the O5 limita-
tion on biomass production (Kozovits et al. 2005a, b). In parallel, spruce profited
from the weakness of beech under high O3, as the extent of suppression of beech
appears to increase towards low soil pH (Korner 2006; Spinnler et al. 2002). A
number of findings underscore competition to govern tree sensitivity to O3 or CO,
regimes (Korner 2006; Poorter and Navas 2003; Barbo et al. 1998, 2002; McDonald
et al. 2002). Beech failed, contrasting with spruce, by losing its ability to efficiently
occupy aboveground space through biomass investment (Kozovits et al. 2005a, b;
Reiter et al. 2005; Grams and Andersen 2007). Belowground, beech became less
effective in mixture in competing for N and water with again spruce becoming the
profiteer (Grams and Matyssek 2010). Suppression of trembling aspen by compet-
ing paper birch was enhanced under elevated O; or CO,, however, such an effect
was absent with sugar maple as a competitor (Kubiske et al. 2007). Some aspen
genotypes grown under competition may change from weak to strong competitors,
if grown under enhanced O; exposure, or with other O3-sensitive clones (Karnosky
et al. 2003).

Both O5 and CO, have the capacity of influencing the plants’ C/N ratio (Maurer
and Matyssek 1997; Hittenschwieler et al. 1996; Lindroth 2010). As a result, both
foodchains and, within a tree, the balance between growth and competitiveness
versus stress defense may become affected, for example against pathogens and
herbivores (Herms and Mattson 1992; Matyssek et al. 2005). However, pathways of
effects of host-parasite relationships on trees under air pollution and climate
change, perhaps even as drivers of the trees’ sensitivity to the abiotic agents,
have remained an issue of debate (Manning and von Tiedemann 1995). The
superiority of spruce in N acquisition addressed above when growing together
with beech under Oj stress was even favoured in the presence of the root rot
pathogen Phytophthora citricola, which infected both tree species to different
extents, but increased the daily N uptake per unit of fine-root biomass in spruce
(Luedemann et al. 2005, 2009). The N demand of spruce was likely enhanced by
stress defence (Matyssek et al. 2005; Grams and Matyssek 2010), although in
contrast with beech, hardening by Oj against the pathogen did not occur (given
that both the abiotic and biotic agent induce oxidative stress to plants; Matyssek and
Sandermann 2003). Hardening by Os; was seen, however, in adult beech of
Kranzberg Forest against the leaf endophyte Apiognomonia errabunda, which can
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cause beech blight disease (Bahnweg et al. 2005; Olbrich et al. 2010): During
summer, the degree of leaf infection remained low under enhanced O;. At Aspen-
FACE, changes in chemical and structural properties of leaf cuticles under elevated
O3 (Percy et al. 2002; Mankovska et al. 2005) tended to influence fungal infection
(Karnosky et al. 2002) and favoured insect attack, as defence metabolites were
found to decline (Percy et al. 2002; Kopper and Lindroth 2002). However, the
extent of such effects depends on the insect species, so that ecological contexts
cannot yet be generalized (Lindroth 2010). Remarkably, O3 can restrict air-borne
plant-to-plant communication and interfere with multi-trophic relationships by
oxidizing plant-emitted BVOCs (Blande et al. 2010; Holopainen and Gershenzon
2010), the enhancement of which is a signal of parasitic attack beyond mediating
the extent of stand-level social stress (Pinto et al. 2010).

Regarding belowground biotic interactions, most O3 exposure studies have
neglected mycorrhization. As mycorrhizae represent strong C sinks in whole-tree
allocation, incorrect conclusions about root/shoot ratios under O3 stress may be a
consequence (Andersen and Rygiewicz 1991). Reduced C flux to the root may limit
mycorrhizal fungi under aboveground Oz impact (Andersen et al. 1991; Kytoviita
et al. 1999). It is conceivable that fungal sink strength may overrule the C demand
of the foliage for defence, so that mycorrhization may turn into a ‘burden’ in trees
under O; stress. Remarkably, root respiration and the fungal and bacterial biomass
in the rhizosphere were enhanced in seedlings of Pinus ponderosa under Oj stress
(Andersen and Scagel 1997), which appears to be consistent with the findings about
soil respiration and mycorrhization underneath the Os-stressed adult beech and
spruce trees at Kranzberg Forest, as a result of indirect effects through whole-tree
allocation and/or hormonal relationships (see Sect. 7.2). Effects on mycorrhization
under O; stress (Ericsson et al. 1996) can be relevant for the trees’ metabolic
defense capacity (Gehring et al. 1997; Langebartels et al. 1997; Bonello
et al. 1993).

It is evident that responses to air pollution in concert with climate change can
only be understood when viewing trees and ecosystem under the influence of the
diverse kinds of biotic interactions (apart from the relevance of abiotic agents;
cf. Lindroth 2010) — which is the natural stage of plant life, ecology and evolution.
Complex examples are the involvement of mycorrhizae and soil microorganisms in
tree nutrition under Oj stress and variable water availability, including flooding
under some climate change scenarios (Bardossy and Caspary 1990; Gessler
et al. 2007; Kreuzwieser and Gessler 2010). What about the trees’ resistance
under chronic environmental stress? It is conceivable that resistance and fitness
are weakened, if chronic O; impact ‘over-strains’ the defense capacity. Succes-
sional changes and effects on species composition may be a consequence (Miller
and McBride 1999). In such a case, O; may prime trees to other stressors, both
biotic and abiotic ones, which will act at the expense of sensitive genotypes. In
conifers, priming is mediated through reduced resin pressure in the stem under
O;-limited photosynthesis, by this alleviating bark beetle attack (Pronos
et al. 1999). Resulting changes in the gene pool can eventually affect the food
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webs and fire ecology of forest ecosystems (Miller and McBride 1999; Grulke
et al. 2009).

7.4 Global Dimensions

Many regions of the globe are currently exposed to levels of surface O3 and other air
pollutants that are high enough to promote plant damage in natural ecosystems,
cultivated forests and agricuktural fields, also affecting human health (Fowler
et al. 2008; Dentener et al. 2006). Reductions in crop yield, pasture and in forest
productivity have important economic consequences, being responsible for losses
of several billion dollars per annum in the USA, EU and East Asia (e.g. Wang
et al. 2009; Reilly et al. 2007). Such detrimental effects of O5 have caused countries
to establish increasingly stringent air quality policies. However, due to the high
mobility of air pollutants in the atmosphere, plumes of anthropogenic O3 and its
precursors can be transported into the free troposphere and across country bound-
aries to expand over large geographical scales. Regions located very distant from
the pollutant source are now suffering from enhanced O3 background levels or
episodes (e.g. Ireland within the lee of North America, Derwent et al. 2004). In
parallel, new ‘hot spots’ of air pollution appear to arise or exacerbate, which
demand enhanced awareness about their global significance (Sitch et al. 2007). It
is evident that pollution in the twenty-first century is not restricted by national
boundaries and can only be tackled through transboundary emission regulation
strategies with a global perspective (Akimoto 2003).

7.4.1 Atmospheric Long-Range Transport

For being transported over long distances and becoming an international concern,
pollutants need to have lifetimes of more than 1 week in the atmosphere (Akimoto
2003). The lifetime of O3 in the troposphere varies with altitude and season, and is
determined by sinks for deposition. The efficiency of O3 production per available
NO, molecule increases with elevation. The O; lifetime in the continental boundary
layer is only a few days in summer, but several weeks in the free atmosphere (Fiore
et al. 2002), and up to 2 months in winter, which is sufficiently long to allow
intercontinental and hemispherical transport (Akimoto 2003). Given convection
sufficient for driving vertical transport, O3 and precursors may rapidly reach the
upper troposphere within less than 1 h, where the dry and cold environment slows
chemical destruction and extends pollutant lifetime. Prolonged lifetime and the
high wind speed in the upper troposphere carry air pollutants over long distances,
being conducive to episodic O3 pollution events and increasing background con-
centrations far downwind from the initial Oz source (Monk et al. 2009; Derwent
et al. 2004).
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Employing a global chemical transport model, Wang et al. (2009) estimated the
effects of anthropogenic emissions (including sources such as fuel combustion,
industrial exhausts and fertilizer use, but excluding contributions of open fires)
from Canada and Mexico on surface US ozone concentrations. As a result, Os
background levels at northeast US sites were shown to vary between 23.1 and
28.9 nl 17! in summer, and were increased by 4.6-10.8 nl 17! due to Canadian
influence. At southwest sites, levels were higher (30.6—45.0nl 1™ 1) and enhanced by
3.8-10.3 nl 1" due to Mexican emissions. Modelling showed strong correlation
between high Oj episodes in the USA and the elevation of the pollution source in
Canada and Mexico. In parallel, North America releases 34 % of the global
anthropogenic NOy emissions, of which 80 % originate from the USA. The weather
system crossing the North Atlantic Ocean transports North American pollutants
with levels high enough to enhance surface Oz over Europe, on average, by about
8.2 nl 1" (Derwent et al. 2004), reaching up to 12.2 nl 1"" in Ireland, due to its
westerly location. Asian and European O; production contribute about 5 and
20 nl 17", respectively, to surface O3 mixing ratios over Europe. In turn, air masses
from Europe that arrive at eastern Siberia contain O levels that are higher by 2—
3 nl 17! than those transferred from other regions (Akimoto 2003) and also affect
the Mediterranean Basin including North Africa (Stohl et al. 2002). Even though
the contribution of long-range transport is small in some regions, they may raise
background O above air quality standards.

7.4.2 Biomass Burning, Climate Change and O3 Pollution

Biomass burning (Fig. 7.7) is considered as the major source of aerosol and trace
gas formation, including O3 precursors, contributing globally about 50 % of CO and
15 % of surface NO, emissions per year to the atmosphere (Bowman et al. 2009;
IPCC 2007). As pollutants from biomass burning may enter the atmosphere at high
elevations and then are rapidly transported in the free troposphere, effects on air
chemistry may become substantiated in regions very distant from sources (Mieville
et al. 2010). In the Southern Hemisphere, polluted air masses originating from
biomass burning in Brazil can cross the tropical Atlantic and Africa, eventually
reaching the Indian Ocean (Singh et al. 1996) and Australia (Gloudemans
et al. 2006). Emissions of CO, CH; and BVOCs in combination with NO, are
conducive to the photochemical formation of tropospheric ozone (Figs. 7.7 and
7.8). In fact, in many regions of the world, high O; levels have been related to
vegetation fires (Langmann et al. 2009). In Europe, high O5 episodes were associ-
ated with fire events in Alaska (Real et al. 2007), and burning of boreal forests in
Alaska and Canada enhanced O; levels in Texas (e.g. in July 2004, Morris
et al. 2006). CO and Oj levels were enhanced along the US west coast upon
Siberian forest fires during summer 2003 (Bertschi and Jaffe 2005).

Emissions from biomass burning typically are seasonal, being high from
December to February in the northern tropics, as in west and central Africa. In
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Fig. 7.8 Schematic coupling of BVOC emissions to atmospheric processes like ozone formation
and climate change: increase in temperature will enhance BVOC emissions (+). Increased emis-
sion of BVOCS will enhance aerosol and CCN (cloud condensation nuclei) formation. Enhanced
aerosol and CCN concentrations will decrease temperature (—) as a result of increased reflection of
sunlight from low clouds. In presence of NOx BVOCs degradation will enhance Oz formation with
indirect positive feedback on climate warming (+). Other positive feedbacks are ethane lengthen-
ing lifetime (+), CO, production (+) and release of latent heat of water condensation
(Figure modified after Penuelas and Staudt 2010)

the southern tropics, as in South Africa, South America and Australia, fires are
concentrated in August and September (Mieville et al. 2010). In many regions of
the northern hemisphere, fire suppression policies, effective fire fighting and the end
of intense deforestation had led to rather stable emission levels since the 1920s.
From the 1980s onwards, however, emissions have increased rapidly, especially in
South America and Indonesia (Fig. 7.7), as a result of deforestation and expansion
of agricultural areas (Mieville et al. 2010).

In addition to precautionary prescribed fires, climate change also appears to
increase wildfire frequency in some regions (Westerling et al. 2006) and thus,
creates a feedback on climate, as biomass burning contributes relevantly to the
global budgets of greenhouse gases and aerosol particles. Currently, direct radiative
forcing in the atmosphere related globally to aerosols from vegetation fires is
estimated as about 0.03 Wm? (IPCC 2007). Losses of vegetation cover due to
fires and the associated smoke impact may also alter climate directly and indirectly
by changes in the local absorption of solar radiation, soil water holding capacity,
surface evaporation, transpiration, photosynthesis and BVOC emissions. As a
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result, the formation of convective clouds and precipitation is suppressed, altering
the hydrological cycle. Moreover, aerosol particles from vegetation fires also
influence droplet sizes, inhibiting the onset of precipitation up to heights of
7.5 km. Such delay in precipitation initiation by polluted air was reported by
Rosenfeld (1999) and Andreae et al. (2004) in the Amazonian region. A persistent
smoke layer over extensive tropical areas can be of relevance for the radiation
balance and hydrologic cycling at the regional and global scale.

Fire frequency also increases, apart from direct human activity, in response to
climate change, as in turn biomass burning promotes climate change and enhances
O3 production. Enhanced O; can reduce forest health and increases the suscepti-
bility to wildfires, as shown for the San Bernardino Mountains in California (Grulke
et al. 2009). Pathways are through changes in C allocation by high O3 impact and N
deposition, leading to enhanced leaf and branch turnover and decreased litter
decomposability, which results in accumulating layers of combustibles. In addition,
diminished C investments into the roots in parallel to impeded stomatal regulation
under Oj stress causes imbalances in water relations, which promotes susceptibility
to drought and beetle attack. The declining trees eventually favor wildfires, with
putative effects on regional and global C balances and biodiversity (Bowman
et al. 2009).

7.4.3 Climate Change and O3 Pollution During Upcoming
Decades

Background Os5 levels have more than doubled in many parts of the northern
hemisphere since the industrial revolution of the early nineteenth century as a result
of fossil fuel and biomass burning, having reached, on average, above 40 nl 17!
today (Sitch et al. 2007). In most countries, legislation aims to reduce O3 precursors
by the year 2050 to levels of year 2000. Nevertheless, surface O3 concentrations are
expected to increase throughout the twenty-first century, mainly due to population
growth, land use change, ongoing industrialization and economic growth in devel-
oping regions. However, modeling predictions depend on presumed emission
scenarios (Sitch et al. 2007; Dentener et al. 2006). Rapidly developing countries
in Asia and Latin America are expected to surpass average Os levels of 40 nl 17,
The increasing air pollution in such countries has become a global concern,
initiating legislation for emission control.

Using 26 global atmospheric chemistry models (GCMs) and three different
maximum emissions scenarios, Dentener et al. (2006) estimated changes in the
global atmosphere between 2000 and 2030. The IPCC SRES A2 is the most
pessimistic scenario considering that pollutant emissions will continue to increase
in future as it did the last decades. In contrast, the CLE (Current Legislation) takes
into account the reduction in air pollution emissions at the regional and global
scales due to efficient implementation of current air quality legislation around the
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world. The MFR (Maximum technologically Feasible Reduction) scenario is the
most optimistic, considering a higher reduction in air pollution due to use of all
current available and feasible technologies. In 2000, annual mean surface O3 levels
ranged between 40 and 50 nl 17" over large parts of North America, Southern
Europe and Asia, whereas in many regions of the Southern Hemisphere, levels were
much lower, at around 15-25 nl 1~1. Under the high-emission SRES A2 scenario,
however, some regions in Latin America, Africa and Asia should experience the
highest increases in surface Os levels, namely by 5—15 nl 1!, with the global mean
increasing by 2030 by about 4.3 nl 1= (Dentener et al. 2006). In comparison,
considering the effectiveness of current legislation worldwide (CLE scenario), the
global surface O3 mean is calculated to still increase by 1.7 nl 17", In the northern
and southern hemisphere corresponding increases would range around 2.3 and
0.6nl17", respectively. Huge O; enhancements are expected for South (by 7.2nl171)
and Southeast Asia (by 3.8 nl 171). Increases should be at 1.3 nl 17! in USA,
1.8 nl 17" in Europe, 0.5 nl 1" in South America and 1.4 nl ™" in southern Africa.
The more optimistic positive MFR scenario predicts reductions of mean O3 levels
by —1.4nl 1"

A similar modeling approach was used by Sitch et al. (2007), which estimated
possible impacts of future tropospheric Oj levels on plant primary production, C
storage and climate change considering scenarios of low and high plant sensitivity
to O;. Without efficient implementation of air pollutant control worldwide (under
SRES A2), by 2100 summer mean monthly Os; concentrations in the northern
hemisphere might be above 40 nl 1~ almost everywhere, but exceed 70 nl 1" in
many regions between 30° of southern and 44° of northern latitude (e.g. western
and central Eurasia, western and eastern North America, Brazil, central and south-
western Africa, and East Asia; Fig. 7.8). Considering the negative effects of O3 on
plant physiology even under elevated CO, (see sections above), such a scenario is
highly precarious, suggesting future C sequestration and storage to become strongly
impaired. During the twenty-first century, the global GPP (Gross Primary Produc-
tion) is expected to become reduced by 14-23 % due to O3 impact, corresponding to
a significant suppression of the global land-C sink strength (by 143-263 Pg C).
Large reductions in GPP might occur in North America, Europe, China, India, and
in tropical and subtropical ecosystems of South America and Africa. Due to the lack
of databases on plant sensitivity to O3 in tropical ecosystems, however, modeling
suffers from significant uncertainties in extrapolating their responses from North
American and European plant species.

7.4.4 Scenarios of the Southern Hemisphere

Negative O3 impacts on natural and cultivated forest and crop systems have been
widely studied in the northern hemisphere, especially in Europe and North America
(Matyssek et al. 2010; Karnosky et al. 2007; Hayes et al. 2007). Very few respective
studies, however, have been undertaken in the southern hemisphere (Pina and
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Moraes 2010; Bulbovas et al. 2010; Furlan et al. 2008; Van Tienhoven and Scholes
2003; Emberson et al. 2001) despite increasing air pollution emissions and the
potential vulnerability of regional ecosystem services, as food security, crop and
forest productivity (van Dingenen et al. 2009), C sequestration and air quality, are
altogether relevant for human health. In some countries, however, investigations of
O3 precursor emissions and related sources have been initiated recently (Sowden
et al. 2007).

Published information about surface Os in Africa and Brazil and other south-
American countries indicated that many urban areas experience surface levels
greater than 40 nl 1! (Josipovic et al. 2010; Zunckel et al. 2004; Muramoto et al.
2003; Sanchez-Ccoyllo et al. 2006; Olcese and Toselli 1998). In Namibia,
Botswana and South Africa, mean surface Oj levels exhibit strong diurnal and
seasonal variations, relating to multiple sources of precursors. Maximum levels
typically occur during spring (August to November) with means between 40 and
60 nl1~', but means may reach more than 90 nl 1~" as in October 2000, mainly due
to intense biomass burning. Moreover, in some regions, the onset of summer rains
with associated spring growth and BVOC and N emissions (Sowden et al. 2007)
from vegetation and wetted soil, respectively, might be important causes of max-
imum Oj levels. Conversely, in the highly industrialized South African Highveld
region, emissions of O3 precursors mostly result from human activity (e.g. mining,
Zunckel et al. 2004). Many of the areas with mean Oj levels surpassing 40 nl 1" in
winter are relevant for maize farming in South Africa and Zimbabwe, which is of
great public concern. Van Tienhoven and Scholes (2003) summarize information
on plant sensitivity in South Africa to air pollutants, mainly SO,, fluoride and Os.
However, data have been missing to date about O3 effects on native or cultivated
woody plants.

In Brazil, studies are concentrated on metropolitan and industrialized regions,
e.g., Sao Paulo and Rio Grande do Sul, where Oj is considered as the most serious
air pollutant (Teixeir et al. 2009; Muramoto et al. 2003; Sanchez-Ccoyllo
et al. 2006). Sdo Paulo metropolitan region has more than 17 million inhabitants
and about 6 million registered vehicles, which are the main sources of air pollution,
followed by industrial processes, waste burning and fuel storage. In 2001, the State
of Sdo Paulo O; standard (set at 82 nl 17" for 1 h) established by the Brazilian
National Ambient Air Quality Monitoring Program was exceeded 22 % of the time,
and several times exceeded the attention level of 102 ppb, reaching maximum
hourly Oj levels of 180 nl 1"'. Exceedances last from August through March and
occur during warm days with relative humidity of less than 60 %, being common
conditions for most of the year.

Long-range O; transport has been measured within Brazilian territory through-
out latitudes of 35-5 S (Boian and Kirchhoff 2005). In Parana State of Southern
Brazil, high O; events with maximum levels of 93173 nl 1" (average around
89 nl 1™ ") were observed during the dry season. Such episodes were a consequence
of transport from regions with intense biomass burning, as Para (Amazonian Rain
Forest region), Mato Grosso, Mato Grosso do Sul and Tocantins (Savanna-Rain
forest transition regions). Given the high levels of O; and precursors measured in
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the urban areas of Africa and Brazil, deforestation and seasonal biomass burning
were identified as the most relevant pollution sources. Actually, 75 % of the total
amounts of CO,, CO and NOy released in Brazil are thought to originate from the
conversion of native forests into pasture and crop land.

In addition to the related loss of vegetation cover due to fires, it is seems that the
remaining vegetation suffers from the associated high levels of Os;. Responses of
tree species of the Atlantic Rain Forest to elevated Oj levels have been based on
macroscopic foliar injury, relative growth rate, carbon assimilation, stomatal con-
ductance, superoxide dismutase activity, ascorbic acid as well as anthocyanins and
tannins concentrations (e.g., Pina and Moraes 2010; Bulbovas et al. 2010; Rezende
and Furlan 2009; Furlan et al. 2007, 2008; Moraes et al. 2006). The native tree
species have proven as sensitive to current and predicted O3 levels in southeastern
Brazil, and as suitable bio-indicators of Oz impact in the tropics.

7.5 Capacities for Adaptation in Forest Trees

Trees are a story of success in evolution. Since about 400 Ma, the geological era of
Silurian, trees have existed on Earth, recorded already as fossils shortly after
vascular plants had left the swamps, conquering continental land surface. The
evolutionary secret of success is their capability of forming stems, overtopping
other kinds of plants and extending into crowns that limit or even expel competitors
by casting shade. Plants with such a capability early became superior, as competi-
tion for light is crucial for plant survival. Given the existence over many millions of
years, the tree life form has withstood all environmental challenges and catastro-
phes that higher terrestrial life needed to overcome, although the appearance and
anatomy of trees has gone through many modifications and ecological specializa-
tions, and through this, achieving adaptive diversification. One may conclude that
trees are resilient in surviving environmental stress, arranging with it through
adaptation (Niinemets 2010).

What is true for the entire life form also holds for the individual tree’s capability
of stress endurance. This is crucial for every plant, being bound to its site without an
option of escape. However, stress endurance is of paramount importance for trees,
given their prolonged lifetimes, often spanning centuries or even millennia. With-
out such a capability, evolution would never have succeeded with trees, as we know
them today. Given such an evolutionary perspective, the chances of trees should be
good in coping with — and adapting to — climate change and air pollution.

Although conclusions of such kind appear to be compelling at a first glance, one
important point must be mentioned: It is the rapidity of the current progression in
environmental change indicated by growth trends (Pretzsch 1996) as compared to
the mostly prolonged environmental transitions, stretching over thousands to mil-
lions of years during Earth history (neither mass extinctions of species during Earth
history necessarily were instantaneous). Given this current rapidity, a genetic
fixation of new adaptations to changed site conditions cannot become effective,
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although the least adaptive individuals of present populations may be lost on a
short-term scale (Miller and McBride 1999). At best, the capacity of trees in
physiological acclimation may warrant survival — which, conversely, may be a
strength of trees (Niinemets 2010).

Regarding O; impact as an oxidative stressor, trees may well be prepared.
Ground-level Oj in low concentration has always been an ecological factor in
natural environments, causing oxidative stress, similar to that occurring through
energetic overflow during photosynthesis, or under pathogen impact or drought.
Plants have evolved defence against oxidative stress, with the kind of stressor rather
being a secondary issue (Iriti and Faoro 2009) so that the crucial question focuses
on whether or when the defence capacity may collapse.

As pointed out in this chapter, defence capacity as reflected by stress tolerance is
a matter of the ecological scenario that the tree is part of, as well as physiological
performance that the tree is able to sustain. Therefore, understanding the stress
tolerance of trees never can be linked to mono-factorial causes and explanations,
but results from multi-factorial analysis (Niinemets 2010). The factorial concert
comprises tree-internal processes (genotype, metabolism, ontogenetic and pheno-
logical status) as well as abiotic (climate, soil) and biotic influences (competition,
parasitism, mutualism) — in particular, the latter having been neglected in research.
Also other pollutants are part of this concert: N deposition and nutrient and water
availabilities, irradiance, and elevated CO,. Therefore, the trees’ stress response
and buffering capacity as outcomes from multiple interactions, metabolic plasticity,
and as determinants of stress tolerance and survival can be quite variable and hard
to predict, in particular, for new scenarios of climate change. Stressors may be of
variable relevance depending on tree ontogeny, while trees may become buffered
against stress by accumulating reserve storage for defence as growing old and large
(Niinemets 2010). In any case, altered tree performance does affect competitive
interactions and food webs through tree-pathogen and -herbivore relationships with
potential consequences for species successions and structure in plant communities,
and hence, biodiversity. During such processes, trees may not be killed by one
factor instantaneously, but as a gradual outcome from specific multiple stressors, as
some factors may predispose to — or even harden against — the impact of others.
Hence, the interactive scenario may be more crucial for tree survival than the
impact of single factors per se, while acting ecophysiological mechanisms are
similar to those during evolution, currently involving processes, however, of
climate change, including air pollution.

As the predictability of tree performance is limited because of the complexity of
the ecologically relevant mechanisms pointed out above, difficulties even increase,
if episodic events in environmental impact occur (e.g. severe drought, late or early
frost, pest calamities). Modelling will fail, given such unforeseen coincidental
effects, in predicting the subsequent development and in giving a long-term per-
spective. In total, however, one may conclude, that trees are not principally
endangered by climate change and air pollution. They have ample capacities of
acclimation. Also a changing environment will provide sites suitable for tree
existence, provided species migration via seed proliferation can keep pace with
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the environmental change, whereas previous sites may be given up. Pre-requisites
for survival, acclimation and potential long-term adaptation need to be viewed in
dependence on the specific case as being embedded into the overall factorial
scenario of given ecosystems. It is likely, however, that the structure and function-
ality of forest ecosystems, declining at some sites while establishing at others, will
differ profoundly under climate change including air pollution from what we are
presently acquainted at the regional scale, including “deterioration” under human
view, based on our current and historical ecological experience.
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Chapter 8
Influence of Atmospheric and Climate
Change on Tree Defence Chemicals

Jason Q.D. Goodger and Ian E. Woodrow

Abstract Environmental factors associated with atmospheric and climate change
can potentially modify the structure and function of the world’s forests. An impor-
tant indirect effect of environmental variables such as elevated carbon dioxide
(COy), air temperature, ozone (O3), UV radiation, and water-related stress on
forests results from the response of tree secondary metabolism. In particular, the
concentrations of defence chemicals displayed by trees can change in response to
certain climate change factors, and this may influence interactions with herbivores
and pathogens, and the broader forest community. An evaluation of the literature
relating to climate change effects on tree defence chemicals shows variable results
in both direction and magnitude of concentration changes and a dearth of studies on
chemicals other than carbon-based phenolics and terpenes. Nevertheless, some
generalities are evident. Elevated CO,, O3, and UV-B tend to increase tree pheno-
lics, while mono- and sesquiterpenes remain unchanged. Elevated temperature
increases volatile terpene emissions and often foliar terpene concentrations,
whereas phenolics are largely unaffected. Water stress tends to increase phenolic
concentrations and mild stress can also increase terpene emissions, but the effect of
excess water availability remains largely unknown. A greater understanding of the
implications of global climate change factors on the defence chemistry of the
world’s forest trees would benefit from increasing the classes of defence chemicals
examined, expanding the diversity of tree species and biomes studied, and incor-
porating long-term, multi-factor experiments. Clearly much more work is required
to fully understand how the complexity of factors involved in global climate change
influence defence chemistry in the world’s forest trees, and how this in turn will
influence future tree growth and fitness and forest ecosystem functioning.
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8.1 Introduction

Forests of one form or another extend over some 30 % of the earth’s 14.9 billion ha
land area. In terms of cover, tropical forests are the most abundant (49 %) followed
by boreal forests (24 %), temperate forests (13 %), sub-tropical forests (8 %) and
plantations (5 %). These forests are an important and relatively stable pool in the
global carbon cycle, storing some 45 % of terrestrial carbon. They are also
important for a range of other ecological, economic and social services, including
the conservation of biological diversity. Not surprisingly, primary (old growth)
forests, which make up some 36 % of all forests, generally contain the greatest
biological diversity. However, these forests are being either lost or transformed, for
example, by selective logging at a rate of six million ha per year. Nevertheless, it is
heartening that in 2005 some 400 million ha (11 % of total forested land) was
designated worldwide for the conservation of biological diversity as the primary
function (FAO 2006).

Conservation of biological diversity and a range of other services may, however,
be under increasing threat from a set of forces that can potentially modify the
structure and function of forests. These include factors such as land use changes and
invasive species and pest outbreaks, which almost always have negative effects on
forests. They also include highly pervasive factors associated with atmospheric and
climate change, including elevated carbon dioxide (CO,), air temperature, ozone
(03), UV radiation, and water-related stress. Not all of these latter factors have
negative effects on forests (e. g. CO,), but they do all have a series of direct and
indirect effects on trees which, taken together, are not straightforward to predict.
For example, elevated CO, is known to promote plant growth by stimulating
photosynthesis, but it also causes a dilution of nitrogen in foliage, which can in
turn lead to at least two effects that can retard growth (Leakey et al. 2009). The first
involves a slowing of the litter decay rate and thus the rate of return of nitrogen and
other minerals to the soil and eventually to growing plants (see review by Lukac
et al. 2010). The second involves an increase in the amount of foliage consumed by
herbivory, which often consume sufficient plant material to satisfy their nitrogen
demands. The balance between growth promotion on the one hand and retardation
on the other is not easy to predict, and will certainly vary between species and
environment.

Another important indirect effect of these environmental variables on forest
structure and function results from the response of secondary metabolism and in
particular, the concentrations of compounds that moderate interactions with herbi-
vores and pathogens (i.e. defence chemicals). It is clear that maximisation of
growth and reproductive fitness in trees requires an astute investment of limited
energy and resources in chemical defence versus primary growth processes. Despite
recent evidence suggesting that plant defence chemicals can share both primary and
defensive roles (see Neilson et al. 2013), it remains logical that the optimal balance
between these two investments will vary under different environmental conditions,
both stressful and favourable to plant growth. Many theories have sought to predict
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such responses (e.g. Bryant et al. 1983; Herms and Mattson 1992). It is not our
intention here to examine these theories. In this chapter, we will review recent work
examining how changes in CO,, air temperature, ozone, UV radiation, and water-
related stress affect defence chemicals in trees. Trees can legitimately be treated
separately from annuals, such as the model species Arabidopsis, because it is likely
that selection has favoured quite different responses in long-lived species that
cannot easily escape herbivores by quickly completing their lifecycle.

8.2 Carbon Dioxide

Forests play an important role in the global carbon cycle especially through their
capacity for net CO, assimilation and for storage of large amounts of carbon in a
relatively inert form (i.e. lignified tissues that are persistent and relatively resistant
to decomposition). Indeed, it is the return to the atmosphere of carbon that has been
sequestered by forests, both living (e.g. deforestation) and dead (e.g. coal), that
account for much of the rise in atmospheric CO, from a pre-industrial level of some
280 ppm to the current annual average of close to 400 ppm. Such a rise in CO; has
two primary effects on trees, which in turn effect changes in the concentration of
defence chemicals. The first effect is a reduction in stomatal conductance (aper-
ture). Interestingly, despite its importance for plant water and energy balances, and
for CO, uptake, the mechanism by which guard cells respond to CO, is still
unknown, but it is apparently a ubiquitous response in higher plants (Mott 2009).
The second effect of CO, enhancement on trees, and C; plants generally
(n.b. almost all trees have a C; photosynthetic system), is on the CO, fixing enzyme
of photosynthesis, ribulose bisphosphate carboxylase/oxygenase (Rubisco). The
ratio of carboxylation (photosynthesis) to oxygenation (photorespiration) catalysed
by this enzyme is directly proportional to the CO, to O, ratio (Woodrow and Berry
1988), so any increase in CO, will increase the rate of net CO, assimilation. It will
also increase the nitrogen use efficiency of CO, fixation because more CO, can be
fixed per unit Rubisco, which itself comprises an appreciable proportion of leaf
nitrogen in trees.

8.2.1 Effects of CO, Enrichment

The primary and secondary effects of CO, enrichment on the carbon and nitrogen
metabolism of trees have been quantified in many experiments in glasshouses,
open-topped chambers, and FACE (free air CO, enrichment) rings. A recent review
of FACE studies (Leakey et al. 2009) made six general observations, including that
in C; plants carbon uptake is enhanced by high CO, despite a reduction in Rubisco
concentration, and that photosynthetic nitrogen and water use efficiency increases.
Effects are, however, quite variable. For example, (Korner et al. 2005), reported
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little if any affect of high CO, exposure on growth in a mature deciduous forest in
Europe, whereas Cole et al. (2010) estimated that natural increases in atmospheric
CO, have caused a 53 % increase in the growth of quaking aspen (Populus
tremuloides). It is not surprising, therefore, that chemical defence metabolism,
which is influenced both by carbon and nitrogen supply (Fritz et al. 2006), responds
to high CO, to establish a new balance between growth and chemical defence. It is
also not surprising that such a balance will vary with many factors, including plant
type, chemical defence compound (type and location), plant age, and the prevailing
environmental conditions. With regard to plant type, research on high CO, effects
on trees has focussed on representatives of very few genera (namely, Acer, Betula,
Citrus, Eucalyptus, Fagus, Picea, Pinus, Populus, Pseudotsuga, Quercus and
Salix). Importantly, four of these genera make up a sizeable proportion of the
species reported as being the most common in a recent inventory of the world’s
forest (FAO 2006). Notably, species from some of the world’s largest and most
species-rich forests (i.e. wet tropical forests of Africa and South America) were not
well represented in the survey.

One of the most important frameworks for interpreting the results of studies of
the response of defence chemicals to high CO, involves the assumption that the
concentrations of these chemicals are sensitive to substrate (i.e. carbon) supply. In
other words, if carbon supply rises through rising photosynthesis, as is the case in
most high CO, studies, then carbon-based defence chemicals (i.e. those that do not
contain nitrogen) should also rise (Bryant et al. 1983; Herms and Mattson 1992).
Implicit in this thinking is the assumption that metabolic pathways involved in the
synthesis of carbon-based defence chemicals have extra capacity — i.e. that feed-
back inhibition deriving from a lack of biosynthetic capacity or a lack of capacity to
store additional defence chemicals does not negate completely the effects of
increased carbon supply. If there is indeed extra capacity, then it is unlikely that
it will be even across all of the defence chemicals, and it is unlikely that it will be
the same across all species and conditions. Put another way, different species or
groups of species will likely have different evolutionary strategies for balancing
chemical defence, growth and reproduction (Lindroth 2010).

8.2.2 Carbon-Based Defence Chemicals

Measurements of numerous carbon-based defence chemicals from a range of tree
species have largely agreed with the aforementioned ideas, and several generalisa-
tions can be made. These relate mainly to studies of photosynthetic tissues. First,
mass-based measurements of total carbon-based defence chemicals generally show
an increase in concentration (e.g. see meta-analysis by (Koricheva et al. 1998). This
increase has generally been found to mirror increases in the carbon to nitrogen ratio,
which is driven largely by a reduction in photosynthetic nitrogen and an increase in
carbohydrates. Second, different classes of compounds (i.e. those that are
synthesised by different metabolic pathways; see Fig. 8.1) often respond
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Fig. 8.1 Generalized scheme representing the flow of carbon from photosynthesis through to the
major pathways of chemical defence biosynthesis in plants

quantitatively differently to high CO,. For example, the meta-analyses of trees by
Stiling and Cornellisen (2007) and Koricheva et al. (1998) found significant
increases in both phenolics and tannins across a range of species. Furthermore,
Koricheva et al. (1998) separated measurements of hydrolysable tannins from those
of other phenolic compounds derived from phenylpropanoid metabolism, and
found both groups to rise significantly under high CO,. It should be noted that
phenolics are a chemically diverse group of compounds involved in both primary
and secondary metabolism, and many do not have a clear link to chemical defence.

Terpenoids, on the other hand, have proved much less responsive to high CO,,
with several studies recording a decrease in concentration under high CO, (see
meta-analysis by Zvereva and Kozlov (2006). This is despite a recent FACE study
on a 27-year-old loblolly pine (Pinus taeda) plantation finding mono- and diterpene
resin mass flow increased by an average of 140 % under elevated CO, in trees
growing on low-nitrogen soils (Novick et al. 2012). In general, the results of meta-
analyses across tree species suggest terpenoids do not show significant responses to
elevated CO, (Koricheva et al. 1998; Lindroth 2010; Stiling and Cornellisen 2007).
It is noteworthy that Novick and co-workers did not detect a significant increase in
loblolly pine resin flow under elevated CO, for fertilized or carbohydrate-limited
trees, supporting the aforementioned importance of the carbon to nitrogen ratio in
carbon-based defence responses.
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Finally, as noted above, considerable variation has been found in the responses
of carbon-based defence chemicals of different species and groupings of species to
elevated CO,. For example, in their meta-analysis, Zvereva and Kozlov (2006)
examined studies on the effect of high CO, on carbon-based defence chemicals and
found a significant rise in angiosperms but a decline in gymnosperms. In a similar
manner, Cseke et al. (2009) measured gene expression in two clones of quaking
aspen, one being more responsive to high CO, in terms of growth than the other.
They found evidence of clear differences in the way in which a higher carbon flux is
allocated amongst the pathways of secondary metabolism.

8.2.3 Nitrogen-Containing Defence Chemicals

In contrast to the plethora of studies of carbon-based defence chemicals, there has
been remarkably little research on those chemicals that contain nitrogen, such as
alkaloids and cyanogenic glycosides (see Fig. 8.2). In fact, there has been only one
study of this type, on saplings of sugar gum (Eucalyptus cladocalyx), which
contains relatively high amounts of the cyanogenic glycoside prunasin (Gleadow
et al. 1998). It was found that both leaf nitrogen and prunasin concentration
declined under high CO,, but the proportion of nitrogen allocated to prunasin
actually increased. Thus, it could be argued that nitrogen was effectively
reallocated from photosynthesis to defence.

8.3 Temperature

Global temperatures are predicted to rise during the course of the twenty-first
century and beyond. The average global temperature increased by 0.76 °C during
the twentieth century, and a further increase of up to 4.0 °C is projected during the
twenty-first century (Solomon et al. 2007). Temperature increases are expected to
be greatest over land and at most high northern latitudes, thereby influencing the
world’s forests and those in the Northern hemisphere in particular. Although this
section focuses on the direct effects of temperature on tree defence chemicals, it
should be noted that temperature changes can also influence herbivore ranges and
expansions, and may have large consequences for tree species that lack coevolved
defences. For instance, a recent study suggests that global warming has increased
the range of mountain pine beetles (Dendroctonus ponderosae) so that they now
encounter the high-elevation whitebark pine (Pinus albicaulis), which is more
susceptible to beetle attack than the lower-elevation host species lodgepole pine
(Pinus contorta; Raffa 2013).
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8.3.1 Temperature Effects on Volatile Defence Chemicals

The key effect of rising temperatures on tree defence chemicals is likely to relate to
their volatile emissions. Trees emit a vast array and substantial quantities of volatile
organic compounds, including terpenoids (e.g. isoprene, monoterpenes and sesqui-
terpenes; see Fig. 8.2) and oxygenated hydrocarbons (e.g. alcohols, aldehydes and
ketones; Kesselmeier and Saudt 1999). The rate of emission of such volatiles is
generally highly correlated with, and apparently dependent on, air temperature.
This relationship was exemplified by early work on slash pine (Pinus elliottii) that
showed that a linear increase in temperature could result in an exponential increase
in monoterpene emissions (Tingey et al. 1980). Since then, similar increases in
emissions with temperature have been observed for a variety of different terpenoids
from numerous tree species, including isoprene from quaking aspen (Fuentes
et al. 1999) and white oak (Quercus alba; Sharkey et al. 1996), monoterpenes
from holm oak (Quercus ilex; Loreto et al. 1996) and sesquiterpenes from loblolly
pine (Helmig et al. 2006).

The simplest terpenoid is isoprene and it is produced in leaf chloroplasts from
photosynthetic intermediates. Although not generally considered a plant defence
chemical, isoprene has recently been shown to have deterrent properties towards
insect herbivores (Laothawornkitkul et al. 2008). The proportion of fixed carbon
emitted as isoprene rapidly increases with temperature via de novo biosynthesis.
For example, a study on holm oak found that at 30 °C, 2 % of carbon fixed by
photosynthesis was emitted as isoprene, but at 40 °C, 15 % was emitted (Loreto
et al. 1996). This large proportional increase is attributed to the fact that photosyn-
thesis remains constant or declines at temperatures above 30 °C while isoprene
biosynthesis and emission increases. Thus it appears likely that isoprene biosyn-
thesis and emission will increase as global temperatures rise. Given the high
proportion of fixed carbon lost as isoprene from the world’s forests under global
warming, the process of isoprene emission may offset some of the photosynthetic
advantages of increased atmospheric CO,. Moreover, higher isoprene emissions
from trees will play an increasingly important role in the atmospheric hydrocarbon
budget, influencing air quality and, in particular, contributing to tropospheric ozone
depletion episodes (Sharkey et al. 1996).

Monoterpenes and sesquiterpenes are polymers of isoprene and are relatively
well characterised as defence chemicals. They are stored predominantly in special-
ized secretory structures such as resin ducts, secretory cavities, or trichomes which
are commonly housed in photosynthetic tissues of trees. The emission of these
terpenes is largely dependent on their volatility or on damage to the secretory
structures. Generally, terpene emission from trees is assumed to originate via
evaporative processes acting on the terpene pools of secretory structures (Grote
and Niinemets 2008) and may protect membranes from denaturation during heat
stress, thereby increasing the thermotolerance of photosynthesis (Sallas et al. 2003).
Evaporation depends mostly on terpene saturation vapour pressure, which is
directly related to leaf or needle temperature. Consequently, terpene emissions



8 Influence of Atmospheric and Climate Change on Tree Defence Chemicals 173

from trees are commonly calculated by temperature-dependent algorithms
(Guenther et al. 1993), and are predicted to increase as global temperature rises.
Unlike the situation for isoprene, increases in evaporative emission rates of terpenes
have generally been assumed to be independent of de novo biosynthesis. If this
assumption is correct, increased emissions may not be balanced by increased
biosynthesis. This could potentially lead to decreased foliar terpene concentrations,
with subsequent implications for herbivory given their role in chemical defence.
Nonetheless, recent work has cast doubt on the assumption that tree monoterpene
emission is independent of de novo biosynthesis. The results of a study on four
common boreal and alpine forest species showed that at least some monoterpene
emissions do result from de novo biosynthesis in all studied species (Ghirardo
et al. 2010). In fact, the study showed the proportion of monoterpene emissions that
originate directly from de novo biosynthesis to range from 10 % in European larch
(Larix decidua), to 34 % in Norway spruce (Picea abies), 58 % in Scots pine (Pinus
sylvestris), and to a remarkable 100 % in silver birch (Betula pendula; (Ghirardo
et al. 2010). If the relationship between terpene emission and concomitant biosyn-
thesis proves to be more general, then increased emissions of mono- and sesquiter-
penes with global warming may further offset photosynthetic advantages of
increased atmospheric CO,, especially in species such as silver birch.

Research that has focussed on the concentration of terpenes in foliage of trees
subjected to elevated temperatures has produced mixed results. For example, a
study on Scots pine seedlings found monoterpene concentrations in needles were
not affected by elevated temperature (Holopainen and Kainulainen 2004). In
contrast, a study involving both Scots pine and Norway spruce seedlings found
the concentrations of almost all examined monoterpenes to increase in both needles
and stems (Sallas et al. 2003). In the latter study, the authors suggested that the
increase in terpene production might compensate potential terpene emission
increases at elevated temperatures. Despite such variable results, a meta-analysis
of studies on herbaceous and woody plant species, including a number of tree
species, found concentrations of terpenes to generally increase in both green and
woody plant parts when plants were subjected to elevated temperature treatments
(Zvereva and Kozlov 2006). If the general response of trees to global warming is an
increase in terpene concentrations, and if this increase is not counteracted by
increased emission rates, then the increased herbivore deterrence and/or toxicity
of terpenes may have serious implications not only for herbivores, but also for the
wider forest communities that depend on them.

8.3.2 Temperature Effects on Non-volatile Defence
Chemicals

The influence of global warming on the numerous non-volatile defence chemicals
that trees produce is less clear. Most of the research related to this topic has been
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conducted on foliar phenolics. By definition, phenolics possess one or more phenol
groups (aromatic rings with at least one hydroxyl functional group attached), and
common examples include condensed tannins and flavonoids (see Fig. 8.2). Most
work has been conducted on the phenolics of northern hemisphere forest species
subjected to elevated temperature treatments, but even within this relatively
restricted group, few consistent trends have been observed. The aforementioned
meta-analysis of studies on herbaceous and woody plant species found a general
trend of decreased phenolic concentrations in both green and woody plant parts
under elevated temperature (Zvereva and Kozlov 2006). Nevertheless, some studies
have observed no change in total phenolics with elevated temperature, such as those
on red maple (Acer rubrum) saplings (Williams et al. 2003) and Scots pine
seedlings (Holopainen and Kainulainen 2004).

Despite inconsistency in the direction and magnitude of changes in phenolic
concentration with temperature treatments, the most common observation reported
is a reduction in total foliar phenolic concentrations with increasing temperature,
although this is not necessarily representative of all individual phenolics in such
studies. For example, a study on seedlings of white birch (Betula pubescens), silver
birch, and dark-leaved willow (Salix myrsinifolia) found elevated temperature
generally resulted in decreased concentrations of phenolic acids, salicylates and
flavonoids, but only condensed tannin concentration decreased in silver birch
(Veteli et al. 2007). Similarly, a study on silver birch seedlings at elevated temper-
ature found decreased total phenolics in the leaves, due largely to a decrease in
flavonol glycosides and cinnamoylquinic acids, and a decrease in condensed tan-
nins due to a decrease in their precursor (+)-catechin (Kuokkanen et al. 2001).
Nevertheless, in that study, the concentration of phenolic glucosides such as
salidroside was observed to increase. Furthermore, a study using dark-leaved
willow cuttings found the concentration of total phenolics significantly decreased
by 25 % under elevated temperatures, and in particular the concentration of
chlorogenic acid decreased by 25 %, salicylic alcohol by 27 %, salicortin by
26 % and eriodikytol-di-glucoside by 100 %. However, quercetin and condensed
tannin concentrations were unaffected by the elevated temperature treatment
(Veteli et al. 2002).

It remains unclear whether temperature has a direct influence on the biosynthesis
of tree phenolics or if confounding variables can explain some of the observed
changes in phenolic concentrations at elevated temperatures. For instance, a study
using saplings of Scots pine found a slight decrease in the concentration of
20 different phenolics at elevated temperature, but the authors concluded that this
could be due to mass-based dilution given the greater needle biomass observed in
the elevated temperature treated plants (Raisanen et al. 2008). Furthermore, a study
on 4-year-old English oak (Quercus robur) found an increase in condensed tannins
with temperature treatment, but the authors suggested that this result may be
confounded by the fact that elevated temperature induced earlier bud burst and
that condensed tannins increase with age (Dury et al. 1998). Similarly, the apparent
decline in phenolic glucosides in elevated temperature-treated willows could also
be an ontogenetic response due to accelerated physiological ageing in the treated
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trees, and the fact that phenolic glucosides decrease with ontogeny (Veteli
et al. 2002). Thus the inherent difficulty of separating biomass and ontogenetic
effects from those of elevated temperature may confound interpretation of results in
many studies.

Nevertheless, a number of different mechanistic explanations have been pro-
posed to explain a decrease in the foliar concentration of particular phenolics with
predicted global temperature rise. First, a decrease in phenolic biosynthesis could
be due to differences in activity of enzymes within the biosynthetic pathway at
different temperatures (Veteli et al. 2002). Second, elevated temperatures may
result in greater losses of carbon via maintenance respiration and, consequently,
the biosynthesis of phenolic compounds, especially the glycosylation of flavonoids,
would be retarded (Kuokkanen et al. 2001). Third, elevated temperatures may
enhance enzymatic breakdown of certain phenolics, especially phenolic glucosides
(Veteli et al. 2002). Whether due to one or a combination of these mechanisms, a
general reduction in phenolic concentrations is likely due to impact on tree fitness,
because of the many and varied primary and secondary roles of phenolics in trees.

Only a few other non-volatile defence chemicals of trees have been examined in
the context of global warming. They include the triterpenoid, papyriferic acid,
which has been observed to increase in stems of silver birch seedlings subjected
to elevated temperature (Kuokkanen et al. 2001), and resin acids which have shown
variable responses to temperature treatments. With respect to the latter, a study on
Scots pine seedlings found the concentrations of pimaric and dehydroabietic acids
in needles, and sandaracopimaric and isopimaric acids in stems to vary significantly
across five different temperature treatments (Holopainen and Kainulainen 2004).
Despite the significant variation in that study, there was no clear trend of an increase
or decrease with increasing temperature. Directionally more consistent results were
found in a study on seedlings of two boreal tree species, where elevated temperature
increased concentrations of some resin acids in Scots pine needles and total resin
acids in Norway spruce needles (Sallas et al. 2003).

8.3.3 Interactive Effects of Elevated CO, and Temperature

Potential interactions between rising temperatures and increasing atmospheric CO,
may have important effects on tree secondary metabolism. Nonetheless, relatively
few studies have explored the effects of both parameters in such a way that both
their individual and combined effects on tree defence chemicals can be evaluated
(Zvereva and Kozlov 2006). A meta-analysis of the studies that have examined the
effect of both parameters on plant quality, including terpenes and phenolics, found
the results to be taxon-specific and variable depending on the compound analysed
(Zvereva and Kozlov 2006). Despite this, the authors generalised that responses to
enriched CO, can either be independent of temperature, offset by elevated temper-
ature, or apparent only with elevated temperature. These ostensibly contrasting
generalisations were based on the fact that several studies concluded temperature
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does not influence tree secondary metabolism under CO, elevation, while others
demonstrated clear interactive effects of elevated temperature and CO,. For exam-
ple, no significant interaction was found between temperature and CO, for phenolic
concentrations in leaves of red maple saplings (Williams et al. 2003) or in leaves or
stems of silver birch seedlings (Kuokkanen et al. 2001). Indeed, the authors of the
latter study suggested that increasing either temperature or CO, alone may affect
tree secondary metabolism more than a combination of the two factors (Kuokkanen
et al. 2001). Moreover, a study on seedlings of three boreal tree species found that
phenolic concentration decreased under elevated temperature, increased under
elevated CO,, but was unchanged under a combination of the two factors (Veteli
et al. 2007). The study revealed the combined effects of elevated temperature and
CO, were additive, thereby cancelling out their individual effects (Veteli
et al. 2007). A similar trend was found for terpenes and resin acids in a study on
Scots pine and Norway spruce seedlings, where significant interactive effects of
elevated temperature and CO, on needle and stem concentrations of some individ-
ual compounds were observed. In that study, the effect of elevated temperature
alone was opposite to and much greater than elevated CO, (Sallas et al. 2003).
Nevertheless, the effect of the combined treatments was generally intermediate
between the two factors, again suggesting that temperature and CO, have an
additive effect on tree defence chemicals.

8.3.4 Phenological Effects of Elevated CO, and Temperature

Arguably one of the greatest effects of global warming on forest-herbivore inter-
actions may relate to phenology rather than defence chemicals. Elevated tempera-
tures can lead to phenological mismatches between trees and their insect herbivores
(Bidard-Bouzat and Imeh-Nathaniel 2008). Many insects have evolved life histo-
ries in which their maximum nutritional demands coincide with the season when
developing tree tissue is maximally available. For example, approximately 50 % of
forest insect pest species are early-season specialists consuming immature plant
tissue when it is generally easier to digest, more nutritious and lower in defence
chemicals (Ayres 1993). Increased global temperatures may speed up leaf devel-
opment rates thus reducing the time that immature foliage is available to these
herbivores. Such a phenological mismatch, even on the scale of a few days, can
halve herbivore fecundity and therefore greatly impact forest-herbivore communi-
ties (Ayres 1993). Rising temperatures, however, are likely to affect insect herbi-
vores similarly by speeding up development, thereby counteracting any such
phenological mismatch. In fact, increased insect growth rates may result in
increased rates of feeding over shorter time periods, potentially tipping the balance
in favour of the herbivores with dramatic impacts for the forest trees.

As with tree defence chemicals, elevated CO; is likely to interact with elevated
temperature to influence any potential phenological effects. For example, elevated
temperatures generally result in accelerated development and enhanced growth and
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reproductive performance of insects, but elevated CO, tends to result in the
opposite (Lindroth 2010). Indeed, it has been suggested that temperature increases
are likely to mitigate predicted negative effects of enriched CO, on insects
(Zvereva and Kozlov 2006). Hence, in a similar manner to the combined effects
of these factors on tree defence chemicals, elevated temperature and CO, may have
additive phenological effects.

8.4 Ozone

Unlike CO,, variations in the Oz concentration of the lower atmosphere are
relatively regional, although there has been an increase in the global background
level of some 40 % since the industrial revolution (Solomon et al. 2007). The reason
for regional increases in O3 relates to the mechanism of production of this gas. O3 is
largely produced through the oxidation of atmospheric hydrocarbons in the pres-
ence of light and nitrogen oxides. All three of the components of this reaction are
highly variable. Hydrocarbon and nitrogen oxide concentrations depend on the
intensity of industrial activities, and hydrocarbon concentrations can be further
increased by plant emissions (see Sect. 8.3.1). Light intensity varies diurnally,
seasonally and regionally. Not surprisingly, therefore, it is predicted that the largest
increases in O3 concentration will occur in the Northern hemisphere, and that
globally O3 will rise to an average concentration of just under 70 ppb by 2050
(Karnosky et al. 2005). Moreover, it is estimated that by the end of the century some
60 % of the world’s forests will be significantly affected by O; (Vingarzan 2004).

8.4.1 Effects of Enhanced O3

The main mechanism by which O5 affects plants involves diffusion of the gas
through the stomata and into the liquid phase of cells around the intercellular air
spaces. O3 readily reacts with especially lipids and proteins in both the cell wall and
plasma membrane, resulting in damage and the release of products such as reactive
oxygen species and hydrogen peroxide (Kangasjdrvi et al. 2005). This leads to a
number of responses, including stomatal closure, production of antioxidants,
programmed cell death and other defence responses. Overall, enhanced O3 causes
reductions in photosynthesis and leaf area, and accelerated senescence of leaves,
which together result in lower productivity. Wittig et al. (2009), in their meta-
analysis of a large number of studies, estimated that the current average ambient
level of O3 of 40 ppb has resulted in a 7 % reduction in the biomass (compared to
pre-industrial conditions) of the temperate and boreal forests of the Northern
hemisphere. Interestingly, they found that like some CO, effects (see Sect. 8.2),
gymnosperms were significantly less sensitive to O; than angiosperms.
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Given that Oj elicits defence and stress responses involving, amongst other
things, the production of reactive oxygen species; it is not surprising that changes
in the concentrations of secondary metabolites occur. Indeed, recent work on
European beech (Fagus sylvatica) saplings showed that elevated O; effects an
increase in the transcript abundance of genes that are involved in the shikimate
pathway (Betz et al. 2009a), which in turn causes an increase in a range of
flavonoids and simple phenolics with antioxidant properties. Interestingly, changes
in the monomeric composition of lignin were also measured under the enhanced O;
conditions (Betz et al. 2009b). Most studies of the effects of high O; on defence
chemicals have, however, not focussed on the mechanisms of the response; rather
they have determined the concentration of these chemicals. Like the research on
CO, effects (see Sect. 8.2), studies have involved a range of tree species, conditions
and experimental designs, and the defence chemicals measured have come almost
exclusively from the phenolic and terpenoid groups. No studies of, for example,
nitrogen-based defence chemicals have apparently been undertaken. Also, like the
CO; studies, considerable variability — both qualitative and quantitative — has been
recorded, depending on species, conditions, and chemical type examined.

In order to make generalisations about these studies of defence chemicals,
(Valkama et al. 2007) undertook a meta-analysis of 63 studies of enhanced O;
effects involving 22 tree species and a range of phenolic and terpenoid compounds.
They found that medium- and long-term exposure (i.e. >6 months) to enhanced O3
(i.e. >1.5 times ambient) caused an increase in total levels of terpenes and pheno-
lics of 8 % and 16 %, respectively. However, there was considerable variability
within these groups of compounds. For example, consistent with the findings of
Betz et al. (2009), flavanoids and phenolic acids were found to increase signifi-
cantly across species, whereas tannins were not. Of the terpenes, a significant
increase in concentration was detected for diterpene resin acids, but not for
mono- or sesquiterpenes. The analysis of terpene studies also showed that the
tree’s ontogeny can determine the magnitude of the O5 response. It was found
that mature trees were more responsive than both saplings and seedlings. The
authors also drew attention to the considerable variability between species and
groups of species. For example, angiosperms were more responsive overall than
gymnosperms with respect to the total level of phenolics. There was, however,
considerable variability in the responses of individuals within these groups, as
summarised in several recent reviews (Bidard-Bouzat and Imeh-Nathaniel 2008;
Lindroth 2010; Valkama et al. 2007).

8.4.2 Interactive Effects of Enhanced CO, and O;

While both O3 and CO, enhancement have been shown to be able to increase the
concentrations of defence chemicals in many tree species, there is reason to propose
that concurrent increases in these gas concentrations may show a more complex
interactive effect. First, stomatal conductance is reduced under high CO,, which
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may decrease the amount of O3 that can diffuse into leaves. Second, the higher rates
of photosynthesis and carbohydrate production under high CO, may also increase
the capacity of plants to cope with the adverse effects of O;. Studies of the
interactive effects of O3 and CO, were recently reviewed by Valkama
et al. (2007) and Lindroth (2010). They concluded that there is evidence of both
additive and interactive effects, depending on both the species and the type of
defence chemicals examined. In some cases, CO, was found to be able to negate the
positive effects on a defence chemical of O; (e.g. some phenolics; Peltonen
et al. 2005), while in other cases there was synergy, with the effect of both gases
being greater than the sum of each treatment (e.g. terpenes; Valkama et al. 2007).

8.5 Ultraviolet-B Radiation

In contrast to tropospheric O3, which is gradually increasing worldwide (see Sect.
8.4.1), stratospheric O3 has been decreasing, particularly over the last few decades
due largely to a marked rise in the concentration of chemicals such as chlorofluo-
rocarbons (CFCs). While trees are not directly affected by events in the strato-
sphere, the depletion of O3 has indirect effects, which derive from the fact that O is
a strong absorber of UV-B radiation. Modeling has recently shown that there has
been a significant rise in the intensity of UV-B at the earth’s surface over the last
three decades at all latitudes other than the equatorial region (McKenzie
et al. 2011). This rise is, moreover, predicted to stabilise, then decline due to
reductions in the outputs of Os-depleting chemicals, with full recovery to the
1980s level likely sometime in the middle of this century (Schrope 2000). Never-
theless, the kinetics of recovery of Oj levels are dependent on other relatively
unpredictable factors such as atmospheric temperature, and UV-B levels can be
further influenced by other factors such as cloudiness and aerosol concentration
(McKenzie et al. 2011). Clearly, forests will be subjected to enhanced UV-B
radiation for some time to come.

8.5.1 Effects of UV-B Enhancement

UV-B radiation affects trees because it is strongly absorbed by macromolecules,
including functionally important ones such as proteins and nucleic acids. Absor-
bance of UV-B radiation causes structural changes in these molecules, which can
then lead to deleterious effects including genetic mutations, loss of function of
proteins and oxidative stress involving production of active oxygen species. Many
studies have sought to examine the effect of enhanced UV-B on overall growth and
development of plants, including many tree species. For example, the recent meta-
analysis by Li et al. (2010) of studies of enhanced UV-B effects on plants found that
some 38 different woody species had been examined. Overall, most evidence
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suggests that when plants are grown under natural conditions with enhanced UV-B
radiation, photosynthetic capacity (i.e. the area based rate of photosynthesis) is not
significantly affected, but growth is retarded by small changes in leaf expansion
(Ballaré et al. 2011). Trees are generally less sensitive than herbaceous plants, but
there is still considerable variation between species (Li et al. 2010). Much of this
variation probably relates to differences in UV-B tolerance under normal conditions
and differences in the way in which plants acclimate to enhanced UV-B radiation.
This latter process is complex and involves UV-B specific and non-specific signal-
ling pathways that moderate a series of processes including morphological changes,
accumulation of UV screening compounds (e.g. flavonoids), enhancement of DNA
repair, and production of antioxidants (Jenkins 2009).

It is not surprising, therefore, that increases in UV-B radiation are associated
with changes in plant defence chemicals, given that up-regulation of especially
phenolic metabolism is required to sustain any increase in UV screening and anti-
oxidant compounds, and that many of these compounds also function in defence
(e.g. some flavonoids are feeding and oviposition deterrents). Such a diversion of
carbon flux could also affect other pathways such as terpene metabolism. Studies of
bulk extracts of UV screening compounds from a wide range of species have indeed
shown an increase in ability to absorb UV-B radiation, with an average increase of
about 10 % for field based studies (Searles et al. 2001). Consistent with this, Li
et al. (2010) found that tree species showed a significant increase in UV-B absorb-
ing compounds, especially phenolics, when subjected to both low (1840 % of
ambient UV-B) and high (>40 % of ambient UV-B) radiation treatments. They also
noted considerable variation in the response level between species. Overall, tree
species show a relatively consistent increase of phenolic metabolism under UV-B
enhancement, with increases in a broad range of compounds reported, including
flavonoids such as anthocyanins, isoflavonoids and flavonol glycosides, coumarins,
tannins and phenolic acids (Bidard-Bouzat and Imeh-Nathaniel 2008). Responses
can, however, be complex and few clear patterns have yet to emerge. For example,
in a study of 11 phenolic compounds in silver birch leaves, it was found that three
compounds increased in concentration while one decreased (Lavola et al. 1997).
Similarly, in rough lemon (Citrus jambhiri), the concentration of furanocoumarins
(which like the flavonoids also absorb strongly in the UV-B) was found to decrease
under enhanced levels of UV-B radiation (Asthana et al. 1993).

Relatively few studies of the effect of enhanced UV-B radiation on other groups
of defence compounds have been undertaken. For example, it has been reported that
terpenoid levels in the bark of silver birch are unaffected by enhanced UV-B
radiation (Tegelberg et al. 2002), whereas the level of terpene-derived carotenoids,
which serve a photoprotection role, was higher in leaves of holm oak trees growing
at high compared to low elevations (Filella and Penuelas 1999). There have been a
few studies of nitrogen-based defence chemicals (alkaloid and cyanogenic glyco-
sides) in herbaceous plants, but as yet no tree species have been examined. This is
clearly an area that needs additional research because, like high CO, effects, UV-B
alters both carbon and nitrogen fluxes so it is likely that changes across all groups of
defence chemicals will occur (see Fig. 8.1).
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8.5.2 Interactive Effects of UV-B and Climate Factors

Globally, increases in UV-B radiation are likely to be combined with rises in CO,,
O3 and temperature, and changes in water availability. Thus, in order to understand
how ecosystems will respond to these changes, it is important to undertake factorial
experiments in which the effects of combinations of changes are measured. Studies
of the interactive effects of UV-B enhancement and drought have generally shown
that the overall growth effect is less than the additive effect of both factors —
i.e. UV-B sensitivity is reduced under drought (Caldwell et al. 2007). In contrast,
there is little evidence of interactions between UV-B enhancement and either
temperature (Day et al. 1999) or elevated CO, (Zhao et al. 2003), although most
of this work has involved herbaceous species. A recent study of four clones of dark-
leaved willow examined the combined effects of UV-B, CO, and temperature on
both growth and levels of phenolics (Paajanen et al. 2011). No clear results
regarding interactive effects emerged from this study largely because the clones
had high constitutive levels of phenolics and were thus quite resistant to the UV-B
treatment.

8.6 Water-Related Stress

A warmer atmosphere is capable of carrying greater quantities of gaseous water.
The subsequent convergence of moisture-laden air masses leads to air uplift, cloud
formation and precipitation as rain, hail or snow (O’Gorman and Schneider 2009).
Therefore global warming is predicted to result in increased precipitation. The
predicted precipitation increases, however, are likely to be regionally specific and
not uniform across the earth. Indeed, simulations based on predicted temperature
increases in the twenty-first century suggest mean precipitation will generally
increase in the deep tropics and extra-tropics, but decrease in the sub-tropics (Sun
et al. 2007). Such regional contrasts are due to intense rainfall being an inherently
local event that is a direct consequence of the supply of atmospheric moisture from
farther afield, where it may otherwise have contributed to more moderate rainfall
(O’Gorman and Schneider 2009). Thus rapid increases in precipitation intensity in
one region imply a decrease in intensity, duration and/or frequency in other regions
(Trenberth et al. 2003). In addition, precipitation extremes are widely held to
increase proportionately to the mean atmospheric water vapour content (Pall
et al. 2007). Therefore, global warming is also predicted to increase the frequency
and intensity of precipitation extremes such as flooding and drought, and this
phenomenon is predicted to affect almost all regions of the earth (Kharin
et al. 2007). Any changes in precipitation patterns directly influence soil water
availability, which in turn affects tree water status and can impact on tree secondary
metabolism.
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8.6.1 Effects of Excess Water

The most recent models for the influence of global warming on precipitation predict
increased intensity of rain and snow in much of the Northern hemisphere (Min
et al. 2011), including an increased risk of severe flooding episodes (Pall
et al. 2011). In fact, analysis of meteorological data suggests increases in
greenhouse-gas concentrations have already resulted in intensification of heavy
precipitation events over large swathes of land in the Northern hemisphere during
the latter half of the twentieth century (Min et al. 2011). Despite the likelihood of
increased soil moisture in such regions, surprisingly few studies have examined the
influence of excess water availability on tree secondary metabolism, although its
effect on tree nutrition, which may indirectly influence defence chemicals, has
received more attention (for review see Kreuzwieser and Gessler 2010).

One of the few studies addressing this topic examined foliar phenolics in
tea-leafed willow (Salix phylicifolia) trees growing in three different natural hab-
itats: one with permanently water-logged soil, one subjected to regular periods of
flooding annually and one growing on well-drained soil, never subjected to water-
logging (Sipura et al. 2002). The study found concentrations of condensed tannins
and their precursor (+)-catechin, together with ampelopsin and a myricetin deriv-
ative, were all highest in the water-logged trees, intermediate in the periodically
flooded trees, and significantly lowest in the dry zone trees. These results suggest
that the degree of excess water stress can increase the concentration of foliar
phenolics, although it should be noted that leaf size (and possibly LMA which is
well correlated with phenolics) decreased significantly as the habitats became
wetter. In contrast, a study on silky willow (Salix sericea) seedlings grown in a
common garden experiment found that flooding decreased the concentration of the
phenolic glycoside salicortin, but had no effect on 2’-cinnamoylsalicortin concen-
tration (Lower et al. 2003). Given that global warming is predicted to result in
increased precipitation in many regions with an increased likelihood of extreme
precipitation events such as flooding, research on the effect of excess water stress
on tree defence chemicals is required.

8.6.2 Effects of Drought Stress

In contrast to excess water availability, the influence of limited water availability or
drought on tree defence chemicals, particularly carbon-based chemicals, has
received more attention. It has been predicted that secondary metabolism should
increase under moderate drought stress due to tree growth being limited more than
photosynthesis, resulting in the accumulation of carbohydrates and an increase in
carbon-based defence chemicals (Ayres 1993). In support of this prediction, a study
on black poplar (Populus nigra) saplings found that total phenolic glycoside
concentrations were 89 % higher in the drought-stressed trees relative to the well-
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watered control (Hale et al. 2005). Nonetheless, the results of a recent study on
apple (Malus x domestica) seedlings found that the soluble sugars sorbitol, glucose
and fructose increase with low and moderate drought stress as predicted, but the
concentrations of defence phenolics did not match predictions as phloridzin
decreased with increasing stress while phloretin showed no changes (Gutbrodt
et al. 2012). Similarly, in a study of quaking aspen and sugar maple (Acer
saccharum) seedlings, the concentration of condensed tannins were not altered by
drought treatment in either species, nor were those of the hydrolyzable tannins,
gallotannin and ellagitannin, which are limited to maples (Roth et al. 1997). In fact,
the only defence chemicals that were altered by drought treatment in that study
were the aspen phenolic glycosides salicortin and tremulacin, which were signifi-
cantly reduced by 21 and 14 %, respectively (Roth et al. 1997).

Roth and co-workers attributed their lack of parity with predictions to the
following factors. First, drought may have suppressed activity of enzymes required
for phenolic biosynthesis, preventing an increase in production. Second, the
drought treatment may have been severe enough to retard photosynthesis more
than nutrient uptake, leading ultimately to reductions in secondary metabolism due
to carbon limitations. In support of this latter notion, a study on Douglas fir
(Pseudotsuga menziesii) growing different distances from a water source found a
non-linear relationship between water stress and condensed tannin concentration,
whereby tannin concentrations initially increased under mild water stress, but then
levelled off under moderate stress before decreasing under severe stress (Horner
1990). Such non-linear relationships may explain some of the variability observed
in studies on drought stress and tree defence chemicals, as most studies have
employed only one stress treatment compared to a well-watered control. Thus, to
describe potential non-linear relationships between water stress and tree defence
chemicals, studies may need to employ additional treatments covering a range of
stress levels or multiple harvests during progressive drought.

The influence of drought stress on volatile emissions from trees has also received
attention (Kesselmeier and Saudt 1999; Rennenberg et al. 2006) for reviews). In
general, emission rates of monoterpenes are mostly unaffected under moderate
water stress, when CO, and water gas exchange decline, but are reduced under
severe water stress. Monoterpene emissions can then increase substantially after
rewatering during stress recovery (Kesselmeier and Gessler 1999). With respect to
isoprene emissions, a 3 month study on two Eastern cottonwood (Populus
deltoides) plantations showed emissions were decreased under severe water stress,
but stimulated under short term water stress (Pegoraro et al. 2005). These results
suggest that moderate soil water stress has the potential to counteract the effect of
elevated CO, on isoprene by increasing production while decreasing CO, assimi-
lation. Global warming is expected to result in mean temperature increases and
localised reductions in precipitation in some regions of the world. In these regions,
increased isoprene emissions may have negative air-quality impacts on regional
atmospheric chemistry (Rosenstiel et al. 2003).

As with the other climate change factors; there has been remarkably little
research on the influence of drought stress on nitrogen-containing defence
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chemicals in trees. One study compared mean foliar cyanogenic glycoside
(prunasin) concentration between two sugar gum populations growing in areas
with contrasting rainfall (Woodrow et al. 2002). In that study, mean prunasin
concentration was found to be higher in the population from the drier site, although
the authors attributed this to a concomitant increase in foliar nitrogen. Nevertheless,
in a subsequent greenhouse study using sugar gum seedlings, foliar prunasin
concentration increased markedly under water stress, and this was independent of
changes in leaf nitrogen or any other identifiable variable (Gleadow and
Woodrow 2002).

8.7 Conclusions

Factors related to current and predicted climate change are likely to influence at
least some of the many defence chemicals produced by the world’s forest trees.
Climate change factors can act directly and/or indirectly on tree defence chemicals
in a number of ways. Direct effects on the concentration of a given defence
chemical include changes in biosynthetic enzyme activity, substrate availability,
catabolic activity (enzymatic or otherwise) and volatile emission rates. Indirect
effects include changes in nutrient availability, which can have flow-on effects on
the rate of biosynthesis of particular defence chemicals. The key climate change
factors likely to influence tree foliar enzyme biosynthesis are atmospheric CO,
concentrations, global temperatures, ozone stress, UV levels and water availability,
and these factors may act independently or interactively. The direction and magni-
tude of the effect of these factors on tree defence chemicals appears to be species-
and possibly genotype-specific, as well as dependent on the types of defence
chemicals produced. Despite the complexity of climatic factors and tree responses,
some general trends for defence chemicals under a changing climate are apparent
from the research conducted to date:

e Elevated CO, consistently results in increased phenolic concentrations, whilst
terpenes generally remain unchanged. Nitrogen-containing chemicals have
rarely been examined, but in a single study, cyanogenic glycoside content was
observed to decrease.

« Elevated temperature consistently results in increased isoprene emissions and
may also increase mono- and sesquiterpene emissions. Foliar terpene concen-
trations may also increase, but phenolic concentrations often remain unchanged,
or may decrease. Nitrogen-containing chemicals have not been examined.

» Drought stress can result in increased phenolic concentrations and mild stress
can increase terpene emissions. Nitrogen-containing chemicals have rarely been
examined, but the cyanogenic glycoside content has been observed to increase
under drought stress. The influence of excess water availability is largely
unknown, but increased phenolic concentrations have been observed.
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» Enhanced Oj; tends to increase phenolics and diterpene resin acids, but appears
to have no effect on mono- and sesquiterpenes. Nitrogen-containing chemicals
have not been examined.

« UV-B consistently increases phenolics, whereas terpenes remain unchanged.
Nitrogen-containing chemicals have not been examined.

8.7.1 Future Directions

A greater understanding of the implications of global climate change for defence
chemistry in the world’s forest trees would benefit from extending research in a
number of clear directions. As outlined succinctly by Lindroth (2010), future
research in this area should aim to increase the classes of defence chemicals
quantified, expand the diversity of tree species and biomes studied, and incorporate
long-term, multi-factor experiments.

The number and type of chemicals examined to date has been restricted to only a
few classes of chemical compounds, primarily the carbon-based phenolics and
terpenoids, and commonly only select compounds within each class. The influence
of global climate change on other classes of carbon-based defence chemicals such
as iridoid glycosides is unknown, despite their importance in some tree species.
Moreover, nitrogen-containing compounds such as alkaloids, cyanogenic glyco-
sides, and non-protein amino acids can be very important in certain forest ecosys-
tems, but have received scant attention. Irrespective of chemical class, the influence
of climate change on the mode of expression of chemical defence, i.e. whether
inducible or constitutive, also requires greater attention in the future. For example, a
recent study on a non-tree species, Brassica napus, found the inducibility of
glucosinolates could be altered by both elevated CO, and changes in ozone levels
(Himanen et al. 2008). Similar changes in tree species could have great implications
for forest ecosystems.

The number of species and biomes studied to date has also been relatively
restricted and has resulted in much of the world’s forests being under-represented.
The majority of research has focused on a select group of deciduous and coniferous
tree species from particular Northern hemisphere biomes. Future studies should
incorporate a greater number of boreal and tropical forests, as both are critically
important to the global carbon cycle and a range of other ecosystem services, but
neither has received much attention; a problem that is particularly acute for
understanding effects on ecosystem services. Similarly, Southern hemisphere for-
ests have rarely been investigated in the context of defence chemistry and climate
change, despite the increasing importance and prevalence of plantation forests of
genera such as Eucalyptus throughout the world.

Arguably the most important improvement to future experimentation in this field
will relate to the simultaneous examination of multiple climatic factors. In a recent
review, Bidart-Bouzat and Imeh-Nathaniel (2008) concluded that future studies
should focus on simultaneously testing the effects of multiple climate change
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factors to gain a more realistic perspective of how climate change may impact
defence chemical production. The evaluation of one or two factors at a time, which
has been the general strategy to date, makes predicting the response of trees to
changes in the complexity of climate factors very difficult. This is because climatic
factors can induce differential responses in trees, in terms of both direction and
magnitude of defence chemical changes, and future scenarios affecting the world’s
forests will be the result of these complex interactions, not single factor changes.
According to Lindroth (2010), a better understanding of the ways the various
atmospheric and climatic factors interact is needed to more realistically approxi-
mate future environments, and to provide a diversity of conditions under which to
test the effects of individual factors on tree defence chemicals.

In addition to the inclusion of multiple factors, future experimental designs also
need to take into consideration the developmental stage of trees used and the length
of experiments. The majority of published studies have been performed on seed-
lings and saplings, but these immature stages may respond in a very different
manner to adult trees and represent a relatively small proportion of the lifespan of
tree species. Moreover, the majority of studies to date have been performed over
relatively short time periods (months to several years), which are considerably less
than the lifespan of forest trees, and do not provide knowledge on the perpetuation
of effects over time. Furthermore, short-term experiments with few sampling times
can fail to detect non-linear effects of climatic factors on tree defence chemicals.
Future research should attempt to overcome logistic and funding constraints to
focus more on long-term effects of global change factors on tree defence chemicals.
Long-term experiments will also enable studies on indirect effects of climate
change on tree defence chemistry such as nutrient cycling at the ecosystem level,
potential evolutionary responses of herbivorous insects, as well as effects on
mutualistic associations of trees with pollinators and mycorrhizae.

Clearly much more work is required to fully understand how the complexity of
factors involved in global climate change will influence the defence chemistry of
the world’s forest trees and how this in turn will influence future tree growth and
fitness in the face of predation.
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Chapter 9
Control over Growth in Cold Climates

Sergio Rossi, Annie Deslauriers, Carlo Lupi, and Hubert Morin

Abstract Trees harmonize their growing cycles with the natural seasonal changes,
and this is crucial in ecosystems with marked climatic differences between the
periods favorable and unfavorable to the physiological activities. Wood formation,
or xylogenesis, is a complex and fascinating example of an intermittent,
temperature-sensitive growth process that can be investigated at several temporal
scales, from daily to annual. The period in which wood formation occurs is the time
window when xylem is differentiating and when environmental factors can act
directly on the cells constituting the tree ring and, therefore, on wood characteristics
and properties. In this chapter, the timings and dynamics of the different phases of
xylem cell differentiation are described in detail. The role of some environmental
factors affecting xylogenesis at short time scales, such as temperature, photoperiod,
dates of snowmelt and soil nitrogen are also discussed for forest ecosystems of
cold climates. Although many questions still remain unanswered, the recent find-
ings from monitoring xylogenesis have provided valuable cues for improving the
understanding of the physiology and ecology of secondary growth in trees.

9.1 Introduction

Living organisms must harmonize their cycles with the natural seasonal changes
(Purnell 2003). This adaptation is essential in the temperate and boreal regions of
the world, which experience alternating and distinct winter-summer successions,
revealed by the growth layers of decay fungi fruiting bodies, the pseudo-concentric
growths of some lichen thalli, the needles of different ages along branches of
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evergreen tree species, the modular lengthening of below- and above-ground tree
corms and the cyclic growth layers of wood. In trees, the favorable and adverse
climatic conditions occurring during the year irreversibly mark the wood with the
annual rings.

Tree rings are the result of a gradual accumulation of cells that the plants
produce to renew and increase their transport system, to store substances and assure
mechanical support. At the basis of this process is the cambium, a meristematic
tissue constituted by cells whose task is to divide incessantly without differentiating
and to produce new cells. A few of the produced cells (initials) will maintain the
meristematic aptitude, while the others (derivatives) will develop to produce the
transport system (xylem and phloem). So, a tree ring is the product of a cycle of
activity of cambium which, in the boreal and temperate regions, corresponds to the
period between spring and autumn.

In dendrochronology, tree-ring width or density are considered as a whole and
time series are analyzed at an annual scale (Fritts 1976). However, wood formation
is a slow and complex process of cell division, growth and maturation, so the annual
resolution is insufficient to perform suitable climate-growth relationships at the
correct, fine temporal scale. Instead, the understanding of the mechanisms and
dynamics of wood formation, timings of xylem production and differentiation
and the assessing of the climatic and physiological factors influencing stem radial
growth require a time resolution shorter than 1 year (Eckstein 2004; Rossi and
Deslauriers 2007a). A number of reasons contribute to this need:

1. In temperate and boreal regions, growth is intermittent, with cell division and
differentiation taking place only in a distinct period of the year and mainly
within a few months. In conifers, xylogenesis was observed to last from 100 to
150 days (Rossi et al. 2008b; Gruber et al. 2010; Moser et al. 2010). An intra-
annual resolution allows the observations or analyses to be matched with the
time scale at which growth occurs. Nevertheless, the intra- and inter-specific
variability and the overall period of xylogenesis still remain partially or even
completely unknown in most species, thus preventing an effective experimental
design of some investigations or a clear interpretation of tree growth as well as
its relationship with climatic factors.

2. The period in which wood formation occurs is the time window when xylem is
differentiating and when environmental factors can act directly on the cells
constituting the tree ring and, therefore, on wood characteristics (e.g. cell
lumen, area, wall thickness and percentage of earlywood-latewood). In Abies
balsamea seedlings, reductions of up to 50 % in lumen area and cell diameter
were observed in the cells produced during a period of water stress in June (Rossi
et al. 2009b). On the contrary, no reduction in size was observed in the cells
produced after the drought treatment had ceased and water supply had entirely
recovered.

3. Plants routinely experience meteorological episodes that occur, as the name
itself suggests, punctually, such as late frosts, extreme spring temperatures,
intense rainfalls, early-autumn snowfalls. In other cases, contrasting events can



9 Control over Growth in Cold Climates 193

alternate during short periods, such as the widely fluctuating availability of water
in sandy soils with irregular or sporadic rainfall regimes.

4. Phenology and climate-growth relationships are age- and/or size-dependent.
Although neither anatomical change nor physiological abnormalities have
been observed in the cambia of older trees, different patterns of cambial activity,
durations of growth, sensitivity and periods of significant responses to climate
have been observed in trees of different ages and sizes (Szeicz and MacDonald
1994, 1995; Carrer and Urbinati 2004; Rossi et al. 2008a). As a consequence, the
need arises to verify the available growth-climate models with investigations at
high resolution including short time scale dynamics of growth compared with
weather variables directly measured on site.

5. It is an oversimplification to consider the tree-ring as a mere collection of cells
accumulated one after another like bricks in a wall. The conducting system of
vascular plants is a periodically-renewable tissue originated by complex evolu-
tionary dynamics providing the production and complete differentiation of a
population of cells forming the xylem. During xylogenesis, the phases of xylem
differentiation of each cell are separated in space and time according to a partial
and overlapping delay. The cells produced by cambium and disposed along the
radial row gradually undergo maturation in the same order as they are produced,
following the rule of “first in first out”.

The above arguments imply that (i) each cell is produced and differentiated in a
specific and exclusive period of time, and consequently, (ii) each cell incorporates a
particular and unique climatic signal occurring during its development. Although
just a few days could be required for cells to complete maturation, a latewood
tracheid of Picea abies produced in mid-August can remain in differentiation for
40 days, not reaching the mature stage until the end of September, and more than
30 days are necessary to complete secondary wall formation in latewood of
A. balsamea (Deslauriers et al. 2003a; Rossi et al. 2006a). Determination of the
timings and rates of cell formation is therefore crucial when assessing the effects of
climate on growth.

Because 50-60 % of structural carbohydrates are allocated in the branches and
stems in young conifers (Bernoulli and Korner 1999), and greater amounts are
expected in older trees, the dynamics of biomass accumulation are strictly related to
the secondary growth of wood. Understanding how and when plants produce their
annual structures during the growing season and react to environmental conditions
in natural, fast growing and urban systems is therefore of great interest (Downes
et al. 2002). The aim of this chapter is (i) to describe how wood production takes
place at short time scales and to assess the different phases of xylem cell differen-
tiation in the stem, and (ii) to discuss the most recent findings on the role of some
important environmental factors affecting growth in forests of cold climates.
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9.2 Historical Overview of the Methods

During the past decade, the ecological and economic importance of forest eco-
systems has encouraged investigations on cambial activity using time scales shorter
than 1 year (Wimmer et al. 2002; Deslauriers et al. 2003a, b; Downes et al. 2004;
Rossi and Deslauriers 2007a). However, the cambium and its derivatives have been
a stimulating subject of exploration by plant physiologists and ecologists for more
than a century. The first observations on the duration of wood formation with
histological examinations made with a light microscope date from the beginning
of the twentieth century (Knudson 1913). The early approaches were also based on
the systematic separation between early wood and late wood structures in conifers
(Mork 1928). Growth was also periodically monitored using callipers (Buckhout
1907), a technique that would subsequently be replaced by manual and, later,
automatic dendrometers. In the 1950s, new tools (dendrographs) were developed
with the aim of continuously recording the radial changes of the stem, allowing the
first accurate descriptions of diurnal radius variations (Fritts and Fritts 1955;
Kozlowski and Winget 1964). Wolter (1968) proposed and implemented the fasci-
nating idea of piercing the cambium with a thin needle. Although it remained latent
for several years, this technique is now known as ‘pinning’ and is applied world-
wide (Nobuchi et al. 1995; Schmitt et al. 2004; Seo et al. 2007, 2008). After the
definition of field and lab procedures, several papers were published in the 1970s
with more emphasis on data analysis and the relationships with environmental
factors (Denne 1971, 1974; Wodzicki 1971). At the same time, Eckstein
et al. (1977) began to explore the spatial structure of the tree-ring components,
focusing on the size of the cells and their walls. This topic was examined more
analytically by Vaganov (1990) with the tracheidogram method.

Investigations have directly attempted to link environmental factors with
xylogenesis (Antonova and Stasova 1997; Deslauriers and Morin 2005; Seo
et al. 2008) or with the radial variation of the stem (Downes et al. 1999; Deslauriers
et al. 2003b, 2007a; Bouriaud et al. 2005; Zweifel et al. 2006). Several methods are
now available to perform such relationships on a short time scale: they can be
divided into direct observations or indirect measurements, according to the type of
data collection. The direct observations are based on thin sections of wood samples
prepared and stained to examine the xylem cells for assessing the phenology of
xylem formation (Makinen et al. 2003; Schmitt et al. 2004; Seo et al. 2008;
Deslauriers et al. 2008; Rossi et al. 2010a), with some works focusing on a precise
event, such as the onset (Oribe et al. 2001; Gricar et al. 2006) or end of tracheid
formation (Gindl et al. 2000; Gricar et al. 2005), or both (Lupi et al. 2010). Indirect
measurements employ tools (manual or automatic dendrometers) installed on the
stem to measure the variation in size over time. By providing time series composed
of both tree growth and circadian rhythms of water storage and depletion,
dendrometers can be used to indirectly quantify the growth, although care should
be taken when interpreting their results (Deslauriers et al. 2007a, b; Giovannelli
et al. 2007; Drew et al. 2008, 2009; Turcotte et al. 2009).
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9.3 Dynamics of Wood Formation at Cell Level

Intra-annual analyses of wood formation decompose the growing season into short
periods through sampling at different temporal intervals (from minutes to weeks),
according to the technique used. This approach produces successive pictures of the
condition of the tissues arranged in sequential order. Each picture reflects the state
of growth at the moment of sampling. When reporting all these pictures along the
temporal axis, xylogenesis, or stem growth, can be visualized and then analyzed.
The intra-annual analyses of wood formation provide chronologies of the develop-
ing cell numbers or stem radial variation by taking into account the growth
dynamics and allowing some key questions in ecophysiology to be answered:
what is the phenology of cambial activity? How does xylogenesis vary between
species? How does climate influence xylogenesis?

9.3.1 Dynamics of Cambial Activity

In spring, the initial cells divide periclinally, producing xylem and phloem mother
cells that divide again through repeated tangential divisions occurring on both sides
of the radial file leading the cambial zone to appear expanded. Derivative cells
gradually develop, assuming typical characteristics of a phloem or xylem cell and
achieving the level of specialization and physiological stability characterizing the
component plant tissues.

In boreal and temperate regions, the number of cambial cells changes during the
year (Fig. 9.1). In autumn and winter, when there is no cell production, dormant
cambium is constituted by a minimum number and close-together group of cells,
generally six to eight in alpine conifers. In spring, cambial cells swell and expand
radially, radial cell walls grow thin, cytoplasm assumes shinier and less densely
granulate features and the nuclei enlarge (Fahn and Werker 1990). Inside the
protoplasts, the numerous small vacuoles gradually merge, forming one or two
larger vacuoles (Oribe and Kubo 1997). The swelling is followed by periclinal
divisions and production of phloem and xylem derivatives. The cambial zone in
Pinus cembra can attain nine to ten cells by the end of April, while in Larix decidua
and P. abies, the number of cambial cells increases in mid-May. The cell number
increases to 10-14 during the period of maximum growth activity in May—June, as
also reported by Bannan (1962) for slow growth rate trees. Once annual activity has
ended, the cambium stops dividing and the number of cells in the cambial zone
reduces to a minimum value corresponding to quiescence conditions around the
middle of August (Fig. 9.1).
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Fig. 9.1 Numbers of cells in the cambial zone of Larix decidua, Picea abies and Pinus cembra
during 2004 at the alpine timberline (black dots) and treeline (white dots). Error bars and
horizontal dotted line indicate one standard deviation among trees and the number of dormant
cambial cells, respectively. Periods of cambial activity, when deviation bars do not cross the
horizontal dotted line, are highlighted in grey (Adapted from Rossi et al. 2007)

9.3.2 Cambial Cells Versus Differentiating Cells

During the period of tree-ring formation, all species show clear trends of xylem
production and differentiation, with the radial rows of differentiating cells having a
similar pattern of variation during the year (Camarero et al. 1998; Deslauriers
et al. 2003a, 2009; Rossi et al. 2006a). At the start of the growing season
(i.e. from the end of April to the beginning of May for L. decidua, Fig. 9.1),
when only cell division occurs, the cambial zone increases. Once cell enlargement
begins (May 12th in L. decidua, Fig. 9.2), an equilibrium between cell division and
differentiation determines a temporary arrangement of the width of the cambial
region. When the division rate slows down (June 16th—June 23rd in L. decidua), cell
differentiation occurs faster than cell division, the cambial zone begins to narrow
and the radial number of enlarging cells for L. decidua increases to 11-12. Ana-
logous linkages can be observed between the successive developmental phases.

These observed variations in cell numbers during the development phases are
distinctive and characteristic. Along a row, cells in the same differentiation phase
constitute a queue and are strictly interconnected with the other developing cells
(Ford et al. 1978; Fahn and Werker 1990). During wood formation, the variations in
rate of cell division and differentiation determine variations among the cell queues,
which result in a typical annual pattern consisting of three delayed bell-shaped
curves (cambial, cell enlargement and wall thickening cells) and a growing
s-shaped curve (mature cells) (Figs. 9.1 and 9.2). The bell-shaped patterns are
connected with the number of cells passing through each differentiation phase,
whereas the s-shaped curves are associated with the gradual accumulation of
mature cells in the tree ring.
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Fig. 9.2 Number of cells in enlargement, wall thickening, and number of mature xylem cells in
Larix decidua, Picea abies and Pinus cembra during 2003. Dots and bars represent average
number of cells and standard deviations among five trees, respectively (Adapted from Rossi
et al. 2006a)

9.3.3 Dynamics of Cell Differentiation

During development, the cambial derivatives alter both morphologically and physio-
logically, progressively assuming definite features. In other words, the derivatives
differentiate into the specific elements of the stem tissues. In the xylem cells, this
process is associated with changes in both cell wall composition and organization.
Each species shows specific timings of tree-ring formation, which are maintained
over the years (Rossi et al. 2007c). In general, the start of radial enlargement at the
alpine timberline is observed in mid-May, while the end of xylogenesis, which
corresponds to the conclusion of lignification, occurs at the end of September. The
duration of wood formation includes all the differentiation phases from the onset of
cell enlargement to the end of maturation and, in these environments, lasts about
4 months.

During cell enlargement, the derivatives consist of a protoplast still enclosed in
the thin and elastic primary wall. Following positive turgor increase by water
movement into the vacuoles, the cell wall stretches, increasing the radial diameter
of the tracheid and consequently, the lumen area. This process occurs despite strong
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compression, the cells being enclosed between xylem tissues and bark and
deformed files of tracheids can generally be observed (Rossi et al. 2006a). In
cross section, observations under polarized light discriminate between enlarging
and cell wall thickening cells. Because of the arrangement of the cellulose micro-
fibrils, the developing secondary walls shine when observed under polarized light
(Rossi et al. 2006a). Instead, no shining is observed in enlargement zones where
cells are still composed of just primary wall (Donaldson 1991; Abe et al. 1997).

Once their final size had been reached, the cells begin maturing through cell wall
thickening and lignification. These processes are coordinated by the expression of
several genes specifically involved in the synthesis of cell wall constituents, such as
polysaccharides, structural lignins and proteins (Plomion et al. 2001). The deposi-
tion of microfibrils of cellulose and hemicelluloses starts the formation of the three
layers constituting the secondary wall. The lignin is deposited in the intercellular
layers and the intermicrofibril spaces of the wall, thereby cementing the microfibrils
together. The progress of cell wall lignification can be directly detected by staining
sections with cresyl violet acetate that reacts with lignin (Kutscha et al. 1975;
Antonova and Shebeko 1981). The observations of lignin incorporation with light
microscopy have been confirmed by results using electron microscopy and
UV-microspectrophotometry (Gricar et al. 2005). Lignification is shown by a
color change from violet (unlignified secondary cell walls) to blue (lignified cell
walls). At first, lignin deposition is observed at the cell corners on the primary wall,
then extending on intercellular layers and, finally, on the secondary wall. The
lignification pattern is the same in all species and is related to the spread of the
lignin precursors diffusing through the secondary wall to the external parts of the
cell wall (Donaldson 1991). The lignin distribution within developing cells corres-
ponds to the delay between the polysaccharide deposition and lignin incorporation
(Gindl et al. 2000; Gricar et al. 2005). The final stages of maturation involve
autolysis of the protoplast. A blue color over the whole cell wall indicates the end
of lignification and the attainment of the mature stage for the tracheid.

9.4 Temperature, Photoperiod, and Their Interaction

Unlike other organisms, plants are unable to escape the unfavorable periods of the
year so the meristems suspend their activity. As the photoperiod shortens during
late summer and autumn, cells produce sugars and amino acids that protect tissues
from cold damage, so supplying an excellent survival tool and adapting plants to the
conditions prevailing in the cooler temperate zones of the world (Stern et al. 2003).
Protective scales develop on buds, leaves become senescent on deciduous trees and
cell metabolism slows down, initiating dormancy, which lasts from a few days to
several months. During this state, growth inactivity of seeds, buds, bulbs, and other
plant organs is maintained even if environmental requirements of temperature,
water, or day length are met. In late winter, a change from dormancy to a
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new state occurs, the quiescence, where growth cannot occur unless the
environmentally-favorable conditions required are present.

It is not surprising that temperature is one of the key ecological factors control-
ling growth in temperate and boreal ecosystems. However, although numerous
hypotheses have been proposed and discussed (Stevens and Fox 1991; Korner
2003; Sveinbjornsson 2000), neither the control mechanisms (e.g. gradual influ-
ences versus threshold effects) nor the physiological processes (e.g. carbon assim-
ilation versus allocation) involved have yet been clearly and definitively
demonstrated. One of the main questions regarding trees in cold environments is
whether the observed abrupt reduction in growth at low temperatures is caused by
an insufficiency of assimilated carbon or a reduction of carbon investment in
structural growth (the sink limitation hypothesis, Korner 1998). A definitive expla-
nation on the role of temperature at the cell level (i.e. at the resolution at which the
formation of the new tissues occurs) is still missing, even if some recent findings
indicate that cold temperatures limit sink (carbon allocation) rather than source
(carbon assimilation) activity in plant tissues, repeatedly validating Korner’s
hypothesis (Cavieres et al. 2000; Hoch et al. 2002; Hoch and Korner 2003; Korner
and Paulsen 2004; Piper et al. 2006; Alvarez-Uria and Korner 2007).

The intra-annual analyses are suitable tools for investigating the relationships
between temperature and stem growth. In Finland, the beginning of xylogenesis in
Pinus sylvestris and Betula pendula is strongly controlled by temperature (Schmitt
et al. 2004). Deslauriers and Morin (2005) demonstrated that in earlywood of
A. balsamea in Canada, the higher temperatures corresponded to higher rates of
cell production. Rossi et al. (2007¢) compared xylem phenology in three conifers at
the alpine treeline with air, soil and stem temperatures to define at daily scale the
thermal thresholds attained when growth processes were occurring. In L. decidua,
P. cembra and P. abies, xylogenesis is active in spring, when the minimum air and
stem temperatures reach 2—4 and 4 °C, respectively.

Analyses at a wide geographical scale comparing several conifer species confirm
the convergence of thermal thresholds around specific critical values, demonstrat-
ing the existence of precise thermal limits in radial growth and tree-ring formation
(Rossi et al. 2008b, 2010a; Deslauriers et al. 2008). An explanation of the results is
provided by Fig. 9.3 that shows the temperature distributions for xylem differenti-
ation in Canadian and European conifers by means of box plots (Rossi et al. 2008b).
When the daily temperatures occurring during the year are distinguished based on
active xylogenesis, a clear separation into groups is observed. The overlapping
within each pair of distributions involves only low percentages of data points and is
calculated as 10—15 % of all daily temperatures. In a few cases (i.e. for mean
temperature in A. balsamea), no overlapping is observed between whiskers, mean-
ing that less than 10 % of the values are in common between the two distributions.
Despite the huge difference in temperature between the study sites analyzed by
Rossi et al. (2010a), and although location and amplitude of temperature distribu-
tions are species-specific, overlapped areas tend to be on similar values of temper-
atures: these common values for xylem differentiation can be roughly and visually
evaluated on the graphs of Fig. 9.3 as ranging between 2-6, 6-8 and 10-14 °C for
minimum, mean and maximum air temperature, respectively.
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Fig. 9.3 Distribution of maximum, mean and minimum daily temperatures classified according to
the status of the xylem, actively growing or in dormancy in Abies balsamea, Larix decidua, Picea
abies, Pinus cembra, Pinus leucodermis and Pinus uncinata. Boxes represent upper and lower
quartiles, whiskers show the 10th and 90th percentiles, median is drawn as horizontal solid line
(From Rossi et al. 2008b)

Cambium is a sink for non-structural carbohydrates, and cambial activity
requires a continuous supply of energy in the form of sucrose, extracted from the
storage tissues for the first formed cells, or produced by photosynthesis (Hansen and
Beck 1990, 1994; Oribe et al. 2003). During cell maturation, trees assign a large
amount of carbon obtained from photosynthesis to the deposition of cellulose
microfibrils in order to provide the developing cells with secondary walls (Hansen
et al. 1997). According to Rossi et al. (2007c, 2008b), the demand for photo-
assimilates by the metabolic processes involved in cell growth should be limited
by daily mean temperatures lower than 6—8 °C. Surprisingly, similar temperatures
have also been estimated for other plant organs: shoot extension in Scots pine was
inhibited by air temperatures lower than 6-8 °C (James et al. 1994), and 5 % of
maximum rate of root growth occurred at a soil temperature of 6 °C (Turner and
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Streule 1983 in Schonenberger and Frey 1988). It seems that a critical mean
temperature of between 6 and 8 °C exists that affects the growth processes in all
parts of the tree (shoots, stem and roots). Temperatures below 6 °C modify the
phase transition of lipids of cell membranes and dramatically affect water transport
in trees (Running and Reid 1980). The convergence of the threshold temperatures
estimated in different apical and lateral meristems indicates the existence of similar
temperature-dependent mechanisms of growth at cell level in all plant tissues.

In cold climates, is the temperature sufficient to comprehensively explain stem
growth? If so, xylem cell production should closely follow the seasonal thermal
trend. We are familiar with the bell-shaped pattern of air temperature in most
temperate and boreal regions of the northern hemisphere, with a gradual increase
in spring, a maximum around the second part of July, and a successive reduction
during summer and autumn (Fig. 9.4). It should be expected that all processes of
cell production occurring in plants of temperature-limited environments take place
in synchrony with the temperature pattern, hence with a culmination around the
second part of July. However, a curious aspect of xylogenesis appears when
comparing the annual pattern of stem growth at both microscopic (anatomical)
and macroscopic (stem variation in size) resolution (Rossi et al. 2006b). The
analysis of the curve of xylem cell accumulation and stem variation during the
year shows that the production of the xylem tissues takes place during the first part
of the growing season, and all studied species attain maximum growth rates in the
same period of the year, during the summer solstice, when day length, and not
temperature, culminates (Fig. 9.4). After 21st June, cell production gradually
decreases until ceasing. These findings suggest that the influence of temperature
on cambium interacts with photoperiod, which is a factor independent of temper-
ature and constant in time.

Trees would have evolved by synchronizing their rates of growth with day
length, which represents an authentic and reliable natural calendar. The advantages
in connecting cambial activity with photoperiod are explained by the need to avoid
the period thermally unfavorable to growth. So, increases in stem temperature can
induce cell division only in certain periods of the year.

In partially-heated stems of Cryptomeria japonica, the extent of cambial activity
within the treated regions of the stem varies with the season. The response to
heating tends to increase as the period of cambial dormancy progress (Oribe and
Kubo 1997). Thus, there is no cambial response to the treatment in December,
which corresponds to the dormancy state. Instead, the treatment shows major
effects in late winter and spring, when cambium is quiescent and a local increase
in temperature can successfully reactivate its cell division and differentiation. The
application of high temperatures in P. abies drastically affects the rate of cell
division in cambium at the beginning of the growing season, although no effect is
observed in the second part of the season, indicating that the influence of temper-
ature on cambial activity varies during the year (Gricar et al. 2007). Also, heated
trees show higher amounts of tracheids in the xylem and earlier beginning of cell
differentiation than control trees. Similar results have been observed at the treeline
in southern Italy, where onset and duration of cell production and differentiation of
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Fig. 9.4 Mean daily temperature and day length measured during 2004 at different latitudes and
elevations: alpine treeline [Cinque Torri (46°27'N, 12°08’E, 2,080 m a.s.l.), Cortina d’ Ampezzo
(BL) Italy], North-American boreal forest [Schefferville (54°48'N, 66°48'W, 518 m a.s.l.),
Quebec, Canada], North-European boreal forest [Tromso (69°39'N, 18°56'E, 114 m as.l),
Tromsg, Norway], and Russian timberline [Chokurdakh (70°37'N, 147°53'E, 61 m a.s.l.), Yakutia,
Russia] (Adapted from Rossi and Deslauriers 2007b)

Pinus leucodermis were drastically affected by the hot spring in 2003 (Deslauriers
et al. 2008).

Budburst occurrence in species of temperate and boreal regions is also a function
of temperature, but an interesting interaction has been demonstrated with day
length (Nizinski and Saugier 1988; Partanen et al. 1998). According to Nizinski
and Saugier (1988), the cumulative temperature inducing budburst in Quercus
petraea decreases during spring with maximum and minimum values observed in
April and June, respectively (Fig. 9.5). The relationship between the day length
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Fig. 9.5 Relationship
between the cumulative
mean daily air temperature
(during the 10 days before
budburst) and the
day-length of the budburst
date. The eight dates of
budburst of Quercus
petraea were recorded from
1976 to 1983. The fitted line
is described by the equation
S=(2.42 x 107 *D)/

[(1.41 x 10~3D —1],
where S and D correspond
to heat sum and day length,
respectively (From Nizinski
and Saugier 1988)
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corresponding to the day of budburst and the mean daily temperature summed on
the 10 days before budburst was examined. A fascinating hypothesis was supplied
by Nizinski and Saugier (1988) that the heat sum (S) required for budburst is a
decreasing function of day length (D) according to:

g 242 1072D ©.1)
- [(141 x107%)D - 1] '

The asymptotes of the function have a specific biological significance. The
boundary to an early budburst is analytically defined by the vertical asymptote:
budburst cannot occur when the denominator is negative, i.e. with D lower than
711 min, which corresponds to the day length threshold of March 16th. The
proportionally-higher temperatures required for budburst in early spring indicate
a conservative mechanism leading plants to avoid growth resumptions during the
brief late-winter episodes of warmer temperatures. At the latitudes where the study
was carried out, the maximal day length is 967 min at the summer solstice. Thus,
because of the horizontal asymptote, budburst could not occur if the mean daily air
temperatures during the 10 days prior to budburst are below 6.4 °C. In such a
condition, no budburst should be observed in Q. petraea.

Trees have to guarantee the complete formation of all xylem cells before the
adverse season. The possibility of completion of cell division in early summer
allows their resources to be relocated to the maturation of the newly-produced
xylem tissues. As previously reported in this chapter, a latewood cell of conifer
requires between 25 and 40 days to complete differentiation and to be functionally
active in the transporting system (Deslauriers et al. 2003a; Rossi et al. 2003, 2006a).
Cell divisions prolonged or delayed during late summer or maximum growth rates
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occurring in July, during the warmest period of the year, imply the maintenance of
secondary wall synthesis and lignin deposition of latewood close to winter, when
climatic conditions, especially temperature, might no longer be favorable and affect
lignin content. Instead, cell production and enlargement occurring early in the
growing season represent the better adaptation to allow an optimal functionality
of the transport system and the minimum sensibility to biotic and abiotic stresses.

The recent findings from intra-annual analyses of wood formation in cold
environments have shown the complex interaction between two climatic factors.
Temperature allows the metabolic activities like cell production in cambium and
cell maturation in the xylem to be maintained. Photoperiod is involved as signal for
the regulation of the growth rate, for synchronizing xylogenesis during the most
suitable period of the year. Therefore, in temperate and boreal ecosystems, temper-
ature and photoperiod represent two key factors in the ecology of the radial growth
of trees, although their influence has been demonstrated to have effects at different
time scales.

9.5 Snow and Soil Nitrogen: Old Hypotheses,
New Challenges

9.5.1 Dates of Snowmelt and Cambial Growth

In the boreal forest, the soil is covered by snow during the long winter, with
temperatures close to 0 °C. With these thermal conditions, metabolism slows
down as much as possible because only minimal physiological activity is allowed
(Decker et al. 2003; Korner 2003; Rossi et al. 2008b). Several studies report that,
where temperature limits tree growth, the upper soil layer must have started to thaw
before radial growth can resume (Graumlich and Brubaker 1986; Cairns and
Malanson 1998). Soils at temperatures close to or below 0 °C inhibit root activity
and water uptake. Thus cambium, which has synchronous activity in stem and roots
(Thibeault-Martel et al. 2008), begins to divide only after the snow has disappeared
and soil begun to warm up (Rossi et al. 2007c; Turcotte et al. 2009; Lupi
et al. 2010).

In spring, the insulating properties of snow prevent the soil from warming up and
maintain roots at a temperature below the minimum threshold for growth (Decker
et al. 2003; Korner and Hoch 2006). Only after the snow has completely
disappeared and soil has dried out, soil temperature increases abruptly and cam-
bium can activate its irreversible process of cell division, which will stop only in
mid-summer (Rossi et al. 2008b). In fact, in cold environments xylem formation
commonly occurs during one, uninterrupted, and short period of time (Rossi
et al. 2008b). This behavior diverges from other metabolic activities in trees.
Needles of evergreen conifers can be temporarily active, showing photosynthetic
activity and producing photoassimilates during the warmest days of winter and
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early spring if liquid water is available for the roots (Bergh and Linder 1999;
Goodine et al. 2008).

Cell production is interconnected with the phenological phases of xylem
according to causal links. The date of onset of xylogenesis affects the number of
cells produced by the cambium which, in turn, influences the ending of cell
differentiation (Lupi et al. 2010). As a result, earlier cambial resumptions lengthen
the period available for cell division in the secondary meristem, increasing the
growth potential during the year (Gricar et al. 2005; Rossi et al. 2007, 2008a;
Deslauriers et al. 2008). Also, the higher amount of cells produced by cambium
leads to larger accumulations of cells in the developing xylem, increasing the time
for differentiation and maturation of the tracheids, and delaying the end of wood
formation (Lupi et al. 2010). Based on this causal relationship, it is logically
deduced that a climatic factor affecting the date of resumption of growth could
indirectly influence cell production.

High air temperatures promote earlier snowmelt, making water rapidly available
to the roots for stem rehydration and photosynthesis, and allowing the temperature
in the upper layer of soil to rise (Goodine et al. 2008; Turcotte et al. 2009). High
spring temperatures could also affect cambial activity by increasing the rate of cell
division and the amount of xylem produced (Deslauriers and Morin 2005). How-
ever, despite the marked increasing trend of temperatures detected at northern
latitudes, a tree-ring and climate analysis in subarctic Eurasia has shown a tendency
towards reduced growth in conifers. On the one hand, the observed thinner tree
rings have been linked by Vaganov et al. (1999) to a significant increase in snowfall
that would have delayed the date of complete snowmelt and, consequently, growth
resumption in spring. On the other, the warming is mainly associated with a
stronger increase in the minimum temperatures and fewer cold events (Vincent
and Mekis 2006) that could had increased nighttime respiration and carbohydrate
loss, thus reducing the resources available for growth.

It has been argued that the length of the snow-free period indirectly influences
tree growth by acting on the carbon-dioxide uptake and nutrient cycling and
availability (Jarvis and Linder 2000). However, the effect of spring temperatures
on soil decomposition and mineralization is likely to be delayed until summer,
when the production of new cells by cambium is concluded, and to cumulate in
time, becoming apparent only in the long term (Bergh et al. 1999). At the heart of
the question lies the unresolved problem of disentangling the direct and indirect
effects of climatic factors on cambial phenology and cell production in xylem.

The gradual reduction in length of the growing season and wood production at
increasing elevations and latitudes is well known (Moser et al. 2010; Rossi
et al. 2010a, b). Similarly, gradients of decomposition and mineralization of soil
organic matter exist, which modify the availability of nutrients for trees (Jarvis and
Linder 2000). Therefore, in the long term, the main direct constraints to growth of
boreal forests could be the capture of carbon and nutrients from the soil. Wintertime
nutrient cycling and microbial processes are known to strongly affect the annual
pattern of internal transfer of nutrients in plants of cold ecosystems (Grogan and
Jonasson 2003; Groffman et al. 2009). Although the importance of the date of
snowmelt on cambial growth seems unquestionable, the determinant role of
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nutrient cycling, and especially of nitrogen availability, in the biomass production
of the boreal forest could hold some surprises and should be considered and
investigated more deeply. So, the role of the most important nutrient for plant
growth, soil nitrogen, is examined in detail in the following paragraphs.

9.5.2 Role of Soil Nitrogen on Growth

With its low rates of evapotranspiration and decomposition, the boreal forest
exhibits a slow cycle of nutrients, which results in an accumulation of organic
matter during stand development (Read et al. 2004; Kielland et al. 2007). Nitrogen
(N) is an essential element for plant nutrition and, together with phosphorus, is
copiously required for all essential metabolic processes of trees. Surprisingly,
despite the huge accumulation of organic matter in its soils, the growth of the
boreal forest is considered to be limited by N (Vitousek and Howarth 1991).

Soil N affects size, structure and distribution of the root system. In Picea abies
and Betula pendula, when N is limiting, starch accumulates in leaves, and addi-
tional amounts of photosynthates are translocated to increase the size of the root
system (Ericsson 1995). It is assumed that, in roots and shoots, the balance between
N and C influences the processes associated with C fixation or the formation of new
tissues, and determines the allocation of resources between belowground and
aboveground components (Ericsson 1995). The proportion of resources allocated
to stem and roots can be affected by high exposures to pollutants such as O3 (Grulke
and Balduman 1999). Factors like soil temperature, moisture and nutrient avail-
ability play a role in the timings and duration of root growth, while root longevity is
controlled by microsite conditions, patterns of development and length of the
growing season (Gill and Jackson 2000).

The current increases in temperature and N-depositions due to human activities
are expected to strongly modify the mineralization and supply of N, thus affecting
the acquisition of resources and cambial phenology (Binkley and Hogberg 1997;
Galloway et al. 2004; Campbell et al. 2009) and consequently, tree growth (Nord
and Lynch 2009; Lupi et al. 2010). Changes in snowfall can alter the seasonal
pattern of N availability, so increased snowfalls are observed to shift the peak of N
mineralization from mid-summer to winter in an arctic tundra system (Nord and
Lynch 2009). The positive effect of soil temperature on mineralization is well
documented (Campbell et al. 2009). With the increase in temperature and changes
in distribution and type of precipitations (e.g. rain vs. snow), climate change will
likely affect evapotranspiration and nutrient cycling, altering both N and water
availability (Campbell et al. 2009). Since N and water regulate plant growth,
changes in their availability could affect the acquisition of other resources (Nord
and Lynch 2009). The acquisition of NO; ", a mobile nutrient form, should increase
with the lengthening of leaf growing season, while the acquisition of less mobile
nutrients, like NH," and organic N, which are especially important in the acidic
soils of the boreal forest, are more related to the duration of root growth (Nord and
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Lynch 2009). This probably explains why, in the first half of the growing season,
growth in cold ecosystems (e.g. arctic) often relies more on the nutrients stored in
the plant tissues than on those absorbed from the soil (Weintraub and Schimel
2005). In fact, in these ecosystems, even after the air temperature has risen above
freezing and solar radiation has been rapidly increasing, soils remain cold (some-
times frozen), inhibiting root growth and nutrient uptake (Weintraub and Schimel
2005; Alvarez-Uria and Korner 2007). So, it has been observed that production and
elongation of fine roots starts later and lasts longer than shoot growth (Steinaker and
Wilson 2008; Steinaker et al. 2010), although secondary growth of superficial roots
can start as early as in the stem. For example, in Picea mariana and A. balsamea,
despite similar onset of xylem formation, xylogenesis lasts 22 days longer in
shallow adventitious roots than in the stem, because of a longer duration of cell
wall thickening and lignification (Thibeault-Martel et al. 2008).

In boreal species, nutrient contents and the abundance of amino acids exhibit a
pronounced seasonality and vary according to tree growth (Millard and Proe 1992;
Linder 1995). These patterns should be carefully considered when analyzing tree
growth at short time scales. Within plants, the concentrations of amino acids and
organic P gradually decrease from May, when the growing season starts, to July.
Accordingly, decreases in the concentrations of amino acids and NH," are observed
in the soil, suggesting an intense use of N (Weintraub and Schimel 2005). In spring,
the proteins and amino acids stored in stem, roots and older leaves are rapidly
remobilized to sustain the reactivation of the meristems (Millard and Proe 1992;
Linder 1995). In mature conifers, the internal cycling can provide between 30 %
and 60 % of the N contained in the new foliage (Millard and Proe 1992). A
fascinating hypothesis suggests that, once plant reserves are depleted, plant growth
slows or stops, and root uptake replenishes the internal stores with nutrients for the
following year’s growth (Weintraub and Schimel 2005). However, high N supplies
can abundantly contribute to the complete replenishment of the pre-existing shoots,
which are depleted when N is remobilized, and can sustain a potential second flush
of growth (Millard and Proe 1992; Kaakinen et al. 2004; Weintraub and Schimel
2005). In consequence, N can play several roles in the growth processes by
increasing the photosynthetic capacity as well as stimulating foliage production
of trees (Anttonen et al. 2002).

Wood is influenced both directly and indirectly by N nutrition (Makinen
et al. 2002; Meyer et al. 2008). As well as stimulating photosynthesis, N is
indirectly implied in cell lignification (i.e. amino acids as C-skeleton for lignin
synthesis) and affects growth rates (Reich et al. 1997; Canovas et al. 2007;
Kaakinen et al. 2007). N availability affects biomass allocation by modifying the
root-shoot ratio in seedlings in the second part of the growing season (Kaakinen
et al. 2004). A high N availability increases the biomass of the stem in seedlings of
Picea abies, suggesting an influence on cell division during cambial activity and/or
cell size during cell enlargement (Kaakinen et al. 2004). Plants fertilized with N
show wider tree rings, which correspond to increased rates of cell division or longer
durations of cambial activity, or both (Makinen et al. 2002; Kostiainen et al. 2004).
Fertilization also increases the diameter of tracheid lumen and reduces cell wall
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thickness and latewood proportion, which affects the density of the resulting wood
(Anttonen et al. 2002; Makinen et al. 2002; Kostiainen et al. 2004). The observed
increases in ring-width and decreases in wood density are in part the result of the
increased proportions of earlywood, which has a lower density than latewood
(Kostiainen et al. 2004, Fig. 9.6). The decrease in density is mainly observed
towards the outer edge of the rings in Picea abies subjected to a nutrient optimi-
zation experiment in northern Sweden (Fig. 9.6). Also, in a 70-year-old stand of
lodgepole pine in western Canada, N-addition affected the length of the tracheids,
with the shorter tracheids observed at the highest amounts of N supplied (Yang
et al. 1988). Wood density decreases with fertilization, but only during the first
5 years following N-enrichment, and this decline coincides with greater growth in
volume (Yang et al. 1988). Decreases in tracheid length and density produce softer
tree rings, with important consequences for the mechanical properties (Meyer
et al. 2008). For example, Meyer et al. (2008) observed that Picea abies broken
by windstorm showed a higher concentration of N in the wood, although the
responses can vary with site according to soil features and N-availability (Kaakinen
et al. 2007; Meyer et al. 2008).

Even if N is not present in lignin, amino acids are involved in its biosynthesis:
they supply C-skeletons for lignin formation and release NH,*, which is later
reassimilated (Canovas et al. 2007). Fertilization can directly affect wood chemis-
try by increasing the concentration of lignin, as observed in fertilized Picea abies
(Anttonen et al. 2002). Similarly, extractives, soluble sugars, sterols and dehydro-
abietic acid have also been observed to increase with fertilization (Anttonen
et al. 2002). However, the effects are site-dependent: Kaakinen et al. (2007)
found that in the more northern site, where fertilization resulted in increased height
and diameter, the ratios lignin:N and C:N decreased, while in the southern site,
extractives increased although growth was unaffected.

Changes in nutrient supply can also alter the availability of photosynthates and,
consequently, the chemistry of the growing tissues, according to strengths of the
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sinks and other environmental conditions: fertilization of Picea abies seedlings
affected soluble sugars and starch, which are associated with cold hardiness
(Kaakinen et al. 2004). The increase in soluble sugars in fertilized trees can reflect
an increased availability of carbohydrates for wood formation, e.g. lignification
may continue later in autumn after the end of cell enlargement and cell wall
thickening (Anttonen et al. 2002). For example, in poplar cultivars, the more
productive clone was also that with higher content of soluble sugars, especially
during the period of maximum growth (Deslauriers et al. 2009). Moreover, at the
time of decreased xylem differentiation, the total non-structural soluble sugar was
still higher in the cambium of the more productive clone, while similar contents
were observed after the completion of xylogenesis, supporting the hypothesis
advanced by Anttonen et al. (2002) that sugar availability and wood formation
are positively related. Fertilization usually increases lignin and N concentration,
and decreases the C:N ratio in wood (Anttonen et al. 2002; Kostiainen et al. 2004).
In conifers the increase in lignin concentration can be partly explained by the
increase in earlywood, which has greater lignin concentrations than latewood
(Anttonen et al. 2002). Moreover, fertilization reduces the thickness of cell walls,
thus increasing the proportion of middle lamella, the layer with the highest concen-
tration of lignin (Anttonen et al. 2002; Makinen et al. 2002).

The increased N concentration in wood agrees with the increased amount of
living cells observed in fertilized trees, since N is present at greater concentrations
in the living parenchyma cells and xylem sap (Stockfors and Linder 1998; Anttonen
et al. 2002). On the other hand, N deficiency increases earlier leaf senescence, while
N fertilization can extend the growing season (Kaakinen et al. 2004; Nord and
Lynch 2009). This might be a consequence of the stimulation of stem growth by N,
in agreement with a recent study in which the authors observed a positive causal
relation between xylem production and the end of xylem differentiation (Kaakinen
et al. 2004; Lup