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ABSTRACT

Virtually all current estimates of the maximum carboxylation rate (V_,, ) of ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) and the maximum electron transport rate
(J,..,) for C; species used to parameterise Land Surface Models (LSMs) implicitly assume an
infinite CO, transfer conductance from intercellular spaces to the sites of carboxylation (g;).
And yet, most measurements in perennial plant species or in ageing or stressed leaves show
that g, imposes a significant limitation on photosynthesis. In this study, I demonstrate that
many current parameterisations of the photosynthesis model of Farquhar, von Caemmerer &
Berry (1980) based on the leaf intercellular CO, concentration (C,) are incorrect for leaves
where g, limits photosynthesis. I show how conventional A-C, curve (net CO, assimilation
rate of a leaf — A, — as a function of C,) fitting methods which rely on a rectangular hyperbola

model under the assumption of infinite g, can significantly underestimate V__, for such
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leaves. Alternative V__, parameterisations of the conventional method based on a single,
apparent Michaelis-Menten constant for CO, evaluated at C; and used for all C; plants are
also found to be inaccurate since the relationship between V_, and g, is not conserved
among species. To address this problem, I present an alternative A-C; curve fitting method
that accounts for g, through a non-rectangular hyperbola version of the model of Farquhar et
al. (1980).

Current estimates of a central Farghuar ez al. (1980) model parameter, K (1+0/K,)
(effective Michaelis-Menten constant for CO,), vary 4-fold, making it very difficult to justify
any single value for the parameterisation of large scale, pan-species LSM studies. Following
on previous work published over two decades ago, I demonstrate that the current range of
K_.(1+0I/K,) values chosen for LSMs is partly an artefact of many inaccurate in vitro
determinations, and results in widely different estimates of A, for given V__,. values. Once
corrected, the average K (1+O/K,) value determined in vitro for C; plants is essentially
identical to the two in vivo values published to date, but considerable variation within the
data set remains due to thé poor accuracy of the in vitro determinations. The new A-C, curve
fitting method elaborated in this study suggests new ways of obtaining in vivo estimates of
Rubisco’s kinetic constants, as I demonstrate through a well-documented example.

The CO, transfer conductance was originally considered to be a constitutional
property of a leaf related to its internal anatomy. This study provides the first estimates of g;
in a coniferous species and examines variation in g; through time and space in relation to
anatomical and physiological traits. Gas exchange measurements and subsequent novel A-C;
curve analyses, as well as stable carbon isotope, nitrogen (N), protein, and pigment analyses,
were made on upper and lower canopy, current- to 4-year-old needles of 50-year-old
Pseudotsuga menziesii trees. During the first growing season, needle thickness and leaf mass
per area decreased by 30% from the top to bottom of the canopy. These anatomical changes
were accompanied by modest variation in area-based estimates of g;, but no causal link could

be established between anatomical traits and mass-based estimates of g;, whether in current-



year or older foliage. Both g, and the stomatal conductance of leaves were closely coupled to

V.

cmax?

J..x and A, with all variables decreasing with increasing leaf age. The N content of
leaves, as well as the amount of Rubisco and other proteins, increased during the first three
growing seasons, then stabilised afterwards. Thus, the age-related photosynthetic nitrogen
use efficiency decline of leaves was not a consequence of decreased allocation of nitrogen
towards Rubisco and other proteins. Rather, loss of photosynthetic capacity was the result of
the decreased activation state of Rubisco and proportional down-regulation of electron
transport towards the photosynthetic carbon reduction and photorespiratory cycles in

response to a reduction of CO, supply to the chloroplasts’ stroma.
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General introduction

The closing decades of the 20" century have been marked by growing concerns in the
scientific community about the rising of the atmospheric CO, concentration and its effect on
the global climate (Houghton et al. 2001). Considerable research effort has recently been
given to the prediction of plant responses to future CO,-enriched and warmer climates (e.g.
Drake, Gonzalez-Meler & Long 1997; Norby et al. 1999; Long et al. 2004, 2006; K6rner et
al. 2005) put in the context of the potential moderating capacity of natural terrestrial carbon
sinks (e.g. Cox et al. 2000; Friedlingstein et al. 2001) and of the acceleration of human-
induced land-cover changes and their impact on local surface—atmosphere interactions (e.g.
Snyder, Delire & Foley 2004; Pitman et al. 2004). As a result, several large scale Land
Surface Models (LSMs) have now been developed and coupled to existing climate models to
explore the possible effects of the future terrestrial carbon cycle on the Earth’s climate (e.g.
Cramer et al. 2001; Dai, Dickinson & Wang 2004; Friend & Kiang 2005; Matthews et al.
2005).

The typical framework of modern (post-1980s) LSMs treats the vegetation cover over
specified spatial grids as one “big leaf” suspended above the ground, rather than considering
the land surface as a single, physical boundary exchanging energy, heat, and momentum with
the atmosphere (Sellers ef al. 1997; Pitman 2003). Initially, the big leaf analogy was
introduced to allow the calculation of a canopy-scale estimate of the resistance to sensible
(convection) and latent (evapotranspiration) heat transfer to the atmosphere based on the
analytical integration of an empirical leaf-level equation relating the stomatal conductance to
water vapour (g,,) to microclimatic variables such as light, temperature, and atmospheric and
soil moisture content (e.g. Dickinson et al. 1986; Sellers et al. 1986). Then, during the 1990s,
following on the seminal work of Farquhar and colleagues on modelling leaf photosynthesis
according to the C, and C, metabolic pathways (Berry & Farquhar 1978; Farquhar, von
Caemmerer & Berry 1980; von Caemmerer & Farquhar 1982; see also Sharkey 1985 and
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Harley & sharkey 1991) and that of Ball, Woodrow & Berry (1987), which led to the
realisation that equations describing the supply of CO, through stomata and biochemical
demand for CO, could be solved simultaneously to derive coupled leaf-level estimates of
photosynthesis and transpiration (Leuning 1990; Collatz ef al. 1991; Collatz, Ribas-Carbo &
Berry 1992), new big leaf formulations linking canopy-level CO, and water vapor fluxes
were introduced and soon were incorporated into a new, third generation of LSMs capable of
simulating ecosystem photosynthetic responses to rising atmospheric CO, and air
temperatures (e.g. Bonan 1995; Sellers et al. 1996; Cox, Huntingford & Harding 1998).

Within the big leaf model, the fundamental active components exchanging energy,
carbon, and water with their surroundings and needing to be mathematically integrated are
unit elements of leaf surface area whose physiological properties correspond to that of a
reference model leaf from a plant species that has been parameterised a priory according to
the Farquhar-von Caemmerer-Berry leaf photosynthesis model (the subject of my dissertation
being a particularity of plants sharing the C; photosynthetic pathway, I will focus on this
particular group for the remainder of my discussion). In close analogy, within the individual
leaf, the fundamental photosynthetic units whose catalytic properties are being collectively
fitted to the Farquhar er al. (1980) model are the enzymes ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) clustered inside individual chloroplasts. In both cases, the
total, integrated CO, flux of the photosynthetic units can be inferred from reference, above
surface conditions (i.e. incident radiation, air temperature, and atmospheric CO, and O,
concentrations), provided that the resistances to mass (i.e. gases) and heat transfer are
accounted for. For the big leaf model, which is scaled up from individual leaf-level
parameterisations, the spatial gradients of irradiance vs. photosynthetic potentials also need
to be defined.

The equations derived by Farquhar et al. (1980) and further elaborated in Farquhar &
von Caemmerer (1982), Sharkey (1985), and Harley & Sharkey (1991) synthesise the

stoichiometry of sub-cellular, rate-limiting biochemical processes related to photosynthetic
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carbon assimilation in C, plant species. Since the Rubisco catalytic sites for CO, fixation are
confined within the chloroplast stroma, the original equations of Farquhar et al. (1980) are
formulated in terms of the CO, concentration found inside the cMorOplagts (C,). The present
coupled leaf photosynthesis-stomatal conductance models incorporated into LSMs retain the
original “chloroplastic” formulation of Farquhar et al. (1980), yet their converging solution
for the CO, concentration to be used as model input goes no further than the intercellular air
spaces immediately below the stomata.

The first in vivo estimates of the CO, transfer conductance from the substomatal air
spaces to the stromal carboxylation sites (g;,) were obtained by Evans et al. (1986) based on
online measurements of carbon isotope discrimination during gas exchange of herbaceous
crops. Measurements performed on wheat and barley yielded g; values above 0.4 mol m™ s
bar™', which more or less confirmed the earlier assumption that g; was large enough in C,
plants to be ignored when modelling leaf photosynthesis (e.g. Farquhar ez al. 1980; von
Caemmerer & Farquhar 1981; Farquhar & Wong 1984). It was only in the next decade when
g; measurements were performed on several other C; plant species of various leaf
morphologies and growth habits that this assumption first began to be contested (e.g. Lloyd
et al. 1992; Epron et al. 1995; Roupsard, Gross & Dreyer 1996).

This dissertation addresses the problem met when seeking to parameterise the
Farquhar-von Caemmerer-Berry leaf photosynthesis model for C; plant species for which g,
imposes a significant limitation on photosynthesis (i.e. the majority of woody species). In
Chapter 1, I review the classic enzyme kinetics theory upon which the Farquhar ez al. (1980)
model is based to 1) demonstrate the inappropriateness of the current methodology used to
parameterise the model for leaves where g; limits photosynthesis and 2) derive an alternative
model formulation and parameter estimation method that accounts for g,.

In Chapter 2, I highlight an additional problem encountered in large scale LSMs; that
of decoupling the two most important Farquhar et al. (1980) model parameters (the effective

Michaelis-Menten constant for the carboxylation reaction in the presence of oxygen,
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K.(1+0O/K,), and the maximal leaf carboxylation rate, V,_,,) describing the CO, response of
leaf photosynthesis under Rubisco-limited conditions. Because this problem is often
compounded by the use of inaccurate (or inappropriate) K (1+0/K,) values in the modelling
community, much of the chapter is devoted to correcting previously biased in vitro estimates
of K, (Michaelis-Menten constant for the carboxylation reaction in the absence of oxygen)
and to demonstrate how the theory and method presented in Chapter 1 can be used to
estimate all the parameters describing Rubisco-limited photosynthesis in the model of
Farquhar et al. (1980) simultaneously in vivo using a variation of the approach of von
Caemmerer et al. (1994). I conclude Chapter 2 by suggesting which “chloroplastic”
K.(1+O/K,) value is most appropriate for pan-species parameterisations and which
“intercellular” equivalent of K (1+0/K,) is best suited for LSMs.

Chapter 3 presents a Farquhar et al. (1980) model parameterisation for the dominant
tree species (Pseudotsuga menziesii (Mirb.) Franco) of a 52-year-old, even-aged coastal
British Columbia forest that is part of the Fluxnet-Canada research network. The
parameterisation is based on the analysis of CO, and light responses curves performed
according to the theory and recommendations made in the previous two chapters. Combined
with protein and pigment assays, this analysis sheds light on the biochemistry behind the
observed age-related photosynthetic decline of this evergreen species and reveals how the
degree of activation of Rubisco remains closely coordinated with the stomatal and internal
conductances to CO, through time to maintain the operational C, of leaves close to the level
established during the first growing season.

Lastly, in appendix, I include the study that started it all, an examination of the
variation of g, with canopy depth in P. menziesii trees and its relationships to the anatomical
and physiological traits of foliage. This study was conducted and co-written with a post-
doctoral fellow (Dr. Charles Warren) and is presented here in its original journal publication
format. Chapters 1 and 3, which have also been published in the same journal, were written

following the same format.
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Chapter 1

On the need to incorporate sensitivity to CO, transfer conductance into

the Farquhar-von Caemmerer-Berry leaf photosynthesis model

INTRODUCTION

Over the past two decades, the photosynthetic CO, responses of numerous C, plant
species have been evaluated at the whole-leaf level in relation to the CO, concentration in
the intercellular airspace subtending the stomata (C;) and fitted to the photosynthesis
model of Farquhar, von Caemmerer & Berry (1980). These “A-C, curve” (net CO,
assimilation rate of a leaf — A, — as a function of C,) analyses have been invaluable for
elucidating and quantifying in vivo the fundamental biochemical processes underlying the
photosynthetic responses of plants to various environmental conditions (von Caemmerer
2000). Several comparative studies document the species variability and the temperature
or CO, sensitivity of two key model parameters derived from A-C, curves: V__, , the
maximum carboxylation rate of ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco), and J_,,, the maximum electron transport rate (e.g. Wullschleger 1993;
Leuning 1997, 2002; Wohlfart ef al. 1999; Medlyn ez al. 1999, 2002; Bunce 2000). Such
studies are particularly useful to global climate change modellers since the latest
generation of surface carbon exchange models incorporate the equations of Farquhar et
al. (1980) (Sellers et al. 1997; Pitman 2003). However, these estimates of V. and J__.,
and indeed all current canopy or landscape scale carbon exchange models, implicitly
assume that once CO, has been transported into the leaf’s internal airspace subtending the
stomata, the diffusional resistance that remains between this point and the carboxylation
sites is insignificant and can be ignored. Recent research has shown that this is often not
the case. In perennial plants, for example, most reported values of leaf internal CO,

transfer conductance (g;) fall below 0.2 mol m™ s~ (Table 1.1), which is sufficiently
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Table 1.1 Literature survey of CO, transfer conductance (g;) measurements in C; plant species

g; range® g; range’
Species (mol m>s™) Species (mol m?s™)
Herbaceous annuals Deciduous, cont’d
Monocots Populus deltoides x nigra® 0.50
Oryza sativa' 0.39-0.50 Prunus persica’ 0.27-0.43
Triticum aestivum' 0.32-0.53 Quercus petraea® 0.24
Triticum durum® 0.35-0.60 Quercus robur® 0.07 -0.27
Triticum spp.* 0.638 Quercus rubra™* 0.10-0.18
Dicots Vitis vinifera'® 0.07 -0.21
Xanthium strumarium®  0.37 —0.60 Evergreens
Beta vulgaris® 0.34 Arbutus unedo* 0.16
Cucumis sativus® 0.45 Camellia japonica"' 0.07 -0.12
Glycine max" 0.32 Castanopsis sieboldii'* ® 0.02-0.11
Nicotiana tabacum"*>'*  0.19 —0.50 Cinnamomum camphora'' 0.06
Phaseolus vulgaris' 0.17-0.29 Citrus aurantium® 0.02
Raphanus sativus' 0.25-0.38 Citrus limon® 0.15-0.18
Spinacia oleracea" 0.40 Citrus paradisi® 0.15-0.26
Vicia faba* "* 0.34-0.46 Eucalyptus blakelyi' 0.16 -0.19
Herbaceous perennials Eucalyptus globulus™* 0.11-0.12
Polygonum cuspidatum" 0.08 —0.19 Hedera helix* 0.15
Woody perennials - Ligustrum lucidum"' 0.07-0.11
Deciduous Macadamia integrifolia®  0.11-0.13
Acer mono" 0.07-0.15 Nerium oleander* 0.22
Alnus japonica"” 0.08-0.13 Olea europea® 0.06-0.12
Castanea sativa™’ 0.02-0.15 Pseudotsuga menziesii®  0.14 —0.20
Fagus sylvatica’ 0.10 Quercus glauca"' 0.07-0.08
Juglans nigra x regia”’  0.09-0.19 Quercus ilex*® 0.10-0.11
Juglans regia" 0.08 -0.22 Quercus phillyraeoides"  0.14
Populus maximowiczii® 0.04—0.20 Simmondsia chinensis* 0.03

'von Caemmerer & Evans (1991); *Harley et al. (1992a); *Lloyd et al. (1992); *Loreto et al.
(1992); *Evans et al. (1994); Loreto et al. (1994); "Epron et al. (1995); *Roupsard et al. (1996);
*Lauteri et al. (1997); "“Delfine et al. (1999); '"Hanba, Miyazawa & Terashima (1999); “Gillon &
Yakir (2000); “Hanba et al. (2001); “Kogami et al. (2001); “Miyazawa & Terashima (2001);
“Flexas et al. (2002); ""Piel et al. (2002); "*Terashima & Ono (2002); “Centritto et al. (2003);

PWarren et al. (2003).

“Values given are for well-watered plants, neither salt-stressed nor senescing. All g;
measurements were done at 25 °C leaf temperature except: > % (22 °C), 2 (23-29 °C), ° (25-30 °C),

'0Oryza sativa and *Simmondsia chinensis (27 °C), '* (30 °C).
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small, given the photosynthetic capacity of the leaves, to impose a significant limitation
on photosynthesis (e.g. Lloyd ef al. 1992; Epron et al. 1995; Roupsard, Gross & Dryer
1996; Miyazawa & Terashima 2001; Warren et al. 2003). Furthermore, Bernacchi et al.
(2002) have recently shown that g, is strongly dependent on leaf temperature (see also
Makino, Nakano & Mae 1994) and becomes increasingly limiting to photosynthesis as
temperature rises. In such cases, failure to account for the finite g; when estimating V.
from A-C; curves results in erroneously low values (Epron ez al. 1995; Centritto, Loreto
& Chartzoulakis 2003; Warren ef al. 2003).

As with stomatal conductance (g,), g; decreases in response to water or salinity
stress (Roupsard et al. 1996; Delfine et al. 1999; Flexas et al. 2002; Centritto et al. 2003;
Loreto, Centritto & Chartzoulakis 2003), the response being just as rapid and reversible
as for g, (Delfine et al. 1999; Centritto et al. 2003). As gas exchange studies of stomatal
vs. non-stomatal limitations to photosynthesis during drought are typically based on A-C;
curve analyses carried out without considering g, (e.g. Wilson, Baldocchi & Hanson
2000a and references therein), they overestimate the proportion of non-stomatal
limitation attributed to a drought-induced loss of biochemical photosynthetic capacity
(i.e. they underestimate V__, ). Indeed, Centritto ef al. (2003) recently showed that both
V.max @nd J.,, in olive (Olea europea) saplings remained unaffected by salt stress, the
increased photosynthesis limitation being entirely due to simultaneous decreases in g; and
g.. Similarly, the age-related decline of photosynthesis in annual and deciduous perennial
species does not appear to be due solely to the reduction of g, and loss of biochemical
photosynthetic capacity. For example, Loreto ef al. (1994) found that g, decreased in
parallel to A, and g, in maturing, well-watered wheat plants (Triticum durum) and that the
relative contribution of g, to photosynthetic limitation increased continuously throughout
the maturation process. Similar results have also been found in spinach (Delfine et al.
1999), suggesting that g, is an important factor causing the photosynthetic decline of

leaves during ageing (Loreto et al. 1994) and thereby confounds the actual change of
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biochemical photosynthetic capacity (i.e. V_,,,) throughout this process. This last fact has
so far been overlooked in studies concerned with measuring the seasonal variability of
V. 10 @annual crops and deciduous forests (e.g. Grossman-Clarke et al. 1999; Wilson,
Baldocchi & Hanson 2000b; Kosugi, Shibata & Kobashi 2003).

This paper provides both a review and a critique of the current A-C, curve analysis
method which relies on fixed values for the kinetic constants of Rubisco under the
assumption of infinite g,. My objectives are 1) to explain why this method fails to
properly estimate V., given a set of Rubisco kinetic constants, in leaves with low g,
relative to their photosynthetic capacity and 2) to present a new approach to estimate
V.max OF J 0 that accounts for g,. I start by reviewing the fundamental Michaelis-Menten
theory upon which the photosynthesis model of Farquhar ez al. (1980) is based to
introduce the concepts and equations of the new A-C, curve analysis method. I then

illustrate the limitations of the existing approach using examples of incorrect V.

determinations and show how these errors are eliminated when using the new method.

THEORY

Rubisco-limited photosynthesis

The equations describing the original biochemical model of C, leaf photosynthesis of
Farquhar et al. (1980) and its subsequent refinements (von Caemmerer & Farquhar 1981;
Farquhar & von Caemmerer 1982; Harley & Sharkey 1991) have been presented on
numerous occasions (see von Caemmerer 2000 for a detailed review). Here I review the
equations describing Rubisco-limited photosynthesis through a series of theoretical CO,
responses curves starting with the predicted enzyme kinetics of fully activated Rubisco in
vitro in O,-free media, then successively add the components that lead to the final
formulation of whole-leaf net photosynthesis in relation to C,. Such an approach
emphasises the applicability of the fundamental Michaelis-Menten equation across all

levels (enzyme to leaf) except at C.. It also highlights the gradual apparent “burial” of
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initial model parameters following the inclusion of the mitochondrial respiratory flux and
the internal diffusion resistance.

Curve 1 of Fig. 1.1 illustrates the CO, response of a fully activated Rubisco
preparation assayed in vitro under saturating concentrations of ribulose-1,5-bisphosphate

(RuBP) and in O,-free media. The curve follows the classical Michaelis-Menten equation

WC=C“’“" (1.1)
C+K

c

<

which describes the kinetic relationship between an enzyme and its substrate (x) as a
rectangular hyperbola with asymptotes at V, .. (ordinate) and —K, (abscissa). Following
the notation of Farquhar et al. (1980), W, denotes the RuBP-saturated carboxylation rate,
V.. 18 the maximal carboxylation rate, and K_ is the Michaelis-Menten constant for CO,;
here C denotes the gas phase CO, concentration in the media. The Michaelis-Menten

relation is fundamentally a function of diminishing returns. Its derivative

ﬂ_ ‘,cma.ch (1 2)
dC  (C+K.) ‘

decreases continuously with increasing C, thereby describing the monotonic loss of free
enzyme catalytic sites available to take advantage of further additions of substrate. That
is, Eqn 1.2 describes the monotonic loss of carboxylation efficiency by Rubisco with
increasing C. As long as the activity of the enzyme is unchanged, the rate of
carboxylation efficiency loss is predictable and is given by

d*w. 2V,

dC ~ (C+K) (13)
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(a)

0.5V,
0.5(Vepax—Ra)~ / e =

o[ : -
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K_(1+0/K_)+2T
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CO2 assimililation rate

Cx T* r
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Figure 1.1 Hypothetical CO, response curves from purified Rubisco preparations and
corresponding C; plant source leaves. Curves 1 and 2 illustrate the CO, response of the RuBP-
saturated carboxylation rate (W,) of fully activated Rubisco enzymes assayed in vitro in the
absence or presence of O,, respectively; curve 3 represents the whole-leaf CO, response of W,
minus photorespiration [W.(1-I'*/C_)] evaluated at C_; and curves 4 and 5 are the corresponding
CO, response of the net RuBP-saturated CO, assimilation rate (A.) of the leaf evaluated at C. and
C;, respectively. The upper panel (a) highlights the gradual change of the CO, concentration
required to half-saturate the CO, response according to Michaelis-Menten theory while the lower
panel (b) shows the corresponding change of the CO, concentration at which the gross RuBP-
saturated CO, assimilation rate (W, in vitro; W. (1-T'*/C,) or A+R, in vivo) equals zero. Broken
- lines sections indicate where CO, assimilation would normally no longer be Rubisco-limited in

wild-type plants.
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Thus, for a given V__,, the curvature of the CO, response function is entirely determined

by K. — the CO, concentration required to achieve a catalytic rate equal to 0.5V__,..
Owing to the inherent bifunctionality of Rubisco with respect to CO, and O,
(Andrews & Lorimer 1987), introduction of O, to the in vitro assay media inevitably
diverts a portion of the enzyme’s catalytic activity towards the oxygenation of RuBP
(Bowes, Ogren & Hageman 1971; Bowes & Ogren 1972; Andrews, Lorimer & Tolbert
1973) and thereby decreases W, at sub-saturating C (Fig. 1.1, curve 2). In the presence of

the competitive inhibitor O,, the Michaelis-Menten equation describing the CO, response

of W, becomes (Laing, Ogren & Hageman 1974)

A/ (1.4)
C+K (1+0/K)

which shows that the effective CO, concentration required to half-saturate W, — the
effective Michaelis-Menten constant for CO, (von Caemmerer 2000) — is linearly
dependent on the O, concentration in the media (O) and equals K (1+0/K,) (Fig. 1.1a),
where K| is the Michaelis-Menten constant for O, in the competitive oxygenation
reaction. Graphically, the loss of carboxylation efficiency by Rubisco in the presence of
O, is represented by the shift of the abscissa asymptote from —K_ to —K_(1+0/K,), which
reduces the curvature of the rectangular hyperbola accordingly.

In intact, fully illuminated leaves from which Rubisco was presumably purified to
perform the above-mentioned in vitro assays, the photorespiratory release of 0.5 mole of
CO, which follows the oxygenation of each mole of RuBP (Tolbert 1971; Keys 1986)
further depresses the gross yield of the photosynthetic process (Fig. 1.1, curve 3) by an
amount equal to W_(I'*/C,) (Farquhar & von Caemmerer 1982), where I'* is the
chloroplastic CO, photocompensation point (Laisk 1977), that is the chloroplastic CO,

concentration (C,) at which W_ equilibriates with photorespiration (Fig. 1.1b). The
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dependence of I'* on O is related to Rubisco’s relative specificity for CO, as opposed to

0, (S,,); following Laing et al. (1974)

0.50
S,

clo

%o (1.5)

Due to the photorespiratory flux, the CO, concentration required to half-saturate
W_(1-T'*/C.,) inside the chloroplast increases to K (1+O/K_)+2I'* (Fig. 1.1a), as can be
deduced from the denominator of the equation (written in Michaelis-Menten form)

describing the CO, response of the net carboxylation rate following photorespiration:

(C TV

W(1-T*/C,)=
(C.-T*)+(K.(1+0/K,)+T*)

(1.6)

The new effective Michaelis-Menten constant for the combined carboxylation-
photorespiration reaction is now equal to K (1+O/K,)+I"*. Once again, we note that the
curvature of the rectangular hyperbola is reduced accordingly.

As Woodrow & Berry (1988) remarked, one has to make a leap of faith to
presume that the photosynthetic response of intact leaves can be interpreted in terms of
the kinetic behaviour of Rubisco in vitro. The question is not so much the validity of the
fundamental Michaelis-Menten model in vivo, but more the accuracy of the in vitro
system and our ability to establish in vitro conditions that will not greatly affect the
original in vivo Rubisco affinities for CO, and O, — otherwise the constants K, K, and S_,,
will be affected (Kane ef al. 1994).

Curve 4 of Fig. 1.1 represents the CO, response of a leaf’s overall net RuBP-
saturated CO, assimilation rate (A,) evaluated at C.. The curve is identical to curve 3 in
all respects except that it is shifted down on the ordinate due to constant CO, input from

the mitochondrial respiration of the illuminated cells (R;) (Fig. 1.1b). Consequently, the
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chloroplastic concentration at which all the respiratory processes of the leaf are in
equilibrium with W, no longer occurs at I'*, but further down the abscissa at I" — the
leaf’s overall CO, compensation point (Fig. 1.1b). It follows that I'* is now found where
A equals —R, (Fig. 1.1b).

Following Eqn 1.6, the Michaelis-Menten form of the equation describing the

CO, response of A_evaluated at C, is given as

(G -D) Vg =R)
¢ (C.-T)+(K.(1+0/K,))+T)

(1.7)

Although the effective Michaelis-Menten constant for the overall net photosynthetic
process is now increased to K (1+O/K_)+I (Fig. 1.1a), the curvature of the rectangular
hyperbola describing curve 4 remains unchanged relative to curve 3 (Eqn 1.6) due to the
lowering of the ordinate asymptote from V_,, to “V_ . —R;” (Eqn 1.7). Equation 1.7 is the

Michaelis-Menten equivalent of the commonly used equation of Farquhar et al. (1980)

C -T*WV
= ( c ) cmax _Rd (18)
C +K.(+0/K)

which of course is Eqn 1.6 minus R;. Since there is a continuum of V_, and R,
combinations which will produce the ordinate asymptote “V_ . —R,”, Eqn 1.8 requires that
either I'* or R, be known a priori to estimate V_,,, and “K_.(1+O/K,)” accurately from a
non-linear least-squares fit to the CO, response curve (knowledge of g; is also required to
express the A-C; curve in terms of C.). Equation 1.7, on the other hand, requires no a
priori information (other than g,) to properly estimate I', “V_ . —R,” and “K_(1+O/K,)”
using non-linear regression methods. In both cases, the validity of the least-squares fit

strongly depends on how well the curvature of the CO, response function follows the

rectangular hyperbola model.
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Under steady-state conditions

A =g(C-C) (1.9)

Solving Eqn 1.9 for C, and substituting in Eqn 1.7 or 1.8 gives a quadratic equation (von

Caemmerer & Evans 1991) whose solution is the positive root

_ -b+b* -4ac

AC
2a
=-1/g,
(1.10)
b=(V.. -R,)g+C +K.(1+0/K,)
Vs ~ B W, —T) if using Eqn 1.7
“|R,(C,+K.(1+O/K,)-V., (C.-T*) ifusing Eqn 1.8

Equation 1.10 represents the CO, response of A_ evaluated at C; (Fig. 1.1, curve 5). The
A, vs. C; curve now follows a non-rectangular hyperbola. It shares the same ordinate
asymptote (V_,..—R,) and x-intercept (I') as the A, vs. C_ curve (Fig. 1.1, curve 4), but its
curvature is decreased relative to the rectangular hyperbola model to a degree determined
by the magnitude of g;. Again, since there is a continuum of K (1+0/K,) and g,
combinations which will produce that curvature, Eqn 1.10, when derived from Eqns 1.7
and 1.9, requires that either K (1+0/K,) or g, be known a priori to properly estimate the
remaining parameters from a non-linear least-squares fit to the A_ vs. C, curve. As
mentioned above, a priori knowledge of either I'* or R, is also required if the alternate
form of Eqn 1.10 (based on Eqns 1.8 and 1.9) is used.

Equation 1.9 indicates that whenever there is a steady-state CO, flux through the
leaf, there has to be a concentration gradient between C, and C.. Below I the flux is
negative, so C; is smaller than C_, hence the appearance of an intercellular CO,

photocompensation point (C,*) smaller than I'* at —R, (Fig. 1.1b). The difference between
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I'* and C.* is rarely appreciated since g; is usually assumed to be infinite in A-C, curve
analyses. Moreover, the CO, flux at —R, is usually very small so it is not expected to
generate a significant drawdown between I'* and C,*. Still, Warren et al. (2003)
estimated that this drawdown can be as high as 15 ubar in Douglas-fir (Pseudotsuga
mengziesii) and were able to use the measured differences between I'* and C,* to estimate
g, in this species using Eqn 1.9.

The validity of the non-rectangular hyperbola model (Eqn 1.10) rests on the
assumption that g, is purely diffusional and is therefore not affected by the changes in
CO, concentration inside the leaf necessary to develop an A-C; curve. This has been
verified to some extent by both the isotopic (Evans et al. 1991) and the chlorophyll
fluorescence (Harley ef al. 1992a; Loreto et al. 1992) methods commonly used to
estimate g,. The recent evidence indicating a close association between carbonic
anhydrase (Gillon & Yakir 2000) and aquaporin membrane channels (Terashima & Ono
2002) and g, does not change this view since both proteins only act in facilitating the
passive CO, diffusion process. Although Michler, Miiller & Dubach (1990) presented
data suggesting the presence of an active CO, pump at the chloroplast envelope, I believe
that their conclusion is due to calculation artefacts arising from using the rectangular
hyperbola model to describe photosynthesis in relation to both C, and C,. Indeed, under
this assumption, g; will necessarily appear to scale in direct proportion to the
carboxylation efficiency (dA./dC,) which, as suggested in Eqns 1.2 and 1.3, rises
increasingly sharply as C, approaches I'* (substitute the appropriate terms from Eqn 1.6
into Eqns 1.2 and 1.3), thereby simulating, in the corresponding g; case, an active
transport system. No chloroplastic CO, concentrating mechanism has yet been identified

in C,; plants (Badger & Price 1994).
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RuBP-limited photosynthesis

The half-asymptotic values of W_(1-I'*/C,) and A_ on curves 3 to 5 (Fig. 1.1a) are shown
on broken line portions of the Rubisco-limited CO, response curves to indicate that they
are never reached under steady-state conditions in wild-type plants since the regeneration
rate of the leaf’s RuBP pool falls behind the potential rate of RuBP
carboxylation/oxygenation by Rubisco and begins limiting photosynthesis at a lower C,
(Laisk & Oja 1974; Lilley & Walker 1975). Like A_, the net RuBP-limited CO,
assimilation rate (4;) of a leaf can also be expressed in terms of an enzymatic Michaelis-

Menten process whose overall efficiency diminishes with increasing C, (i.e. a rectangular

hyperbola model):
(C.-T*)J/4
, =————_-R 1.11
7 C x2D% ¥ D

where J is the CO,-saturated electron transport rate of the thylakoids reactions which
ultimately supply the necessary energy in the form of ATP and NADPH for the
regeneration of RuBP. Detailed treatments of the biochemical reactions involved in the
process and of stoichiometric alternatives to Eqn 1.11 are given in Farquhar & von
Caemmerer (1982) and von Caemmerer (2000). Equation 1.11 is given here in a form
equivalent to Eqn 1.8, but it is understood that it can undergo the same derivations as
outlined in Eqns 1.6 to 1.10 simply by replacing V., by J/4 and K (1+0/K,) by 2T'*.

Following Farquhar & Wong (1984), the dependence of J on irradiance is given as

07 -J(od +J_, )+all =0 (1.12)
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where [ is the incident irradiance, o is the quantum efficiency (number of electrons
transfered per incident photon), and 6 is the convexity (curvature factor) of the non-

rectangular hyperbola.

CONVENTIONAL A-C; CURVE FITTING METHOD
Disregarding the possible limitation imposed on photosynthesis at high CO,
concentrations by the rate of triose phosphates utilisation (Harley & Sharkey 1991), the

net CO, assimilation rate of a leaf is given as
A, =min{4 A} (1.13)

where the appropriate equations describing A, and A; on the basis of C, or C, are given
above. The conventional A-C, curve fitting method commonly uses Eqns 1.8 and 1.11 to

describe A, and A;, respectively, and assumes g; to be infinite; thus

. k3
el W (1.14)
C.+K.(1+0/K,)
and
. —I'*)J/4
I 1 P (1.15)

7 C 42T .

Equations 1.14 and 1.15 require that a total of six parameters be estimated from non-
linear regression techniques, which, for reasons explained earlier, is beyond the iterative
power of such techniques. Here, however, the leap of faith mentioned by Woodrow &

Berry (1988) is taken and values for the kinetic constants of Rubisco (S, or I'*, K, K,)
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are chosen a priori from previously published estimates to constrain the least-squares fits
to Eqns 1.14 and 1.15.

There are many S,

c/o?

K., and K estimates to choose from in the literature (see
among others the multispecies comparative studies of Yeoh, Badger & Watson 1980,
1981; Jordan & Ogren 1981, 1983; Bird, Cornelius & Keys 1982; Makino, Mae & Ohira
1985; Parry et al. 1989; Kane et al. 1994; Laisk & Loreto 1996), but as far as the
parameterisation of the model of Farquhar ez al. (1980) is concerned, these have largely
been restricted to values found in spinach and tobacco. Table 1.2 lists commonly used
choices for I'* (often taken as C;*), K, and K and for the activation energy of the
Arrhenius function describing their respective temperature response (e.g. Harley ez al.
1992b; Wullschleger 1993; De Pury & Farquhar 1997; Walcroft et al. 1997; Wang &
Leuning 1998; Medlyn et al. 1999, 2002; Dreyer et al. 2001; Wilson, Baldocchi &
Hanson 2001; Kosugi ez al. 2003). The rationale behind this approach is that the kinetic
properties of Rubisco are so fundamental to the efficiency of the photosynthetic process
that they should be largely conserved among C; plant species (von Caemmerer 2000).
Given a set of Rubisco kinetic constants, Eqn 1.13 can easily be fitted to the
overall A-C; curve once the respective domain of the A, and A; functions is defined. Von
Caemmerer & Farquhar (1981) noted on the basis of C; that the transition from A, to A,
consistently occurred between 200 and 250 ubar in Phaseolus vulgaris when
measurements were performed at ambient O, concentration and high irradiance.
Furthermore, this transition zone appeared conserved over a range of leaf temperatures
and nitrogen nutrition. Since then, it has become established practice to use the 200-250
ubar transition zone of P. vulgaris as the cut-off point for fitting A. to the lowest portion
of A-C; curves performed under standard conditions in any species (e.g. Wullschleger
1993; Wohlfart et al. 1999; Bunce 2000). This approach is usually justified by the fact

that the theoretical transition point between A_ and A; is determined by the balance
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CHAPTER 1 — CO, transfer conductance in photosynthesis modelling

between J,,, and V. (von Caemmerer 2000) which have been found to correlate
conservatively among species (Wullschleger 1993; Leuning 2002; Medlyn e? al. 2002).

My studies on conifers revealed that the above-mentioned method repeatedly
failed to properly fit the A-C, curves I produced (n = 60) from shoots of 50-year-old
Douglas-fir trees for which g, was estimated to range (at least in current-year foliage)
from 0.14 to 0.20 mol m™~ s~ at 22 °C (Warren et al. 2003). Neither the Rubisco kinetic
constants shown in Table 1.2 nor other recommended values (e.g. Collatz et al. 1991;
Harley & Tenhunnen 1991; Bernacchi et al. 2002) produced acceptable results — the
curvature of the fitted A, function being always too pronounced to satisfy Eqn 1.13 (Fig.
1.2). Since my measurements were done using an integrating sphere at high diffuse
irradiance (see Chapter 3), I considered it likely that the transition between A, and A;
occurred at an appreciably higher C; than 200-250 gbar (e.g. 300400 pbar; Makino,
Mae & Ohira 1988, Makino et al. 1994). However, I found that increasing the domain of
the A, function would solve the problem only if it were more than doubled and
exclusively for sets of Rubisco kinetic constants that gave K (1+0/K) values greater than
700 pbar.

Surprisingly, after over 20 years of use, to my knowledge there are no reports of
similar difficulties with the standard A-C, curve fitting method. For example,
Waullschleger (1993) did a retrospective analysis of previously published A-C; curves
from 109 different C, plant species following the above-mentioned method, using the
Rubisco kinetic contants values of Jordan & Ogren (1984) shown in Table 1.2, and
reported no anomalies with the procedure. However, there are many cases in his report
where V__, values were derived from invalid curve fits. Out of the 84 A-C, curves that I
analysed [V, < 65 gmol m™s™, as estimated by Wullschleger (1993)], 15 could not be
properly assessed due to insufficient C; range or low light intensity, but a third of the

remaining 69 gave wrong V.. estimates based on invalid curve fits. Two such examples

24



CHAPTER 1 — CO, transfer conductance in photosynthesis modelling

--------- Jordan & Ogren (1984)
—— Bernachhi et al. (2001)
— — - Bernachhi et al. (2002)

|

A, (uwmol m2 )
o
|

=5 ! 1 1 L L ! !
0 200 400 600 800 1000 1200 1400

C; (ubar)

Figure 1.2 Typical CO, response of the net CO, assimilation rate (4,) of a 1-year-old Douglas-fir
shoot evaluated at C;. Measurements were made at 22 °C and at saturating diffuse irradiance
(1600 ymol m™ s™) in an integrating sphere. Least-squares regression fits to the initial A-C; curve
portion (filled circles) were performed according to the standard A-C; curve analysis method
described in the text. The number beside each curve indicates the maximal carboxylation rate
(V.msw) Obtained assuming infinite CO, transfer conductance (g;) (Eqn 1.14), using popular
Rubisco kinetic constant values (see Table 1.2 for Jordan & Ogren (1984) and Bernacchi e al.
(2001); for Bernacchi et al. (2002) T'* = 33.86 umol mol™, K, = 195.41 pmol mol™, and K, =
150.46 mmol mol™ at 22 °C).
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(Sun & Ehleringer 1986; Siebke et al. 1990) are reproduced in Fig. 1.3. The V. values I
obtained by following the procedure outlined above were within 1 ymol m™ s™ of those
reported by Wullschleger (1993), that is 32 and 29 gmol m™ s™ for Sun & Ehleringer
(1986) and Siebke et al. (1990), respectively, but it is clear from Fig. 1.3 that these were
derived from invalid curve fits that underestimate the true V_,, values which, according
to the Rubisco kinetic constants of Jordan & Ogren (1984), would in both cases be about

56 umol m~ s after accounting for g; via Eqn 1.10 (see method outlined below).

NEW A-C, CURVE FITTING METHOD

According to the non-rectangular hyperbola model (Eqn 1.10), A_ reaches its half-
asymptotic value of 0.5(V__,.—R,) when C, equals K (1+O/K )+2I" + 0.5(V_..—R,)/g; (Eqns
1.7 and 1.9) (Fig. 1.1a, curve 5). Under the assumption of infinite g;, the least-squares
rectangular hyperbola approximation to Eqn 1.10 that will produce the correct value for

V._nax 1S given by

. —C*WV
= (CCTIS«):_J? -R, (1.16)
The value K_(CO,), is the apparent Michaelis-Menten constant for CO, evaluated at C,.
Since the value of C, representing the half-asymptotic value of A, in the initial non-
rectangular hyperbola increases as g; decreases, so will K, (CO,),. That is, the correct
rectangular hyperbola approximation to Eqn 1.10 is one that keeps the ordinate asymptote
at V_ . —R, and increases the value of the abscissa asymptote in inverse proportion to g;.
The conventional A-C, curve fitting method does the reverse; it fixes the abscissa
asymptote at —K_(1+0/K,)-TI" according to the Rubisco kinetic constants chosen a priori,

and decreases the ordinate asymptote in inverse proportion to g;. This leads to a
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20 T T T T e
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Figure 1.3 Least-squares regression fits to the initial portion (filled circles) of A-C; curves
reproduced from (a) Sun & Ehleringer (1986) and (b) Siebke ez al. (1990). Curve fits of Eqn
1.14 assume infinite CO, transfer conductance (g;) and were performed according to Wullschleger
(1993). The maximal carboxylation rate (V) values obtained using the Rubisco kinetic
constants of Jordan & Ogren (1984) (see Table 1.2) were (a) 33 and (b) 30 gmol m™s™". Curves
fits of Eqn 1.10 were performed on the same data points using the same Rubisco kinetic
constants. The values obtained were (a) 57 and (b) 56 gmol m™ s™ for V,,... and (a) 0.1 and (b)

0.15 mol ms™ for g;.
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significant underestimation of V__,, for leaves with low g, relative to their photosynthetic
capacity.

Figure 1.4a gives a graphical example of the extent of the V. underestimation as
g; decreases and of the K (CO,), value required to restore V, to its initial true value.
The results shown in the figure were generated by fitting Eqn 1.14 (hollow circles) or
Eqgn 1.16 (filled circles) to a series of theoretical A-C; curves obtained by combining a
single A, vs. C, curve with different g, values. Details about the curve fits and the
parameters (mostly taken from Wullschleger 1993) used to construct the A, vs. C, curve
are given in the figure legend. In reference to the aforementioned analysis of the A-C;
curves of Sun & Ehleringer (1986) and Siebke et al. (1990) which yielded underestimates
of V.. of 54% and 58%, respectively, Fig. 1.4a shows that, given an initial “true” V_
value of 56 ymol m™ s, such an underestimation would be expected given g; values
close to 0.1 mol m™ s and that the K_(CO,), value required to remove that
underestimation would be approximately 880 ubar. This is over twice the original
K. (1+0O/K,) value used by Wullschleger (1993). None of the recommended K, and K,
combinations mentioned previously give a K (1+O/K,) value as high as this despite that
the K, and K, values of von Caemmerer et al. (1994) and Bernacchi ez al. (2001) shown
in Table 1.2 were derived from in vivo measurements of K (CO,), and that the in vitro K
value of Farquhar et al. (1980) is likely to be overestimated by approximately 85% due to
a calculation error (wrong choice of dissociation constant (pK,) for carbonic acid vs. CO,
—see Yokota & Kitaoka 1985).

The new A-C, curve fitting method I propose rests on the point emphasised
throughout the theory section, that is, for a given V., the curvature of a CO, response
function is entirely determined by its effective Michaelis-Menten constant. Since for A-C;
curves the curvature of the non-rectangular hyperbola is affected by both K (1+O/K,) and
g.. specifying K (1+0/K_) when fitting Eqn 1.10 to the initial A-C, curve portion (as for

Eqn 1.14 in the standard method) will automatically constrain the value of g; to match the
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Figure 1.4 Influence of CO, transfer conductance (g;) on (a) the maximal carboxylation rate
(Vemax) and apparent Michaelis-Menten constant for CO, evaluated at C; [K,(CO,);] and (b) the
maximal electron transport rate (Jp,,) and the J./ Vin. ratio. Values of V.., and J,, were
estimated by fitting Eqns 1.14 and 1.15 (standard A-C; curve fitting method — see text for details)
to a series of ideal A-C; curves generated for various g; values from a set of initial parameters
valid at C.. For Rubico-limited photosynthesis (Eqn 1.8) I'*, K, and K, were taken from Jordan &
Ogren (1984) (at 25 °C and 210 mbar O,; see Table 1.2) and V., and R; were 56 and 0.6 pmol
m~ s7', respectively. For RuBP-limited photosynthesis (Eqns 1.11 and 1.12) ¢ = 0.18 mol e- mol

quanta”, ® = 0.9, I = 1500 umol quanta m™> s

, and Jo, = 112umol e” m? s™. Values of
K_(CO,); were determined by fitting Eqn 1.16 to the A-C; curves, setting V., and the
mitochondrial respiration in the light (R,) to their “true” value. The “+” symbols indicate values
of () V. and (b) J,. Obtained when fitting Eqn 1.10 to the same set of A-C; curves starting with

K/(1+0/K,) and T'* values that overestimate their “true” value by 20% and 10%, respectively.
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curvature but will not change the value of the ordinate asymptote (V,,,.—R,). Figure 1.4a
(“+” symbols) shows an example of the relative constancy of the V,_, parameter, with
respect to g,, estimated from curve fits based on Eqn 1.10 and initiated from
overestimated I'* (10%) and K (1+0/K,) (20%) values. In this case, the V.
overestimates varied by less than 1% (59.3 to 59.8 ymol m™ s™') across the g, range
explored (0.6 to 0.05 mol m™? s™'); the corresponding variation of the V. estimates
obtained from Eqn 1.14, following the standard A-C, curve fitting method, is 57% (56.4
to 24.5 ymol m™ s™'). Graphical examples of this simulation are shown in Fig. 1.5. Note
the 17% underestimation of V. through Eqn 1.14 in Fig. 1.5a (g;=0.2 mol m~s™)
despite the 20% overestimation of the K (1+0/K,) parameter and the apparent validity of
the curve fit (compare with Fig. 1.5b and Figs. 1.2 and 1.3). In fact, when the correct I'*
and K (1+0/K,) values are used to estimate V. from Eqn 1.14, the latter can be
underestimated by as much as 30% (g; = 0.17 mol m™ s™") from curve fits that still appear
visually valid. Similar results are found for g; of 0.1 mol m=s™ (29% V.

cmax

underestimation) when the “true” V.. value used to generate the A-C, curves is reduced

<max

by half (data not shown). Thus, according to these simulations, there could be

considerably more significant V_ , underestimates than I originally anticipated in the

survey of Wullschleger (1993) and other C, species parameterisations which used the
same Rubisco kinetic constants and curve fitting method (e.g. Harley & Baldocchi 1995;
Centritto & Jarvis 1999; Le Roux et al. 1999; Bunce 2000; Warren Adams 2001; Wilson
et al. 2001).

The A-C, curve fitting method based on Eqn 1.10 is essentially insensitive to the
above-mentioned biases (Fig. 1.5). This can easily be verified on any, reasonably well-
defined, measured A-C, curve simply by increasing the leaf internal resistance (1/g,) in
steps and by re-fitting the resulting A-C, curves (re-computed from the original data using

Eqn 1.9) according to the two methods described above. Another advantage of this new

approach is that it reduces the sensitivity of the fitted value of V_,, relative to the value
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Figure 1.5 Examples of least-squares regression fits of Eqns 1.14 and 1.15 (standard method —
see text for details; continuous lines) vs. Eqn 1.10 (new method; broken lines) performed on ideal
A-C; curves generated for g; values of (a) 0.2 and (b) 0.05 mol m™ s™ from a set of initial
parameters valid at C, (see Fig. 1.4 legend for details). The number beside each curve indicates
the maximal carboxylation rate (V_,,,) or the maximal electron transport rate (J,,) obtained by
fitting the appropriate equation to the Rubisco-limited (Eqn 1.14 vs. Eqn 1.10; circles) and RuBP-
limited (Eqn 1.15 vs. Eqn 1.10; diamonds) portion of the curves, respectively. Open symbols
represent data points not used for the curve fits. All curve fits were done with K (1+O/K,) and I'*

parameters that overestimated their “true” value by 20% and 10%, respectively.
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of K.(1+0/K,) chosen. For example, estimates of V__,. in the above-mentioned simulation
remained within 10% of the “true” V__, used initially to construct the A-C; curves even
when the K (1+0/K,) value chosen to initiate the curve fits was up to £30% of the correct
value; the corresponding uncertainty of the rectangular hyperbola model, corrected for g,
according to Eqn 1.16, was twice as high (Fig. 1.6).

The theoretical simulations described above suggest that it is possible for leaves
of similar biochemical photosynthetic capacity (V_,,,) and intercellular operating point
(C) to achieve very different A, through significant variation in g;. Yet, the commonly
evoked positive relationship between A, and g; (Fig. 1.7a; von Caemmerer & Evans 1991;
Lloyd er al. 1992; Epron et al. 1995; Evans & Loreto 2000; Warren et al. 2003) may lead
one to conclude that V. correiates conservatively with g, among C, plant species. If so,
one would expect the g; limitation to photosynthesis to be similar among species, which
would imply that the K (CO,), value required to compensate for that limitation is also
conserved. However, the apparent convexity of the A, vs. g; relationship (Fig. 1.7a)
suggests a general tendency towards “over-investment” in photosynthetic capacity as g,
falls below 0.2 mol m™ s'; this is clearly indicated by the corresponding increasing drop
in CO, concentration between C, and C, (Fig. 1.7b). Hence, the g, limitation to
photosynthesis can only be similar among species if the operating C, is inversely
proportional to A, and g, (in order to equalise C,). On the contrary, the operating C, is
usually found to be remarkably conserved among species despite large differences in A,
(e.g. Yoshie 1985) or else positively related to A, (e.g. Franks & Farquhar 1999). Thus,
the correlation between A, and g, among species does not necessarily reflect the
relationship between V. and g, for in theory A, is fundamentally dependent on g, but
V.max 18 DOt (Eqn 1.10) — at least not necessarily to the same degree. This is shown
explicitly in Fig. 1.7c for those data in Fig. 1.7a for which g, was given alongside A, and

g; (filled circles), thereby allowing the estimation of V__,, on the basis of C, via Eqns 1.8
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Figure 1.6 Errors in the estimates of the maximal carboxylation rate (V... caused by using up
to £30% of the actual value of K.(1+0/K,) or K (CO,); when fitting Eqns 1.10 or 1.16,
respectively, to the initial portion of an ideal A-C; curve generated as described in the legend of
Fig. 1.4 with a CO, transfer conductance (g;) value of 0.2 mol m™ s~ (similar results were
obtained using other g; values). The correct value for K ,(CO,); was estimated to 635.3 pbar from
the data shown in Fig. 1.4a.
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Figure 1.7 Relationship between the CO,
transfer conductance (g;) and (a) the net CO,
assimilation rate (A,), (b) the CO,
concentration drawdown between the
intercellular spaces subtending the stomata
and the chloroplasts’ carboxylation sites
(C—C.; from A /g), (c) the maximal
carboxylation rate (V.,,), and (d) the
apparent Michaelis-Menten constant for CO,
evaluated at C, [K ,(CO,);] among the C;
plant species listed in Table 1.1 (n = 262;
see references given therein for the data
source). Filled circles in Figs. 1.7a, b
represent the data subset (n = 53) for which
the stomatal conductance (g,) was given
alongside g; and A . From these, C. was
estimated at a reference leaf surface CO,
concentration of 340 wbar [i.e. C. = (340 —
1.56A,/g,) — A,/g;] and V.. was then solved
using Eqn 1.8 (R, = 0.8 ymol m™ s at 25
°C; otherwise adjusted for leaf temperature
using the temperature response function of
Bernacchi et al. 2001) parameterised with
the Rubisco kinetic constants of von
Caemmerer et al. (1994) evaluated at C,_ (K,
= 259 ubar, K, = 179 mbar, and T'* = 38.6
pbar at 25 °C; otherwise adjusted for leaf
temperature using the temperature response
functions of Bernacchi er al. 2002);
K (CO,); was subsequently estimated at 200
mbar O, from V_,,, using Eqn 1.16 (with C;*
determined from Eqn 1.9). The final V,,
and K_(CO,); values shown in Figs. 1.7c, d
were adjusted to 25 °C using the temperature
response functions of Bernacchi er al.
(2001); other estimates derived from
different leaf surface CO, concentrations
gave different absolute values but similar
trends (not shown). The dotted line in Fig.
1.7d represents the K (CO,); value found by
von Caemmerer et al. (1994) for transgenic
tobacco plants (see Table 1.2).
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and 1.9 (see figure legend for details). Here, the tobacco Rubisco kinetic constants of von
Caemmerer ef al. (1994) determined in vivo on the basis of C, (see Chapter 2) were used
to calculate V. so the corresponding K (CO,), values estimated from Eqn 1.16 could be
compared with the value found by von Caemmerer et al. (1994) (730 pbar at 25 °C and
200 mbar O,; see Table 1.2). The results clearly show that X (CO,), is not a conserved
property among C; plant species (Fig. 1.7d). No single value can therefore be
recommended for properly estimating V. in all species. For example, the K (CO,),
value of von Caemmerer ef al. (1994) produced V. estimates (Eqn 1.14) that varied
from —24% to +10% (-8 + 10%, mean + SD, n = 24) of the “true” V.. (Eqn 1.8), as
opposed to from —57% to —8% (29 + 14%, mean + SD, n = 29), for leaves with a g
above and below 0.2 mol m™ s™, respectively.

According to Eqn 1.10 parameterised with the Rubisco kinetic constants of Jordan
& Ogren (1984), the g, value required to match the curvature of the real A-C, curves
shown in Fig. 1.3 is 0.1 and 0.15 mol m™ s™" for Sun & Ehleringer (1986) and Siebke et
al. (1990), respectively. For the A-C, curve of the Douglas-fir shoot shown in Fig. 1.2, the

matching g, value is 0.12 mol m™” s (corresponding to a V. estimate of 44 mol m™s™,

that is 1.6 times the value found with Eqn 1.14) — a close match to the g; value found for
this shoot based on the measured difference between C;* and I'* (0.15 mol m™ s™'; see
Warren et al. (2003) for details about the technique). These estimates compare very well
with the expected g, value obtained from theory using the same Rubisco kinetic constants
and assuming steady-state Rubisco activity (Fig. 1.4a). In Douglas-fir, I found that the
curvature of the A-C, curves sometimes increased significantly as C; approached I" and
that I needed to remove these data from the curve fits to obtain reasonable g, estimates
(data not shown). This likely indicated a significant loss of Rubisco activity since it is
known that the activation state of the enzyme can decrease when C, falls below 100 pgbar

(e.g. von Caemmerer & Edmondson 1986; Sage, Sharkey & Seeman 1990). Such changes

in the activation state of Rubisco may also explain the usual apparent linearity of the
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initial A-C, curve portion (e.g. von Caemmerer & Farquhar 1981; Brooks & Farquhar
1985). However, I emphasise that one consequence of the presence of significant g,
limitation in a leaf is that it effectively “linearises” the initial portion of its A-C, curve (for
example, compare Figs. 1.5a and 1.5b — note also the reduction of the overall slope of
that initial A-C, curve portion). In any case, when seeking estimates of g; with this
method, I recommend using a higher degree of measurement resolution for the Rubisco-
limited A-C; curve portion above a C, of 100 pbar. In theory, if the K (1+O/K,) value
chosen to initiate the least-squares fit of Eqn 1.10 remains within +30% of its true value,
the sensitivity of the g; estimate to K (1+O/K,) is equivalent to that of the chlorophyll
fluorescence techniques when the I'* value chosen to estimate g; with this method is
within £10% of its true value (data not shown).

The effect of g, on values of J_,, estimated using the standard A-C, curve fitting
method (Eqn 1.15) is marginal over much of the range covered by the simulation (Fig.
1.4b). This is because 1) J,,, is estimated from the saturating portion of the A-C; curve
and 2) the entire domain of the A; function is almost entirely specified since its root (I'*,
—R,) is set a priori. There is, therefore, little need, other than improving the least-squares
fit to better the delineation of the transition zone between the Rubisco-limited and the
RuBP-limited portions of the A-C; curve (see Fig. 1.5b), to account for varying g, through
Eqgn 1.10 when estimating J_,.. However, failure to correct V_,, for g; will increase the
J_./V.... ratio significantly when g, is low relative to the leaf photosynthetic capacity

max’ cmax

(Fig. 1.4b).

CONCLUSION

I have shown that conventional A-C, curve fitting methods can significantly
underestimate V__, for plants photosynthetically limited by g; and have provided a new
approach to estimate V_ that accounts for g; and which is less sensitive with respect to

the absolute accuracy of the K (1+0O/K,) value chosen to parameterise the model of
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Farquhar et al. (1980). Alternative parameterisations of the conventional method based
on a single K_(CO,), value used for all C; plants are not acceptable since the relationship
between V_ .. and g, is not conserved among species.

The new A-C, curve fitting method is based on the non-rectangular hyperbola
version of the model of Farquhar ez al. (1980) and gives reasonable estimates of g,
providing the K (1+O/K,) value chosen to parameterise the model is close to its true
value. More C, species in vivo estimates of K (1+O/K,) properly evaluated at C_ are
needed in this respect. In Chapter 2, I will demonstrate how the proposed new A-C; curve
fitting method can be used to derive such estimates.

The success of the photosynthesis model of Farquhar et al. (1980) cannot be
understated. In the words of the authors, it “has had an impact and seen application that
far exceeded our expectations” (Farquhar, von Caemmerer & Berry 2001). The wide use
of the model is not only due to its solid theoretical basis, but also to its simplicity, a
necessary prerequisite to make any model useful (von Caemmerer 2000). I suggest,
however, that many present model parameterisations are incorrect for leaves with low g;.
Of course, such parameterisations remain useful to predict photosynthesis under the
conditions used since they are empirically fitted to measured responses. They may,
however, mislead us when it comes to evaluating the variability of V_ . among C; plant
species or interpreting the fundamental physiological processes underlying the measured
photosynthetic responses of plants to various environmental conditions or through time.
This, in effect, goes against “la raison d’étre” of the theoretical mechanistic basis of the
photosynthesis model of Farquhar ez al. (1980). Considering the importance given to the
V..ax Parameter in global climate change modelling, I believe it deserves better definition.
By accounting for g, through a non-rectangular hyperbola version of the model of
Farquhar et al. (1980), the new V. estimation method shows great potential for
providing a more realistic view of the species variation and environmental regulation of

photosynthetic capacity in C, plants. In doing so, the original simplicity of the original
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rectangular hyperbola version of the model of Farquhar et al. (1980) need necessarily not
be sacrificed since, following proper estimation of V__, with the non-rectangular
hyperbola model parameterised with a set of Rubisco kinetic constants valid at C, it can

be adjusted to account for g, through Eqn 1.16.
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Chapter 2

Towards a common Farquhar-von Caemmerer-Berry leaf photosynthesis

model parameterisation in global scale studies

INTRODUCTION
Current parameterisations of “third generation” (Pitman 2003) Land Surface Models (LSMs)
are based on the equations of the photosynthesis model of Farquhar, von Caemmerer & Berry
(1980) formulated on the basis of C, (intercellular CO, concentration) with single “pan-
species” values for the Michaelis-Menten constants for the carboxylation (X,) and
oxygenation (K,) reactions of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). In
these large spatial scale models, the parameter V__,, (maximal carboxylation rate per unit leaf
surface area) of dominant reference plant species is often taken from the literature
independently from the value of K, and K, chosen for the simulations (e.g. Delire & Foley
1999; Kucharik et al. 2000; Dai, Dickinson & Wang 2004; Kothavala et al. 2005). Thus, in
such cases, it is assumed that the magnitudes K, and K have little effect on the predicted net
CO, assimilation rate of a leaf (A,) under Rubisco-limited conditions once the parameter V_,,
has been set. Yet, as I explained in Chapter 1, the curvature of the lower portion of A, vs. C;
relationships (A-C, curves) used to model photosynthesis under Rubisco-limited conditions
depends in part on the K (1+0/K,) (effective Michaelis-Menten constant for CO,) value
chosen to describe the loss of CO, affinity by Rubisco in the presence of O, (O). Given that
the current range of K (1+0/K,) values implemented in various LSMs is over 300 pbar (~
1.8-fold variation — see Table 1.2), I find it necessary to verify whether, as suggested above,
this variation has little consequence on predicting Rubisco-limited photosynthesis for
vegetated surfaces of known V. distribution.

The kinetic properties of Rubisco are generally considered to be largely conserved

among C, species (von Caemmerer 2000; Bernacchi et al. 2001; Medlyn et al. 2002), hence
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the unique pan-species K (1+0/K,) value implemented in various LSMs. Still, the
aforementioned variation in K (1+0/K,) values reported in the literature and used in different
LSMs hardly lends credibility to the conservativeness of Rubisco’s affinity towards CO,
relative to O,. As explained in Chapter 1, much of this variability is due to the use of
“chloroplastic” K, and K, values determined in vitro (where the CO, and O, gas
concentrations are evaluated at the enzyme site) as opposed to values determined in vivo
(where, in these cases, the CO, and O, gas concentrations are evaluated in the intercellular
airspace subtending the stomata and are assumed to equal the gas concentrations inside the
chloroplasts). Yet, the greatest K (1+O/K,) variation is still found among the in vitro studies
(e.g. Badger & Andrews 1974; Jorden & Ogren 1981; Bird, Cornelius & Keys 1982;
Whitney et al. 1999).

Over two decades ago, Yokota & Kitaoka (1985) suggested that the majority of
previously reported in vitro Rubisco K, values were incorrect and often largely overestimated
due to failure to properly account for the ionic strength (y) of the assay medium and its effect
on the solubility of CO,. Surprisingly, little effort has since been made to correct previous
(and in some cases subsequent) in vitro K, determinations accordingly. As a result, it is rarely
appreciated that a great number of parameterisations (from leaf to global scale) of the
photosynthesis model of Farquhar et al. (1980) published to date are based on uncorrected K,
values (e.g. von Caemmerer & Farquhar 1981; Harley ef al. 1992; Wullschleger 1993; Friend
et al. 1997; Walcroft et al. 1997; Leuning, Dunin & Wang 1998; Bunce 2000; Kothavala et
al. 2005; Niinemets et al. 2006). Until previous in vitro studies of Rubisco kinetics constants
are reviewed and corrected according to Yokota & Kitaoka (1985) where necessary,
interspecific comparisons of K (1+O/K,) values based on data from different laboratories
(e.g. von Caemmerer 2000; Medlyn et al. 2002) should not be considered as accurate.

In this study, I use a simple case study to demonstrate how the current practice of
“decoupling” K (1+0/K,) and V__,, parameterisations in global climate modelling may lead

to significant errors in estimating A, under Rubisco-limited conditions. I then proceed to re-
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evaluate previous in vitro determinations of K and K (1+0/K,) values in C, species in the
light of Yokota & Kitaoka’s (1985) results to 1) adjust the values commonly used in LSMs
and 2) evaluate which, if any, single pan-species K .(1+0/K,) value is most appropriate for
large scale modelling schemes. Finally, I demonstrate how the new A-C, curve fitting method
presented in Chapter 1 can be used to estimate all the parameters describing Rubisco-limited
photosynthesis in the model of Farquhar ef al. (1980) simultaneously in vivo using a variation

of the approach of von Caemmerer et al. (1994).

METHODS

Evaluation of potential error in estimating A, under Rubisco-limited conditions from
“decoupled” K, (1+O/K,) and V.. parameterisations

Following on the theory expounded in Chapter 1, the correct rectangular hyperbola
formulation describing the photosynthetic response of C, plant leaves to variation in C, under

Rubisco-limited conditions is

(Ci —Ci*)vcmax
Ac = o sha - Nd
C.+K,(CO,)),

(2.1)
where A, is the RuBP (ribulose-1,5-bisphosphate)-saturated net CO, assimilation rate, R, is
the mitochondrial respiration in the light, C;* is the intercellular CO, photocompensation
point, and K (CO,), is the apparent Michaelis-Menten constant for CO, evaluated at C,
whose value depends on K (1+0/K,) and on the magnitude of V_,, relative to that of the CO,
transfer conductance from the substomatal cavities to the stromal carboxylation sites (g;).
Because in LSMs, g; is generally assumed to be infinite and the values of K .(1+O/K,) and I'*
(chloroplastic CO, photocompensation point) are fixed for all species, Eqn 2.1 is substituted

by a single formula
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T
= (Cx r )Vc max __ _ Rd (2.2)
C.+K.(1+0/K,)

from which A, for different plant canopies is usually estimated using reference V., values
taken from the literature (R, is generally considered a fixed fraction of V_,, and C, is the
analytic solution that satisfies both Eqn 2.2 and an empirical equation relating the stomatal
conductance (g,) to A, — see Leuning 1990 and Collatz et al. 1991 for details).

To evaluate the sensitivity of A_ estimates to K .(1+0/K,) values currently
implemented in various LSMs, I used a recent parameterisation of the Carbon-Canadian
Land Surface Scheme (C-CLASS) for wheat (Triticum aestivum) fields described in
Kothavala et al. (2005). The reference V.

cmax

value used therein (93 ymol m~ s~ at 25 °C) is
taken from Wullschleger (1993) who based his 95% confidence limit V_, estimates on the
A—C; curve published in Kriedemann & Anderson (1988). The K (1+0/K,) value (412 ymol
mol ™" at 25 °C and 21% O,) originally used in Eqn 2.2 by Wullschleger (1993) is derived
from the in vitro study of Jordan & Ogren (1984). By comparison, the big leaf photosynthesis
model implemented in C-CLASS by Kothavala et al. (2005) is that of Wang & Leuning
(1998) who instead used the K.(1+O/K,) value originally published in Farquhar ef al. (1980)
(753 pmol mol™ at 25 °C and 21% O,). This value is similar to that used in the new National
Aeronautics and Space Administration (NASA) Goddard Institute for Space Studies (GISS)
land surface scheme (714 gmol mol™ at 25 °C and 21% O,) which follows the recent
Farquhar et al. (1980) model parameterisation of Bernacchi ef al. (2001) (see Friend & Kiang
2005). Another land surface scheme (Simple Biosphere Model II: SiB2) developed by NASA
scientists (Sellers ef al. 1996) and currently in use (e.g. Dai ef al. 2004; Hanan et al. 2005)
uses a K (1+0/K,) value equal to 510 gmol mol™ at 25 °C and 21% O, (see Collatz et al.
1991). Thus, taking these various K (1+0O/K,) estimates and the reference V_,, value
mentioned above as initial parameters, a set of A-C; curves corresponding to that used in the

aforementioned LSMs was generated using Eqn 2.2 to estimate the models’ predicted

52



CHAPTER 2 — Re-evaluating the Michaelis-Menten constant for CO, of Rubisco

Rubisco-limited photosynthetic rate of fully illuminated wheat leaves (i.e. the sunlit big leaf
in Wang & Leuning’s 1998 model) for typical C; values observed in the field at 25 °C.

Correction of Rubisco K, in vitro estimates for errors in the calculation of dissolved CO,
concentrations

According to the Henderson-Hasselbach equation, the concentration of CO, required to
dissociate from carbonic acid to half-saturate the carboxylation rate of Rubisco in O,-free

media (i.e. K,) is given by

[HCO; |
K, =
antilog(pH - pK )

(2.3)
where [ HCO; ] is the concentration of bicarbonate ions and pK, is the negative logarithm of

the dissociation constant of carbonic acid in solution of ionic strength y and temperature 7

(°C) as given by Yokota & Kitaoka (1985)

PK, =0.175log(1/u) + 0.29571og(1/T) + 6.3572 (2.4)

If K, was originally determined from a double-reciprocal (Lineweaver-Burk) plot where CO,
concentrations were calculated from Eqn 2.1 at various concentrations of carbonic acid using
a possibly wrong pK, value ( pK,, ), then, if needed, it can subsequently be corrected for the
true pK, of the solution ( pK, ) according to

antilog(pH - pK,, )

-K, — 2.5)
* " antilog(pH - pK,, )

where K, and K_ are the original and corrected K, value, respectively.
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To determine y (total concentration of dissociated ions in solution) from the buffer
composition of previously published studies, I followed the calculation procedure described
in Segel (1976) using a pK, of 8.26, 8, 7.48, and 6.1 for Bicine, HEPPS, HEPES, and EDTA,

respectively (for the ionisable salt MgCl,, x is 3 times its molarity).

RESULTS AND DISCUSSION

Sensitivity of A, estimates to K (1+0/K,) value used in different LSMs

As expected from the Michaelis-Menten theory explained in detail in Chapter 1, the predicted
A-C, response of sunlit wheat leaves under standard (25 °C and no water stress) Rubisco-
limited field conditions varied significantly according to the K (1+0O/K,) parameter chosen
for the photosynthesis model of representative LSMs (Fig. 2.1). Under such conditions, the
operating C, for fully illuminated wheat leaves has been shown to generally vary between
200 and 300 pbar and photosynthesis to remain Rubisco-limited throughout that range
(Evans 1983, 1986; Evans et al. 1986; Makino, Mae & Ohira 1988; Renou ef al. 1990).
Figure 2.1 clearly illustrates that, over that range, the A, value predicted by LSMs can differ
from the original parameterisation by over 150% even when the same reference V__,, value is
used throughout. Similar results were obtained for other species having different reference
V..ax Values (data not shown). That goes to show the importance of standardising the

K. (1+0/K,) value used for modelling photosynthesis in pan-species studies, not only when
parameterising the original A-C, response of the representative species under study (e.g.
Waullschleger 1993; Medlyn et al. 2002), but also when subsequently predicting canopy

photosynthesis from the published V., parameters.

Literature survey of C, plant Rubisco K, and K (1+0/K,) values determined in vifro
Of the 18 studies I reviewed, 15 provided sufficient information to allow the calculation of y
and subsequent correction of K, according to Eqn 2.5, if needed. Of these, five originally

overestimated K by almost 100% and four overestimated it by 18% (Table 2.1).
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Figure 2.1 Photosynthetic CO, response — net CO, assimilation rate (A,) as a function of the
intercellular CO, concentration (C;) — of a model wheat leaf under Rubisco-limited conditions. The A,
vs. C; relationships numbered 1 to 4 were modelled from Eqn 2.2 using a same reference maximal
carboxylation rate (V) value of 93 yumol m™s™ (as per Kothavala ez al. 2005), but different

K (1+O/K,) values commonly implemented in Land Surface Models: (Curve 1) original Wullschleger
(1993) K.(1+0/K,) value from which the above reference V,,,, was determined; (Curve 2) value used
in SiB2; (Curve 3) value used in the GISS GCM land surface scheme; (Curve 4) value used in
CLASS. The shaded area corresponds to the range of C; values expected for typical sunlit wheat

leaves under standard field conditions (see text for details).
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A total of 120 K, determinations (of which 75% needed to be corrected) performed at 25°C
were tabulated from the 76 C, plant species studied (Table 2.2). Following correction, the
mean and variance of the overall data set were reduced by 32% and 73%, respectively.
Despite the improvement, significant experimental bias among some research groups
remained. For example, when comparing K, measurements performed on herbaceous dicots,
values obtained from pooled studies 6 & 7 (see numerical designation in superscript in Table
2.1) were consistently higher (22 to 50% greater sample mean value corresponding to 70—130
ubar offsets) than those generated by research groups 4 & 5, 8-11, and 12 & 13 (P < 0.0001,
Kruskal-Wallis test) (differences among the latter studies were not significant; P > 0.05).
This residual bias is in the same order as that reported by McNeil ez al. (1981) (130 pbar) for
repeated K, measurements made on a single species but using two different common assay
methods, hence illustrating the high sensitivity of in vitro K_ determinations to the conditions
of assay. Under similar assay conditions, the accuracy of repeated K, measurements made on
a single species was at best 50 ybar (Jordan & Ogren 1981, 1983, 1984; Bird et al. 1982;
Meyers et al. 1983). This is equivalent to the standard deviation of the sample from the two
larger studies (Yeoh, Badger & Watson 1980, 1981) conducted using a single assay
procedure. In the former, only herbaceous monocots were concerned (n = 36), and the sample
mean did not differ significantly (P = 0.9327, Wilcoxon-Mann-Whitney test) from that of the
second study which covered C; species that originated from widely different evolutionary
lines (n = 33). Similarly, the sample means of the four general functional groups of higher
vascular plants (all studies included — see Table 2.2) were found to be highly conserved (P =
0.4642, Kruskal-Wallis test) and also similar to that of bryophytes and lower vascular plants
(P =0.3170, Kruskal-Wallis test). Thus, in light of the above, and despite accuracy problems
related to the use of different protein extraction and Rubisco assay protocols among in vitro
studies, it seems reasonably safe to conclude that the average K, value of Rubisco from the
majority of C; plant species should fall within 50 ybar of the overall sample mean found in

this study (317 ubar at 25 °C).
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Table 2.2 Literature survey of Rubisco K, (Michaelis-Menten constant for CO,) values from C; plant

species evaluated at 25 °C

Species K. (ubar)* Species K. (ubar)®
Herbaceous annuals Herbaceous perennials (n = 5)

Monocots (n = 52) Aciphylla glacialis 239*
Allium cepa 271* Cyperus eragrostis 239¢
Arundinaria sp. 415° Lupinus angustiflorius 351*
Avena sativa 319° Microseris lanceolata 351¢
Bromus spp. 255—271° Rumex acetosella 258°
Festuca spp. 303-319° Mean (SE) 292 (25)
Hordeum vulgare 239°, 368’ Woody perennials (n = 13)

Lolium perenne 303%, 397%, 391 —414°, 405’ Buddleia davidii 303*
Oryza sativa 232-235*9, 271° Clemantis sp. 182°
Poa spp. 319-335%* Ginkgo biloba 350°, 5187
Triticum aestivum 239°, 2982, 3245, 356’ Gossypium hirsutum 303*
Other spp. (n = 23) 207-399° Populus nigra 289°
Mean (SE) 308 (8) Salix babylonica 3597

Dicots (n = 41) Casuarina sp. 213°
Atriplex patula 303* Chamaecyparis sp. 486’
Beta vulgaris 3217 Ilex aquifolium 380°
Brassica napus 368’ Macrozamia communis 213°
Flaveria spp. 397-411" Magnolia grandiflora 182°
Fragaria vesca 274° Pinus montezumae 365°
Glycine max 2238 197" Mean (SE) 319 (30)
Helianthus spp. 248°, 272", 3537 Mosses and ferns (n = 9)

Lactuca sativa 351° Atrichum undulatum 446’
Lycopersicon esculentum 203’ Funaria sp. 367*
Medicago sativa 368 -420"", 389° Ceratopteris thalictroides ~ 255°
Mentha aquatica 351* Equisetum arvense 4607
Nicotiana tabacum 2738, 284", 329% Pellaea falcata 289°
Papaver nudicaule 351* Psilotum nudum 367¢
Petroselinum crispum 288°, 3354, 363’ Pteridium esculentum 304°
Solanum tuberosum 271%, 385’ Pteris aquilina 4557
Tetragonium expansa 3228 Mean (SE) 357 (27)
Verbascum thapsus 291*

Mean (SE) 321(9)

*Original micromolar concentration values converted to partial pressures assuming a Henry’s law
constant for CO, equal to 0.03454 mol bar ™' at 25 °C (Sander 1999). The numbers in superscript

cross-reference to studies indicated in Table 2.1.
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Compared to the carboxylase, the Michaelis-Menten constant for RuBP oxygenase
(K,) has been far less documented (only 20 species). Because of accuracy problems related to
the use of different assay conditions, most researchers have preferred to determine K, from
the slope of the “apparent” increase of the Michaelis-Menten constant for CO, that results
from increasing O,, rather than from assaying the oxygenase separately (e.g. Jordan & Ogren
1981, 1984; McNeil et al. 1981; Bird et al. 1982; Whitney et al. 1999). Thus, in principle, if
sufficient measurements are included to determine the slope of the O, response, the accuracy
of these K, determinations should be similar to that of K_. In the majority of cases, however,
only two points (O,-free and ambient air) were used to determine the slope, so the resulting
accuracy of the K, estimates was found to be 2—-3 times less than for X, (e.g. McNeil ef al.
1981; Bird et al. 1982). Consequently, current in vitro estimates of Rubisco K (1+0/K)
values are more variable: 550 + 100 gbar (mean + SD, n = 28) at 25 °C and 200 mbar O,
(after applying the aforementioned correction for K,) for those studies where K, was
estimated from the inhibitory constant on the carboxylase — but it is not clear at this stage if
this variation truly reflects the species diversity.

Only two in vitro studies have determined the temperature response of K, and K, over
an appreciably large range and have been used to parameterise the leaf photosynthesis
models implemented in LSMs. The first study (Badger & Collatz 1977) measured the two
Michaelis-Menten constants over a 5-35 °C temperature range for Rubisco purified from
leaves of a C, species (Atriplex glabriuscula) while the second study (Jordan & Ogren 1984)
used Rubisco purified from spinach (Spinacia oleracea) leaves and measured K_ and K, from
7 to 35 °C. Details about the Arrhenius functions used to fit the above temperature responses
are given in Table 1.2 of Chapter 1 (see also Medlyn et al. 2002). These equations, currently
implemented in LSMs (e.g. Cramer et al. 2001; Dai et al. 2004; Hanan et al. 2005; Kothavala
et al. 2005), are not exact as they come from studies where K, determinations were
performed using an incorrect pK, for carbonic acid. The corrected temperature responses are

shown in Fig. 2.2 and corresponding Arrhenius function parameters given in Table 2.3.
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Figure 2.2 Temperature response of Rubisco’s (a) Michaelis-Menten constant for CO, (K,), (b)
Michaelis-Menten constant for O, (K,), and (c) effective Michaelis-Menten constant for CO,
[K.(1+0/K,)] evaluated at 200 mbar O,. Data are from Badger & Collatz (1977) (solid line) and
Jordan & Ogren (1984) (dotted line) (in vitro studies), and Bernacchi et al. (2002) (dashed line) (in
vivo study) (see Table 2.3). For the in vitro studies, original values were corrected for the calculated
ionic strength of the assay medium following Eqn 2.5 (other details given in the text — see also Table

2.3 footnote).
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To present the corrected temperature functions of Badger & Collatz (1977), I followed many
previous modelling studies (e.g. Friend ez al. 1997; Walcroft et al. 1997; Wang & Leuning
1998; Kothavala ef al. 2005) that used the K, and K, values of spinach Rubisco given at 25
°C in Farquhar ef al. (1980) (originally a personal communication from M.R. Badger) but
adjusted K, to 271 ubar (originally 460 pbar — see Table 1.2), based on the corrected K, value
of spinach Rubisco from Yeoh et al. (1981) (see Table 2.2). Unlike before, the corrected
values of K, and K (1+0/K,) from both studies are now within the aforementioned
measurement accuracy of in vitro methods across the measured temperature range (compare
Fig. 2.2 with Fig. 1 in Medlyn et al. 2002). Also shown in Fig. 2.2 is the temperature
response of the Michaelis-Menten constants of Rubisco assayed in vivo on transgenic tobacco
(Nicotiana tabacum) leaves (Bernacchi et al. 2002). These differ from the Bernacchi ez al.’s
(2001) values shown in Medlyn et al. (2002) as, unlike the latter, they were evaluated on the
basis of C, (CO, concentration inside the chloroplasts) rather than C;. The in vivo temperature
response of K .(1+O/K,) rises appreciably more sharply than the corresponding in vitro
responses, resulting in significantly greater values at higher temperatures (2 to 3 times greater
over the 25-35 °C temperature range, starting with a same K (1+0/K,) value at 10°C). Such
discrepancies have important implications in modelling the photosynthetic response of C;
plants in the face of climate change and should be addressed in future LSM simulations
(Matthews et al. 2005). Particularly problematic is the uncertainty concerning the magnitude
and temperature response of K (Fig. 2.2b). Current in vitro estimates of the inhibitory
constant on the carboxylase determined at 25 °C range from 230 to 679 mbar (n = 28,
compiled from studies 1, 6-8, 10, 12, and 15 indicated in Table 2.1) compared to the
166—179 mbar value of tobacco found by the in vivo studies (von Caemmerer et al. 1994,
Bernacchi ef al. 2002). In that respect, in vitro studies that have determined K, from the
Michaelis-Menten constant of the oxygenase (Badger & Andrews 1974; Badger & Collatz
1977; Makino et al. 1985, 1988) are in better agreement (143-299 mbar, n = 5) with the in

vivo values, but the temperature function of the constant for the C, plant oxygenase derived
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by Badger & Collatz (1977) differs significantly (i.e. rises far more sharply — see Fig. 2.2b)
from that of the inhibitory constant of the C, plant carboxylase (cf. Jordan & Ogren 1984;
Bernacchi et al. 2002). Whether this is due to the two different (direct vs. indirect)
methodologies used to assay the oxidation of RuBP by Rubisco in vitro, or else reflects a

possibly greater temperature sensitivity for the C,-type oxygenase, remains to be determined.

Simultaneous determination of Rubisco kinetic constants in vivo

Despite the aforementioned accuracy problems related to the extraction of Rubisco and its re-
solubilisation in vifro under different assay conditions (possibly resulting in alterations of the
protein’s secondary to quaternary structure), there are still very few published in vivo
estimates for the kinetic constants of Rubisco that have been properly evaluated at C,. This is
because the domain of the A_ function is normally considered too small to allow an accurate
extrapolation of the effective Michaelis-Menten constant for CO,, K (1+0/K,), either from
non-linear regression techniques or from linear Lineweaver-Burk plots. Von Caemmerer and
colleagues (von Caemmerer et al. 1994; Bernacchi et al. 2002) circumvented this problem by
using transgenic tobacco plants which had a reduced Rubisco content and were limited by
Rubisco activity, as opposed to RuBP regeneration capacity, even at high CO, concentrations.
The non-linear regression method they used for estimating K (1+0/K,) for leaves exposed to
arange of O, concentrations is based on the theoretical principle described in Chapter 1.
They fitted the transgenic tobacco CO, response curves (evaluated at C.) with the following
equation

(C,-T*)V,

A +R, = emex (2.6)
(C.-T*)+(K.(1+O/K,)+T*)

(cf. Eqn 1.6) after having determined g;, C;*, and R, a priori by independent methods (and
assuming I'* = C, *-R, /g,), then subtracted I'* from the fitted “K_(1+O/K,) + I'*” parameter.
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However, as I showed in Chapter 1, the equivalent expression

_ -b+b* -4ac

AC

2a
a=-1/g, 2.7
b=(V... -R)Ig+C +K (1+0/K))

c= -(V_..—-R)C;-T)
(c¢f. Eqns 1.7, 1.9 & 1.10) can instead be used to solve for the CO, compensation point (I),
“K.(14+0/K,)”, and “V,,—R,” simultaneously from the original A-C; curves without having to
rely on prior knowledge of I'* and R, (g; needs still be known). Figure 2.3 shows an example
of this using the data of von Caemmerer et al. (1994) reproduced from their Fig. 4a. The O,-
response obtained for the three fitted parameters: I, K (1+O0/K,), and VR, is shown in
Fig. 2.4 (compare with Fig. 5 of von Caemmerer ef al. 1994). As predicted from theory, the
V....—Rq values estimated are essentially the same across the O, concentration range (Fig.

2.4c).
According to Michaelis-Menten theory, the linear dependence of I on O (Fig. 2.4a)

originates from the O,-dependence of I'* and K (1+0/K,) (Fig. 2.4b) and is given as

re_ O (0Vep KR/|, KR, (2.8)
V. —-R, S K V.max — Ra

cmax clo 0 ¢ max
where the specificity factor of Rubisco (S,,,) equals O/2I'* (cf. Eqn 1.5). The y-intercept of
Eqn 2.8 represents the residual CO, compensation point in the absence of RuBP oxygenation
and photorespiration. It can be used to derive R, from the estimated values of V_..—R, and K,
(y-intercept of Fig. 2.4b). Following this, the value of V,,, is readily obtained and can be
used to solve S_, (and therefore T'*) from the slope of Eqn 2.8 (K, is given by the slope of
Fig. 2.4b). The final sets of values derived from the least-squares fits of Eqn 2.7 to the A-C;
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Figure 2.3 Least-squares regression fits of Eqn 2.7 (as derived from Eqns 1.7 and 1.9 — see Chapter
1) to the A-C; curves of Fig. 4a from von Caemmerer et al. (1994). Measurements were done on a
transgenic tobacco leaf with a reduced Rubisco content at 25 °C (/ = 1500 ymol quanta m~s™') under
five different O, concentrations. The CO, transfer conductance (g;) for such leaves was estimated to

be 0.27 £ 0.2 mol m? s™! (Evans et al. 1994).
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Figure 2.4 O,-response of (a) the CO, compensation point (I'), (b) the effective Michaelis-Menten
constant for CO, [K (1+0/K,)], and (c) the effective maximal carboxylation rate in the presence of
mitochondrial respiration in the light (V,y,—R4) estimated from the least-squares regression fits of

Eqn 2.7 to the A-C; curves shown in Fig. 2.3.
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curves shown in Fig. 2.3 are given in Table 2.4 for g, values of 0.27 £ 0.2 mol m™~s™
determined for these transgenic tobacco plants using the isotopic method (Evans et al. 1994).
The final K (1+0O/K,) value I obtained for this particular leaf (550-566 ubar at 200 mbar O,)
is essentially identical to the average value reported by von Caemmerer et al. (1994) (549
pbar at 200 mbar O,) and, surprisingly, also corresponds to the aforementioned average
K_(1+0O/K,) value determined in vitro for C, plants. Interestingly, the K_ and K values I
obtained are significantly greater than the corresponding estimates of von Caemmerer et al.
(1994) and Bernacchi e al. (2002), yet they seem to be in better agreement with the in vitro
estimates that von Caemmmerer & colleagues produced for this transgenic tobacco line (329
pubar and 236 mbar for K, and K, respectively — see Whitney ef al. 1999).

In principle, if g, is known, it should be possible to estimate the overall value of
K (1+O/K,) in wild-type plants from a least-squares fit of Eqn 2.7 to the Rubisco-limited
portion of A-C, curves, provided that a high degree of measurement resolution is used over
the domain of interest (e.g. < 25 pbar steps). Although the restricted measurable domain of
the A, function remains a concern in wild-type plants, my measurements on Douglas-fir (see
Chapter 3) as well as those of Manter & Kerrigan (2004) performed on other woody plant
species with low g, are encouraging in that they indicate that the transition C; between the
Rubisco-limited and RuBP-limited A-C, curve portions can be as high as 400-800 ubar or
even higher (also compare Fig. 2.5a and 2.5c¢ in next section). If so, then the aforementioned
method may prove very useful to investigate the kinetic properties of Rubisco from this

important, but so far rarely studied, C, plant functional group in vivo.

CONCLUSION

Which Michaelis-Menten constant for CO, is most appropriate for large scale pan-
species studies?

I have showed that the current range of K (1+0/K,) values chosen for LSMs to model

photosynthesis under Rubisco-limited conditions is unnecessarily large and results in widely
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different estimates of A_ for given V.. values. According to the present analysis, the average
C, species K.(1+0/K,) value most appropriate for determining V.., in pan-species
comparative studies is 550 pbar at 25 “C and 200 mbar O, — that is provided that g; is
accounted for in the A-C; analyses. I therefore recommend the use of the in vivo K, and K|
“chloroplastic” values of von Caemmerer et al. (1994), or the complete set of Rubisco kinetic
constants shown in Table 2.4 (e.g. first column) which seems to better agree with current in
vitro estimates of mean values for C, species (see previous discussion), along with the in vivo
temperature responses of Bernacchi et al. (2002), for such large scale comparative studies.
For LSM simulations which require that the parameterisation of the photosynthesis
model of Farquhar ez al. (1980) be based on a simple rectangular hyperbola formulation that
assumes g, to be infinite, the aforementioned “chloroplastic” K, and K|, values are
inappropriate as they will correctly estimate A, only for species with lowest V... / g; ratios
(such as the wheat example used in Fig. 2.1, here reproduced in its original form in Fig. 2.5a
based on the A, vs. C, measurements of Kriedemann & Anderson 1988). According to Fig.
1.7d, the V,

cmax

/ g; ratio of C, plants varies almost 3-fold, corresponding to K (CO,); values
ranging from 630 pbar to over 1600 pbar (Fig. 2.5b). In the past, LSMs have inappropriately
been parameterised with K (1+0O/K,) values representing only the lowest V. / g; ratios
observed in C, plants (Fig. 2.5b), or even lower ratios. Figure 2.5¢ shows that, to avoid
significant underestimations of A, and corresponding overestimations of the C; at which the
transition from Rubisco-limited to RuBP-limited photosynthesis takes place in species with
high V.

cmax

/ g, ratios (typically leaves with higher longevity), a large K, (CO,); value from the
opposite end of the spectrum should be used. The example shown in Fig. 2.5 covers both
extremes of the V. / g; variation observed in C; plants, yet Fig. 2.5a shows that both A, and
the C, transition point can be modelled with good accuracy even when the K, (CO,); value
chosen to fit the A-C, curve is over twice the correct value.

Thus, to improve their estimates of photosynthesis under Rubisco-limited conditions,

I suggest that LSMs revise their reference (25 °C) V,,,, parameterisations based on a common
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Figure 2.5 (a) Net CO, assimilation rate
(A,) of a wheat leaf as a function of its
intercellular CO, concentration (C)
(reproduced from Fig. 2 in Kriedemann &
Anderson 1988). (b) Apparent Michaelis-
Menten constant for CO, evaluated at C;
[K.(CO,);] of various C; plant leaves as a
function of their V .., / & (maximal
carboxylation rate to CO, tranfer
conductance) ratio (reproduced from Fig.
1.7 — see details given in Chapter 1). (c)
A, vs. C; relationship of the wheat leaf
shown in panel (a) for which the Vi, / &
ratio was increased from 218 to 1600
pumol mol™ [by decreasing g; from 0.58 to
0.08 mol m™ s™' — note the increase (from
panel a) of the C,; value marking the
transition from Rubisco- to RuBP-limited
photosynthesis]. In panels (a) and (c) data
representing Rubisco-limited
photosynthesis (®) were fitted with Eqn
2.7 (c.f. Eqn 3.2) using a K (1+0/K,) value
of 550 ubar (Curve 1), or with Eqn 2.1
using a K,(CO,); value of 695 ubar (Curve
2), 550 ubar (Curve 3), or 1600 pbar
(Curve 4); other data representing
Rubisco-limited photosynthesis (O) were
fitted with Eqn 3.3 (see details in Chapter
3) using a chloroplastic CO,
photocompensation point (I'*) value of 44
pbar (see Table 2.4).
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K_(CO,), value that is large enough to prevent significant underestimation of A, in those
reference model species that have high V__,, / g, ratios. For modelling purposes, the
overestimation of V__,_ for species with lower V__, /g, ratios (e.g. crops) is of no concern and
no worse than the reverse current situation. Because V. / g; is expected to increase with
temperature (especially high temperatures — see Bernacchi ez al. 2002), the temperature
response of K (CO,), is expected to rise more sharply than that of K (1+0/K,). However, no
such disparity was observed between the C_- and C-based temperature responses of

K. (1+0/K,) published by Bernacchi and colleagues (Bernacchi et al. 2001, 2002). New
determinations of K_(CO,), (see Chapter 1) evaluated at various temperatures are needed to

resolve this theoretical contradiction.
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Chapter 3

Low stomatal and internal conductance to CO, vs. Rubisco deactivation as

determinants of the photosynthetic decline of aging evergreen leaves

INTRODUCTION
Gradual loss of photosynthetic activity is a commonly noted trait in aging foliage of evergreen
tree species (Brooks, Sprugel & Hinckley 1996; Oleksyn et al. 1997; Kayama, Sasa & Koike
2002; Escudero & Mediavilla 2003); yet, the physiological basis of this age-related
photosynthetic decline is still poorly understood. In herbaceous annuals and deciduous
perennials, the age-related photosynthetic decline of leaves begins at the early phase of leaf
senescence (e.g. Friedrich & Huffaker 1980; Jurik 1986) and proceeds with the degradation of
chlorophylls and the breakdown of ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) and other chloroplast proteins into amino acids which are then exported as a source
of nitrogen (N) to growing/storing organs (Kang & Titus 1980; Hortensteiner & Feller 2002).
Thus, in these species, declining photosynthetic capacity is closely coupled with the N economy
of the plant (Chiba et al. 2003). In contrast, evergreen leaves with a long leaf life span often
begin losing their photosynthetic capacity several years before the onset of leaf senescence and
significant N resorption; correspondingly, their photosynthetic nitrogen use efficiency (PNUE)
declines as they age (Kayama et al. 2002; Escudero & Mediavilla 2003; Niinemets, Tenhunen
& Beyschlag 2004).

Few studies have investigated the physiological processes causing the age-related
PNUE decline of evergreen leaves. Niinemets et al. (2004, 2005) recently suggested that there
is a possible gradual decrease in fractional investment of leaf N in photosynthetic machinery
and reallocation towards structural cell wall components. However, they did not measure the
amount of N allocated to those components directly, but instead based their estimates on

photosynthesis model parameters derived from gas exchange measurements. Still, Takashima,
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Hikosaka & Hirose (2004) showed that low PNUE evergreen Quercus species allocated
appreciably more N to cell wall proteins and less N to Rubisco than deciduous species of the
same genus. In both groups, the amount of N allocated to cell wall proteins correlated positively
with the amount of leaf dry mass allocated per unit area (LMA) whereas the trend was reversed
for Rubisco. Although Takashima et al. (2004) made their measurements on current-year
foliage only, the fact that LMA is generally found to increase with leaf age in evergreen species
(Escudero & Mediavilla 2003; Niinemets et al. 2004, 2005) may indicate a concomitant
increase in N investment to structural compounds.

This being said, Warren & Adams (2000) measured the N and Rubisco content of
Pinus pinaster needles up to 5 years of age and did not observe any significant change in N
allocation to Rubisco among the various foliar age classes. Moreover, Wendler et al. (1995)
found no degradation of Rubisco in older, non-senescing Eucalyptus globulus leaves as they
remobilised part of their N content to flushing new leaves during spring. In annual and
perennial deciduous plants, excess Rubisco can be down-regulated and serve as a N storage
protein until the onset of leaf senescence (Eichelmann & Laisk 1999; Cheng & Fuchigami
2000). Indeed, several studies have indicated that in evergreen species Rubisco may be
synthesised in excess of what is required to support the realised photosynthetic rates under
optimal field conditions (Warren, Adams & Chen 2000; Warren, Dreyer & Adams 2003a).
However, in these studies the Rubisco requirement of leaves was calculated from their maximal
carboxylation rate (V___ ) estimated under the assumption that the CO, transfer conductance
from the sub-stomatal cavities to the carboxylation sites in the chloroplasts (g,) is sufficiently
large to be ignored. Yet, most studies concerned with evergreen species have indicated that g, is
small enough in these plants to cause a significant drop in CO, concentration between the sub-
stomatal cavities and the carboxylation sites (Loreto et al. 1992; Hanba, Miyazawa & Terashima
1999; Manter & Kerrigan 2004), a condition that leads to the underestimation of V____if not

cmax

accounted for (see Chapter 1).
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The question arises, then, as to whether or not age-related changes in g, may contribute
appreciably to the photosynthetic decline of aging evergreen foliage. In senescing leaves of
herbaceous annuals and deciduous perennials, g, has been shown to decline in parallel to
photosynthesis (Loreto et al. 1994; Delfine et al. 1999; Grassi & Magnani 2005). Although
new studies (Niinemets et al. 2005, 2006; Warren 2006) confirmed that g; also follows
photosynthesis throughout its decline in aging evergreen leaves, they disagreed as to whether or
not g, contributes significantly to the loss of PNUE. For broadleaf evergreens, Niinemets et al.
(2005, 2006) estimated that the photosynthetic limitation imposed by g, increases with leaf age,
whereas for P. pinaster, Warren (2006) argued that the age-related PNUE decline is solely due
to the deactivation of Rubisco.

In Chapter 1, I presented a novel A-C, curve analysis method that accounts for g,
through a non-rectangular hyperbola version of the photosynthesis model of Farquhar, von
Caemmerer & Berry (1980). Here, I apply this new method 1) to assess age-related differences
in photosynthetic capacity and g, in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), an
evergreen conifer known to be photosynthetically limited by g, under natural conditions
(Warren et al. 2003b), and, by combining the photosynthesis model results with leaf protein
assays, 2) to determine if age-related changes in PNUE are attributable to diffusive (i.e. stomatal

conductance and g,) or biochemical (e.g. Rubisco content and activity) causes.

MATERIALS AND METHODS

Site description and sampling

Measurements were made from late-September to mid-October 2001on twelve 52-year-old
coastal Douglas-fir trees sampled (one tree per day) from an even-aged stand located on the east
coast of Vancouver Island, British Columbia, Canada (49°52° N, 125°20° W). The stand is 300
m above sea level and covers an area of 130 ha on a 5-10°slope of north-eastern exposure. It is
surrounded by other second-growth Douglas-fir forests at various stages of regeneration. The

stand density is 1100 trees ha™' with an estimated projected leaf area index of 9 (based on the
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allometric equations of Standish, Manning & Demaerschalk 1985 and Turner et al. 2000). The
overstorey canopy is 88% Douglas-fir, 10% western redcedar (Thuja plicata Donn) and 2%
western hemlock (Tsuga heterophylla (Raf.) Sarg.) with tree heights ranging from 16 to 40 m.
Understorey vegetation is composed of smaller western redcedar and western hemlock trees
(12% of stand density) and a sparse ground flora dominated by salal (Gaultheria shallon
Pursh), Oregon grape (Berberis nervosa Pursh), vanilla-leaf deer foot (Achlys triphylla
(Smith) DC), and various ferns and mosses. Further details about the study site are given in
Humphreys et al. (2003) and Morgenstern et al. (2004).

The trees were accessed via a canopy access tower or with static climbing ropes. Two to
three adjacent branch sections approximately 1 m in length were collected from each tree, either
from the upper (6 trees sampled for sun shoots) or lower (6 trees sampled for shade shoots)
canopy layer. This sampling design was adopted to highlight differences in LMA and g, among
even-aged shoots in comparison to that among shoots of different age. Branch sections were
collected during late afternoon on the day preceding the photosynthesis measurements. Upon
cutting, the open branch end was immedifltely plunged in a water-filled plastic bag then re-cut.
The collected branch sections were then transported to ground level where they were transferred
to a holding container, re-cut under water, then left on the forest floor until placed under
fluorescent lamps inside an instrumentation hut for at least 60 min before starting the
photosynthesis measurements. A total of five shoots per tree, each representing a single current-
to 4-year-old branch internode, were measured successively from the intact branch sections over
a period of up to 12 hours. Preliminary experiments done on the scaffold tower established that
gas exchange of shoots was unaffected by branch excision and remained so after overnight

storage (data not shown).

Gas exchange measurements and integrating sphere apparatus
Shoot gas exchange rates were measured using an open gas exchange system with independent

control of leaf chamber CO, and H,O concentrations and air temperature (LI-6400, LI-COR,
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Lincoln, NE). To eliminate shading among needles resulting from direct illumination, the
instrument’s standard 7.5 cm diameter clear cylindrical chamber designed for short needle
conifers (model 6400-05, LI-COR) was enclosed in a 15.24 cm diameter integrating sphere
(Fig. 3.1). The sphere’s interior was coated with barium sulfate powder pressed onto titanium
dioxide white epoxy to achieve a wall reflectance close to unity throughout the visible spectrum
(Nonaka 1974). Additional reflective surface was provided by coating the shoot chamber’s
exposed metal parts with white epoxy and by replacing the chamber’s black neoprene gaskets
with white foam equivalents. The photosynthetic photon flux density (PPFD) incident on the
needles (2-sided) was estimated from the readings of light sensors positioned on the sphere
wall calibrated against angular PPFD measurements taken around the stem of representative sun
& shade shoots (see Fig. 3.1a). These angular measurements showed that although the overall
(hemispherically integrated) intensity of the upwelling light reflected from the lower hemisphere
was 64% of that coming from above, when adding the fluxes coming from any two opposite
directions, the angular 2-sided PPFD distribution measured around the shoot axis inside the
clear chamber remained within 5% of the median value. Thus, this integrating sphere
configuration, while preserving the uniformity of the 2-sided diffuse light field, retained some of
the polar asymmetry of the shoot’s natural light environment.

Needle temperature was estimated using an energy balance for which the amount of
shortwave radiation (400-2600 nm) absorbed by Douglas-fir needles in the integrating sphere
was determined. To this end, the integrating sphere light spectrum and Douglas-fir needle
absorptance over the 400-1100 nm waveband were measured with a spectroradiometer (LI-
1800, LI-COR) (Fig. 3.1b). A custom-made, matte black sensor head cover with open slits in
which individual Douglas-fir needles were recessed then illuminated from above was used to
measure needle transmittance. Foliar reflectance measurements were made according to Moran
et al. (2000). Needle absorptance from 1100 to 2600 nm was approximated using the Douglas-

fir needle reflectance curve of Woolley (1971) and general leaf transmittance vs. reflectance
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relationships derived from Gates et al. (1965). Correspondingly, the integrating sphere light
spectrum beyond 1100 nm was approximated according to the known spectral output of quartz-
halogen lamps adjusted so the calculated area under the whole spectral curve matched the total
amount of shortwave radiation measured with a thermopile solarimeter (CM5, Kipp & Zonen,
Delft, Holland). Radiation absorption coefficients derived from the above spectral curves (see
Fig. 3.1b legend) were used in the instrument’s energy balance algorithm to set the needle
temperature to 22 + 0.5 °C during measurements using the estimated median value for the 2-
sided PPFD distribution around the shoot axis (corrected for the light attenuation caused by the
shoot portion enclosed in the clear chamber) as initial input variable.

Following acclimation of a branch section under fluorescent lamps (PPFD ~ 400 pumol
m 2 s7'), the integrating sphere assembly was clamped onto a branch internode, taking care to
enclose a single needle age class inside the shoot chamber. Light intensity inside the integrating
sphere was then gradually increased to saturating levels (estimated median 2-sided PPFD ~
1200 umol m™2 s™') and the shoot chamber’s CO, concentration and relative humidity
eventually stabilised at 360 ymol mol ' and above 70%, respectively. The shoot was left to
acclimate to these conditions before its steady-state net CO, assimilation rate (4,) was recorded.
Measurements of A, under saturating light were then repeated at various chamber CO,
concentrations to obtain an A_ vs. intercellular CO, concentration (C,) relationship. After
recording the A-C, curve end point, the CO, concentration of the chamber’s incoming air stream
was reduced to a constant 1100 gmol mol ' and A, measured at various light intensities
(decreasing the estimated median 2-sided PPFD in steps from ~ 1600 umol m™ s™" to full
darkness) to obtain a light response curve for the shoot. Ambient CO, leakage inside the shoot
chamber while being operated under low CO, was largely prevented by wrapping the chamber’s
foam gasket junction with Teflon tape and by keeping the air flow rate high enough to maintain
sufficient positive pressure within the chamber to be applied against the under-pressurised air
volume of the integrating sphere. Following gas exchange measurements, the shoot was excised

from the branch section and immediately placed in liquid N for storage. Gas exchange
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parameters were calculated on a projected area basis according to the equations of von

Caemmerer & Farquhar (1981).

Leaf photosynthesis model and curve fitting procedure
Following the theory expounded in Chapter 1, A-C, curves where fitted with a non-rectangular
hyperbola version of the biochemical model of C, leaf photosynthesis of Farquhar ez al. (1980)

that accounts for g, and whereby A, is given as
A, =min{A_A,} (3.1)

A =—b+‘\/b2—4ac

¢ 2a

a=-1/g, 3.2)
b=(V__.-R)/g+C.+K (1+0/K))

c=R,(C,+K.(1+0/K))-V_...(C.-T%)

cmax

A = -b++b* - 4ac
/ 2a
a=-1/g, 3.3)
b=(J/4-R,)/g +C +2T'*
c=R,(C,+2I'*)-J[4(C,-T*)

where A_and A are the RuBP (ribulose-1,5-bisphosphate)-saturated and RuBP-limited net CO,
assimilation rate, respectively, V___is the maximal CO, carboxylation rate, J is the
photochemical electron transport rate under RuBP-limited conditions, R, is the mitochondrial
respiration in the light, I'*is the chloroplastic CO, photocompensation point, K, & K_ are
Michaelis-Menten constants for RuBP carboxylation and oxygenation, respectively, and O is
the oxygen concentration. Detailed derivations of Eqns 3.2 and 3.3, as well as a thorough

evaluation of errors resulting from assuming an infinite g, when fitting the Farquhar ez al.

(1980) model equations to A-C, curves, are given in Chapter 1. Estimates of g, R,, V.. and J
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were obtained from non-linear least-squares fits (Levenberg-Marquardt algorithm) of Eqn 3.2
and 3.3 to the initial RuBP-saturated and remaining RuBP-limited A-C, curve portion,
respectively, taking care to exclude the end point(s) representing triose phosphates utilisation
(TPU)-limited photosynthesis (Harley & Sharkey 1991), if observed. Contrary to established
practice whereby the equation describing A, is fitted to the data collected for C, values below
200-250 pbar, I estimated that the transition from RuBP-saturated to RuBP-limited
photosynthesis generally occurred around 400 pbar (see Appendix A) and therefore used that
value as the C, cut-off point for fitting Eqn 3.2. The continuation of RuBP-saturated
photosynthesis at C; values greater than 400 pbar has previously been observed at ambient O,
concentration and high irradiance in Douglas-fir and other woody plant species with low g,
(Manter & Kerrigan 2004). Also, I noted in many cases that the curvature of the A-C,
relationship increased significantly when C, approached the CO, compensation point (T) (e.g.
Fig 3.2c). As discussed in Chapter 1, such an increase in the curvature of A-C, curves at low
CO, is likely indicative of Rubisco deactivation (von Caemmerer & Edmondson 1986; Sage,
Sharkey & Seemann 1990) and of decreased re-fixation of respiratory CO, by the enzyme
(Pinelli & Loreto 2003). These data were excluded from the curve fits to avoid a possible
overestimation g;. As with conventional A-C, curve fitting methods, the non-rectangular
hyperbola model requires that I'*, K_and K be known a priori to estimate the remaining model
parameters. The values used herein (I'* = 39.5 pbar; K, = 234.6 pbar; K = 256.4 mbar) were
derived from the original data of von Caemmerer ef al. (1994) (see Chapter 2, Table 2.4) and
adjusted to 22°C using the temperature responses published by Bernacchi er al. (2002). These
are to my knowledge the only complete data sets from which the kinetic constants of Rubisco
have been properly evaluated at C, (chloroplastic CO, concentration) in vivo. With these
Rubisco kinetic constants substituted in Eqns 3.2 and 3.3, it was then possible to estimate V___
and J concurrently by iterating the least-squares fits to the RuBP-saturated vs. RuBP-limited A-
C, curve portions described above until they produced converging solutions for g, and R,. A

comparison of g; values fitted by this method with alternative estimates of g, derived solely from

85



CHAPTER 3 — Low conductance vs. Rubisco deactivation in aging leaves

the end points of the RuBP-limited A-C, curve portion is presented in Appendix A. As shown
therein, the agreement between the two methods is excellent, showing that the aforementioned
choice of respective domain for the A, and A; functions is justified.

To evaluate the bias introduced by assuming g, to be infinite when estimating V__, the
A-C, curves’ RuBP-saturated portion was refitted with the common rectangular hyperbola

model equation

_ G=TY

= - (3.4)
C,+K.(1+0/K,)

d

(c.f. Eqn 1.14) using the aforementioned “chloroplastic”” Rubisco kinetic constants.
Light response curves were fitted as a non-rectangular hyperbola model (von

Caemmerer 2000) in which J is given as

;_lap®+ 7, - Iap® + 7, ) - 40IapdJ,,,

3.5
6 (3.3

where I is the incident irradiance (incident 2-sided PPFD around the shoot axis), a is the needle
absorptance for the 400-700 nm waveband (0.9; determined from curve 2 in Fig. 3.1b), f is the
fraction of absorbed light that reaches photosystem II (assumed to be 0.5), @ is the quantum
yield of photochemical electron flow to photosystem II, J_, is the maximal photochemical
electron transport rate, and O is the convexity (curvature factor) of the rectangular hyperbola.
Conversion from the original A; measurements to J equivalents was done by rearranging Eqn

3.3 as

7 HA +R)C - A g, +2T%)

3.6
(C,-A,/8-T% B

then solving Eqn 3.6 using the g, and R, values derived from the corresponding A-C; curve fit.
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Data collected at 7 < 50 ymol m* s~ were excluded from the least-squares fits to avoid
overestimation of ® as a result of the “Kok effect” (Kirschbaum & Farquhar 1987).
Transition from RuBP-limited to RuBP-saturated or 7PU-limited photosynthesis at high
irradiance which may occur when doing light response curves under ambient or saturating (e.g.
2000 gmol mol ') CO, concentrations, respectively, was avoided in our case by keeping the
chamber CO, concentrations around 1000 gmol mol™' (and C; between 600 and 800 ybar,

depending on the shoot) during the high irradiance measurements.

Determination of leaf N, protein, and pigment content
Needles from shoot samples stored in liquid N were weighed frozen and subsampled for
determination of their projected area (measured by placing the needles between glass plates over
a leaf area meter : LI-3100, LI-COR) to fresh weight ratio and LMA (oven-dried). The rest of
the needles were broken into coarse fragments and subsampled for Rubisco and total proteins
analysis (see below) or freeze-dried then ground in a ball mill (3110-3A Wig-L-Bug, Bratt
Technologies LLC, East Orange, NJ) for measurement of total N with an elemental analyser
(Flash EA 1112 Series, ThermoQuest, Rodano, Italy) or for extraction of chlorophylls and
carotenoids using n, n-dimethylformamide. Pigment solutions were assayed
spectrophotometrically (Genesys 10, GENEQ Inc., Montréal, Canada) using the equations of
Wellburn (1994) (1-4 nm range).

Crude leaf preparations were obtained by first homogenising 50 mg of frozen fresh leaf
tissue in 400 uL of ice cold buffer containing 133 mM TRIS pH 8.0, 25% (v/v) glycerol, 34

mM DL-dithiothreitol, 2% (w/v) polyvinylpolypyrolidone (PVPP), to which 100 uL of 10%
(w/v) sodium dodecyl sulfate (SDS) were then added before vortexing for 4 min at 0-4°C

followed by centrifugation at 15 000g for 5 min (4°C). After collecting the supernatant, the
pellet was re-extracted three more times with the above buffer (without PVPP) diluted 4:1 with
10% SDS and the supernatants pooled for the assay. Preliminary analysis of the protein

composition of individual supernatants (quantification of the large subunit of Rubisco (Lsu)
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band on SDS-polyacrylimide gels by Coomassie brilliant blue R-250 staining) established the
necessity of repeating the extraction 4-fold and of adding a detergent (SDS) to the extraction
buffer to ensure a thorough extraction (data not shown). Following extraction of all leaf
samples, five additional “combined” leaf extracts were prepared (to be used specifically for the
preparation of Rubisco standards — see below) by taking an aliquot from each leaf extract and
pooling these according to foliar age class then diluting 1:500 using carbonate buffer (50mM
Na,CO,, 50mM NaHCO;, 0.1mM MgCl,.6H,0, pH 9.4).

Rubisco from the leaf extracts diluted 1:1000 in carbonate buffer was quantified by
enzyme-linked immunosorbtion assay (ELISA) as described in Warren et al. (2003b). The
Rubisco standards used herein were made from purified wheat Rubisco stock diluted to a
concentration range of 0.052 to 6.6 ug mL™" with the above carbonate buffer. The standards
were then made specific to the chemical environment of the leaf extracts and to the various foliar
age classes of the samples by suspending them into the above combined leaf extracts (1:1
volumes). All twelve samples from each leaf age class were then assayed according to their
corresponding Rubisco standards. This was necessary as previous sensitivity tests showed that
the standard curve for the ELISA estimation was affected by the chemical composition of the
protein solution (see also Metodiev & Demirevska-Kepova 1992).

Following from previous work (e.g. Warren et al. 2000; Niinemets et al. 2004, 2005),
alternative estimates of Rubisco concentration were calculated from the quotient of V, /%,
where k_, is the assumed catalytic turnover rate of Rubisco. The value used herein (2.76 mol
CO, mol Rubisco sites” ! s7!) was determined in vivo by von Caemmerer et al. (1994) — the
study on which the estimates of in vivo Rubisco kinetic constants chosen for this study are
based — and adjusted to 22°C according to the temperature response of Makino, Mae & Ohira
(1988).

The total protein content of the leaf extracts was determined from gel densitometry as
described in Warren ef al. (2003b). Proteins were first purified by precipitation according to the

method of Wessel and Fliigge (1984) and the resulting pellets re-suspended in 100 yl of 2%
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(w/v) SDS.

Stable carbon isotope composition of leaf soluble sugars from field samples

In addition to the branch sections used for the photosynthesis measurements, several
adjacent smaller twigs, each representing five years of incremental growth, were also collected at
the same time to estimate the stable carbon isotope composition (8'°C) of recently fixed carbon
from current- to 4-year-old shoots at each sampling location. The samples (pooled by age class)
were stored in liquid N immediately after collection. Leaf soluble sugars were subsequently
extracted from freeze-dried ground sub-samples following the method of Brugnoli ez al.
(1988). The &'*C value of the dry sugar extracts was measured with a continuous flow isotope
ratio mass spectrometer (Integra, Europa Scientific, Crewe, U.K.) at the Stable Isotope Facility

of UC Davis. Carbon isotope discrimination (A) was calculated as

613Ca —6I3Cp
T 8"°C,

(3.7)
where 8'°C, and &' °C, are the isotope compositions of the ambient canopy air (determined as
—10%o during daytime; Whiticar, personal communication) and plant sugar extract, respectively,
relative to the PDB (Pee Dee Belemnite) standard.

For Douglas-fir shoots whose gas exchange characteristics were determined in the
integrating sphere, according to the model of Farquhar, O’Leary & Berry (1982), isotope
discrimination during photosynthesis is given by (ignoring respiration terms — see von

Caemmerer & Evans 1991)

A=ag,—*—+a——+a——=+b—= (3.8)

where C, and C, are the CO, concentrations of the ambient air and leaf surface, respectively,
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a, and q are the fractionations due to diffusion through the boundary layer (2.9%0) and through
stomata (4.4%o), respectively, a, is the combined fractionation due to the dissolution and
diffusion of CO, in water (1.8%0), and b is the net fractionation caused by Rubisco and

phosphoenolpyruvate (PEP) carboxylation (30%o).

RESULTS

Photosynthetic capacity and CO, diffusion

Gradual loss of photosynthetic capacity with age was observed in both sun and shade shoots,
the decline being equally apparent in the CO, and light response of the shoots (e.g. Fig. 3.2). In
some cases, the loss of photosynthetic capacity was eventually large enough to keep
photosynthesis Rubisco-limited even at up to four times the normal daytime canopy air space
CO, concentrations (e.g. Fig. 3.2c). Strong linear relationships between g and V_  were
observed in individual foliar age classes (Fig. 3.3a), although the overall relationship for all age
classes appeared to be slightly curvilinear. The slope of the relationships did not differ
significantly among age classes (P > 0.5, analysis of covariance), suggesting that the sensitivity
of carboxylation capacity to g; — or vice-versa — does not change considerably with age. Yet, the
V. .../ & ratio increased significantly with age (Table 3.1), hence reflecting an important age-
related diminution of the internal CO, supply to the chloroplasts relative to their collective
carboxylation capacity. Within each foliar age class, the V___ /g ratio remained conserved
between sun and shade shoots (P > 0.1, unpaired #-tests). Carboxylation capacity (V__, ) was
consis.tently matched by the potential for photochemical electron transport (/_, ) throughout the
range of g, values fitted by non-rectangular hyperbola model and across all age classes (Fig.
3.3b). Similar to photosynthetic capacity, the stomatal conductance to CO, (g,.) was correlated
with g, in all foliar age classes (Fig. 3.3¢) and the slope of the relationship did not change
significantly among the age classes (P > 0.5, analysis of covariance). However, unlike V. and

cmax

J ... the magnitude of g relative to g; decreased with age, essentially cancelling out the positive
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Figure 3.2 Examples of least-squares regression fits to A-C,; curves (left panels) and
corresponding light response curves (right panels) of 1-, 3-, and 4-year old Douglas-fir shade
shoots from a common branch section. For the A-C, curves, the RuBP-saturated (solid circles) and
RuBP-limited (open triangles) curve portions were fitted with Eqns 3.2 and 3.3, respectively; the
corresponding estimated maximal carboxylation rate (V_,,,) and photochemical electron transport
rate (J) are indicated beside the curve fits. Solid diamonds represent the remaining 7P U-limited
A-C; curve portion. Light response curves from the 1- and 3-year-old shoots were fitted with Eqn
3.5 (solid circles); the maximal photochemical electron transport rate (J,,) is indicated beside the
curve fit; for the 4-year-old shoot, the original light response curve data is shown — the arrow
indicates the transition from RuBP-limited to RuBP-saturated photosynthesis at higher irradiance.
Open circles indicate data excluded from the curve fits (see text for details).
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Figure 3.3 Relationship between the CO, transfer conductance (g;) and (a) the maximal
carboxylation rate (V_,,,), (b) the maximal photochemical electron transport rate (J,.,) to V...
ratio, and (c) the stomatal conductance to CO, (g..) of current-year (®), 1-year-old (O), 2-year-
old (A), 3-year-old (A), and 4-year-old (+) Douglas-fir shoots. Simple linear regression lines in

panels (a) and (c) are numbered according to needle age.
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Table 3.1 Effect of needle age on the maximal carboxylation capacity (V,,.,)
to CO, transfer conductance (g;) ratio of Douglas-fir shoots

Needle age V..../& (umol mol™)
Current-year 401 (15)°

1-year-old 460 (16)™

2-year-old 553 (27)

3-year-old 523 (28)™
4-year-old 544 (33)

P < 0.0001

Values given are the mean (standard error) of 12 shoots. The significance of

differences among age-classes (P) was assessed by one-way ANOVA (repeated
measures). Where differences were significant (P < 0.05), Tukey HSD test was
used to explore pair-wise comparisons among age-classes. Means followed by

different letters are significantly different.
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age effect of V____ /g, on the CO, drawdown from the sub-stomatal cavities to the carboxylation
sites (C, - C) (Fig. 3.4a).

Area-based estimates of g, were consistently higher in sun shoots (Fig. 3.4b), although
' the difference was significant only in 4-year-old shoots (P < 0.05, unpaired #-tests). When
LMA was factored in, the g, difference between sun and shade shoots disappeared (Fig. 3.4b-d),
showing that, within each foliar age class, the response of g, to the shoot’s light environment is
determined by changes in leaf anatomy. Over time, however, the courses of LMA and g, were
mismatched — LMA increased steadily through successive years while g decreased in steps
after the second and fourth growing seasons (Fig. 3.4b-d). Variations in LMA were closely
associated with parallel changes in both needle thickness (©* = 0.67, P < 0.0001), needle dry to
fresh weight ratio (#* = 0.57, P < 0.0001), or tissue density (+* = 0.56, P <0.0001), and the
slope of the relationships were conserved in sun and shade shoots (P > 0.5, analysis of
covariance) whether evaluated among foliar age classes or within even-aged cohorts (data not
shown). Yet, within each age class and over a similar range of values observed in sun or in
shade shoots through time, mass-based estimates of g; did not correlate with LMA or the other
anatomical traits (P > 0.3, data not shown).

Strong linear relationships between A, and g evaluated at 360 ymol mol ' ambient CO,
concentration were observed in all foliar age classes (Fig. 3.5a). The differences among slopes
were small but significant in some cases owing to the close coupling of A, and g in each age
class. Consistent with the age differences in carboxylation capacity vs. internal CO, supply
inferred from the A-C, curve analyses, the slopes of the A, vs. g, relationships scaled according
to the ranking of the V___ /g, ratios fitted by the non-rectangular hyperbola model. Since g;
was closely coordinated with g and A across the measured CO, assimilation range, both C;

and C, remained largely conserved among foliar age classes (Fig. 3.5b) and the corresponding

A

'gas exchange

values calculated from Eqn 3.8 agreed well with the A value of sugars extracted from
neighbouring field samples (Fig. 3.6). In fact, the isotopic composition of the field samples

indicated an even greater conservativeness of C, and C, among age classes (Fig. 3.6b).

94



CHAPTER 3 — Low conductance vs. Rubisco deactivation in aging leaves

125 T T T T T T T T T T 0'2
(a) o P>09 (b)
® P>05
100 + —F 4 0.15
5 z
2 e
. IS5+ “HF 4 0.1
t+ 2
] % é { § % £
L) e
50 - 4k doos *
25 1 1 ’ | 1 1 1 1 1 1 1 0
T T L T T T T T T T
(© (d
240 + 1k -4 0.8
& £ T
's 200 + HF 406 =~
20 c .:.D
[=]
S 160} 4l {04 §
S | =
=
120 o P<00004 - 4 0.2
® P <0.0001
80 1 1 1 1 1 1 1 1 1 1 0
0 1 2 3 4 0 1 2 3 4
Neelde age (yrs) Neelde age (yrs)

Figure 3.4 Effect of needle age on (a) the CO, drawdown between the sub-stomatal cavities and
the stromal carboxylation sites (C;— C,) evaluated at an ambient CO, concentration of 360 umol
mol™, (b) the CO, transfer conductance (g;) calculated on an area basis, (c) the leaf mass per area
(LMA), and (d) g, calculated on a mass basis. Data are means (+ SD) of 6 sun (O) and 6 shade
(®) Douglas-fir shoots. The significance of differences among age-classes (P) was assessed as

outlined in Table 3.1. Means followed by different letters are significantly different.
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Figure 3.5 Relationship between the net CO, assimilation rate (A,) and (a) the stomatal

conductance to CO, (g..), and (b) the intercellular (C;) and chloroplastic (C.) CO, concentrations

of Douglas-fir shoots, evaluated at an ambient CO, concentration of 360 ymol mol™. Symbols

denoting the different foliar age classes are as in Fig. 3.3. Simple linear regression lines

(intercepts constrained to zero; P < 0.0001 in all cases) in panel (a) are numbered according to

needle age; significant differences (P < 0.05, analysis of covariance with post hoc Tukey HSD

test) among slopes are indicated by different letter superscripts.
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Figure 3.6 Effect of needle age on the carbon isotope discrimination (A) of Douglas-fir shoots
calculated from (a) the gas exchange characteristics of shoots evaluated at 22 °C and 360 gmol
mol™ ambient CO, concentration under saturating diffuse irradiance, and (b) the isotopic
composition of leaf soluble sugars extracted from representative field samples. Data are means (+
SD) of 6 sun (O) and 6 shade (@) shoots in (a) or pooled shoot samples in (b). The significance
of differences among age-classes (P) was assessed as outlined in Table 3.1. Means followed by

different letters are significantly different.
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Considering the shift of microclimate going from the field to the integrating sphere, this

constancy of A is remarkable, especially for lower canopy shoots which went from mostly full

shade to sustained saturating diffuse irradiance.

Nitrogen allocation, Rubisco and leaf pigments

Nitrogen per unit leaf area increased significantly with age in both sun and shade shoots (Table
3.2). In both cases, the accumulation of N was brought about by increases in mass
concentration (Table 3.2) and by the steady rise of LMA (Fig. 3.4c). The fraction of needle N
allocated to Rubisco was generally higher in sun shoots, the difference being significant in
current-year shoots only (P < 0.05, unpaired #-tests), but did not differ significantly among
foliar age classes (Table 3.2). Nitrogen allocation to other SDS-soluble proteins increased
slightly with age and, although the differences were not significant, they were sufficient
(assuming 50 mol thylakoid N per mol chlorophyll — Evans 1989) to account for the observed
increases in N allocation to chlorophyll-protein complexes (Table 3.2).

Despite their accumulating relatively high amounts of nitrogen, older shoots (= 2-year-
old) had significantly lower V____per unit Rubisco than younger foliage and, as a result, had
lower (up to 80% lower) PNUE values (Table 3.2). The loss of catalytic turnover rate of
Rubisco (k_,) was considerable in 2—3-year-old shoots (25%), but particularly acute in 4-year-
old shoots (68%), relative to the average k_, value of current- and 1-year-old shoots (2.81 £
0.28 mol CO, mol™ Rubisco sites s™') (Fig. 3.7a). Since the latter k_, value differs by less than
2% from our originally assumed value, the Rubisco concentrations determined from V__,_and
the k_, value of von Caemmerer et al. (1994) were essentially the same as those determined by
ELISA for current- and 1-year-old shoots, but underestimated Rubisco in older shoots (Fig.
3.7b). By comparison, Rubisco concentrations calculated from V__values estimated without
considering g, (Eqn 3.4) underestimated the ELISA values in all foliar age classes (45-80% in

older shoots — Fig. 3.7b).
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Figure. 3.7 (a) Catalytic turnover rate of Rubisco (k.,, — quotient of the shoot’s maximal
carboxylation rate (V,,,,) divided by its Rubisco site content) from Douglas-fir needles. The
dashed line indicates the Rubisco k,,, value determined in vivo by von Caemmerer et al. (1994)
adjusted to 22°C. (b) Comparison of needle Rubisco content determined by enzyme-linked
immunosorbtion assay with the calculated amount of Rubisco required to achieve the
corresponding shoot V., (estimated from Eqn 3.2 vs. Eqn 3.4 — see text for details) assuming a
k... value of 2.76 mol CO, mol Rubisco sites™ s™* (dashed line in panel a). Values indicated in
panel (a) and (b) are the mean (+ standard error) of 6 and 12 shoots, respectively; significant
differences (P < 0.05, one-way analysis of variance (repeated measures) with post hoc Tukey

HSD test) among age classes in panel (a) and Rubisco estimates in panel (b) are indicated by

different letters.
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There were significant correlations between k_, and the overall conductance to CO, from the leaf
surface to the stromal carboxylation sites (1.6/g, +1/ g,.)_l in > 2-year-old shoots, whereas
saturation of k_, was observed in younger foliage (mass-based relationships shown in Fig. 3.8).
Both the slope and the regression coefficient of the relationships increased with needle age,
suggesting an increasing degree of coupling between Rubisco activation and CO, supply.

Loss of Rubisco activity in older foliage was matched by a proportional down-
regulation of electron transport towards the photosynthetic carbon reduction (PCR) and
photorespiratory (PCO) cycles (Fig. 3.9a) and by a corresponding increase in the carotenoid to
chlorophyll ratio of needles (Fig. 3.9b). The correlations of k_, with J and the needle carotenoid

to chlorophyll ratio were significant among foliar age classes for both sun and shade shoots

(Fig. 3.9).

DISCUSSION

Leaf photosynthesis model curve fitting and estimation of g,

The non-rectangular hyperbola version of the model of Farquhar et al. (1980) contains an
additional parameter (g,) used to quantify departures from the curvature of the original
Michaelis-Menten kinetics rectangular hyberbola function valid at C, (see Chapter 1). Because
1) the addition of one more degree of freedom in the model introduces greater interaction
among the fitted parameters and 2) the evaluation of the curvature of the RuBP-saturated and
RuBP-limited A-C, curve portions is usually done over a limited C, range and is sensitive to
experimental errors and/or significant changes in Rubisco activity, I recommend the use of a
higher degree of measurement resolution (e.g. 25 ubar steps) over the domains of interest to
increase the robustness of the corresponding least-squares fits. The A-C; curves presented in
this study were originally intended for use with the standard A-C, curve fitting procedure and,
therefore, do not meet the above requirement. Thus, rather than treating the least-square fits of
the RuBP-saturated and RuBP-limited A-C; curve portions independently, I iterated the curve

fits concurrently to obtain a unique solution for g, and thereby increase the number of
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Figure 3.8 Relationship between the catalytic turnover rate of Rubisco (k) and the overall
conductance to CO, from the leaf surface to the stromal carboxylation sites (1/g..+1/g)" (mass
basis) in Douglas-fir. Symbols denoting the different foliar age classes and corresponding

numbering of simple linear regression lines are as in Fig. 3.3.
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Figure 3.9 Relationship between the catalytic turnover rate of Rubisco (k .,) and (a) the
photochemical electron transport rate (J) of Douglas-fir shoots evaluated at saturating light and
360 umol mol™ ambient CO, concentration (calculated from Eqn 3.6, substituting A; for the
measured A,), and (b) the total carotenoid to chlorophyll ratio of needles. Simple linear
regression lines (intercepts constrained to zero in panel a) are for sun (O) and shade (@) shoots;
the numbers along each line are positioned at (x, y) representing the sample mean (n = 6) of the

corresponding foliar age class.
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measurements upon which the estimate is based. I assumed a constant g; throughout the
measurement range; this has been partially confirmed (von Caemmerer & Evans 1991; Harley
et al. 1992), but remains to be fully validated. This parameterisation depends on my choice of 1)
C, transition region between RuBP-saturated and RuBP-limited A-C, curve portions (see
Appendix A), 2) stoichiometry of the equation describing RuBP-limited photosynthesis (Eqn
3.3), and 3) Rubisco kinetic constants. Given these assumptions, the aforementioned A-C, curve
fitting method produced g, estimates that ranged from 0.059 to 0.144 mol m* s~! for current-
year shoots. This is on average 30% lower than the values obtained by Warren et al. (2003b)
for the same study trees using a different method. I doubt that this is due to my choice of
Rubisco kinetic constants as the values of Bernacchi et al. (2002) increased the g, estimates by
only 7% while the commonly used in vitro values of Jordan & Ogren (1984) decreased them
by 15%. Comparatively, changing the stoichiometry of Eqn 3 for the formulation which
assumes that O, is required as an additional electron acceptor to NADP* via the Mehler reaction
(ie. AJ + R, =J(C,+T*)/(4.5C + 10.5T*) — see von Caemmerer 2000) increased the g
estimates by 13%, but resulted in greater initial disparity between the g; estimates of the RuBP-
saturated vs. RuBP-limited A-C, curve portions to be iterated. The photocompensation point
method of Warren et al. (2003b) is based on the intersection point of two A-C, curves (high vs.
low irradiance), which occurs below I'. As noted earlier, I found that, in many cases, the
curvature of the A_ vs. C, relationship increases markedly in that region, which could influence
the determination of the intercellular CO, photocompensation point (C;*) and R, from which g
was estimated. Indeed, given the high relative sensitivity of the photocompensation point method
to potential errors in R, (i.e. potentially up to a 1:1 correspondence), the relative difference
between g, values obtained in this study and those of Warren ez al. (2003b) is easily explained
by the larger R, values derived in the latter study (data not shown). Furthermore, Niinemets et
al. (2005, 2006) recently established that the novel A-C, curve fitting method outlined in Chapter

1 produced essentially the same estimates of g, as the chlorophyll fluorescence method.
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Factors contributing to the PNUE decline of aging Douglas-fir foliage

In Douglas-fir, the age-related PNUE decline of leaves begins after two years of growth and
becomes severe after four years (Table 3.2). Because the proportion of leaf N allocated to
Rubisco and other SDS-soluble proteins did not change appreciably throughout this period (or
else increased in the case of chlorophyll-associated thylakoid proteins — Table 3.2), I reject the
hypothesis that the PNUE decline resulted from a decrease in fractional investment of leaf N in
photosynthetic machinery. Although I did not measure the amount of residual SDS-insoluble
(presumably cell wall) proteins left in the final extraction pellet, I doubt that this protein fraction
would have increased significantly with leaf age since Takashima et al. (2004) indicated that
such an increase would be associated with a decrease in fractional investment of N to Rubisco
and proteins involved in bioenergetics and light harvesting. According to an extensive foliage
sampling at the study site in the year preceding my measurements, significant N resorption
from senescing needles does not occur until the seventh growing season (data not shown). This
surprisingly contrasts with my observation that the down-regulation of Rubisco began during the
third growing season (Fig. 3.7a) when the foliar N concentration was at its highest (Table 3.2)
and continued thereafter. A similar pattern was found in P. pinaster (Warren 2006), hence
confirming the role of Rubisco as a N storage protein in evergreen species (Warren et al. 2000,
2003a). Similarly, the age-related accumulation of chlorophyll-associated thylakoid proteins in
spite of significant down-regulation of Rubisco and electron transport towards the PCR and
PCO cycles (Fig. 3.9a) may reflect their role as potential N stores. Still, the concomitant
increase of the carotenoid to chlorophyll ratio of needles (Fig. 3.9b) could instead indicate a
shift in the function of protein-pigment complexes towards non-radiative dissipation of excess
light energy via the xanthophyll cycle. For example, Ebbert ez al. (2005) showed that
overwintering sun- and shade-adapted Douglas-fir needles have the ability to down-regulate
their photosynthetic capacity and up-regulate their capacity for xanthophyll cycle-dependent
photoprotection. On the other hand, the work of Brooks, Hinckley & Sprugel (1994) and

Brooks et al. (1996) on temperate conifers suggests that the age-related increase in N allocation
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to chlorophylls-protein complexes could be a consequence of acclimation to gradual shading.
However, in these cases, shade acclimation was also indicated by a significant shift in pigment
stoichiometry favoring chlorophyll b over chlorophyll a. By comparison, I found no significant
age effect on the chlorophyll a/b ratio of Douglas-fir needles, whether collected from the upper
(P =0.2871) or lower (P = 0.6128) canopy layers (data not shown).

In this study, I found a 3-fold variation of Rubisco k_, values which affected V. (Fig.
3.7) and to which J_, and g, were correlated (Figs. 3.3a, b). In light of such results, I do not
recommend the sole use of gas exchange parameters (i.e. V_ and J_, ) determined without
considering the activation state of Rubisco (e.g. Niinemets et al. 2005, 2006), or Rubisco and g,
(e.g. Ripullone et al. 2003; Niinemets et al. 2004), to explain age- or leaf life span-related
differences in PNUE in terms of N allocation to Rubisco vs. proteins involved in bioenergetics
or light harvesting. Moreover, since g and g, both remained tightly coupled to the

carboxylation efficiency of Rubisco over the years (Figs. 3.3a, ¢ & 3.8), I cannot exclude them

as the primary cause of the age-related decline of PNUE (see below).

Age-related decline of g, vs. LMA and light acclimation

In Douglas-fir, LMA increases with irradiance during the first growing season (Aussenac 1973;
Warren et al. 2003b), and then increases with needle age regardless of light in subsequent years
(Ishii et al. 2002; this study). In both cases, the increase in LMA is modulated through changes
in both needle thickness and tissue density, although in developing needles the changes mostly
take place in the palisade mesophyll layer (Aussenac 1973), whereas in aging needles, they are
more likely to occur in the hypodermal layer and other lignified tissues (Apple et al. 2002).
According to Niinemets et al. (2005, 2006) who discussed the possible effect of light
acclimation vs. leaf aging on LMA and g, in Mediterranean broadleaf evergreens, the initial
positive effect of light on LMA and g, (area basis) is a consequence of the greater chloroplast to
total leaf surface area ratio of the “sun leaf type” palisade tissue (see references given therein),

whereas the subsequent negative effect of LMA on g, (mass or area basis) reflects the
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accumulation of cell wall compounds which would impede the diffusion of CO, in the liquid
phase. I agree that the positive effect of light on LMA and g, (area) in current-year foliage (Fig.
3.4b, c) is likely related to the development of a greater relative chloroplastic surface area.
However, because the courses of LMA and g, were mismatched though time (Fig. 3.4b-d), I
doubt that the overall negative correlation between LMA and g, (mass) I observed among foliar

age classes reflects a direct causal link.

Coordination between Rubisco activity and CO, conductances: a “chicken vs. egg”
question

Over 20 years ago, Wong, Cowan & Farquhar (1979) were the first to propose that stomatal
aperture is determined by the collective photosynthetic capacity of the chloroplasts such that g,
remains proportional to A_, and C, is kept nearly constant in the face of changing growth
conditions that affect mesophyll photosynthesis directly (e.g. light, ambient CO,, N nutrition —
Wong, Cowan & Farquhar 1985). My results (Figs. 3.5 & 3.6) confirm that A, and g, remain
coordinated through successive growing seasons in evergreen leaves (Field & Money 1983;
Yoshie 1986) which, according to Wong et al. (1979, 1985), would be the consequence of
guard cells responding to the declining photosynthetic capacity of the mesophyll by reducing
their aperture. Several photosynthetic metabolites have been proposed as possible mediators of
the response, including ATP, NADPH, and RuBP (Wong et al. 1979; Farquhar & Wong
1984), but many researchers have argued that C, itself is the signal to which guard cells respond
directly (Mott 1988; Lawson e al. 2002). If so, Rubisco deactivation would come first in the
chain of events that leads to stomatal closure in aging Douglas-fir leaves, the homeostatic
response being mediated by a transient rise in C,. Recently, however, von Caemmerer e al.
(2004) challenged the theory of Wong et al. (1979) by showing that transgenic plants with
reduced amounts of Rubisco and decreased photosynthetic capacity and g, (Evans et al. 1994)
retain normal, wild-type guard cell characteristics including rate of stomatal opening, steady-

state g_, and g sensitivity to ambient CO,, but do not appear to perceive changes in C;. Such
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results are difficult to reconcile with the view that g responds to changes in mesophyll
photosynthetic capacity by sensing fluctuations in C.. If loss of photosynthetic capacity due to
Rubisco deactivation did not cause the g decline in aging Douglas-fir leaves, what did?
Lately, the coordination between leaf photosynthetic capacity and xylem hydraulic
conductance has been established at multiple scales including large tree trunks (e.g. Hubbard,
Bond & Ryan 1999), branches (e.g. Brodribb, Holbrook & Gutiérrez 2002), whole seedlings
(Hubbard et al. 2001), and leaf lamina or short-needle conifer shoots (Brodribb et al. 2005).
Considering the serial positioning of stomata in the flow path of water and CO, through leaves
and the necessar); dynamic coordination of the vapour and liquid phase resistances to water
transport in plants (reviewed in Meinzer 2002), it is tempting to propose that the age-related
stomatal and photosynthetic decline of Douglas-fir shoots is originally caused by a loss of
hydraulic conductivity in aging xylem pathways. In Douglas-fir stems, the hydraulic
conductivity of xylem decreases with the age of annual wood rings (Spicer & Gartner 2001);
this trait has been associated with a loss of hydraulic connection to leaves in aging annual rings
of maple tree branches (Melcher, Zwieniecki & Holbrook 2003) and with the formation of
“hydraulic bottlenecks” that become shoot abscission zones on older, pedunculate oak
branches (Rust & Roloff 2002). In analogy to this, the addition of successive growth rings on
older Douglas-fir branch internodes to supply the distal growth of younger foliage is likely to
be associated with a loss hydraulic conductivity in the aging, recessed vascular traces connected
to old needles. My observation that the diameter of the vascular connection of needles
(determined from leaf scars examined under a dissecting microscope) gradually decreases with
age could be a consequence of such hydraulic bottlenecking. More detailed microscopy studies

are needed to verify this hypothesis.

CO, supply vs. the chloroplastic CO, operating point
If we take the conservativeness of the N allocation to Rubisco and associated soluble proteins in

the face of a declining hydraulic-stomatal capacity as an indication of the limited post-ontogenic
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phenotypic plasticity of the “evergreen” carbon fixation machinery of aging Douglas-fir
needles, it becomes easier to appreciate the importance of Rubisco down-regulation to prevent
the exhaustion of CO, in the chloroplasts and ensuing impairment of the cycling of
photosynthetic metabolites. For example, according to my calculations, had the Rubisco from
2-3-year-old needles remained fully activated, the operating C_, would have fallen close to I'* at
the measured g, and g; values. In 4-year-old shoots, C, would have been completely exhausted
if the Rubisco activation state had increased to only 50% of its potential. Judging from the
limited range of C, values observed both in the field and in the controlled environment of the
integrating sphere (Figs. 3.5b & 3.6), it would appear that the homeostatic constraints of
Douglas-fir photosynthetic metabolism set the lower operational limit for C_ (at least in non-
droughted conditions) above 100 ybar. Because CO, itself is involved in the regulation of the
Rubisco activation state (via the reversible carbamylation of a lysine residue within the
Rubisco’s catalytic site prior to the binding of Mg** — Andrews & Lorimer 1987), the C,
decrease resulting from a significant loss of conductance to CO, may indeed provide a simple
feedforward mechanism by which the activation of Rubisco is reduced in proportion to the
diminishing supply of CO, (see Fig. 3.8). Interestingly, in transgenic plants with reduced
Rubisco activity due to decreased expression of Rubisco activase, the senescence-related
.degradation of Rubisco is delayed relative to chlorophyll and other soluble proteins (He et al.
1997). Presumably, the persistence of large amounts of Rubisco late into leaf development is a
consequence of the reduced carbamylation of the Rubisco pool (He et al. 1997); a similar

mechanism may be involved in the age-related accumulation of Rubisco in evergreen leaves.

CONCLUSION

I have shown that, in Douglas-fir, the age-related PNUE decline of non-senescing leaves is not a
consequence of decreased allocation of N towards Rubisco and other proteins involved in
bioenergetics and light harvesting. Rather, loss of photosynthetic capacity was the result of the

decreased activation state of Rubisco and proportional down-regulation of electron transport
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towards the PCR and PCO cycles in response to a reduction of CO, supply to the

carboxylation sites. This study emphasises the dynamic character of g,, as well as the regulatory
potential and conservative nature of C, — rather than photosynthetic metabolites or C, — in relation
to the previously observed coordination between photosynthesis and stomatal conductance (Wong
et al. 1979, 1985). My results are consistent with the recent proposal that the integration of

guard cell and mesophyll physiological responses could be the result of co-evolution rather than

direct mechanistic linkage (von Caemmerer ef al. 2004).
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Appendix A

Determination of C; cut-off point
Recalling that in the non-rectangular hyperbola version of the biochemical model of C; leaf

photosynthesis of Farquhar ez al. (1980), the net CO, assimilation rate of a leaf (A4,) is given

by
A, =min{A A} (A.1)
A - -b+b* —4ac
¢ 2a
a=-1/g, (A.2)
b=(V_..-R)/g+C,+K (1+0/K))

¢c=R,(C,+K.(1+0/K,)-V., . (C,-T*)

A -b+Vb* -4ac
g 2a
a=-1/g, (A.3)
b=(J/4-R,)/g,+C,+2I'*
c=R,(C,+2I'*)-J/4(C,-T%)

(c.f. Eqns 3.1 to 3.3) where A, and A, are the RuBP (ribulose-1,5-bisphosphate)-saturated and
RuBP-limited net CO, assimilation rate, respectively, V.. is the maximal CO, carboxylation
rate, J is the photochemical electron transport rate under RuBP-limited conditions, R, is the
mitochondrial respiration in the light, I'* is the chloroplastic CO, photocompensation point,
C, is the substomatal intercellular CO, concentration, K (1+O/K,) is the effective Michaelis-
Menten constant for CO,, and g; is the CO, transfer conductance from the substomatal air
spaces to the carboxylation sites.

I will use an idealised representation of the A-C, curve shown in Fig. 3.2a to illustrate
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the theoretical principle upon which I based my determination of the C, cut-off point where
the transition from RuBP-saturated (Eqn A.2) to RuBP-limited (Eqn A.3) photosynthesis is
expected to take place at 22 °C for Douglas-fir shoots exposed to a saturating diffuse
irradiance. In this example (Fig. A.1), the transition takes place at around 480 ybar, between
data points 6 & 7, after which the difference between the measured RuBP-limited A, and that
predicted from Eqn A.2 increases with C,. Hence, when moving the C; cut-off point to higher
values into the RuBP-limited portion of the A-C, curve, the curvature of the remaining lower
curve section is increased accordingly, and, consequently, the g; value estimated from Eqn
A.2 rises proportionally (see theory expounded in Chapter 1). Conversely, if the C, cut-off
point is lowered into the RuBP-saturated A-C, curve portion, the curvature of the remaining
higher curve section is reduced and the g; value estimated from Eqn A.3 decreases
proportionally.

Table A.1 gives the summary of model parameters fitted by Eqns A.2 and A.3 using
the C, cut-off points numbered 3 to 9 in Fig. A.la (see table footnote for details). As shown
in Fig. A.1b, the correct C, cut-off point is found where the two g; values fitted by Eqns A.2
and A.3 converge. Thus, in non-ideal cases, provided that g, is sufficiently conserved over the
respective domain of the RuBP-saturated and RuBP-limited A-C; curve portions, the correct
C, cut-off point is expected to be found where the difference between the two g; values fitted
by Eqns A.2 and A.3 is minimised.

In this study, in the majority of cases, the difference between the two g, estimates was
minimised when the C; cut-off point was set around 400 ubar. Corresponding model
parameters derived as described in this appendix were then used as starting values for the

subsequent concurrent iteration of Eqns A.2 & A.3 (see Chapter 3 for details).
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L': o RuBP-limited |
k 15 photosynthesis
g C, cut-off point (Eqn A.3)
E 10 i
=
‘Cc 5 RuBP-saturated i
photosynthesis
0 (Eqn A.2)
'5 | 1 | ; i
0 200 400 600 800 1000 1200
C, (ubar)
“ 20 b : y T T T T T
v <
83 (b)
g/ 200 )}
o5 2
o
8 % 150 )
2 =
25
g g 100 - |
£ 2
S
3 0 1 1 1 | . |

C, cut-off point number

Figure A.1 (a) Idealised representation of the net CO, assimilation rate (A4,) vs. intercellular CO,
concentration (C;) relationship shown in Fig. 3.2a; the RuBP-saturated (solid circles numbered 1 to 6)
and RuBP-limited (open triangles numbered 7 to 12) A, values were calculated from Eqns A.2 and
A.3, respectively, with g;=0.119 mol m>s™, Ry = 1.12 yumol m?s™, V..., = 55.3 gmol m= s™*, and J
=118.1 gmol m?s™". (b) Difference between g; estimates obtained from least-squares regression fits
of Eqn A.2 vs. Eqn A.3 to the ideal A-C; curve shown in panel (a) resulting from potential errors in
the determination of the C; cut-off point marking the transition between RuBP-saturted and RuBP-

limited photosynthesis (see Table A.1 for details).
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Alternative estimate of g; not requiring prior determination of a C; cut-off point
Recently, Niinemets et al. (2006) showed that the overall effect of large errors in R, (e.g. +
50%) on g; estimation based on Eqn A.3 (more specifically Eqn 3.6 solved for g;) is minor for
leaves that have inherently low g, (e.g. < 0.2 mol m™ s™). This was also demonstrated above
for a Douglas-fir shoot with an estimated g; of 0.119 mol m™ s™, showing less than 5%
variation in g; for + 50% deviation of R, from its “true” value (see Table A.1). To obtain
alternative estimates of g, requiring no a priori determination of a C; cut-off point for the
present study, I first derived a second set of R, estimates for the shoots by fitting the original

light response curve data (/> 50 gmol m2s™) as

o 10Peo, + A - JUa®, +A,,)! -46laD, A,

-R A4
j 6 (A4)

d

where A_,, is the maximal, RuBP-limited gross CO, assimilation rate, @, is the quantum
yield of CO, assimilation, / is the incident photosynthetic photon flux density, a is the needle
absorptance, and © is the convexity of the rectangular hyperbola. I then refitted Eqn A.3 to
the end points of the A-C, curves’ RuBP-limited portion using the new estimates of R,. Since
the measured A; from the light response curves approached CO, saturation at low irradiance, I
assumed that the R, values fitted by Eqn A.4 were little affected by differences in C.. As
predicted from the aforementioned sensitivity analyses, since the alternative estimates of R,
differed from the initial values by + 20% at most (13% higher in average), I found excellent
agreement between the initial g; estimates derived from concurrent fitting of Eqn A.2 & A.3
and the alternative g, estimates based on the end points of the RuBP-limited A-C; curve
portion (Fig. A.2). Taken together, these results suggest that my choice of C; cut-off point for
the CO, response curve of Douglas-fir shoots is realistic, as are my estimates of g; and other

model parameters.
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Figure A.2 Comparison between the CO, transfer conductance (g;) of Douglas-fir shoots estimated
from concurrent fitting of Eqns A.2 & A.3 to the RuBP-saturated and RuBP-limited A-C; curve

portions and that estimated from fitting Eqn A.3 to the end points of the A-C; curves’ RuBP-limited
portion using alternative estimates of the rate of mitochondrial respiration in the light (R;) based on

Eqn A4 (see text for details).
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ABSTRACT

The internal conductance from intercellular spaces to the
sites of carboxylation (g;) has only been measured in a few
tree species and not in conifers, despite the fact it may
impose a large limitation on photosynthesis. The present
study provides the first estimates of g; for a coniferous
species, and examines variation in g; with height and its
relationships to anatomical, biochemical and physiological
traits. Measurements were made on upper and lower can-
opy current-year needles of 50-year-old Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco). Needle thickness
and specific leaf area decreased by 30% from the top to
bottom of the canopy. These anatomical/morphological
changes were accompanied by modest variation in alloca-
tion of N to chlorophyll and the chlorophyll a/b ratio. Allo-
cation of N to Rubisco did not vary with height, but the
ratio of Rubisco to chlorophyll did owing to the aforemen-
tioned changes in allocation to chlorophyll. The value of g;
was estimated in one tree from concurrent measurements
of carbon isotope discrimination and net photosynthesis. To
examine the variation in g; among trees a second indepen-
dent method based on day respiration and the difference
between the chloroplastic and intercellular photocompen-
sation points (photocompensation point method) was used.
Estimates of g; obtained by the two methods agreed well
with values varying between 0.14 and 0.20 mol m~s™.. It is
estimated that g; limits photosynthesis by approximately
20% as compared to an approximately 30% stomatal limi-
tation (under well-watered conditions). The value of g
scaled approximately with maximum rates of photosynthe-
sis, which were significantly greater in upper canopy
needles. Nevertheless, g; did not vary significantly with
canopy height, owing to greater variability in g; than
photosynthesis.

Key-words: carbon isotope discrimination; chlorophyll;
internal resistance; needle anatomy; needle morphology;
photocompensation point; photosynthesis; Rubisco.
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Abbre iations: A, rate of photosynthesis; a;, carbon isotope
fractionation during diffusion/hydration into water; A,, rate
of light-saturated photosynthesis measured at C,=
360 umol mol™; A, rate of photosynthesis assuming g; and
g are infinite (i.e. at a C. of 360 umol mol™); A,,, rate of
photosynthesis assuming infinite g; and g, as measured (i.e.
at a C.= (,); b, carbon isotope fraction due to Rubisco and
PEP carboxylation; C,, ambient CO, concentration; C.,
CO, concentration of air entering chamber; C,, intercellular
CO; concentration; C;*, intercellular CO, concentration at
which the chloroplastic CO, concentration = I'*; C, chloro-
plastic CO, concentration; A, observed carbon isotope
discrimination; A;, carbon isotope discrimination estimated
for a shoot with infinite transfer conductance; &,, carbon
isotope discrimination of air leaving chamber without a
shoot enclosed; &., carbon isotope discrimination of air
leaving chamber with a shoot enclosed; f, carbon isotope
fractionation due to photorespiration; I'*, CO, compensa-
tion concentration in the absence of mitochondrial respira-
tion (photocompensation point); G, CO, compensation
concentration; K. and K,, Michaelis-Menten constants for
RuBP carboxylation and oxygenation, respectively; PAR,
photosynthetically active radiation; R;, mitochondrial res-
piration in the light (day respiration); g;, transfer conduc-
tance; g, mesophyll conductance (the initial slope of the A
versus C; curve); g,, stomatal conductance; L;, relative lim-
itation to photosynthesis due to transfer conductance; L.,
relative limitation of photosynthesis due to stomatal con-
ductance; O, O, concentration in chloroplasts; RSD, rela-
tive standard deviation (SD/mean); s, projected leaf area;
SLA, specific leaf area — projected area per unit dry mass;
u, molar flow rate through chamber; V ., maximum rate
of carboxylation.

INTRODUCTION

For photosynthesis to occur, CO, must diffuse from the
atmosphere to the sites of carboxylation. The concentration
of CO, at the sites of carboxylation (C.,) is less than atmo-
spheric (C,) owing to a series of gas-phase (air) and liquid-
phase (mesophyll cell) resistances. In the gaseous phase,
CO, must diffuse across a boundary layer in the air above
the foliage surface, through a stomatal opening, and across
intercellular air spaces in the substomatal cavity. In the
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liquid phase there are resistances as CO, enters the liquid
phase at the surface of mesophyll cells (Henry’s law), as
CO, diffuses within the cell to the chloroplast membrane,
and from there to the sites of carboxylation (Aalto &
Juurola 2002). It has been assumed that the concentration
of CO, in the substomatal cavities (C;, e.g. as measured by
gas exchange) is uniform throughout the leaf and thus the
same as C.. There is mounting evidence that this assump-
tion is invalid and C. may be significantly less than C;
(Evans er al. 1986; Parkhurst & Mott 1990; Lloyd et al. 1992;
Epron ez al. 1995). In a silver birch leaf, for example, 61.4%
of the modelled total resistance to CO, diffusion was from
the intercellular air spaces to the centre of chloroplasts,
whereas stomatal and boundary layer resistances only
accounted for 38.6% of the total resistance (Aalto &
Juurola 2002). Transfer conductance (g;) describes this
drawdown in CO, concentration between C; and C.. Low g;
may impose a significant limitation on photosynthesis
(Epron ez al. 1995), yet it has only been measured in a few
tree species and not in any conifers.

Leaf morphology and anatomy are often correlated with
& (e.g. Vitousek, Field & Matson 1990; Evans et al. 1994;
Kogami er al. 2001), although this correlation may be weak
(e.g. Hanba, Kogami & Terashima 2002). The potential for
CO, diffusion in the liquid phase is a function of cell wall
thickness (Nobel 1991) and the surface area of mesophyll
cells or chloroplasts exposed to the intercellular air spaces
(Laisk, Oja & Rahi 1970; Nobel, Zaragoza & Smith 1975;
Nobel 1991; Evans etal. 1994). In ‘typical’ mesophytic
leaves that are relatively thin, porous and with stomata on
both surfaces, these liquid phase resistances are the princi-
pal determinants of g (Evans eral. 1994). If mesophyll
porosity is small and foliage is hypostomatous, gas phase
conductance is correspondingly small and may be a signif-
icant component of g; (Parkhurst & Mott 1990; Syvertsen
et al. 1995). In Citrus and Macadamia, for example, Syvert-
sen et al. (1995) concluded that low mesophyll porosity and
a relatively long path from the stomatal cavity to mesophyll
cell surface resulted in a low gas phase conductance and
this accounted for about half of g;.

In closed canopies of Douglas-fir (Pseudotsuga menziesii
[Mirb.] Franco) there is a large decrease in light intensity
with depth in the canopy (e.g. Bond et al. 1999; Lewis et al.
2000; Parker, Davis & Chapotin 2002). Needles and shoots
acclimate to this light environment anatomically, morpho-
logically and physiologically (e.g. Aussenac 1973; Bond
et al. 1999; Lewis et al. 2000). In one study with Douglas-fir,

for example, the specific leaf area (SLA, leaf area per unit _

dry mass) of needles increased by 86% from the top of the
canopy to the bottom (Bond er al. 1999). We might expect
therefore that g; would vary through the canopy of Dou-
glas-fir given the relationships among g;, anatomy and mor-
phology, yet this hypothesis has not been tested.

Two separate objectives were considered in this study.
Firstly, we used an established method (estimation of g;
from carbon isotope fractionation during photosynthesis —
Evans et al. 1986) to determine the variation in g; of upper

128

and lower canopy current-year needles from a dominant
50-year-old Douglas-fir tree (i.e. within-tree variation). As
potential determinants of g;, we examined variation in nee-
dle anatomy and morphology. The concentrations of nitro-
gen, Rubisco and chlorophylls (Chls) were also measured
to explore acclimation to the light environment and explain
any differences in rates of photosynthesis. With these data
we tested two hypotheses: (1) g; is less in sunlit needles than
in shaded needles owing to differences in thickness and the
pathlength for CO, diffusion; (2) variation in photosyn-
thetic rates are related to g; (e.g. Lloyd er al. 1992; Evans
et al. 1994) and concentrations of N and Rubisco (e.g. Field
& Mooney 1986). Lastly, we used a new method (estimation
of g; from the difference between the chloroplastic and
intercellular photocompensation points — I'* and C¥,
respectively, — Peisker & Apel 2001) to obtain estimates of
g for upper and lower canopy needles from many trees and
thereby determine variation in g; at the canopy level.

MATERIALS AND METHODS
Study site

Measurements were made on an even-aged 50-year-old
stand of 33 m tall Douglas-fir located approximately 10 km
south-west of Campbell River, on the east coast of Vancou-
ver Island, British Columbia, Canada (49°52" N, 125°20" W,
300 m above sea level). The site is described in detail else-
where (Humphreys et al. 2002). Briefly, the stand is about
80% second growth coastal Douglas-fir and 20% western
red-cedar (Thuja plicata Donn) and western hemlock
[Tsuga heterophylla (Raf.) Sarg.] with a sparse understorey
dominated by salal (Gaultheria shallon Pursh), Oregon-
grape (Bereris ner osa Pursh), vanilla-leaf deer foot
[Achyls triphylla (Smith) DC].

Sampling protocol

Shoot collection and photosynthesis measurements were
made on three separate occasions from late-September to
mid-October shoots collected for estimation of g by the
isotopic method were taken from the lower canopy (whorls
17-20, as numbered from top) and the upper canopy
(whorls 4-8 from top) of a 34 m dominant tree adjacent to
a canopy access scaffold tower. The mean photosyntheti-
cally active radiation (PAR) for lower canopy whorls was
approximately 10% of full sunlight. A total of eight upper
and eight lower canopy current-year shoots were measured
over two field trips. For estimation of g; by the photocom-
pensation point method, a total of six upper and six lower
canopy current-year shoots were collected from 12 differ-
ent trees accessed with static climbing ropes. in situ gas
exchange measurements were impractical owing to the
technical difficulties in accessing the shoots, and thus all
measurements were made on excised shoots. Branches,
approximately 1 m in length, were cut from the trees,
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wrapped in a plastic bag to reduce transpiration and trans-
ported to ground level where they were re-cut under water
twice. This procedure usually took less than 15 min, and
preliminary experiments done on the scaffold tower estab-
lished that gas exchange of shoots was unaffected by exci-
sion (data not shown).

Photosynthesis measurement system and gas
collection apparatus

Gas exchange measurements were made with an open gas
exchange system (LI-6400; Li-Cor, Lincoln, NE, USA) and
a clear cylindrical chamber (6400-05 conifer chamber, Li-
Cor) nested into a 15-cm diameter integrating sphere to
minimize mutual shading among needles (Fig. 1). The inte-
grating sphere, similar in design to that of Serrano, Gamon
& Berry (1997), was illuminated by a single halogen globe
(JCR12V-100 W; Ushio Inc., Tokyo, Japan) and cooled by
blowing cold air over its outer and inner surfaces. Light
intensity was controlled with a rheostat. The angular two-
sided PAR distribution measured around the shoot axis
inside the clear chamber was within 5% of the measured
average (i.e. a nearly isotropic diffuse light field). All gas
exchange measurements were done at 22+1 °C and 50—
70% relative humidity.

For concurrent measurements of photosynthesis and
instantaneous carbon isotope discrimination, reference gas
was supplied from a cylinder containing a certified mixture
of 443 umol mol™ CO, in air (Praxair, Mississauga, Ontario,
Canada). To minimize problems with low humidity of the
reference gas causing stomatal closure it was at times
necessary to humidify this gas using a portable dew point
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generator (LI-610; Li-Cor). This did not affect the carbon
isotope composition of gas entering the chamber (data not
shown). The lines from the cylinder to LI-610 and from the
LI-610 to LI-6400 were vented to the atmosphere through
a T-piece and flowmeter (F1 and F2 in Fig. 1). The flow rate
of air from the cylinder, controlled by a throttle, was always
at least 400 mL min™ in excess of that required by the LI-
610 pump to avoid back diffusion of gases. In a similar
fashion, the air pump of the LI-610 was manipulated so as
to maintain flow rates at least 400 mL min~ in excess of that
required by the LI-6400 pump. The molar flow rate through
the chamber was varied between 250 and 750 umols™
depending on the rate of photosynthesis of the shoot. Sam-
ple gas was collected in-between the chamber exhaust and
the match valve of the LI-6400 chamber head. The sample
gas was collected in 2 L glass gas-sampling flasks previously
purged with pure nitrogen gas. The flasks were fitted with
Teflon stopcocks (V3 and V4) and ground glass joints and
were connected to the chamber exhaust by Tygon tubing
(Saint—Gobain, Akron, OH, USA) and Swagelok fittings
(Swagelok Co., Cleveland, OH, USA). Two three-way
valves (V1 and V2) directed gas either directly to the match
valve, or to the match valve via the 2 L glass flask and a
flowmeter (F3). When gas was not being collected the sam-
pling flask was bypassed. Gas samples were collected when
measured gas exchange was stable, this was achieved by
opening the stopcocks (V3 and V4) and manipulating the
three-way valves (V1 and V2) to direct gas through the
sampling flask. The flowmeter F3 was used to check for
leaks in the system. Upon collecting a gas sample, the sam-
pling flask was bypassed, stopcocks (V3 and V4) were
closed and the flask was set aside for later analysis. Refer-

vent vent
F1
throttle F2
Li-610 dew-
p::‘etrator console
g
®

Li-6400

sample IRGA

ref IRGA
match valve

CO2 /air
mixture

-

Figure 1. Schematic diagram of the gas exchange system used for measurement of photosynthesis and collection of gas samples for carbon
isotope measurement. F1, F2 and F3 are flowmeters. V1 and V2 are three-way valves. V3 and V4 are Teflon stopcocks.
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ence gas samples were collected without a shoot in the
chamber. At least four reference samples were collected
each day, the 8°°C of replicate reference samples differed
by less than 0.2%.. Preliminary experiments established that
the flasks were airtight and §°C of air samples did not
change significantly between their collection and analysis
(data not shown).

Experimental protocol

A section of the shoot containing only current year needles
was enclosed in the shoot chamber and acclimated at a
light-saturating PAR (approx. 1500 umol m™ s™) until rates
of photosynthesis and transpiration were steady, at which
time the light-saturated rate of photosynthesis (A,) was
recorded. Following this, measurements of gas exchange
proceeded according to the method used to estimate g;. For
the isotopic method, continuous photosynthesis measure-
ments were made and sample gas collected over a period
of 815 min, to ensure that the flasks were flushed of N, and
equilibrated with the sample gas. For each shoot we mea-
sured photosynthesis and collected gas samples at three
different light intensities. For the photocompensation point
method, CO,-response curves were generated at saturating
and limiting irradiance, respectively (approx. 1500 and
150 umol m2s™ PAR). These light intensities were chosen
following preliminary trials to ensure maximum separation
of the response curves while maintaining a similar degree
of inhibition of dark respiration in the light (data not
shown). Following gas exchange measurements, needles
were removed from shoots and placed in liquid N. The total
mass of each sample was measured and a subsample taken
for determination of projected area (Li-3100 leaf area
meter; Li-Cor). Gas exchange parameters were calculated
on a projected area basis with the equations of von Caem-
merer & Farquhar (1981).

Data were not corrected for diffusion of CO; into and
out of the leaf chamber because this was insignificant with
our experimental set-up. Preliminary experiments estab-
lished that with a molar flow rate of 250 umol s™ (the lowest
flow rate used in our experiments) there was never more
than 2 gymol mol™ diffusion of CO, into an empty chamber
maintained at 50 gmol m™ CO,.

Analysis of stable carbon isotope composition

The set-up was similar to other §°C-CO, analysis tech-
niques using continuous flow, isotope ratio mass spectrom-
etry (CF-IRMS; e.g. Miller er al. 1999) with a Valco six-port
valve (Valco Instruments Co., Houston, TX, USA) used to
alternately load and flush sample loop with an air sample.
A separate pump down/expansion system consisting of a
one-quarter inch outside diameter glass ‘T’ tube connected
to one of the sample flask stopcocks via a 14/35 female
ground glass joint, a rotary vacuum pump, and a Cajon
Ultra-Torr union (Swagelok Co.) fitted with a butyl rubber
septa, respectively, allowed the syringe removal of an ali-
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quot of air from the 2 L glass sample flask and the loading
of the sample loop prior to injection to a CF-IRMS system
(Finnigan MAT 252; ThermoFinnigan, Bremen, Germany).
The glass T was pumped down with the rotary pump, the
system was isolated from the pump via a bellows valve and
the valve to the sample flask opened. A helium-flushed
syringe was used to draw and mix gas from the flask back
and forth via a sample loop to the syringe barrel. The gas
was then allowed to equilibrate for 1 min. The 1 mL sample
was flushed from the loop by helium carrier gas and cryo-
focused in liquid nitrogen before its release into the gas
chromatograph column (0.32 mm x 30 m GS-Q). The Nv/
NiO combustion reactor normally used for the IRMS anal-
ysis of organics was bypassed; instead the gas stream was
directed via a four-way switching valve (backflush valve)
and Nafion® water trap (DuPont, Fayetteville, NC, USA)
directly to the ion source. The backflush valve was used to
divert N,O (a contaminant at mass 44) to waste before the
elution of CO,. This technique routinely yields 95% confi-
dence limits about the mean of 0.1%. for n = 20 expansions
and injections from the same flask (N. Grant & M. Eek,
unpublished results).

Estimation of g, by the isotopic method

Carbon isotope discrimination by the shoot (A;) was cal-
culated as described in equation A15 of Evans er al. 1986):

(Aos) = &(8 — 8:)/(1 + 8, — &[8, - &]) 6}

where &, and &, are the carbon isotope composition (®C/
2C) of air leaving the chamber with (§,) or without (&.) a
shoot enclosed. Carbon isotope composition of sample air
was expressed against the carbon isotopic composition
of the Pee Dee Belemnite formation (PDB), where é =
1000 [((*Crampie/Crumpic)/(*Crpn/?Ceps)) — 1]. E= uCJ(sA)
where u is the molar flow rate through the chamber, C, is
the concentration of CO, entering the chamber, A is the
rate of photosynthesis and s the projected leaf area.

The value of g; was estimated from the equation:

A~ Agw = AIC, (b - a)/g; @

where A; is the expected carbon isotope discrimination
when g; is infinite and fractionations due to photorespira-
tion and dark respiration are zero (see below), C, is the
CO, concentration in the ambient air, g; is the carbon iso-
tope discrimination during CO, diffusion/hydration into
water (1.8%c), and b is the carbon isotope discrimination
caused by Rubisco and PEP carboxylase (30%o). The value
of g; was calculated from Eqn 2 for each measurement and
a mean was calculated for each shoot (Evans ef al. 1994).
In our simplified equation for carbon isotope discrimina-
tion we ignored the effects of photorespiration and dark
respiration. This is unlikely to bias our results because the
effect of fractionations due to photorespiration on A are
governed by I'*/C.. This term will be near constant across
a wide range of assimilation rates because temperature
(and thus I'*) was held constant. Similarly, the effect of dark
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respiration on A is given by Ry/V. and because dark respi-
ration rates are low, dark respiratory inputs would only
become significant when rates of CO, assimilation were
very low (Gillon & Griffiths 1997).

To obtain gas exchange parameters for calculation of g;,
30s gas exchange measurements were averaged over the
duration that gas was being collected. Gas exchange param-
eters were not significantly different when calculated by
integrating photosynthesis-weighted values because the
measured gas exchange parameters varied by less than 5%
between the beginning and end of the period during which
gas was collected.

Estimation of g; by the photocompensation
point method

We estimated C;* and R, from the intersection of the initial
linear portion of the two CO,-response curves generated at
different light intensities (Laisk 1977). The original formu-
lation of Laisk (1977) assumes the drawdown in CO, con-
centration between substomatal cavities and the
chloroplast is negligible (i.e. g; is infinite). If one considers
finite g;, then the Laisk method measures the intercellular
compensation point (C;*) which is related to I'* by Ry and
g: (von Caemmerer & Evans 1991; Peisker & Apel 2001):

G*=I*-Ryg 3
Following Eqn 3, a mean I'* was determined from the y-

intercept of a Ci* versus R, plot. Having determined I'¥, g;
was calculated for individual shoots as:

&=RJ(I'* - C¥) 4)

Estimation of V..., from the CO, response of
photosynthesis

According to the photosynthesis model of Farquhar, von
Caemmerer & Berry (1980), the light-saturated and CO,-
limited rate of net CO, assimilation is expressed as:

A = {Vouax (Co = T*)[Ce + K (1 + OJK)]} - R (5)

where V. is the maximum rate of carboxylation, K. and
K, are the Michaelis-Menten constants for RuBP carbox-
ylation and oxygenation, respectively, R, is the rate of day-
time (non-photorespiratory) respiration, O, and C. are the
chloroplastic O, and CO, concentrations, respectively. O,
was assumed to be 210 mmol mol™. Differentiating Eqn 5
and evaluating at C.= I'* yields:

dA/AC,. = Ve [T* + K. (1 + OJK,)] (6)
Replacing dA/dC. by gu/(1 — gu/g) and solving for Vs
gives:

Vense = g [ + Kc (1 + OJK V(1 - ga/g:) ()

where g, is the initial slope of the A versus C; curve, usually
termed the mesophyll conductance. Under the assumption
of infinite transfer conductance, dA/dC. equals g, and Eqn
7 reduces to:
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Vemax = 8&m [r* + K. (1 + Oc/Ko)] (8)

Values for the kinetic constants K. and K, at 25 °C were
taken from the in itro values of freshly ruptured spinach
chloroplasts in Farquhar et al. (1980) and were adjusted to
22 °C according to the temperature response functions of
Badger & Collatz (1977).

Estimation of C. and relative limitation on
photosynthesis imposed by g; and g,

Using estimated g; and measured A and C;, C. was calcu-
lated as:

C.=Ci—(Alg) ®)

The value of C. was calculated for each A and C;. The
limitation of A imposed by finite g; and g, was based on
estimates of the potential rate of photosynthesis assuming
these conductances were either infinite or as measured
(Farquhar & Sharkey 1982). Estimates of A were made
using light-saturated CO,-response curves and measured g;
and g.. Rates of net photosynthesis were estimated assum-
ing g; and g, were as measured (A, the light-saturated rate
of photosynthesis at C, =360 ymol mol™), assuming g; was
infinite and g; as measured (Aj;, the light-saturated rate of
photosynthesis at C.= C;), or assuming g; as measured and
gs was infinite (Ag, the light-saturated rate of photosynthe-
sis at C; =360 umol mol™) (see Fig. 3). The relative limita-
tions due to internal resistances (L;) and stomatal
resistances (L) were estimated as:

Li = (Al] ‘An)/Aﬂ
Ls = (Asl - An)/Asl

(10)
(11)

Measurement of N, chlorophylls, soluble
proteins and Rubisco

Total N of freeze-dried and ground samples was measured
by Dumas combustion with an elemental analyser (Flash
EA 1112 Series; ThermoQuest, Rodano, Italy). The Chls
were extracted with N,N-dimethylformamide and analysed
spectrophotometrically using the extinction coefficients of
Wellburn (1994).

Soluble proteins were extracted at 0—4 °C by grinding
50 mg (fresh mass) of frozen leaf tissue in 400 uL of grind-
ing buffer [133 mM Tris pH 8.0, 25% (v/v) glycerol, 34 mM
DL-dithiothreitol, 2% (w/v) polyvinylpolypyrolidone
(PVPP) using a Tissue Tearor® Homogenizer (BioSpec
Products, Bartlesville, OK, USA]. The homogenate was
mixed with 100 uL of 10% (w/v) sodiom dodecyl! sulphate
(SDS), and vortexed for 4 min at 0—4 °C before being cen-
trifuged at 10000 g for 5 min (4 °C). The pellet was re-
extracted three times with modified grinding buffer (as
above but without PVPP and diluted 4 : 1 with 10% SDS).
The supernatants were pooled and used for protein
analysis.

The total content of soluble proteins was determined on
extracts purified by precipitation with trichloroacetic acid
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(TCA) in the presence of KCI (Carraro et al. 1994). Protein
pellets were re-suspended in 1 volume of 2% SDS in 0.06 N
NaOH. This procedure co-extracted substances that
adversely affected both the Bicinchoninic acid protein
assay (No. B-9643; Sigma-Aldrich Ltd, Oakville, ON,
Canada) and the Lowry RC DC protein assay (No. 500
0120; Bio-Rad Laboratories, Philadelphia, PA, USA).
Owing to these problems, the concentration of soluble pro-
teins was determined by SDS-polyacrylamide gel electro-
phoresis with bovine albumen standards (No. A-7906;
Sigma-Aldrich) and Coomassie blue stain [0.1% Coomassie
Blue R-250 in 40% (v/v) methanol, 10% (v/v) acetic acid].
The protein content of each lane was determined densito-
metrically with NIH image analysis software (NIH,
Bethesda, MD, USA).

Rubisco was quantified by enzyme-linked immunosor-
bent assaay, essentially as described by Catt & Millard
(1988) but with minor modifications. Re-suspended protein
pellets were diluted 1 : 1000 with carbonate buffer (50 mM
Na,COs;, 50 mM NaHCO;, 0.1 mM MgClL. 6H,0, pH 9.4),
triplicate100-uL aliquots were applied to a Costar high
binding microtitre plate (Costar 9018; Corning Costar
Corp., Corning, NY, USA) and left to incubate in darkness
for 18 h at 4 °C. Plates were rinsed three times with Tris/
NaCl (10 mM Tris-HCI, pH 7.2, 150 mM NaCl), blocked for
1h with Tris/NaCl containing 1% BSA (w/v) (Sigma-
Aldrich), and then washed with the blocking solution con-
taining 0.01% (v/v) Tween 20 (Sigma-Aldrich). Wells were
incubated for 2 h with polyclonal antibodies prepared from
sheep injected with purified wheat Rubisco, diluted 1 : 1000
(v/v) in blocking solution containing 0.01% Tween 20. Fol-
lowing three more washes, the plates were incubated for 1 h
with the secondary antibody (donkey antirabbit IgG linked
with alkaline phosphatase conjugate, A-5187; Sigma-Ald-
rich) diluted 1:300 (v/v) with wash buffer. After three
more washes, colour development of the antibody com-
plexes proceeded with the addition of 0.1% (w/v) p-nitro-
phenylphosphate (in carbonate buffer) and was stopped
with the addition of 15 uL of 3 M NaOH. Plate absorbance
was measured at 405 nm on a UVMax microplate reader
(Molecular Devices Corporation, Sunnyvale, CA, USA)
and the amount of Rubisco was calculated from the linear
portion of the calibration curve. Our laboratory standard
was partially purified spinach Rubisco (Sigma-Aldrich),
which was standardized against pure wheat Rubisco.

Light microscopy

Eight shoots from the September sampling (four upper
canopy, four lower canopy) were used for anatomical mea-
surements. One needle per shoot was fixed in formalin/
acetic acid/alcohol fixative and embedded in paraffin using
Johansen’s series dehydration schedule (Johansen 1940).
Paraffin blocks were softened for 34 weeks with Gifford’s
softener and sectioned at 8 mm with a microtome. Trans-
verse-sections were mounted on slides with Haupts, stained
with Toluidine Blue CI 52040 (0.1% Toluidine blue in 2.5%
sodium carbonate) (after Berlyn & Miksche 1976; modified
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by using Hemo-D to remove the wax instead of xylene) and
the cover slip was mounted with Entellan. Needle width,
needle thickness and area of the main tissue types were
measured on five transverse-sections from the middle of
each needle using a Zeiss Universal light microscope (Zeiss,
Jena, Germany) with a Cohu video camera (Cohu, San
Diego, CA, USA) and Optimas software (Optimas Corp.,
Bothell, WA, USA) or a Leitz Laborlux S light microscope
(Leitz, Stuttgart, Germany). For each transverse-section we
estimated the percentage of the total area occupied by the
vascular bundle, epidermal tissue, hypodermal tissue and
mesophyll tissue. Mesophyll porosity is the percentage of
the mesophyll area that is air spaces, whereas whole-section
porosity is the percentage of the whole section that is air
spaces.

RESULTS
Foliage anatomy, morphology and biochemistry

In general there were few anatomical differences between
upper and lower canopy needles. The primary difference
being that needles from the upper canopy were approxi-
mately 30% thicker than those from the lower canopy
(Table 1). There were small differences in the proportion of
needle area occupied by vascular bundle, epidermal and
mesophyll tissue.

Specific leaf area was approximately 30% less in upper
canopy needles in comparison with lower canopy needles
(Table 2). Needle contents of N, Chls, total soluble proteins
and Rubisco were significantly greater in the upper canopy
in comparison with the lower canopy when expressed on
an area basis, but not per unit mass. The Chl a/b ratio was
significantly greater in the upper canopy than the lower
canopy, whereas the ratio of total Chls to N was greater in
needles from the lower canopy compared with the upper

Table 1. Comparison of the anatomy of current-year needles
from the lower and upper canopy of a single dominant Douglas-
fir tree

Characteristic Lower canopy Upper canopy
Needle width (mm) 1.37 (0.06) 1.38 (0.02)
Needle thickness (mm) 0.45 (0.01) 0.59 (0.02)*
Vascular bundle area (%) 73 (04) 8.3 (0.2)
Epidermis area (%) 7.2 (0.2) 5.9 (0.1)
Hypodermis area (%) 43 (0.3) 45(0.2)
Mesophyll area (%) 79.8 (0.2) 81.1 (0.1)*
Mesophyll porosity (%) 21.3 (0.7) 20.6 (1.2)
Whole-section porosity (%) 17.2 (0.5) 16.6 (1.0)

Transverse sections were obtained from the middle of needles. For
each transverse section we estimated the percentage of the total
area occupied by the vascular bundle, epidermal tissue, hypoder-
mal tissue and mesophyll tissue. Mesophyll porosity is the percent-
age of the mesophyll area that is air spaces, while whole-section
porosity is the percentage of the whole section that is air spaces.
Data are means (1 SE) of four needles (five transverse sections per
needle). *Significant differences (P < 0.05, Fisher’s PLSD) between
lower and upper canopy.
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Table 2. Comparison of morphology and biochemistry of cur-
rent-year needles from the lower and upper canopy of a single
dominant Douglas-fir tree
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Table 3. Mean photosynthetic characteristics of current-year nee-
dles from the upper and lower canopy of a single dominant
Douglas-fir tree

Characteristic Lower canopy Upper canopy
Specific leaf area (cm® g™) 72 (3) 50 (1)®

N (gm?) 1.7 (0.6) 2.56 (0.10)*
N (mgg?) 12.1 (0.3) 12.6 (03)
Chla+b (gm™) 0.44 (0.01) 0.49 (0.02)*
Chla+b (mgg™) 1.40 (0.07) 1.28 (0.05)
Chl a/b (mol mol™) 1.88 (0.02) 2.02 (0.03)*
ChIN (gg™) 0.259 (0.008) 0.191 (0.004)*
Protein (g m™) 3.3(0.1) 5.4 (0.5)*
Protein (mg g™) 23 (1) 26 (2)
Rubisco (g m™) 1.6 (0.2) 2.6 (0.1)*
Rubisco (mg g™) 12 (1) 12.8 (0.5)
Rubisco/protein (%) 51 (6) 51(5)
Rubisco/Chl (g g™) 3.7 (04) 5.3 (03)
Protein-N (% of total N) 32 (2) 35(2)
Rubisco-N (% of total N) 16.1 (1.9) 16.9 (0.6)

Characteristics of needles collected in September were not
significantly different from the October sampling (P> 0.05,
Fisher’s PLSD) and thus data from the two dates were combined.
Data are means (1 SE, n=_8). *Significant differences (P <0.05,
Fisher’s PLSD) between lower and upper canopy.

canopy. The percentage of total N as soluble proteins (32—
35%) and Rubisco (16-17%) did not vary with canopy
height; however, the content of Rubisco per Chl was
greater in the upper canopy compared with the lower
canopy.

Within-tree variation of g, — isotopic method

In the tree used for g; determination by the isotopic
method, the rate of photosynthesis at C, =360 zmol mol™
(A,) was significantly less in lower canopy needles
(8.3+0.3 umol m?s™'; mean+SE, n=4) compared with
upper canopy needles (10.7 0.4 umol m~s™) (Table 3).
Carbon isotope discrimination during photosynthesis
(Ass) and C/C, were positively and significantly related
(Fig. 2). The value of Ay, was in all cases less than pre-
dicted from theory (A; = [4.4%o + (30%0 — 4.4%0)Ci/C,], with
this difference being greater at lower values of C/C,.
Using these data, g; was 0.16 mol m™s™ in lower canopy
needles and 0.20 mol m?s™ in upper canopy needles;
however, this difference was not statistically significant
(Table 3). These values of g; were 1.6-1.7 times greater
than stomatal conductance (g;). The mean ratio of C. to
C; was 0.75 and 0.73 in lower and upper canopy needles,
respectively.

Variation of g, among trees —
photocompensation method

C* was strongly negatively correlated to Ry (Fig. 3), and
this relationship was virtually identical to that reported by
Peisker & Apel (2001) with Nicoriana tobacum. From the

Lower
Characteristic canopy Upper canopy
Isotopic method (one tree, n = 8)
A, (umol m™?s™) 8.4 (0.3) 10.6 (0.4)*
g (molm?s™) 0.093 (0.004)  0.126 (0.005)*
g (mol m?s™) 0.16 (0.01) 0.20 (0.03)
CJC 0.75 (0.01) 0.73 (0.03)

Transfer conductance (g) was estimated from simultaneous
measurement of carbon isotope discrimination and photosynthesis.
Also indicated are light-saturated photosynthesis at C,=
360 pmol mol™ (A,) and stomatal conductance (g;). Owing to the
fixed 443 umolmol™ CO, supply used, C, varied (384+
11 pymol mol™; mean + SD, n = 16) among shoots and thus A, was
normalized to C, = 360 umol mol™ based on the A/C, responses of
the 12 shoots used for the photocompensation point method (see
Table 4). All data are means (SE) of eight replicate shoots.
*Significant differences (P < 0.05, Fisher’s PLSD) between lower
and upper canopy.

regression equation (see Eqn 3) the mean I'* was estimated
as 39.4 umol mol™ and g; as 0.15 mol m? s\, Because I'* is
conservative, we used the mean I'* (39.4 yumol mol™) and
measured C;* and Rd to calculate g; for individual shoots
(Eqn 4). Using this method, g; was 0.14 mol m~s™ in lower
canopy needles and 0.17 mol m™s™ in upper canopy nee-
dles; however, this differences was not statistically signifi-
cant (Table 4). These values of g; were 1.4-1.6 times greater

30

25 |

LI

20

A (%o)

15

P PRI S U R A

10

L e e
|

c/ic

Figure 2. Relationship between the ratio of intercellular to ambi-
ent CO, concentrations (C/C,) and discrimination against C" dur-
ing photosynthesis (A) for a single dominant Douglas-fir tree. The
straight line (with x = 0 intercept) indicates the discrimination
expected if transfer conductance were infinite (i.e. A=4.4 + (30 -
4.4) C/C,). Each data point is a single simultaneous measurement
of carbon isotope discrimination and gas exchange. A significant
linear regression related A to C/C,;: A=-6.1+35.9 * C/C,,
r=0.86).
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Figure 3. Relationship between the intercellular photocompen-
sation point (C*) and respiration in the light (R;) in Douglas-fir
(hollow circles). The straight line is a linear regression fitted to the
Douglas-fir data: C* =39.4 — 6.5 * Ry, * =0.67. Also shown are
data from Peisker & Apel (2001) for Nicoriana tabacum measured
at 21.7+0.1 °C (filled circles). Their regression equation is
C*=394-7.0* Rs, =034.

than stomatal conductance (g). The mean ratio of C, to G
was 0.81 and 0.77 in lower and upper canopy needles,
respectively.

Effects of g; on photosynthesis

Vemax Was determined from the initial slope of A/C; or A/C.
curves and our estimate of I'* (Fig.4). When calculated
from C;, Ve values were 68-71% of estimates based on
C. (Table 4). At an ambient C, of 360 umol mol™ internal
limitations (L;) constrained photosynthesis by 19-21%,
somewhat less than that imposed by stomata (L, of 30—
31% )(Table 4).
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Relationship of g to anatomy, morphology and
physiology

It was not possible to examine relationships between g; and
anatomical/morphological traits because of the absence of
significant differences in g; and the small range in anatom-
ical/morphological traits.

A compilation of data from 14 studies with our own data
for Douglas-fir showed a positive relationship between A,
and g;, and this relationship did not vary between measure-

Table 4. Variation in photosynthetic characteristics among Dou-
glas-fir trees

Lower Upper
Characteristic canopy canopy
Photocompensation point method
(n=6)
Ay(umol m~s™) 6.5 (0.6) 9.0 (0.8)*
g(mol m?s™) 0.09 (0.01) 0.12 (0.01)*
g (mol m?s™) 0.14 (0.01)  0.17 (0.01)

CJC 0.81 (0.01) 0.77 (0.02)
Vena® (umol m~s™) from A/C; curves 27.8 (2.6) 36.9 (3.8)
Vemax (umol m™s™) from A/C, curves 39.6 (4.6) 559 (7.5)
L, (%) 30 (3) 31(3)

L (%) 19 (1) 21 (2)

The maximum rate of light-saturated photosynthesis (A,) and
stomatal conductance (g) were determined at a C, of
360 pumol mol™. Transfer conductance (g;) was determined by the
photocompensation point method (see methods). Maximal rates of
carboxylation (Vem.) were determined from A/C. (*) or A/C.
curves at 22 °C, 210 mmol mol™ O, and 1000 umol m2s™ PAR.
The relative limitations of the net photosynthetic rate (at
C, =360 ymol mol™) by stomatal (L) and internal (L;) resistances
were calculated as described in the text. Data are means (SE) of
six replicates. *Significant differences (P <0.05, Fisher’s PLSD)
between lower and upper canopy.
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Figure 4. The response of net CO, assimi-
lation (A) to CO, concentration in current-
year foliage of Douglas-fir. The concentra-
tion of CO, was estimated in the chloroplast
(filled squares), intercellular spaces (hollow
circles), and ambient (hollow diamonds).
Rates of net photosynthesis were estimated
assuming g; and g, were as measured (A,, the
light-saturated rate of photosynthesis at

C. =360 umol mol™), assuming g; was

- infinite and g, as measured (A, the light-

CO, (umol mol”)

saturated rate of photosynthesis at C.= C)),

0 100 200 300 400 500 600 700 . 800 or assuming g; was as measured and g, was

infinite (A, the light-saturated rate of pho-
tosynthesis at C; = 360 umol mol™). Data are
for a typical lower canopy shoot.

© 2003 Blackwell Publishing Ltd, Plant, Cell and En ironment, 26,1215-1227



135

Transfer conductance in Douglas-fir 1223

o d e e s b e aa s dav v e lar el sl

| - PR

30 40

[S)]
o

A_(umol m>s)

Figure 5. The relationship between the light-saturated rate of net CO, assimilation at C, =360 umol mol™ (A,) and transfer conductance
(g;) from our own data and 14 published studies. Data were obtained from simultaneous gas exchange and carbon isotope discrimination
(+)(von Caemmerer & Evans 1991; Lloyd ez al. 1992; Loreto et al. 1992; Evans et al. 1994; Lauteri ez al. 1997; Hanba, Miyazawa & Terashima
1999; Gillon & Yakir 2000; Hanba et al. 2001; Kogami ez al. 2001), simultaneous gas exchange and chlorophyll fluorescence (<*)(Loreto ez al.
1992; Loreto et al. 1994; Epron et al. 1995; Roupsard et al. 1996; Flexas et al. 2002), Rubisco content versus g, (x)(Miyazawa & Terashima
2001). Douglas-fir data were derived from simultaneous gas exchange and carbon isotope discrimination (O), or the photocompensation
point method (@). The straight line is the linear least-squares relationship between A, and g; for all data: g;= 0.0147 x A,, 7 = 0.59, P < 0.0001,

n=209.

ment techniques (Fig. 5). Among all studies and species, g;
was, on average, 0.0147 times A,. In Douglas-fir, g; was
0.019 times A, when estimated with either the isotopic or
photocompensation methods.

DISCUSSION
G and its effect on photosynthesis of Douglas-fir

Transfer conductance in current-year needles of 50-year-
old Douglas-fir trees, determined by two independent
methods, varied between 0.14 and 0.20 mol m™ s~ (Tables 3
& 4). There are no other measurements of g; for conifers
and few generally for evergreen trees. Our values of g; for
Douglas-fir are less than reported for herbaceous species
(e.g. Triticum spp. g;=0.4-0.6 mol m~s™, von Caemmerer
& Evans 1991; Loreto et al. 1992) and woody Populus sp.
(0.50 mol m?s™!, Roupsard, Gross & Dreyer 1996), but
close to those reported for Quercus spp., Eucalyptus spp.,
Fagus syl atica, Castanea sati a (0.10-0.19 mol m™s™, von
Caemmerer & Evans 1991; Loreto et al. 1992; Epron et al.
1995). In general, g; of Douglas-fir is similar to plants with
similar rates of photosynthesis (Fig. 5).

In contrast to our hypothesis, there was no statistically
significant difference in g; between upper and lower canopy
needles even though g; scaled approximately with A, and
g, both of which differed significantly between upper and
lower canopy needles. Differences in g; were not significant
because of their greater variability compared to A, and g..
Nonetheless, the variability in our study (12% RSD, pho-

tocompensation method; 14% RSD, isotopic method) is
somewhat less than studies with Chl fluorescence (e.g. 19—
22% RSD, Harley et al. 1992; 34-38% RSD, Epron et al.
1995), but within the range of RSDs reported for studies
using the isotopic method (6-13%, Lloyd er al. 1992; 19—
24%, Loreto etal. 1992; 11-50%, Lauteri et al. 1997; 7-
34%, Kogami et al. 2001). Hence, estimates of g; are inher-
ently variable irrespective of which method is used. This
variability could be a serious problem for studies in which
treatment differences are probably small. In our study, with
a mean difference in g; of 0.026 between upper and lower
canopy needles we would have needed 17 replicates to have
an equal probability of type I and type II errors at the 0.05
level (i.e. o and B=0.05) (calculated after Cohen 1977).

In our study the range in g; and anatomical traits was too
small to discern relationships among them. Nevertheless, g;
did scale with A, and g, as has been observed in other
studies (e.g. von Caemmerer & Evans 1991; Loreto er al.
1992; Lloyd et al. 1992; Epron et al. 1995; Roupsard e al.
1996; Hanba et al. 2001). The strength of this relationship
improves when the range in A, and g; increases, hence
among species this relationship is strong with g; being, on
average, 0.0147 times A, (Fig.5). Nevertheless, there is
large variation in g; at a given A,; for example at an A, of
10 umol m? s, g; varies between 0.06 and 0.31 mol m>s™.
Therefore, a large proportion of variation in g; is not
explained by A,, and relationships vary between species
(e.g. Hanba er al. 2001). In many respects, these trends in
the g—A, relationships are analogous to those in A,—N rela-
tionships (Field & Mooney 1986).
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A small transfer conductance in Douglas-fir causes a
large drawdown from C; to C, and imposes a large limita-
tion on photosynthesis (Tables3 & 4). Under light-
saturated photosynthesis C. was, on average, 73-81% of C..
We estimated the relative limitations imposed on photo-
synthesis by internal (L;) and stomatal (L) resistances
(Table 4). Internal resistance imposed a limitation of
approximately 20% on photosynthesis of Douglas-fir and is
thus an important factor in the carbon balance of this spe-
cies. To put this in perspective, the internal limitation is
somewhat less than that imposed by stomata (30% ) under
well-watered conditions. Whereas the methods used for cal-
culating limitations vary between studies, the limitations
found here are similar to those reported for other ever-
greens (e.g. Epron et al. 1995). Transfer conductance affects
estimates of Vi, from the CO, response of photosynthesis
(Table 4). Most published estimates of V., under-estimate
the true values by not considering the drawdown from C;
to C.. In the case of Douglas-fir, C-based Vnax estimates
were 68-71% of estimates based on C.. Hence, reports of
apparently low V.., in woody species are, at least in part,
a function of small transfer conductances (Epron et al.
1995). Small transfer conductances may also partly explain
an apparent over-investment in Rubisco by woody species
(e.g. Warren & Adams 2001) and poor photosynthetic
nitrogen-use efficiency (Lloyd et al. 1992).

Anatomy, morphology, biochemistry, physiology
and the light gradient

Acclimation of foliage within conifer canopies begins as
foliage develops from buds and continues as leaves age and
become more distal from shoot tips and more shaded over
time (Schoettle & Smith 1991; Brooks, Sprugel & Hinckley
1996). Changes in needle thickness were the primary mech-
anism by which Douglas-fir acclimated to the light environ-
ment (Table 1, see also Aussenac 1973). Differences in
needle thickness were largely responsible for the difference
in SLA between upper and lower canopy foliage. Variation
in most other anatomical traits was small or not significant,
consistent with a recent report of modest developmental
changes in the anatomy of Douglas-fir needle (Apple et al.
2002). This contrasts with broad-leaved species such as Acer
spp. in which traits such as porosity and cell wall thickness
respond to growth PAR (Hanba er al. 2002).

Variation in morphological or physiological traits was
only evident when expressed on an area basis, as reported
previously for Douglas-fir and other species (DeJong, Day
& Johnson 1989; Bond et al. 1999). Hence, differences in
the content per unit area of N, soluble proteins, and
Rubisco were solely a function of differences in needle
thickness and SLA. These data argue against any optimiza-
tion of N allocation to leaves within the canopy, as also
reported for Pinus radiata D. Don (Livingston et al. 1998).
Instead, ‘acclimation’ in N content is simply a function of
differences in SLA.

Nevertheless, there was some evidence of within-leaf
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acclimation of Douglas-fir needles to the light environment
(Table 2). That is, needles from the lower canopy allocated
more N to light harvesting (i.e. Ch/N greater) and had a
lower Chl a/b ratio than needles from the upper canopy.
Allocation of N to Rubisco did not vary with canopy height;
however, Rubisco/Chl was less in lower canopy needles
owing to their greater Chl/N. There are few comparative
data on Rubisco and Rubisco/Chl ratios for conifers. Most
studies have gone no further than measuring nitrogen, pho-
tosynthetic pigments (sometimes) and estimating nitrogen
allocation from gas exchange data (e.g. Vemax and Jipux
derived from the CO,-response together with kinetic ‘con-
stants’). Such indirect estimation of nitrogen allocation may
be misleading if inappropriate kinetic constants are used or
the activation state of Rubisco varies (Warren & Adams
2001). In one of the few studies to directly measure the
concentration of Rubisco, Warren & Adams (2001)
reported an almost five-fold variation in Rubisco/Chl from
the top to the bottom of a Pinus pinaster Ait. canopy. In
Douglas-fir, Rubisco/Chl decreased from 8.6 to
6.0 mmol mol™, and thus the photosynthetic apparatus is
much less plastic than P. pinaster.

Methodological considerations

Two independent methods of estimating g; yielded similar
results (compare Tables 3 & 4) despite having different
theoretical bases and assumptions. Confidence in both
methods is strengthened by Fig. 5 which shows that g; val-
ues conform well to a ‘universal’ A,—g; relationship. g; is
typically estimated from concurrent measurements of pho-
tosynthesis and either carbon isotope discrimination or Chl
fluorescence. Estimating g; from the difference between
chloroplastic and intercellular compensation points is
appealing because of the reduced measurement and equip-
ment demands. However, this method rests on a number of
assumptions:

1 The Laisk (1977) method of determining C* and Ry
requires that neither R, nor the specificity of Rubisco
vary with the PAR used for measurement (Brooks &
Farquhar 1985). Violation of this assumption introduces
uncertainties in estimates of I'** and thus g;. Our prelim-
inary measurements indicated complete light inhibition
of mitochondrial respiration occurs at light intensities of
150 umol m™2s™ and above, as is supported by many
studies (e.g. Brooks & Farquhar 1985; Atkin, Evans &
Siebke 1998; Peisker & Apel 2001), but not all (e.g. Villar,
Held & Merino 1994; Atkin et al. 2000).

2 Estimating g; as gi= Ry/(I'* — C;*) (e.g. Table 4) permits
estimates for individual shoots, but these estimates are
highly sensitive to I'* and C;*. For example, in our study
if I* were 2 umol mol™ less, then g; would increase by an
average of 0.066 mol m2s™; whereas if I'* were
2 umol mol™ greater, g; would decrease by an average of
0.026 mol m™s™'. This sensitivity (of g; to I'*) is very sim-
ilar to that reported for estimates of g; from Chl fluores-
cence (Harley er al. 1992).
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3 Determining I'* (after Peisker & Apel 2001) from a lin-
ear regression of C* versus Ry (Fig. 4) is reliant upon
both I'* and g; being invariant. I'* is a fundamental prop-
erty of Rubisco and should, in theory, vary little among
C; species (von Caemmerer 2000), and we note our I'*
estimate for Douglas-fir is identical to the value found by
Peisker & Apel (2001) for tobacco (Fig.4) and to the
value determined in itro by Jordan & Ogren (1984) for
spinach. In our study R, and g; were unrelated (data not
shown), and thus we could calculate I'™* from a linear
regression of C;* versus Ry. However, in studies in which
the range in photosynthesis is greater, this assumption
will most likely be violated owing to positive relation-
ships between photosynthesis and R, (e.g. Le Roux et al.
1999; Meir et al. 2002) and A, and g; (Fig. 5).

CONCLUSIONS

Our study has provided the first estimates of g; for a conif-
erous species. In current-year needles of Douglas-fir, g; lim-
ited photosynthesis by approximately 20% as compared to
approximately 30% stomatal limitation (under well-
watered conditions). Our data demonstrate that gas
exchange estimates of V., may seriously underestimate
Rubisco activity if g; and the drawdown from C; to C, are
ignored. Variation in g; with height was shown to be com-
paratively small. The absence of significant differences in g;
is, at least in part, a reflection of the inherently high vari-
ability of such estimates. Nevertheless, we cannot exclude
the possibility that g; does not vary with canopy height. This
latter possibility is consistent with the relatively fixed nee-
dle anatomy of Douglas-fir, and reports that one or other
anatomical traits are strong determinants of g;.
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