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ABSTRACT

Atmospheric CO; concentration (C,) is currently increasing at an unprecedented rate
and this increase has important effects on vegetation. During the last three decades, many
experiments examined the response of vegetation to the rising C,. However, the results from
these experiments have not been fully incorporated into the global models used by the IPCC
in predicting the future course of C, and vegetation dynamics. This is partly due to the fact
that experimental data are not often analysed in ways that directly relate to model
formulations. Therefore, the main aim of this study was to link experimental data more
directly with model formulations. The research involved (a) meta-analysis of experimental
data using models as a framework and (b) experimental work explicitly designed to address
model predictions.

In my thesis, | addressed several aspects of modeling C,responses of vegetation. The
first question | addressed was whether there is a temperature effect on plant response to
elevated CO, (eC,). Because of the Kkinetics of the photosynthetic enzyme Rubisco, theory
predicts that the C, response should be greater at higher temperatures. Vegetation models
incorporating these physiological responses predict that responses of photosynthesis, and
consequently net primary productivity (NPP), to eC, should increase with rising temperature,
and be larger in warm tropical forests than in cold boreal forests. However experimental data
do not always show such an interaction. | used meta-analysis techniques to test whether such
an interaction is observed experimentally. Firstly, |tested for an interaction effect on plant
growth responses in factorial eC, x temperature experiments. This analysis showed a mean
interaction effect size of 8.2% (95% CI -0.85% to 18.0 %.) for plant above-ground biomass.
Although the interaction was not significantly different from zero, it was also not significantly
different from the predicted interaction values obtained from leaf-level and canopy-level
models. In the second meta-analysis, | examined eC, experiments on woody plants across the
globe to test for a relationship between the eC, effect and mean annual temperature (MAT).
This meta-regression analysis gave a positive slope that was again not significantly different
from zero or from the slope predicted by global-scale models. With limited factorial studies
and insufficient experimental data in tropical regions, there was a lack of statistical power to
determine whether or not a positive interaction exists between eC, and temperature.

The second question | addressed was how stomatal conductance of C4 plants behaves

in response to changing C,. Optimal stomatal theory says that stomata should act to maximize



carbon gain (photosynthesis, A) while minimizing water loss (transpiration, E). That is, the
optimal stomatal behavior would be to maximise the integrated sum of (A - AE), where A (mol
C mol! H,0) represents the marginal carbon cost of water use. The unified stomatal
conductance model by Medlyn etal. (2011) captures stomatal responses for the C3 plants.
Since C4 plants have different photosynthetic C,responses, we can expect different stomatal
responses from them. By using optimal stomatal theory, | predicted how stomatal

conductance of C4 plants should change with eC,, and tested experimentally whether C4
plants showed this behavior. The theory predicted that stomata of C4 plants should be more
sensitive to increasing C, than C3 plants, however my experimental results showed that C4
plants followed the same stomatal behavior predicted for C3 plants.

Optimal stomatal theory also predicts that leaf-level water use efficiency (WUE) of
plants should be proportional to C,. However, whole-plant WUE is predicted to be somewhat
less responsive than leaf-level WUE due to boundary layer effects on canopy transpiration. In
the third chapter of my thesis | tested this prediction using meta-analysis techniques,
statistically combining all previously published studies on increased C, effects on leaf-level
and whole-plant level WUE. | found that at leaf-level, WUE of both C3 and C4 plants
responded in proportion to the increase in C,, but that in C3 plants the change in WUE was
due to both changes in assimilation and transpiration whereas in C4 plants the change in
WUE was primarily due to the reduction in transpiration. At whole plant level, the WUE
response was less than proportional to the C,increase, as predicted. The discrepancy was
larger in C4 (only 70 — 79% of the C,increase) than in C3 plants (80 —99%). The reduction
occurred because whole-plant transpiration was less sensitive to C, than leaf transpiration,
whereas whole-plant biomass gains were similar in size to photosynthetic responses. This
work informs models by analysing the effects of eC, on WUE in terms that can be directly

compared against model predictions.

Xi






CHAPTER 1

1.1 Introduction

Anthropogenic emissions of ‘greenhouse gases’ are causing major changes to global
climate (IPCC 2013). Of these greenhouse gases, carbon dioxide (CO3) is the most
significant. CO; is also the essential substrate of photosynthesis, the primary biological
process which drives plant growth (Sharkey 1985, Long and Drake 1992, Bowes 1993). To
predict the potential impact of climate change on plant growth, mathematical models based on
plant physiological processes are used. These models are sets of mathematical equations
which represent our knowledge or hypotheses about working of ecosystems and their
responses to the environment. For accurate predictions, it is important that these models are
up to date and reflect current empirical knowledge of plant physiological processes.

During the last few decades, thousands of experiments have been performed on CO;
effects on plants (Kdérner 2006). Data from these experiments have not been fully exploited in
their use in the current generation of models. The current models have failed to keep pace
with and integrate new information reported by these experiments (For example models listed
in De Kauwe et al. 2013, Zaehle et al. 2014). The models do not incorporate current
empirical knowledge about long-term CO» responses and variability among species and
ecosystem types. This disconnect between models and experiments occurs mainly because
experimental data are rarely reported into forms that can be used directly into models. The
present research therefore aims to examine data in ways that can be used to form links
between existing experimental data with the models. The approach taken was to synthesise
experimental results from previous studies and from newly targeted experiments into

quantitative expressions that can be incorporated into models.

This chapter provides an overall introduction to the thesis. The content is divided into
two main sections.
I. A summary of models used in the thesis.

Il. A summary of model-oriented questions addressed in the thesis.

The first section gives a synopsis of the models which were considered in the present
research. The models explained are ‘C3 photosynthesis model’ and ‘C3 stomatal conductance

models’. Additionally, plant ‘Water use efficiency’ is explained in context since it is



measured as a ratio of photosynthesis to water loss through transpiration. This is followed by
‘C4 photosynthesis model’ and ‘C4 stomatal conductance model’. The second section gives

an overview of the model-oriented questions addressed in the thesis.

SECTIONII

1.2 C3photosynthesis model

C3 plants, which constitute more than 90% of terrestrial plant species (Long et al.
2004), are called C3 because the first product of carboxylation (fixing of CO»)is a 3-carbon
acid, phosphoglyceric acid (PGA) in the first step of the Calvin-Benson cycle. For
summarizing and synthesizing the contributing mechanisms involved in C3 photosynthesis,
the biochemical model published by Farquhar et al. and Farquhar & von Caemmerer (1980,
1982) is widely used. The model makes use of a few key physiological processes, and can be
incorporated into models analysing C3 biochemistry at leaf-level (von Caemmerer and
Farquhar 1981) through to predicting photosynthetic fluxes at ecosystem-level in response to
global environmental change (Wang and Jarvis 1990, Long 1991, Amthor 1995, Lloyd and
Farquhar 1996, De Pury and Farquhar 1997, Sellers et al. 1997, Field and Avissar 1998,
Lloyd 1999).

Limitations assumed in the model

By integrating various aspects of the biochemistry of C3 photosynthesis, the Farquhar
et al. and Farquhar & von Caemmerer (1980, 1982) model is formulated in a way that allows
easy interpretation of leaf gas exchange studies. In the model, the biochemical reactions of
photosynthesis are considered to be in one of two distinct limitation states.
In first limitation, the reaction is limited by the enzyme Rubisco (ribulose 1-5 bisphosphate
carboxylase/oxygenase). At current C, and light saturating conditions, Rubisco is supposed to
limit the photosynthetic rate, denoted as A.. A is calculated as a function of the maximum

carboxylation capacity of Rubisco (V¢max) by:

(Ci_ I‘*)chax _
Ci+ K. (140/Ko) Rq (1)

A, =
where C;j is the intercellular CO, concentration, K¢ and Kg are Michaelis—Menten constants of
Rubisco for CO; and O, respectively, and I'~ is the CO, compensation point in the absence of
day respiration (Rg). Because of its dependence on maximum Rubisco activity, Vemax, Ac IS

also often called the Rubisco-limited rate of CO5 assimilation.
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The second limitation is the capacity of the thylakoid reactions (inside chloroplast) to
regenerate RuBP. The capacity of RuBP regeneration reflects the rate of electron transport.
Under the conditions of greater than current Cg, or under low-light conditions, RuBP
regeneration or electron-transport capacity usually limits photosynthesis. This limitation is
denoted as A;. Aj is calculated as

_ (C—F*)]_ R (2)

] 7 ac+sr, d
Where J is the rate of electron transport at a given irradiance.

In the first rate limiting step, the enzyme Rubisco has the affinity to react with both
COzand Oy. In the reaction with CO (carboxylation), photosynthesis occurs via carbon
reduction cycle, whereas in the reaction with O, (oxygenation), photorespiration occurs via
photosynthetic carbon oxidation. High temperature favours the oxygenation reaction while
elevated CO, concentration (eC,) inhibits oxygenation and increases photosynthesis. Thus, the
inhibition of oxygenation by rising C, will have the largest effect at higher temperatures.
Hence, at the leaf scale, as shown by leaf-level model predictions by Long (1991), an
interactive effect is expected between rising C, and temperature. Many models of the response
of vegetation to climate change take into account this eC, X temperature interaction effect on
leaf photosynthesis while some models do not incorporate this important interaction (Medlyn
et al. 2011b). Chapter 2 of this thesis asks the question whether the present data from eC,and

temperature studies support a eC, X temperature interaction as predicted by this model.

1.3 C3stomatal conductance models

Exchange of CO,and water vapour occurs through stomates- small apertures on the
leaves of the plants. By opening to acquire CO as photosynthetic substrate whilst still
maintaining favourable H,O balance in leaf tissues, stomates of plants facilitate a key plant
physiological trade-off (Cowan 1982, Zeiger 1987). To understand and predict the CO;, effect
on stomatal conductance, numerous models have been designed to analyse and synthesise the
complex behaviour of stomatal opening. The models range in complexity from the simple

empirical to the highly detailed mechanistic.

1.3.1 Empirical models
Empirical or phenomenological models are based on observed responses to
environmental factors and on a reference value specific to a species or functional type. The

well-known and simplest stomatal conductance (gs) model is the experimental model of Jarvis



(1976). This model is derived from experimentally determined relations between gs and
environmental variables; quantum flux density (Q), ambient CO, concentration (C,), vapour
pressure deficit (D), temperature (T) and leaf/soil water potential (V). The underlying
assumption of the model is that the influence of each environmental factor on gs is
independent of the others and can be determined by boundary line analysis (Webb 1972). The
Jarvis model (1976), in its first form, integrates the responses of gs to light intensity, leaf
temperature, vapour pressure deficit, ambient C,and leaf water potential, according to the
following equation:

g, = f(Q).£(T). (D).£(¥).£(C,) (3
where Q is the quantum flux density (umol photons m?2s™), Tis the leaf temperature (°C), D
is the leaf-to-air vapour pressure deficit calculated at leaf temperature (kPa), C, is the ambient
CO, concentration (umol mol™) and ¥ is leaf water potential (MPa).

The Jarvis model is diagnostic and does not include feedback loops between gs,

internal CO., transpiration, humidity deficits and leaf water potential (Farquhar 1978, Jones
and Rawson 1979, Jones 1992).

1.3.2 Coupled photosynthesis-stomatal conductance models

Developments in eco-physiological concepts led to alternative approaches for
calculating stomatal conductance. In the 1970’s, Wong et al. (1979) demonstrated that
stomatal conductance was tightly coupled to leaf photosynthesis. From the observations of
Wong et al. (1979) and their own laboratory experiments, Ball etal. (1987) and Collatz et al.
(1991) also published a model (known as the Ball-Berry model) that linked stomatal
conductance to leaf photosynthesis, humidity deficit and CO» concentration at the leaf surface
(Cy):

AR

H
c, T 8o 4)

where m is a coefficient representing a dimensionless slope, RH is relative humidity at the

gs = m

leaf surface, go is the zero intercept, and A (umol m? s) is leaf photosynthesis. Typically, A
is derived from a biochemical model of photosynthesis of Farquhar and von Caemmerer
(1982). A third equation describing diffusion of CO, through stomata,

_ A
8s = Cs[l_g_;] ®)

allows the three linked variables A, gs and Cs to be calculated.



1.3.3 Optimal model

Cowan and co-workers (Cowan 1977, Cowan and Farquhar 1977) developed a theory
for stomatal behaviour based on the principle that gas exchange through stomata is optimal
when the maximal amount of carbon is assimilated (A) for a given amount of water lost (E).

Optimal stomatal behaviour was defined as the state which maintained

Z—i = constant (or = 1) (6)
Cowan used economic theory to explain this relationship, with the slope, OE/OA, describing
the marginal cost. According to the theory plants tend to maintain a uniform marginal cost of
water lost and the benefit per unit carbon gained, but the theory fails to predict the value of A.
The theory however, led to a new generation of stomatal conductance models based on
optimisation principles rather than on empirical values. Model implementations of this theory
have been attempted (Hari et al. 1986, Lloyd 1991, Arneth et al. 2002, Katul et al. 2010), but
several issues have restricted wider use of these implementations. A key problem has been

parameterization of A, which is perceived as difficult to estimate.

1.3.4 Combined empirical and optimal stomatal conductance model

Recently, Medlyn etal. (2011a) proposed an optimal stomatal model that combines
the optimal theory and empirically fit parameters based on experimental observations of
stomatal behaviour in response to environmental conditions. The ‘unified optimal stomatal
model” by Medlyn et al. (2011a) is similar to the empirical stomatal models developed by
Collatz et al. (1991) and Leuning (1995) but provides a theoretical interpretation for model

parameter values. The unified optimal stomatal model has the form:
A
g8s = 8o + 16(1 + %) C_a (7)
where D is the leaf to air vapour pressure deficit (kPa), go is the cuticular conductance and the

slope g; is a parameter which is described to be inversely proportional to the marginal cost of
water to the plant A (Medlyn et al. 2011a) i.e.

g [ ®)

The unified model offers a new and simple means of quantifying A by fitting equation 7 to gs
measurements and using the fitted parameter g; as a proxy to calculate A. I'~ is not known for

all C3 species but is used as one reference value for all C3 species.



1.4 Wateruse efficiency

Plants affect hydrological and carbon cycles, directly with their water use efficiency
(WUE) which is defined as the ratio of CO, gain by assimilation, A (umol m?s%), to water
loss by transpiration, E (mol m?s?):

WUE = = 9)

Plant water use efficiency is also sometimes defined as A/gs or, at whole plant scale, by
biomass increment/E. In this thesis, plant water use efficiency has been referred to each of
these terms as: intrinsic water use efficiency (A/gs = WUE, mmolCO, (molH,0)™),
instantaneous  transpiration efficiency (A/E= iTE, mmolCO, (molH,0)?) and whole plant
water use efficiency (Biomass / E = WUE, g DM (kg H,0)™).

The Ball-Berry (Ball et al. 1987) and Medlyn etal. (2011a) models both imply that
water use efficiency should be proportional to increasing C,. Rearranging Equation (7) it can

be shown that if gy is close to zero, therefore:

A __ Cy g
S (1 + f;)) (10)
If D is constant, this implies that A/gs = IWUE is proportional to C,. If the leaf is well-coupled
to the surrounding air (leaf boundary layer conductance is high) then transpiration, E, is

proportional to gs. i.e.

_ 8D
E=t& (11)

where P is the atmospheric pressure (kPa).

This means that iTE, A/E, is also proportional to C, when D is constant. This equation implies
that a doubling of C, will increase plant water use efficiency two fold. However, this equation
applies at the leaf level and only when stomata strongly control transpiration rates, that is,
when the leaf is ‘well-coupled’ to the atmosphere (Jarvis and Mcnaughton 1986).

At canopy scale, photosynthesis per unit transpiration is less than proportional to C,
because transpiration is not directly proportional to canopy conductance. The control of
transpiration by gs depends on the coupling of the canopy to the air above, which is related to
the boundary layer effect. Leaf boundary layer is the air immediate to the stomatal opening
and is assumed to be motionless. The subsequent layers above boundary layer have turbulent
air movements which remove water vapour more efficiently. If the air around leaf is in high
motion, it is termed “well-coupled” and there is strong stomatal control of transpiration
(Jarvis and Mcnaughton 1986). Shorter canopies such as of crops and herbs, show poorer

aerodynamic coupling of vegetation to the atmospheric surface layer, and therefore less



stomatal control of transpiration. In comparison, tall forest canopies experience a more
turbulent and faster air-stream and a greater coupling. This results in forest canopy leaves
being well-coupled to the atmosphere around them. Models incorporate these vegetation-
atmosphere feedback processes that affect responses of evapotranspiration to changes in
stomatal conductance (Mcnaughton and Jarvis 1991, Jacobs and de Bruin 1997, Wilson et al.
1999, Grant et al. 2001, De Kauwe et al. 2013). However, models disagree about how
strongly coupled plants are to the atmosphere, and therefore they predict different CO effects
on canopy water use efficiency. De Kauwe et al. (2013) showed that some models assume
high coupling and predict that canopy-scale water use efficiency is almost proportional to
CO, whereas other models assume poor coupling and predict that water use efficiency is
relatively unaffected by CO,. This is the basis of the question addressed in my fourth chapter:
do experimental data support the prediction that WUE is proportional to CO, and, if so, at

what scales?

1.5 C4 photosynthesis model

C4 term refers to the different pathway that some plants use to capture carbon dioxide
during photosynthesis. The C4 pathway evolved from the primitive C3 pathway in species in
the wet and dry tropics during late Miocene and Pliocene (3 to 8 million years ago) (Edwards
et al. 2010). In C3 photosynthesis, 3-phosphoglyceric acid (3-PGA) is the first product formed
in the fixation of CO», and the enzyme Rubisco catalyses the reaction. In C4 photosynthesis,
atmospheric CO; is first fixed into C4 acids in mesophyll cells by the enzyme PEPC
(phosphoenolpyruvate carboxylase) and C4 acids donate CO, to enzyme Rubisco in the
bundle sheath cells.

The mathematical model for the C4 pathway, formulated by von Caemmerer (2000), is
based on those of Berry and Farquhar (1978) and Peisker (Peisker 1979). In the model,
properties of the two enzymes have been combined which work in two compartments, PEPC
in mesophyll cells which has a higher affinity for atmospheric CO;and Rubisco in bundle

sheath cells which has a lower affinity for CO; plus sensitivity to O,.

Limitations assumed in the model

COg transfer from intercellular air spaces to mesophyll cells may be large enough in
C4 leaves (Pfeffer and Peisker 1998). However, the bundle-sheath conductance (gys) is a
major factor that determines the rate of CO; leakage from the bundle sheath to the mesophyll



(L). Since bundle-sheath compartment is semi-enclosed and it relies on mesophyll cells for
the supply of CO; in the form of C4 acids, the CO; assimilation rate, A, can be written in
terms of the mesophyll reactions as:

A=V,-L-R, (12)
where V, is the rate of PEP carboxylation, Rn is the mitochondrial respiration occurring in the
mesophyll and L is the rate of CO, leakage from the bundle sheath to the mesophyll. The
leakage, L, is given by:

L= gps(Cs— Cp) (13)
where gy is the physical conductance to CO; leakage and is determined by the properties of
the bundle-sheath cell wall; Csand C, are the bundle-sheath and mesophyll CO; partial
pressures. The CO; leakage depends upon the equilibrium rates of PEP carboxylation and
Rubisco activity and the conductance of the bundle sheath to CO,. Leakiness (@) defines
leakage as a fraction of the rate of PEP carboxylation and thus describes the efficiency of the
C4 cycle:

o =L /vp (14)

The additional limitation to C4 cycle is the rate of PEP carboxylation. When CO3 is
limiting, the rate is given by a Michaelis—Menten equation:

CmV max
v, = ‘momax (15)

Cm+Kp

where Vpmax is the maximum PEP carboxylation rate and K is the Michaelis—Menten constant
for CO,. This assumes that the substrate PEP is saturating under these conditions.

Similar to C3 model of photosynthesis (Farquhar et al. 1980, Farquhar and Caemmerer 1982)
Rubisco carboxylation rate at high light intensity is given by its RuBP-saturated rate:

CSVCmaX
€7 Ce+ K(1404/K,) (16)

where Os is the O, partial pressure in the bundle sheath.
The Rubisco-limited rate of CO, assimilation is given by:

_ (Cs—v*O05)Vemax _
C 7 C+K (1+04/K,) Ry (7)

where Ogs is the O3 partial pressure in the bundle sheath and y= 0.5[VomaxKe/ (VemaxKo)]
The term v is highlighted since O partial pressure in bundle sheath may vary.

The RuBP-regeneration reaction A; is given by:

(1-y+04/C)(1-X)J;
3(1+7y*04/(3Cy))

Both equations of electron transport-limited reaction for C3 and C4 are similar.



1.6 C4stomatal conductance model

Collatz et al. (1992) proposed a linear model of A and gs for C4 photosynthetic
pathway. They combined leaf surface CO; level (Cs) and relative humidity (RH) with the C4
photosynthesis model to give leaf photosynthesis as a function of absorbed quantum flux,
CO, temperature, Cs, and RH levels.

To date no recent attempt has been made to model the CO; response of gs in C4
species or to ask whether the response to CO> can be predicted from the equation (4). Optimal
stomatal behaviour has been predicted for C3 species (Manzoni et al. 2011, Medlyn et al.
2011a) but has not been tested for CO, responses of C4 gs. Optimal stomatal theory may
predict different responses for C3 than C4 photosynthesis due to different limitations assumed
in both models. In my third chapter | used optimal stomatal theory to predict C4 stomatal

responses and test whether these are supported by data or not.

SECTIONI I

1.7 Summary of research hypotheses

The main aim of the study was to link current experimental findings to that of model
predictions. | addressed several aspects of modeling CO, responses of vegetation and

formulated the following research hypotheses.

Chapter 2: Does the growth response of woody plants to elevated CO; increase with
temperature? A model-oriented meta-analysis

Hypothesis: Due to the kinetics of the enzyme Rubisco, tree responses to elevated CO-
should be greater at higher growth temperature and consequently the CO, response of NPP
should be greater in tropical as compared to boreal climate ecosystems.

The temperature dependence of the reaction kinetics of the enzyme Rubisco implies
that the response of photosynthesis to rising C,will be greater with increasing temperature.
Vegetation models incorporating this interaction predict that the response of plant and
ecosystem net primary productivity (NPP) to elevated CO» increases with rising temperature,
and will be substantially larger in warm tropical forests than in cold boreal forests. It is
unclear whether experimental data support these predictions.

To test the above hypothesis, | used the meta-analysis approach to test specifically

whether empirical data support the assumption of a positive interaction between CO; and
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temperature that is embedded in some vegetation models. | carried out two meta-analyses. In
the first meta-analysis, | examined factorial CO,x temperature experiments to test for an
interaction-term between the CO, and temperature treatments. In the second meta-analysis, |
examined field-based experiments across the globe to test the model-based hypothesis that the

elevated CO, effect on plant biomass increases with mean annual temperature.

Chapter 3: Do C4 plants exhibit optimal stomatal behaviour? A testwith congeneric C3
and C4 species

Hypotheses: (a) The optimal stomatal model by Medlyn et al. (2011a) can be used for
C4 plants to predict their stomatal behaviour. (b) Stomata of C4 plants are more sensitive to
rising CO, concentrations than those of C3 plants.

Optimal stomatal theory says that stomata should act to maximize carbon gain
(photosynthesis, A) while minimizing water loss (transpiration, E). That is, the optimal
stomatal behaviour is to maximise the integrated sum of (A - AE), where A (mol C mol'* H,0)
represents the marginal carbon cost of water use. The unified stomatal conductance model by
Medlyn etal. (2011a) captures stomatal responses for the C3 plants. Since C4 plants have
different photosynthetic pathway and saturate at lower CO; levels, the optimal stomatal
behaviour for C4 plants should differ from that of C3 plants. | used optimal stomatal theory to
predict the optimal stomatal behaviour of C4 plants. The theory predicts that stomatal
conductance of C4 plants should follow the Medlyn et al. (2011a) stomatal model but with
lower g; values, and that stomata of C4 plants should be more sensitive to increasing C,than
C3 plants.

A glasshouse-based elevated CO; experiment was designed to specifically address the
second hypothesis of this section of my thesis. Closely related C3 and C4 species were
selected for the study and were grown in ambient CO; glasshouse for four months. Stomatal
conductance responses to varying C,;and VPD were measured to compare the experimental

outcome with the model predictions.

Chapter 4: Is plant water use efficiency proportional to atmospheric CO,?

Hypotheses: (a) Water use efficiency of plants increases in proportion to increase in
CO; both at leaf and whole-plant scales. (b) The response of WUE to elevated CO, differs
among plant functional types.

Optimal stomatal theory predicts that leaf-level water use efficiency (WUE) of plants
should be proportional to CO,. However, whole-plant WUE is predicted to be somewnhat less

10



responsive than leaf-level WUE due to boundary layer effects on canopy transpiration.
Models predict A/E should be proportional to C,in all plant species. According to their
different sensitivity of photosynthesis and gs, it was hypothesized that WUE of C4 plants
would be less responsive to CO; than that of C3 plants; and that WUE among C3 plants
would respond in this order: C3-herbs/crops > angiosperm trees > gymnosperm trees.

To assess how well the existing literature supports model predictions, | carried out
meta-analysis by extracting data from the literature and statistically combining these studies

on increased CO; effects on leaf-level and whole-plant level WUE.

Chapter 5: Discussion and conclusions

The overall aim of the thesis was to use experimental data to test and inform current
models of CO, responses. The conclusions for modelling from my research are described in
Chapter 5.
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CHAPTER 2

Does the growth response of woody plants to elevated CO, increase with
temperature? A model-oriented meta-analysis

Summary The temperature dependence of the reaction Kinetics of the enzyme Rubisco
implies that - at the level of a chloroplast - the response of photosynthesis to rising
atmospheric CO» (C,) will increase with increasing air temperature. Vegetation models
incorporating this interaction predict that the response of plant and ecosystem net primary
productivity (NPP) to elevated CO; (eC,) increases with rising temperature, and be
substantially larger in warm tropical forests than in cold boreal forests. It is unclear whether
experimental data support these predictions. | specifically tested these model predictions
against evidence from eC, experiments by carrying out two meta-analyses. Firstly, | tested for
an interaction effect on growth responses in factorial eC, x temperature experiments. This
analysis showed a positive, but non-significant interaction effect (8.2% average, CI (-0.85,
17.99) between eCa and temperature. Secondly, | examined eC, experiments on woody plants
across the globe to test for a relationship between the eC, effects and mean annual

temperature (MAT). This second analysis also showed a positive but non-significant
correlation between the eC, effect on plant biomass responses and MAT. The magnitude of
the interactions between C,and temperature found in both meta-analyses were consistent with
model predictions, even though both analyses gave non-significant results. Thus, it was not
possible to distinguish between the competing hypotheses of no interaction versus an
interaction based on Rubisco kinetics from the available experimental database. Experiments
in a wider range of temperature zones are required. Until such experimental data are available,

model predictions should aim to incorporate this uncertainty.

2.1 Introduction

Increasing levels of carbon dioxide in the atmosphere due to anthropogenic activities
are likely to increase mean global temperatures by about 2 - 5°C during the next century, with
concomitant changes in other environmental variables such as rainfall patterns and humidity
(IPCC 2013). These changes will impact on forest productivity in a number of ways. Some
responses are likely to be positive, such as enhancement of photosynthetic rates by rising
atmospheric CO; (Ainsworth and Long 2005, Hyvonen et al. 2007, Kirschbaum 2011), and
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extension of growing seasons by warmer temperatures (Norby et al. 2003, Linderholm 2006,
Taylor etal. 2008), whilst others may be negative, such as increasing drought impacts due to
higher evaporative demand and reduced rainfall (Knapp et al. 2002, Barnett et al. 2005, IPCC
2007). To predict the overall impact of climate change on tree growth, we rely on
mathematical models that have been developed based on our understanding of environmental
influences on plant physiological processes (Medlyn etal. 2011, Reyer et al. 2014). Such
models of forest response to climate change are essential for many purposes, including
management of forest lands (Mékeld et al. 2000, Canadell and Raupach 2008) and prediction
of the terrestrial carbon cycle (Sitch etal. 2008, Lewis et al. 2013). Itis therefore important to
ensure that the assumptions made by such models are strongly underpinned by scientific
understanding and empirical data.

One important assumption made in many models is that there is a positive interaction
between eC, and temperature (T) on photosynthesis. At the biochemical level in Cs plants,
eC, stimulates photosynthesis by increasing the rate of the carboxylation reaction relative to
the oxygenation reaction in the photosynthetic carbon reduction cycle. In contrast, an increase
in T increases the rate of oxygenation relative to carboxylation, so that the reduction of net
assimilation rate due to photorespiration increases with T. Thus, the suppression of
oxygenation by eC, has a larger effect at higher temperatures. Hence, at the leaf scale, an
interactive effect is expected between eC,and T, as shown by Long (1991).

Most of the process-based growth and yield models start with photosynthesis; either
treating it as the basic growth process underlying the carbon balance or using it as an
independent predictor variable (Makela et al. 2000). Many models of the response of
vegetation to climate change incorporate eC, X T interaction effect on leaf photosynthesis. In
the absence of any compensatory process, the interaction propagates through to larger scales.
Using a forest canopy-scale model, McMurtrie and Wang (1993) showed there was a
substantial rise in plant optimum growth temperature with increasing levels of C,, because of
increased assimilation rates but similar respiration costs. Using a global-scale model, Hickler
et al. (2008) predicted the enhancement in net primary productivity (NPP) of forest
ecosystems due to eC, would increase with mean annual temperature (MAT). A positive
interaction between eC,and T is also predicted by models that take N cycling constraints into
account (Medlyn et al. 2000, Pepper et al. 2005, Smith et al. 2014). In a recent model review,
Medlyn etal. (2011) showed that this assumption is important in determining modelled

climate impacts on productivity; models that do not incorporate an eC, X T interaction are
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more likely to predict negative impacts on productivity than models that do incorporate the
interaction.

Experimental results vary considerably in the type and magnitude of the response, and
it is therefore not clear whether this model assumption is supported by the available
observations. For example, a study by Teskey (1997) on 22-year old loblolly pine trees,
showed that a 2°C increase in air temperature had far less effect on rates of carbon
assimilation than an increase in C,by 165 pmol mol! or 330 pmol mol?, and the eC,and T
effects were additive rather than interactive. Similarly, Norby and Luo (2004) did not find a
significant interaction of eC, and T on tree growth in two different species of maple.
However, Lewis etal (2013) did find a significant interaction between eC, and T on plant
stem biomass accumulation in two eucalyptus species.

Meta-analysis can help to discern trends in experimental data when results from
individual experiments are contradictory. There have been two recent meta-analyses
examining factorial eC,x T experiments, but neither directly tested for the positive interaction
between the two factors predicted by models. Dieleman et al. (2012) reviewed a number of
field-based factorial experiments with forests and grasslands and found that there were more
antagonistic than synergistic effects in these experiments, but did not carry out a statistical
test to establish the overall effect size. Wang et al. (2012) carried out a meta-analysis on a
wide range of factorial eC, X T experiments, comparing the mean eC, response across all low
temperature treatments with the mean eC, response across all high temperature treatments.
They reported that in woody plants, eC,stimulated biomass by a similar amount in ambient
and elevated temperatures. However, this approach has low power because it does not take
into account the pairing of control and manipulation treatments by experiment. Furthermore,
this approach is flawed when the number of low-temperature eC, responses does not equal the
number of high-temperature eC, responses (as in Wang et al. (2012)), because “low” and
“high” temperatures are relative terms and therefore can only be applied to paired temperature
treatments. No meta-analysis has so far directly examined the key model prediction that the
eC, response should be higher at locations with high MAT (Hickler et al. 2008).

In this paper, | used the meta-analysis approach to test specifically whether empirical
data support the assumption of a positive interaction between eC, and T that is embedded in
many vegetation models. | carried out two meta-analyses. In the first meta-analysis, |
examined factorial eC,x T experiments to test for an interaction-term between the eC,and T

treatments. In the second meta-analysis, | examined field-based experiments across the globe
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to test the hypothesis that the eC, effect on plant biomass increases with mean annual

temperature.

2.2 Material and methods

2.2.1 CO; x temperature meta-analysis (Factorial experiments)

Data collection

Data were gathered by searching the ISI “Web of Science’ database for peer reviewed
papers until December 2013 for elevated CO; concentration x temperature factorial studies on
woody species. These studies were located by searching the database using the search terms
“elevated CO; and temperature effect on plants”, “high CO;and high temperature effect on
trees” and “elevated CO, and warming effects on plant biomass”. Data were taken from
tables or digitized from figures, using the software “GetData Graph digitizer” (GetData Graph
Digitizer 2008).

Criteria for categorizing studies

Database was constructed with plant biomass responses to the respective treatments
with means, standard deviations and number of replicates. Factorial experiments had four
treatments a) ambient CO», low temperature b) ambient CO,, high temperature c) high CO»,
low temperature and d) high CO, high temperature. Studies were categorized with CO,
treatment range between 325-400 pmol mol for ambient levels, and 530-800 pmol mol* for
elevated levels. Factorial experiments had at least two temperature treatments in addition to
two CO, treatments. Most experiments used two temperature levels, where the ‘high’
temperature treatments were in the range 2°-5° C above ‘low’ or ‘ambient’ temperature
treatments. There were four studies with more than two temperature treatments. For these
studies | divided treatments into two independent pairs. Two of the studies had five
temperature treatments; for these, | disregarded the lowest temperature treatment (4°C below
ambient). For some studies, root biomass and shoot biomass were calculated from root to
shoot ratio and total biomass. To weight these studies in the meta-analysis, | took standard
deviations from the total biomass data. Some studies involved additional manipulations such
as nutrient levels and different plant species. Results from these treatments within the same

experiment were considered independent and were treated as independent responses in the
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database. For experiments including watering treatments, only well-watered treatments were
included, as low water availability may alter the eC, x temperature interaction. Several in-
ground studies had to be omitted because there were no published estimates of above-ground

or below-ground biomass increment. Studies used in this meta-analysis are listed in Table 1.

Calculations

The eC, X temperature interaction term was calculated from factorial experiments as
described by Lajeunesse (2011). If the mean is represented as X, Ceand C, represent elevated
and ambient CO,, and T, and T, represent elevated and ambient temperature, then the

interaction term in a factorial experiment can be written as the following response ratio:

r= )_(CeTe/)_(CeTa (1)
XCaTe XCaTa

To linearize this metric, ris log transformed to give

In(r) =In (X—Celﬂ) —In ()_(—Cﬁl) 2)
XcaTe Xc,Ta

That is, the log of the eC, x temperature interaction term is equal to the difference between the
log of the CO, response ratio at elevated temperature, and the log of the CO» response ratio at
ambient temperature. The response variable, % interaction effect or ‘effect size’, was
calculated by taking antilog of In(r), and then (r-1) x100. Hedges et al. (1999) showed that the
variance ‘v’ of a log response ratio at ambient temperature is given by

SDE,T, SDE, T,

v= + 2 ®3)

2
NCeTy XCeTa NC,Ty XCaTa

Using the additive property of variances, the variance of the log of the CO, x temperature
interaction term is equal to
SDZ,Te SDZ,t, SDE, e SDE,r,

v = + + + . (4)

2 2 2
NCeTe XCeTe NCeTy XCeTa Ncy Te XCaTe Ncy Ty XCaTa

To estimate an overall interaction term, weighted means were used, where greater weights
were given to experiments whose estimates had greater precision (i.e., smaller variance). |
used a random effects model because between-study variance was found to be statistically
significant. The meta-analysis calculations were done using software R (R Development Core
Team 2010) with package ‘metafor’ (Viechtbauer 2010).
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2.2.2 Mean annual temperature meta-regression (Field experiments)

Data collection

The second type of study was field-based manipulative CO, enrichment experiments
with woody species. These studies were also located by searching the ISI “Web of Science’
database for peer reviewed papers, with the terms used “elevated CO, effect on plants”, “high
CO; effect on trees” and “elevated CO; effects on plant biomass”. Experiments had
treatments with ambient CO; and elevated CO,. Only studies where trees were planted
directly into the field were included (including open-top chamber, whole-tree chamber and

free-air CO> enrichment experiments).

Criteria for categorizing studies

For studies where plants were grown from seed or seedlings, | used data on total
biomass where available, or aboveground plant biomass where total plant biomass was not
reported. In studies where plants were established prior to the experiment, the response
variable was biomass increment or Net Primary Production or, in cases whether neither
variable was available, basal area increment. All Free-Air CO, Enrichment (FACE) studies
had Net Primary Production data available except for the Sapporo, Japan FACE study.
Studies were categorized with CO; treatment range between 325-400 pmol mol™* for ambient
levels, and 530-800 pmol mol?* for elevated levels. Results from different plant species were
considered to be independent and were treated as independent responses in the database. As in
the first meta-analysis, | omitted drought treatments because low water availability may affect

the eC, response. Studies used in this meta-analysis are listed in Table 2.

Calculations

For the second analysis, | carried out a meta-regression using the effect estimate of log
response ratio of biomass as the outcome variable and mean annual temperature as the
explanatory variable. To allow for the fact that the eC, concentration applied differed among
experiments, which would interact with mean annual temperature, the meta-regression

equation fitted was:

In(r) =In ($2) x (a + 8 (MAT - 15)) ©)

aty
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Where ris the observed response ratio, eC, /aC, is the percentage CO; increase
applied in the experiment, and a and P are the fitted parameters. MAT was centred on 15°C to
allow better estimation of the intercept o.

Consistent mean annual temperatures for each experiment were estimated by
extracting mean annual temperature for experimental site co-ordinates over the period 1991-
2010 from a gridded monthly climatic data set (Harris etal., 2014). Individual studies were
weighted by the inverse of variance of their respective effect size. Random-effects meta-
regression was carried out using statistical programming software R (R Development Core
Team 2010) with package ‘metafor’ (Viechtbauer 2010).

In the random-effects model, at least part of the heterogeneity may be due to the
influence of moderators. For example, the response to eC, concentration may depend on
whether the studies are FACE or chamber-based; whether or not nutrients are added; and
whether NPP or total plant biomass is used as the response variable. | examined the influence
of these variables by fitting a mixed-effects model including FACE vs chamber, fertilized vs

unfertilized NPP vs Biomass as moderators.
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Table 2-1: List of Factorial eC, x temperature experiments used in meta-analysis, with study sites and
location. Study codes were used to identify each study in meta-analysis forest plots.

Site Location Exp-code  Treatments Species TB AGB BGB Source Paper
Athens  GA, USA Athens Quercus rubra * Bauweraerts et al, 2013
Corvallis OR, USA Corvallis Pseudotsugamenziesii * * * Olszyk et al., 2003
Dahlem Germany Dahlem-1 -2 to2° C Fagus sylvatica * Overdieck et al., 2007
Dahlem2 O0to4°C * "
Duke NC, USA Duke-1 Pinus ponderosa ** * Delucia et al., 1997
Duke-2 Pinus ponderosa ** * Callaway et al., 1994
Duke-3 High Robiniapseudoacacia * * * Uselman et al., 2000
Duke-4 Low * * * "
Duke-5 High Pinus taeda * King et al., 1996
Duke-6 Low * "
Duke-7 High Pinus ponderosa * "
Duke-8 Low * "
Flakaliden Sweden Flakaliden Picea abies * Kostiainen et al., 2009
Harvard MA, Harvard Betulaalleghaniensis * Wayneet al., 1998
Horsholm Denmark Horsholm-1 -2 t02.3° C Fagus sylvatica ** * Bruhn and Saxe, 2000
Horsholm-2 0to 4.8° C * * * "
Mekrijarvi Finland  Mekrijarvi-1 Betula pendula * Kuokkanen et al., 2001
Mekrijarvi-2 Betula pendula * Kellomaki and Wang,
Mekrijarvi-3 Pinus sylvestris * Sallas et al., 2003
Mekrijarvi-4 Salixmyrsinifolia * Veteli et al., 2002
Mekrijarvi-5 Betula pendula ** * Lavola et al., 2013
Oak ridge TN, USA Oak ridge-1 Acer rubrum * Ok Norby and Luo, 2004
Oak ridge-2 Acer saccharum * ok "
Oak ridge-3 Acer * * Wan etal., 2004
Richmond Australia Richmond-1 Eucalyptussaligna *OF * Ghannoum et al., 2010
Richmond-2 Eucalyptussideroxylon*  * * "
Richmond-3 Eucalyptussaligna ** * Lewis etal., 2013
Richmond-4 Eucalyptussideroxylon* * * "
Richmond-5 Eucalyptusglobulus * * * Duan et al., 2013
Saerheim Norway Saerheim Betula pubescens ** * Mortenson, 1995
Shanghai China  Shanghai Abies faxoniana ** * Hou et al., 2010
Taichung Taiwan Taichung Shima superba * Sheu and Lin, 1999
Tsukuba Japan  Tsukuba Quercus myrsinaefolia * * * Usami et al., 2001
Urbana IL, USA Urbana Pinus ponderosa *o* * Mabherali and Delucia,
St. Paul  MN, St. Paul_1 21°C - 24°C Picea mariana * Tjoelker etal., 1998
St. Paul_2 27°C - 30°C Picea mariana * "
St. Paul_3 21°C - 24°C Pinus banksina * "
St. Paul 4 27°C - 30°C Pinus banksina * "
St. Paul 5 21°C - 24°C Larix larciana * "
St. Paul 6 27°C - 30°C Larix larciana * "
St. Paul_7 21°C - 24°C Betula papyrifera * "
* "

St. Paul_8 27°C - 30°C Betula papyrifera

* denotes whether the study reported TB = Total Biomass, AGB = Above Ground Biomass and/or
BGB = Below Ground Biomass.
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Table 2-2: List of eC, experiments with trees freely rooted in the ground used in meta-analysis.

Obs. Site name Location Type of Species Nutrients Othertreatment Parameter Mean Annual Reference paper
Experiment Temperature °C

1 Bangor UK FACE Alnus glutinosa Above 10.2 Smith et al., 2013

2 FACE Betula pendula Above

3 FACE Fagus sylvatica Above

4 Birmendorf ~ Switzerland oTC Fagus sylvatica High Acidic soil Total 9.5 Spinnler et al. 2002

5 oTC Fagus sylvatica Low Acidic soil Total

6 oTC Fagus sylvatica High Calcareous soil Total

7 oTC Fagus sylvatica Low Calcareous soil Total

8 oTC Picea abies High Acidic soil Total

9 oTC Picea abies Low Acidic soil Total

10 oTC Picea abies High Calcareous soil Total

11 oTC Picea abies Low Calcareous soil Total

12 Bungendore  Australia oTC Eucalyptus pauciflora Total 12.7 Roden et al. 1999

13 oTC* Eucalyptus pauciflora grown with grasses Total Loveyset al. 2010

14 oTC Eucalyptus pauciflora shading of chambers Total Barker et al. 2005

15 Darwin Australia CTC Mangifera indica Total 27.2 Goodfellow et al. 1997

16 Davos Switzerland FACE Larix decidua Shoot 1.8 Dawes eta |, 2011

17 FACE Pinus mugo Shoot 1.8

18 Duke NC, USA FACE Pinus taeda Total NPP 15.3 McCarthy et al, 2010

19 oTC Pinus taeda Total Tissueet al. 1997

20 Flakaliden Sweden WTC Picea abies Above 2 Sigurdsson et al., 2013

21 WTC Picea abies High Above

22 WTC Picea abies Low Above

23 Glencorse UK oTC* Betula pendula Total 8.3 Rey and Jarvis. 1998

24 Glendevon UK oTC Alnus glutinosa High Total 8.1 Tempertonetal., 2003

25 oTC Alnus glutinosa Low Total

26 oTC Betula pendula High Total ECOCRAFT, 1999

27 oTC Betula pendula Low Total

28 oTC Pinus sylvestris High Total

29 oTC Pinus sylvestris Low Total

30 oTC Picea sitchensis High Total

31 oTC Picea sitchensis Low Total

32 Gunnersholt  Iceland WTC Populus trichocarpa High Total 5.2 Sigurdsson et al. 2001

33 WTC Populus trichocarpa Low Total
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Obs. Sitename Location Type of Species Nutrients Othertreatment Parameter Mean Annual Reference paper

Experiment Temperature °C
34 Headley UK oTC Quercus petraea Total 10
35 OoTC Quercus rubra Total
36 OTC Fraxinus excelsior Total Broadmeadow et al., 2000
37 oTC Quercus petraea Total
38 oTC Pinus sylvestris Total
39 Hyderabad India oTC Gmelina arborea Total 27 Reddy et al. 2010
40 Merritt FA, USA oTC Quercus myrtifolia/ Above 224 Day et al., 2013
41 M ekrijarvi Finland CTC Pinus sylvestris Biomass 2.5 Paltola et al, 2002
42 Oak ridge TN, USA oTC Acer rubrum Total 14.6 Norby et al., 2000
43 oTC Acer saccharum Total
44 FACE Ligquidambar styraciflua Total NPP Norby et al., 2010
45 oTC Quercus alba 350 to 500 pmol mol™ CO,  Total Norby et al., 1995
46 oTC Quercus alba 350 to 650 pmol mol™ CO,  Total Norby et al., 1995
47 oTC Liriodendron tulipifera Ambient to Ambient + 150  Total Norby et al., 1992
48 oTC Liriodendron tulipifera Ambient to Ambient + 300  Total
49 Parque Natural Panama oTC Tree communities Biomass 26.3 Lovelock et al., 1998
50 Phoenix AR, USA oTC~* Pinus eldarica 554 umol mol™ CO, Total 21.9 ldso & Kimball 1994
51 oTC* Pinus eldarica 680 umol mol™ CO, Total
52 oTC* Pinus eldarica 812 pmol mol™ CO, Total
53 oTC Citrus aurantium Total Kimball et al. 2007
54 Placerville NV, USA oTC Pinus ponderosa High Total 141 Johnsonet al. 1997
55 oTC Pinus ponderosa Low Total
56 oTC Pinus ponderosa High Total
57 oTC Pinus ponderosa Low Total
58 oTC Pinus ponderosa Medium Total
59 Rhinelander ~ WI, USA FACE Populus tremuloides Total NPP 4.3 King et al., 2005
60 FACE Populus tremuloides/ TotalNPP

Betula papyrifera

61 Richmond Australia WTC Eucalyptus saligna Total 17 Barton et al, 2011
62 Saporo Japan FACE Larix gmelinii Total 7.6 Watanabe et al., 2013
63 FACE Larix gmelinii Total
64 Suonenjoki Finland oTC Betula pendula O3-tolerant (Clone 4) Total 3.8 Riikonen et al.2004
65 oTC Betula pendula 0O3-sensitive clones (Clone 80) Total
66 Technical Germany Mini-ecostystem Fagus sylvatica High Biomass 13.8 Forstreuter 1995
67 UIA Belgium oTC Pinus sylvestris Low Total 10.8 Janssens et al. 2005
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Obs. Sitename Location Type of Species Nutrients Othertreatment Parameter Mean Annual Reference paper

Experiment Temperature °C
68 oTC Poplar Beaupre Biomass 10.8 Ceulemans et al., 1996
69 oTC Poplar Robusta Biomass 10.8
70 UMBS MI, USA oTC Populus tremuloides High Total 59 Zak etal. 2000
71 oTC Populus tremuloides Low Total
72 oTC Populus tremuloides High Total Mikan et al. 2000
73 oTC Populus tremuloides Low Total
74 oTC Alnus glutinosa Total Vogel et al. 1997
75 oTC Populus euramericana  High Total Pregitzer et al. 1995
76 oTC Populus euramericana Low Total
77 oTC Populus grandidentata Total Zak etal. 1993
78 UPS France Mini-ecosystem  Fagus sylvatica Biomass 15 Badeck et al., 1997
79 Vielsalm Belgium oTC Picea abies Biomass 7.5 Laitat et al., 1994
80 Viterbo Italy FACE Populus euramericana Total NPP 16 Calfapietraet al., 2003
81 FACE Populus alba Total NPP
82 FACE Populus nigra Total NPP

Abbreviations: FACE=free air carbon dioxide enrichment, OTC=open top chamber, CTC= closed top chambers, WTC=whole tree chambers, NPP=net
primary productivity. * indicates studies which had single tree in treatment chambers.
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2.2.3 Baseline model predictions

I used model simulations to predict the magnitude of effect sizes as a baseline against
which to compare the meta-analysis results. For the first meta-analysis, | used two
photosynthesis models to estimate the expected effect sizes of an increase in C,, an increase in
temperature, and the interaction between the two effects. The first model was the standard
biochemical leaf photosynthesis model of Farquhar & von Caemmerer (1982). Calculations
were made for both the Rubisco limited reaction (A¢) and the RuBP-regeneration limited
reaction (A;). | took temperature dependences for the Michaelis-Menten coefficients of
Rubisco (K. and K,)and the CO, compensation point in the absence of mitochondrial
respiration (I'*) from Bernacchi et al. (2001). The activation energies of maximum Rubisco
activity, Vemax, and potential electron transport, Jmax, Were taken to be 58.52 and 37.87 KJ mol
! respectively, following Medlyn etal. (2002), while leaf day respiration (Rd=0.015 pmol m
s!)was assumed to have a Q10 of 2.

The second model was the optimised net canopy photosynthesis model of Haxeltine
and Prentice (1996), which is used in the LPJ family of Dynamic Global Vegetation Models
(Sitch et al. 2003). This model is based on the Collatz et al. (1991) simplification of the
Farquhar model and assumes that leaf N content varies to maximise net canopy
photosynthesis, resulting in an “acclimation” of V¢max to growth conditions including
temperature and eC,. This model was parameterised with values from Haxeltine & Prentice
(1996).

Using both models, | calculated photosynthesis at two levels of CO, (370 umol mol*
and 690 umol mol™?) and two temperatures (16 to 20.5°C); where these levels of CO; and
temperature represent the mean values of CO, and temperature used in the factorial
experiments. From these outputs | calculated the expected size of the eC, and T effects and
the eC,x T interaction.

To obtain baseline predictions of the NPP enhancement at varying mean annual
temperatures across the globe for the second meta-analysis, | ran global simulations using two
Dynamic Global Vegetation Models (DGVMs), the JULES model (Best etal. 2011, Clark et
al. 2011), and the O-CN model (Zaehle etal. 2010, Zaehle et al. 2011) following as far as
possible the simulation protocol of Hickler et al. (2008). I also took baseline predictions from
simulations with the LPJ DGVM by Hickler etal. (2008) (their Figure Al). The JULES
simulations were driven with the WATCH-forcing data based on the ERA interim
climatology (http//www.eu-watch.org/data_availability), at 0.5 degree spatial resolution and
3 hourly time step. The JULES model was run with fixed land use, calculated for the JULES
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plant functional types based on the MODIS in IGBP land cover map. The O-CN simulations
at 1 degree spatial resolution and a half-hourly time step were based on simulations from
1860 until 1995 driven with the daily CRU-NCEP climate data set, the observed atmospheric
COg, record, reconstructed land-use change, and an estimate of N deposition, as described in
Le Quéré et al. (2013). The simulation were then continued for the period 1996-2002 (with
inter annual climate variation but static land-cover and N deposition from 1996) for either
holding C, constant at 1996 value or with a step increase to 550 pmol mol™.

For the analyses of this chapter, non-forest pixels were excluded for all three models.
Hickler et al. (2008) ran the LPJ-model with potential natural vegetation and included only
grid cells that carry natural forests other than savanna. Grid cells with very low NPP (< 100 g
m2 yr'!) and Woody LAI of <0.5 for boreal forests and 2.5 for the remaining forests were also
excluded for those cells which did not predict forest biomes. Following the same protocol, for
the O-CN model, | excluded pixels which had predicted NPP <100 g m? yr'; pixels with less
than 25% forest cover in total; and pixels with LAl < 2.5 where latitude < 60°N or LAl <1
where latitude > 60°N. Similarly, for the JULES model, pixels were excluded where NPP <
100 g m? yr't or where forest cover < 25%
(http//daac.ornl.gov/NPP/guides/NPP_BOREAL.htmI#HDataDescrAccess). Subsequently,
savannahs were also removed by using the dominant vegetation type map from Ramankutty
and Foley (1999). As there are default LAI fields used in the JULES model which are specific

for broad-leaf or needle-leaf, no LAI filtering was done.

2.3 Results

2.3.1 Factorial experiments

Out of 42 experiments, | could obtain above-ground biomass for 23 experiments, either
directly from data reported or by calculating it from root: shoot ratio and total biomass. Of
these 23 experiments, 16 observations were total above-ground biomass and 7 were stem
biomass. | also obtained 22 observations for plant below-ground biomass and 32 for total
biomass responses (Table 2.1). For plant above-ground biomass there were significant
positive mean effects of both eC, (mean effect size +21.4%) and temperature (mean effect
size +18.1%) (Figure 2.1a, b, Table 2.3). The effect size of eC, was consistent with the value
predicted by the leaf-level A;and canopy photosynthesis models, but was significantly less
than that predicted by the leaf A. model (Table 2.3). Most studies showed a positive effect of
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eC, (Figure 2.1a) whereas there was more variation among studies in the temperature effect
(Figure 2.1b). Rising temperature may have positive or negative effects depending on whether
plants are above or below their temperature optimum. For the interaction term, the mean
effect size was +8.2% (95% CI = -0.85, 18.0). This effect was not significantly different from
zero (p = 0.08), but it was also not significantly different from the effect sizes predicted by the
leaf and canopy models, which were in the range 3.5 —8.3% (Table 3).

Similar results were found for below-ground and total biomass plant responses. For
below-ground biomass, a slightly larger mean eC, effect (+35.2%) was observed whereas the
temperature effect was +6.6%. The mean eC, X temperature interaction was positive, but not
significantly different from zero (+1.5%, Figure 2.2c). For total biomass, eC,had a positive
effect (+22.3%), as did increased temperature (+7.7%) while the mean eC, x temperature
interaction was +0.5%, with a 95% CI of (-8.02, 9.8). Large confidence intervals were
observed for individual studies in plant total biomass responses (Figure 2.3c) due to within
study and between study variations (between-group heterogeneity Q (df = 31) = 84.8, p-value
< 0.0001).

Although the interaction term was not significantly different from zero for any
response variables, the 95% confidence intervals also included the interaction sizes predicted
by the leaf-scale and canopy-scale models (Table 2.3). Using the Farquhar & von Caemmerer
(1982) photosynthesis model, | predicted that under RuBP-regeneration limitation, the
percentage increases of photosynthesis in response to eC,, temperature and their interaction
would be +16%, +16.5% and +3.5%, respectively, indicating that the size of the eC,x T
interaction is relatively small. The 95% confidence intervals found in the meta-analysis for
the effect sizes include these effect sizes. However, when Rubisco activity is assumed to limit
photosynthesis, the predicted eC, effect (+44.6%) is above the observed Cls for above-ground
and total biomass (Table 2.3). The eC, effect and eC, x T interaction effect predicted by the
canopy-scale model are comparable to the RuBP-regeneration limited response, and also fall
within the observed confidence intervals, but the model predicts a reduction (-7.3%) in
photosynthesis with an increase in temperature, which disagrees with observations (Table
2.3).
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Figure 2-1: Forest plots of standardized effect sizes for (a) the elevated CO, (eC,) effect at low and high temperature; (b) the temperature effect at ambient
and elevated CO,; and (c) the eC, x temperature interaction term for above ground plant biomass in eC, x temperature factorial experiments. Each point
represents the mean effect size of an individual study, apart from the last point in (c) which shows the mean (summary) effect size of all studies. Lines in (c)
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Figure 2-2: As for Figure 2.1, but for below-ground plant biomass.
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Figure 2-3: As for Figure 2.1, but for total plant biomass.
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2.3.2 Field experiments

For my second analysis, data were obtained from 82 studies around the globe in which
trees were planted directly into the ground and exposed to aC, or eC, concentrations (Table
2.2). The response ratio for these studies was calculated from measures of total biomass,
above-ground biomass, net primary production, or basal area increment, depending on the
information available for each experiment. | carried out a meta-regression of the log response
ratio in these studies against mean annual temperature of the site, using a random effects
model, in which larger weight (indicated by larger circles in Figure 2.4)is given to studies

with lower variance.
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Figure 2-4: Meta-regression of the response ratio of total biomass to eC, in field-based experiments
with woody species, against mean annual temperature. The area of each circle is inversely proportional
to the variance of the log response ratio estimate and indicates the weighting assigned to each study.
The dotted line shows zero or no effect, the solid black line represents the linear meta-regression line
(slope=0.0034, p>0.05) for studies in which trees were grown in groups and dashed black lines show
predicted effects with corresponding confidence interval bounds. Grey circles represent single tree
studies (refer to table 2.2). Red circles denote data from FACE (Free-Air CO, Enrichment)
experiments. Note that y-axis is log transformed.
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Figure 2-5: Meta-regression relationship with CO, increment = 190 pmol mol™, compared to
modelled percentage response of net photosynthesis to the same increase in C, as a function of mean
leaf temperature. Solid red line: meta-regression. Dotted line: modelled response of Rubisco-limiting
leaf net photosynthetic rate (Ac). Dashed line: modelled response of RuBP -regeneration-limited leaf
net photosynthetic rate (Aj). Both Ac and Aj were calculated according to the Farquhar & von
Caemmerer (1982) model. Solid green line: modelled response of net daily canopy photosynthesis
according to the Haxeltine & Prentice (1996) model.

When all studies were included, there was a statistically significant relationship
between the response ratio and mean annual temperature. However, it appeared that this
relationship was being driven by a single experiment on Pinus eldarica trees (Idso and
Kimball 1994). The response ratios found in this experiment were clear outliers and may have
been caused by the fact that, in contrast to most other experiments, trees were grown singly in
treatment chambers, with no competition from other trees. | therefore excluded all studies (see
Table 2.2) that had single trees in treatment chambers (five studies; grey points in Figure 2.4).
When these studies were excluded, the slope of the meta-regression against mean annual
temperature remained positive (0.0087, Cl=-0.007, 0.0249), but was no longer significantly
different from zero (Figure 2.4). Slope coefficients for the regression including CO,

increment are given in Table 2.4.
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| tested whether the relationship was affected by experimental factors by including
additional factors in the meta-regression. 1 used dummy variables to test whether the
relationship differed between FACE and chamber studies, fertilized vs non-fertilised studies
or whether the relationship differed for NPP vs total plant biomass. None of the three factors

had a significant effect on the slope.

Table 2-3: Comparison between meta-analytic and modelled estimates of percentage effects of eC,,
temperature and their interaction in factorial experiments. Meta-analysis values are mean effect sizes
with 95% Cls. The Farquhar & von Caemmerer (1982) model was used to estimate effects on net leaf
photosynthesis when Rubisco activity is limiting (Ac) or when RuBP regeneration is limiting (Aj).
The model of Haxeltine & Prentice (1996) was used to estimate effects on canopy net photosynthesis.

% eC, effect % Temperature effect % eC, X temperature
Meta-analysis:
Above-ground biomass 21.4% 18.1% 8.2%

(11.01, 32.8) 9.3, 27.7) (-0.85, 17.99)
Below-ground biomass 35.2% 6.6% 1.5%

(18.8, 53.9) (1.02, 12.5) (-7.2, 10.9)
Total biomass 22.3% 7.7% 0.5%

(13.9-31.4) (-1.4-17.7) (-8.02-9.8)
Models:
Leaf A 44.6% 15.9% 8.3%
Leaf A; 16.0% 16.5% 3.5%
Canopy 19.5% -1.3% 4.7%

Table 2-4: Results of meta-regression with log CO, response ratio of plant biomass as dependent
variable, and mean annual temperature (MAT, °C) and CO, increment (CO, inc, umol mol™) as
independent variables. Table 2.shows Coefficient (estimate), standard error (SE), 95% confidence
interval (CI) and p-value.

Coefficient SE Cl p-value
In (CO, inc + 360/360) 0.4735 0.0615 0.3529 0.5941 <.0001
MAT - 15 0.0087 0.0082 -0.0074 0.0249 0.289

2.3.3 Comparison with baseline model predictions

To investigate how the response obtained from meta-analysis compares to model
predictions, | compared the meta-regression relationship with outcomes from the two
photosynthesis models (Figure 2.5) and the three DGVMs (Figure 2.6). The comparison to the
leaf/canopy level models in Figure 2.5 is indicative only, since it compares the modelled CO,
response of photosynthesis at a given instantaneous temperature, against measured biomass
responses integrating the seasonal course of temperatures, at the reference mean annual

temperature. The response obtained with the Haxeltine & Prentice (1996) model is very close
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to the response obtained for RuBP-regeneration-limited photosynthesis (see also Table 2.3).
Both are less steep than the response of Rubisco-limited photosynthesis, which is more
sensitive to temperature due to the high temperature sensitivity of the K, of Rubisco. All
model-based response curves are steeper than the meta-regression relationship.

In Figure 2.6, | compare the meta-regression relationship with GPP enhancements
predicted by the JULES and O-CN models, and with NPP enhancements predicted by these
models and LPJ-DGVM, which relies on the Haxeltine & Prentice (1996) model to simulate
photosynthesis. The GPP enhancement is lower at all mean annual temperatures in the O-CN
model than in the JULES model (Figure 2.6a, ¢), possibly due to combination of a fraction of
photosynthesis that is light limited (i.e. Aj-limited photosynthesis) as well as gradual
acclimation of foliar N due to limited N supply under eC,in the O-CN model. Both models
show an increasing C,response with mean annual temperatures above 0°C. | fitted linear
regressions for the model output for pixels with MAT > 0°C (Figure 6). The slope of the
response in JULES is very similar to the slope of the meta-regression, but the slope of the
response is less steep in O-CN. Interestingly, both models appear to show that the predicted
eC, response of GPP increases as MAT decreases below 0°C. When plotted against growing
season temperature rather than MAT, however, the relationship is monotonically positive (not
shown), suggesting that locations with extremely low MAT may also have relatively high
growing season temperature, possibly due to a continentality effect. There have been no
experiments in locations with MAT below the 0°C threshold to date, so there are no data
against which to compare this response.

The NPP response of both models is larger, and more strongly related to temperature,
than the GPP response (Figure 2.6b, d). The relationship is similar in the O-CN and LPJ
models, but steeper in the JULES model. Of the three models, the relationship predicted by
the LPJ model is closest to the meta-regression. As with the GPP responses, the NPP
responses in JULES and O-CN increase with decreasing MAT below 0°C. This does not
occur in the LPJ model, Figure 2.A1), where the CO, enhancement continues to decrease
below 0°C. However, at MAT close to 0°C, all of the models predict NPP enhancements
considerably above those predicted by the meta-regression. The implications of these
comparisons between model predictions and meta-analysis are considered in the discussion

below.
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Figure 2-6: Comparison of Meta-regression relationship with DGVM predictions of CO, enhancement
of GPP (a,c) and NPP (b, d). Data points are output from the JULES model (a, b) and O-CN model
(c, d). Solid red line: meta-regression relationship. Dashed red line: confidence intervals for meta-
regression. Dotted red line: fitted-linear regression line. Solid green line: relationship fitted to output
from LPJ model (Hickler etal. 2008). Grey line represents zero effect with respect to meta-regression

(red) line.

2.4 Discussion

In this study | focused on the question of whether C,responses of plant growth are

larger at higher temperatures. | designed two methods to address this question. Firstly, |
looked at factorial eC, x temperature experiments and analysed whether there is an
interaction; and secondly, | analysed whether there is a trend in C,response across
experiments with different mean annual temperatures. In both analyses, variability among and
within experiments was sufficiently large that confidence intervals included both zero and the

modelled effect size. The experimental data available to date therefore do not allow to
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distinguish between the competing hypotheses of a positive interaction of eC,and temperature

on growth, and no interaction.

2.4.1 Factorial experiments

Applying meta-analysis to the factorial experiments, | found an overall positive, but
non-significant eC, x temperature interaction for plant above-ground, below-ground and total
biomass (Table 2.3). However, the confidence intervals also included the predicted interaction
size for light-limited and canopy-scale photosynthesis, meaning that we cannot statistically
reject the possibility that an interaction exists. For the size of the temperature increase
typically applied in factorial experiments, the predicted interaction term is very small
compared to C, or temperature effect (+3.5 to +8.3%, Table 3) and compared to variability
among replicates. Very few individual experiments have sufficient power to detect an effect
of this size. Combining experiments in meta-analysis often increases power, enabling small
effects to be detected, but high variability among experiments may counteract this increase in
power.

Variability amongst the factorial eC, x T experiments in this meta-analysis was high,
likely caused by arange of experimental design factors. In some experiments, temperature
levels were held constant, while in others, temperatures varied with the ambient temperature.
Plant material varied widely, from boreal to subtropical species, with some species grown at
below-optimal temperatures and others grown at or above their optimal temperatures. In some
studies, additional nutrients were provided to reduce nutrient stress, while others did not add
nutrients. Experiments also varied in the length of time that plants were exposed to eC, (60
days to 4 years), the age at which treatment started (0-8 years old) and whether plants were
freely rooted or grown in pots. With a limited number of experimental datasets, and such a
wide range of experimental conditions, it was not possible to conclusively identify the factors
responsible for variation among experiments.

Previous meta-analyses did not find evidence for a significant interaction between eC,
and temperature (Dieleman et al. 2012, Wang et al. 2012), but these analyses did not test
whether the interaction term was significantly different from that predicted by models. By
determining confidence intervals for the interaction effect size, we show that it is not possible
to reject the hypothesis of a positive eC, x T interaction as predicted by models based on these
experiments. The chief reason for the small, observation-based interaction term is that the
temperature increments applied in the factorial experiments were relatively small (typically

+2 to +5°C). To increase the chance of detecting an interactive effect, it may be appropriate to
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consider factorial experiments with larger temperature increments. For a 10°C increase in
temperature from 20°C to 30°C, for example, the predicted interaction effect size rises to 10%
for Ajand 20% for Ac. However, such experiments would need to be conducted with caution,

as there is a high potential for experimental artifacts with larger changes in temperatures.

2.4.2 Field experiments

In the second meta-analysis | compared eC,responses from experiments with trees
around the globe, giving a much larger range in growth temperature. | attempted to include all
published experiments, but some high-profile experiments had to be omitted from this
analysis because there was no estimate of eC,effect on biomass increment or NPP that was
comparable with other studies. The Swiss webFACE experiment (Bader etal. 2013) on a
mature deciduous forest is one such experiment; however, the uncertainty bounds on stem
growth for that experiment were sufficiently large (Fatichi and Leuzinger 2013) that inclusion
of that experiment, had it been possible, would not have affected the outcome of the
regression.

The second meta-analysis was also inconclusive. 1did not find a statistically
significant relationship between the eC, responses of plant biomass production and mean
annual temperature. However, there was high variability among experiments and the 95% CI
for the meta-regression included the relationships predicted by three DGVMs, meaning it was
not possible to reject the interaction effect sizes embedded in the models.

Comparison of the meta-regression with model outputs needs to be interpreted with
caution as the model outputs do not exactly coincide with the experiments. The experiments
were conducted on a range of different experimental material but principally on young,
rapidly expanding trees competing for water and nutrients from neighbouring trees, whereas
the DGVMs simulated the effects of a step change in C, on established forests. In young,
rapidly growing plants, leaf area feedbacks amplify the response of photosynthesis, and these
feedbacks may be more pronounced at high temperatures. This effect will not be captured in
the DGVMs. On the other hand, in the DGVMs, the slope of the NPP response vs MAT is
much steeper than the GPP response vs MAT (Figure 2.6) because respiration is estimated
from plant biomass, and in established forests the C,effect on plant biomass lags behind the
effect on GPP. This effect is amplified at high temperatures. Following a step change in Cs,
therefore, the slope of the NPP response vs MAT relationship predicted by DGVMs is steep,
but the slope diminishes over time. The latter effect will not be present in experiments on

young trees.
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Despite this incompatibility between the experiments and model outputs, we can
nonetheless draw some useful observations from the comparison.

Firstly, the comparison helps to understand causes for the differences among the
models. The LPJ model predicts lower CO> responses than the JULES model, as has been
observed previously (Sitch etal. 2008). At a MAT of 20°C, the JULES model predicts an
average 39.2% increase in NPP whereas the LPJ-model predicts only 28.6% increase in NPP
(Hickler et al. 2008). This difference likely arises because of the use of the Haxeltine &
Prentice (1996) photosynthesis model in LPJ, in which V¢max acclimates to eC,, reducing the
eC, effect compared to JULES which uses the Farquhar photosynthesis model without
acclimation (Figure 2.5).

Secondly, the comparison highlights the need for experiments in a wider range of
growing temperatures. Although the eC, experiments included in the second meta-analysis
cover a much wider range of temperature than the factorial eC, X T experiments, they are
nonetheless largely restricted to zones with MAT between 5°C and 15°C (Figure 2.4). Very
few data are available for the largest forested regions — the boreal zone and the tropics —
underscoring the need for further experiments investigating CO, responses in these regions.

New experiments are needed not only to investigate whether the interaction between
eCy and T on plant biomass production exists, but also to explore the potential mechanisms
that might cause the interaction not to occur. Such mechanisms might include acclimation of
photosynthesis and/or respiration to growth temperature, or feedbacks via water or nutrient
availability. If, with further experiments, we are able to statistically reject the eCax T
interaction currently predicted by models, it will be important to modify the models
accordingly. To do so, we will need to identify the most important mechanisms causing the
leaf-level interaction to be over-ridden at whole-plant scale. Comparison of experimental data

against model predictions, as done here, will be key for identifying such mechanisms.

Conclusion

In conclusion, neither of the meta-analyses that | performed allowed to distinguish
between the two competing hypotheses of a positive eC, x temperature interaction, and no
interaction. Until further data become available, it would be useful for modelling studies to
indicate how this uncertainty affects projected responses to climate change by evaluating the

consequences of both hypotheses.
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CHAPTER 3

Do C4 plants exhibit optimal stomatal behaviour? A test with congeneric
C3 and C4 species

Summary A fundamental resource trade-off controlled by stomata of plants is the
acquisition of CO, as photosynthetic substrate versus water loss through transpiration. The
theory of optimal stomatal behaviour says that stomata of plants should act to maximize
carbon gain (photosynthesis, A) while minimizing water loss (transpiration, E). That is, the
optimal stomatal behaviour would be to maximise the integrated sum of (A - AE), where A
(mol C mol™* H,0) represents the marginal carbon cost of water. A recent model developed by
Medlyn etal. (2011) combines the optimal theory and empirical approach to capture stomatal
responses for the C3 plants. However, the model has not been tested for the alternative
photosynthetic pathway occurring in C4 plants. Since C4 plants respond differently in terms
of saturated photosynthetic rates to CO, concentrations (Cj), we can expect different stomatal
responses from them. In the study, congeneric species of C3and C4 types were used to
measure their responses to changes in C, and vapour pressure deficit (D). The unified model
by Medlyn et al. (2011) was used to predict the plant responses: this model represents the
value of A through a parameter called gi. The results showed that the C4 plants followed the
same stomatal behaviour predicted for C3 plants. This suggests that stomatal responses of C4
plants match C3 responses while attaining maximum rates of photosynthetic activity. Hence,
the unified model by Medlyn atal. (2011) is recommended as a framework for interpreting C4

stomatal responses to environmental factors.

3.1 Introduction

Exchange of CO, and water vapour occurs through small apertures in the leaves of
plants called stomata. Stomata of plants facilitate one of the most important physiological
trade-offs because they control the acquisition of CO; as a photosynthetic substrate whilst
limiting transpiration to maintain a favourable water potential in leaf tissues, (Cowan 1982,
Zeiger 1987). Stomatal apertures are sensitive to multiple environmental influences such as
light, intercellular CO; partial pressure (C;), humidity, soil water potential, and temperature
(Zeiger 1983). The physiological mechanisms controlling the response of stomata to

environmental conditions are complex and not fully understood. To describe stomatal
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response to environmental and physiological factors, empirical models are often used which
are based on statistical correlations between environmental or internal factors (Ball et al.
1987, Leuning 1990b, Collatz et al. 1991). Such models are commonly used to predict canopy
photosynthesis and plant water use under varying C,and temperatures. Some models
concentrate at leaf level (Ball et al. 1987, Leuning 1990b, Leuning et al. 1995) while others
are scaled from the leaf up to canopies, landscapes or the globe (Jensen et al. 1992,
McMurtrie et al. 1992, Sellers etal. 1992, Gedney et al. 2006, Cao et al. 2010).

An alternative approach to predicting stomatal behaviour is to use optimisation theory.
Optimisation theory hypothesizes that plants will tend to gain carbon most economically with
respect to water loss. Plants regulate gs to make optimal use of a finite, fixed water supply.
This theory results in the prediction that the marginal gain of assimilation rate (A) with
respect to transpiration rate (E) is uniform and constant (Cowan and Farquhar 1977).

Mathematically, this can be written as: plants maximise

A— AE 1)
Resulting in the prediction that
0A
g = A @)

where A is the assimilation rate (umol m™ s™) and E denotes water loss through transpiration
(mol m? s%). The parameter A (mol C mol™* H,0) denotes the marginal carbon cost of water
supplied to leaves. Since the theory was first proposed, a number of authors have applied this
theory to describe stomatal behaviour (Hari etal. 1986, Lloyd 1991, Thomas etal. 1999,
Armeth et al. 2002, Katul et al. 2010). A major drawback in implementing this theory,
however, has been the need to estimate a value for the parameter A. Secondly, many model
implementations fail to capture stomatal responses with increase in C, (Lloyd et al. 2002).

Recently Medlyn etal. (2011) proposed a novel implementation of the optimal
stomatal theory. They reconciled the two approaches (empirical and optimal) and presented a
model of stomatal conductance (gs) derived from optimal theory. This unified stomatal model
is similar to existing empirical models (Collatz etal. 1991, Leuning et al. 1995) and also
provides a theoretical interpretation for model parameter values. Furthermore, it can be
readily parameterized with field data like the empirical models. The mathematical form of the
model is:

A
g, =g, +16 (1+j‘_—]1))c—a 3)
where gs is stomatal conductance, g is the intercept or residual conductance, A is the

assimilation rate, C, is the atmospheric CO; concentration, D is the vapour pressure deficit
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and g; represents the slope of the relationship between gs and the combination of terms A/Ca

J D. The parameter g; has been interpreted as proportional to the marginal water cost of
carbon gain (L) (Medlyn etal. 2011).

One of the important assumptions made in the derivation of equation (3) (the unified
model) is that it is based on the limitation to photosynthesis which occurs in C3 plants.
Typically, photosynthesis is modelled as being the most limiting of two processes, RuBP
regeneration or Rubisco activity (Farquhar and von Caemmerer 1982). In the derivation of
equation (3), it is assumed that stomata of C3 plants optimize for the RuBP-regeneration
limited reaction rather than the Rubisco limited reaction. By assuming RuBP regeneration is
limiting to photosynthesis, the model accurately predicts the stomatal conductance response to
increasing C, (Medlyn et al. 2013). The g; parameter value has been found to remain
unchanged between CO; treatments, indicating no acclimation of stomatal conductance to
CO; enrichment (Barton et al. 2012, De Kauwe et al. 2013). The model has been tested on
various C3 woody species (Medlyn et al. 2011, Heroult et al. 2013) and seems to capture the
plant responses well. The model, however, has only been derived and tested for C3 species,
whereas some plants possess an alternate C4 photosynthetic pathway. It is unclear if the
optimisation theory can predict stomatal responses for these species. Other approaches,
however, have been used for predicting gs responses to CO, for C3 (Hari et al. 1986, Lloyd
1991, Katul et al. 2010) and C4 species (Manzoni et al. 2011, Way et al. 2014).

The C4 photosynthesis pathway is an elaborated addition to the C3 photosynthetic
pathway and is thought to have originated from ancestral C3 plants via a series of anatomical
and physiological adaptations to high light intensities, high temperatures, and dryness (Sage
and Kubien 2003). The key initial step in the evolution of C4 photosynthesis is thought to be
the development of the photo-respiratory CO, pump. Photo-respiration acts as the
evolutionary link leading from C3 photosynthesis to the intermediate stages where the PCA
(Primary Carbon assimilation) cycle can begin to develop (Sage 2001). Moreover, the partial
closure of stomata to conserve water in arid and saline soils or dry atmospheric conditions has
been hypothesized to select for the C4 pathway via indirect effects on photosynthetic
efficiency (Ehleringer etal., 1993). Thus, reduced stomatal aperture not only restricts the CO,
supply to photosynthesis but also decreases transpiration, thereby reducing latent heat loss
and raising leaf temperature. Both effects increase photorespiration, depressing the efficiency
of C3 photosynthesis, and favouring the C4 type.

Inall plants CO; is fixed by the enzyme Rubisco. In C4 photosynthesis the Rubisco
enzyme reaction is compartmentalised differently. Atmospheric CO» is first fixed into C4
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acids in mesophyll cells by the enzyme PEPC (phosphoenolpyruvate carboxylase) and C4
acids donate CO; to Rubisco in the bundle sheath cells. Here, CO> is released by one of three
different decarboxylating enzymes, which define the three basic biochemical sub-types of C4
photosynthesis, NADP-dependent malic enzyme (NADP-ME), NAD-dependent ME (NAD-
ME), and PEP carboxykinase (PEPCK). The functioning of mesophyll and bundle-sheath
cells is well-co-ordinated which produces a high CO, concentration in the bundle sheath,
effectively inhibiting photorespiration.

The role of bundle sheath cells is believed to reduce CO; leakage (Kiirats et al. 2003)
however, the C4 cycle is prone to leakiness as some of the concentrated CO- diffuses back
from the site of C4 acid decarboxylation. Hattersley etal. (1982) hypothesized that the
leakiness of the bundle sheath cell wall is related to each sub-pathway type within C4. The
NADP-ME subtype is purported to have the tightest bundle sheath conductance, NAD-ME
the leakiest, and the PCK group is intermediate (Hatch etal. 1995). Due to this difference in
leakiness, different C4 subtypes are thought to respond differently to C, (LeCain and Morgan
1998). At relatively low C;, C4 plants typically exhibit A/C; curve of steep initial slope with a
plateau of early saturation. However, a number of studies have found that not all of the C4
species have photosynthesis that is saturated at present C, (Wong 1979, Morgan et al. 1994,
Watling and Press 1997, Ziska and Bunce 1997, LeCain and Morgan 1998, Wand et al. 1999,
Ziska et al. 1999).

In the last two decades, a large body of literature has been published on C3 species,
while research into the response of C4 species has received much less attention. It is
commonly assumed that because they possess a natural biochemical CO; concentrating
mechanism, C4 plants will show no or limited growth response to rising C, (Hatch 1987)
which ensures higher carbon assimilation rate and dry matter production, when stomata
closure reduces CO, supply (Larcher 1995). Consequently, low stomatal conductance allows
low transpiration rate and is expected to increase water use efficiency in C4 plants (Zhang and
Kirkham 1995, Sage 2004, Tilman et al. 2006, Edwards et al. 2010, Edwards and Smith
2010).

The differences in physiological responses of C4 plants has led to the development of
specific models describing C4 photosynthesis and their stomatal responses to environmental
conditions. For example, one of the widely used coupled Photosynthesis-Stomatal
conductance model derived by Collatz et al. (1992) for C4 species predicted a linear
relationship between gs and A, leaf surface CO; and relative humidity. They found that the
slope of the model was less than half of the values reported for C3 species. The results were
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similar to previous studies for a number of C4 species as reported by Norman and Polley
(1989) and Ball (1988) and for C3 species as reported by Ball (1988) and Leuning (1990a).

Moreover, it has been shown that the phylogenetic diversity underlying C4
photosynthesis is important factor in understanding its functional consequences (Taylor et al.
2010, 2012). Taylor et al. (2010), comparing C3 and C4 grasses by sampling in a
phylogenetic order, showed that it was consistent characteristic of C4 species to conserve
water through reduced gs. They found significant phylogenetic patterns in gs attributed to
differences in stomatal pore size and density. A shift towards smaller stomatal size was found
at a given density in C4 species. Also higher relationship of greater stomata size and density
was found in wetter habitat as compared to dry arid environment. Their work shows that C4
species have the characteristic of adapting themselves to the environment by various
biochemical means (Sage 2004) and anatomical means such as stomatal patterning.

In the biochemical process of C3 photosynthesis, the initial slope of the CO; response
curve at light saturation, generally reflects the limitation of Rubisco enzyme. Whereas in C4
photosynthesis, the initial A/C; slope is modelled to largely reflect the activity of PEPC
enzyme (von Caemmerer and Furbank 1999, von Caemmerer 2000), and the CO, saturated
plateau is modelled to reflect the limitation of the capacity of either Rubisco enzyme, RuBP
regeneration, or PEP regeneration (von Caemmerer and Furbank 1999, von Caemmerer 2000,
Sage 2002). Moreover, the high CO- concentration attained in bundle sheath cells of C4
effectively reduces the reaction with O,. As a result of this difference between their photo-
respiratory reduction responses, C4 photosynthesis differs in several ways from C3
photosynthesis. Firstly, there is a lower CO, compensation point, which depends on the O,
concentration (Bjorkman et al. 1971). Secondly, since photorespiration is greatly suppressed,
the C4 pathway does not have any inhibition of photosynthesis by O, (Laisk and Edwards
1997). Thirdly, the quantum yield for photosynthesis is not affected by O,, CO; or
temperature (Collatz et al. 1992, Ehleringer etal. 1997). Thus, at leaf level, C4 photosynthetic
pathway have an advantage over C3 pathway which consists of several biochemical
(Ghannoum 2009) and structural adaptations (Taylor et al. 2012). Due to these differences in
photosynthesis limitation reactions and physiological traits, the optimal stomatal model
described by Medlyn et al. (2011), needs to be tested for the C4 plant responses to elevated
CO; (eCa).

Therefore, the objectives of the current study were to analyse whether the optimal
model can describe stomatal conductance in C4 plants. To do so, responses of stomatal

conductance were measured to varying CO;and D in a range of C3 and C4 species. Species
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were selected from genera Flaveria and Panicum because these genera have species with C3,
C3-C4 intermediate and C4 photosynthetic pathways (Hatch 1987). So there is advantage of
examining the Panicum and Flaveria genera more closely as these genera represent a range of
naturally occurring variants of photosynthetic types. Both genera contain C3-C4 intermediate
types in addition to species with well-defined C3and C4 traits. Flaveria is a dicot genus
whereas Panicum represents the monocots. Moreover, both genera contain all three C4
subtypes (NADP-ME, NAD-ME and PEP-CK). However, to represent NADP-ME C4 type in
monocot in the present study, Paspalum species was selected. The main focus was to compare
differences among congeneric species.

The analysis was based on the idea that since C4 plants have different photosynthetic
pathway and saturate at lower CO; levels, they would adjust their stomatal conductance to
optimise their water use in a similar manner to the C3 species. To test this hypothesis, | used
the optimal stomatal model to predict stomatal behaviour for C4 plants under varying CO;
and VPD. The ultimate goals being (a) to understand how stomatal behaviour has evolved in
C4 plants and (b) to enable better prediction of C4 stomatal responses to environmental
factors.

3.2 Material and methods

3.2.1 Plant material

Three C3 and four C4 species were selected for the experiment (Table 3.1). Seeds
were acquired from University of Western Sydney, Richmond, NSW. C3 species were;
Steinchisma laxa (synonym Panicum laxa), Panicum bisulcatum and Flaveria pringlei. C4
species were; Panicum maximum, Panicum coloratum, Paspalum dilatatum and Flaveria
bidentis. The species photosynthetic sub-pathway types along with functional-type are shown
in table 3.1. Note that P. dilatatum was used to represent C4 NADP-ME monocot species.
Seeds were germinated in a potting mix tray for four weeks. After four weeks, seedlings were
planted in 10 litre pots with organic soil mix. The soil mixture contained slow release
fertiliser, providing sufficient nutrients for a month of plant growth. After one month, plants
were regularly fertilized with 100g/week Nitrosol solution which contains Nitrogen,
Phosphorus and Potassium in the amount of 8% — 2% — 5.8%.

Only plants of F. pringlei were propagated from shoot cuttings which were later

planted in 10 litre pots. There were five replicates of each species so thirty five pots in total
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were used. Seedlings were grown in a naturally lit glasshouse for sixteen weeks with ambient
CO, concentration. The temperature in the glasshouse was controlled at 27/21 °C for day and
night cycle. The incident photon flux density was decreased to 1300 pmol photons ms™ due
to the glass. When plants were four months old, gas exchange measurements were done,
starting from first week of December 2012 to late January 2013. Five to six replicates of
species pots were selected at random and were moved to an artificially illuminated growth
chamber.

Table 3-1: Names of the species used to measure gas-exchange data. Three C3 and four C4 species
were used. C4 species had sub-photosynthetic pathways as shown. Each C3 species is listed against its
congener C4 species.

C3 species C4 Species
. Pathway  Function ) Pathway  Sub-Pathway  Function
Species Name Type al Type Species Name Type Type al Type
Flaveriapringlei C3 Dicot Flaveriabidentis Cc4 NADP-ME Dicot
Panicumbisulcatum  C3 Monocot | Panicum coloratum Cc4 NAD-ME Monocot
Steinchisma laxa C3 Monocot | Panicum maximum C4 PCK Monocot
Paspalumdilatatum  C4 NADP-ME Monocot

Measurements were taken after one day when plants were well adjusted to chamber
environment. The temperature was controlled similar to glasshouse whereas photosynthetic
photon flux density (PPFD) ranged from the top of the chamber from 800 pmol m™ s to 300
umol m2 st close to the bottom of the chamber. PPFD at plant height was about 700 pmol
m? s, Relative humidity or D (vapour pressure deficit) was not controlled in the glasshouse
or in the growth chamber (ranged from c. 1 to 1.7 kPa). Measurements were taken during a
four week period, during which some plants got infected with aphids. Aphid control spray
was used twice during the time and no measurements were taken until the plants had shown
full recovery from the pest infection. The experiment took place at Macquarie University,

Sydney, Australia.

3.2.2 Gas exchange

Steady-state leaf gas-exchange was measured at saturating irradiance with an open
gas-exchange system (LI-6400XT; Li-Cor Inc., Lincoln, NE, USA) between 0900 and 1500 h
Australian Eastern Daylight Savings Time. The leaf from second whorl was sampled on three
to four randomly selected plants at four treatment CO3 concentrations (200, 380, 550 and 800
pmol molt). Measurements were done at saturating light levels of 1200 pmol m? s, A
Peltier cooling module maintained leaf temperatures at approximately ambient conditions (i.e.
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at 27 °C). For each measuring day, leaf-to-air vapour pressure deficit (D) was maintained at
levels 1, 1.5, 2 or 2.5 kPa for each species in the leaf cuvette. Hence, only CO> concentration
was altered during the day with a fixed D. The CO; concentration supplied to the leaf cuvette
was changed in the sequence: 380, 200, 550, and 800 pmol mol-1, with over 1 hour
equilibration at each concentration. High levels of D were maintained by using the desiccant,
Drierite inside LI-6400XT, whereas to maintain low levels of D, a bubbler was attached to the
inlet valve of LI-6400XT. Leaf area was calculated from leaf dimensions.

To examine stomatal responses to changing CO- concentration, | measured the
response of gs to a manipulation of CO; concentration within the leaf cuvette. Once clamped
in the cuvette, leaves were exposed to the light, D, and temperature levels described above
and the respective atmospheric CO, concentration. Near ambient CO, concentration (380
pmol mol?) were adjusted by using soda lime scrubber within the LI-600XT. After steady-
state conditions were achieved, the first measurement was taken and CO; concentration was
then decreased to 200 pmol mol™. Stomatal conductance was recorded after steady-state
conditions were re-established. CO, concentrations were then increased to 550 pmol mol™
and 800 pmol mol™ till the steady-state conditions were attained at each CO; level. Steady-
state was determined when the coefficient of variation of change in each measurement was
<0.05% (generally after 40min to 1 hour). The response of net photosynthesis (A) was
recorded simultaneously with gs.

3.2.3 C3and C4 models
Two different approaches for fitting C4 A-Ci curves were used.

In the first approach, an empirical rectangular hyperbola function was fitted to the A-C;data:

A — Amax Ci (4)

Ci+Km
Fitting this equation yields two parameters, Amax, the maximum assimilation rate (umol CO;
m? s%) and Ky, the Michaelis—Menten constants. Assuming that equation (4) describes
photosynthesis, the optimal stomatal behaviour can be derived. It gives a quadratic solution
for the intercellular CO; concentration, C; (cf. Arneth et al. 2002):

a.Ct+b.C;+c=0 (5)
The coefficients a, b and c are given by:

a= K, —-L (6)

b =-2C,K,, (7)

c=CKn(C,—L) (8)
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Where C,is the ambient CO, concentration and L denotes the term:

L=162 A )
where D is the leaf-to-air vapour pressure difference (kPa)and P is the atmospheric pressure
(kPa). A denotes the carbon cost of water (umol C mol™ H,0). This quadratic equation is

fitted to data to obtain A values. The optimal stomatal conductance gs is calculated from the

optimal C; as:

_ 16A
gs Ca—G

(10)

In the second approach, the full theoretical model of Farquhar et al. (1980) and von
Caemmerer (2000) for C4 photosynthesis was fit data to the A-C;responses to obtain three
parameters, Vemax, the maximum Rubisco carboxylation rate, Vpmax, the maximum PEP
carboxylation rate, and bundle sheath conductance (gns). We then solved the stomatal
optimization model numerically to calculate optimal gs, and fit the numerical solution to data
to estimate values of A.

Finally, the unified model from Medlyn et al. (2011) was also fit to data to obtain g;
values (Equation 3) using a non-linear least square fit to the data. The fit to the data was
assessed in each case by calculating root-mean-square error (RMSE). For Flaveria species the

highest D values (2.5 kPa) were omitted in calculating A.

3.2.4 Statistical analysis

C3 and C4 model calculations were done using R-packages ‘GasExchangeR’
(Duursma 2012) and ‘plantecophys’ (Duursma 2014). All statistical analyses were performed
with ‘R 3.1.0” (R Development Core Team 2010, 2014).

3.3 Results

3.3.1 C3and C4model

Figures 3.1a and 3.1b show the characteristic modelled responses of C3 and C4 to C,
according to von Caemmerer (2000). In C3 plants, an increase in C, leads to arise in the
intercellular CO; concentration (C;) (Figure 3.1a) which in turn leads to higher assimilation
rates (A). The initial slope of the curve depicts rise in A due to Rubisco limited reaction
(Vemax), Whereas at higher CO», plants follow the RuBP-regeneration limited reaction (Jmax).
In C4 plants, the initial slope of the A/C; curve is much steeper and photosynthesis becomes
saturated by CO, at a lower C; (Figure 3.1b). The initial slope of the curve is proportional to
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the PEPC (Vpmax), Whereas the saturated rate is proportional to Rubisco activity (Vcmax), the
rate of PEP regeneration (Vpr), or an electron transport limitation (Jmax).

The resulting predicted optimal stomatal behaviour of C3 and C4 plants with
increasing CO; (Cy) is shown in figure 3.1c and 3.1d. For C3 plants, optimal stomatal
conductance is to open with rising C, if Rubisco is limiting, and to close with rising C, if
RuBP-regeneration is limiting. It is known that stomata behave as if to optimise for RuBP-
regeneration reaction (Figure 3.1c), i.e. stomata close with increasing CO; (Medlyn et al.
2011, 2013). For C4 plants on the other hand, the optimal stomatal behaviour is to close with
higher C, under all limitations to photosynthesis (Figure 3.1d). The predicted rate of closure
with rising CO> is stronger in C4 plants than in C3 plants.
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Figure 3-1: Modelled rate of CO, assimilation as a function of intercellular CO, concentration C;, in
(@) C3 and (b) C4 plants (from von Caemmerer 2000). The rubisco- limited (RuBP-saturated) or
PEPC-limited rate of CO, assimilation has a dashed green line extension at high CO,. The electron-
transport (RuBP-regeneration) limited rate has a dotted blue line extension at low CO,. The solid red
curve represents the minimum rate that is the rate of CO, assimilation. The resulting predicted optimal
gs behaviour as a function of CO, concentration (C,) is shown for (c) C3 and (d) C4 plants. Model
parameters were: Vop, = 50 pumol m * s, LeafT=25°C, Rd= 1.5 umol m *s *, lambda = 0.001 (mol
mol™).
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Optimal stomatal behaviour modelled numerically for C3 and C4 plants was compared

using the unified optimal model by Medlyn et al. (2011), using the same parameter estimates

as used in experimental data protocol. gs was visualised as a function of the term A/ (Ca\D)

(Figure 3.2a & b). For C3 plants, the optimal stomatal behaviour follows closely the unified

stomatal model (Figure 3.2 a), with linear relationship at CO, concentrations of 200, 380, 550

and 800 pmol mol™. Optimal stomatal behaviour for C4 plants appeared to follow an almost

linear relationship at low CO, concentration of 200 pmol mol™, (Figure 3.2b) however at

higher C,the relationship starts to deviate from linear and the optimal stomatal behaviour

model no longer applies. The scatter around the linear relationship is also much higher for C4

than C3 plants.
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Figure 3-2: Modelled optimal g, responses in (a) C3 and (b) C4 plants (from Medlyn et al. 2011).
Stomatal conductance (gs) as a function of A/C,\ND. Dotted lines show the predicted values. Straight
lines show linear fit to the model through zero intercept. Four CO, concentrations (C,) were used (200,
380, 550 and 800 pmol mol™) with D ranging from 1 to 2.5 kPa. Slope or g, was calculated by non-
linear least square fit. Model parameters used were same as in Figure 3.1.
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To calculate the optimal stomatal behaviour, it is first necessary to characterise the
response of A to C;. I did this by fitting two alternative equations to the A and C;data, as
described in the methods: firstly, a simple hyperbolic equation and secondly, the von
Caemmerer etal. (2000) process-based photosynthesis model. The second equation is
commonly fitted to measurements of A made over a wide range of C; levels with the intention
of obtaining accurate values for the key photosynthetic parameters Vemax and Vpmax. However,
the main objective in this study was not to obtain parameter values but rather to characterise
the shape of the A-C;response over the relevant C; range and hence there was no need to
obtain measurements of photosynthesis over a wider range of C; values. The fitted parameters
Amax and K, from the rectangular hyperbolic equation, and Vemax, Vpmax and ges from the von
Caemmerer etal. (2000) model are given in table 3.2. For the von Caemmerer et al. (2000)
model, Panicum maximum had higher Vcmax, Vpmax and ges Values than rest of the C4 species
(Table 3.2).

Table 3-2: Rates of V¢mx and Vymy as calculated from numeric solution of von Caemmerer (2000) C4
photosynthesis model to fitted data are listed. The numerical fit was also used to calculate gy values.
Anex and K, values as measured from hyperbolic solution to fitted data are shown. SE represents the
standard error of the mean values.

C4 species
] Sub-pathway  Vimax Vpmax Obs Amax Km
Species name E SE SE SE
type (num) (num) (num) (hypb) (hypb)
Flaveria bidentis  NADP-ME 31.32 (1.66) 86.79 (25.91) 0.0028 (0.0034) 30.75 (0.49) 11.56 (2.55)
Panicum coloratum NAD-ME 33.79 (3.67) 75.13 (23.12) 0.0034 (0.0054) 34.32 (0.99) 26.2 (3.98)
Panicum maximum PCK 47.46 (11.27) 9456 (34.05) 0.023 (0.091) 38.88 (2.79) 48.6(10.91)

Paspalum dilatatum NADP-ME 33.37 (4.39) 5503 (13.42) 0.0029 (0.0046) 32.83 (0.78) 38.96 (4.49)
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Figure 3-3: CO, assimilation rate, A, as a function of intercellular CO, concentration C;, for C3 (a-c) and C4 species (d-g) as measured from gas-exchange.
Different dot colours correspond to different vapour pressure deficit D values used in the measurements (1, 1.5, 2 and 2.5 kP a). Gas-exchange measurements
were made at CO, concentrations of 200, 380, 550 and 800 pmol mol™, at temperature of 27°C.
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Figure 3-4: Stomatal conductance gs, as a function of CO, concentration C,, for C3 (a-c) and C4 species (d-g) as measured from gas-exchange. Different line
colours correspond to different vapour pressure deficit D values used in the measurements (1, 1.5, 2 and 2.5 kPa). Gas-exchange measurements were made at

CO, concentrations of 200, 380, 550 and 800 pmol mol™, at temperature of 27°C. Mean values are represented by dots. The black vertical lines represent
standard error of the means of 3-5 replicates.
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3.3.2 Measured gas exchange

Gas exchange measurements showed photosynthesis responses for C3 and C4 plants
as predicted by the models. For C3 species (F. pringlei, P. bisulcatum and S. laxa)
assimilation rates (A) continued to increase with increasing intercellular CO; concentration
(Ci) (Figure 3.3 a, b & c). There was significant effects of vapour pressure deficit (D) and CO,
on both photosynthesis and stomatal conductance in C3 and C4 plants (Table 3.3). In C4
species (F. bidentis, P. coloratum, P. maximum and P. dilatatum), A saturated at lower C;
values and there were significant effect of D on the response curves (Figure 3.3 d, e, f & Q)
(Table 3.3). Low assimilation rates however, were noticeable for F. bidentis at high D of 2.5
kPa. There were no significant CO; x D interactions in C4 species (Table 3.3).

Stomatal conductance showed large non-linear decrease in response to Caand D for
both C3 and C4 species (Figure 3.4) (Table 3.3). There were no significant interaction
between CO, x D x Species for C4 plants (Table 3.3).

Table 3-3: Summary of the statistical significance of the effects of different CO, concentration C,,
vapour pressure deficit D and Species used on assimilation rates A, and stomatal conductance g;. Data
was log-transformed. For the gas exchange parameters 4 CO, concentrations were used (200, 380, 550
and 800 pmol mol™) at4 levels of D (1, 1.5, 2 and 2.5 kPa). 3 C3 and 4 C4 species were used.
Significance level was analysed by 3-way analysis of variance (nested design) with CO,, D and
species as independent variables; n.s., not significant (P >0.05); *, P <0.05; **, P <0.01; ***, P <
0.001

Main effects Interactions
CO, D Species COZ X COZ X D x C02 XD x
D Species  Species Species

C3

A pmol COZ m-2 s-l *kk *kk *kk ns Hkk *kk ns

gs mol H,0 m2st Kk Kk *kk *k *okk *kk *
C4

A umol co, m2 s-l Kk *kk *kk *kk Fokk *kk ns

gs mol Hzo m-2 S-l *xk *xk Fxk ns Fkk *hk ns

3.3.3 Comparison of model predictions to measurements

A comparison of relative responses averaged across D treatments for measured data
showed that the C3 species had relatively higher assimilation rates (A) (Figure 3.5a) at high
Caas compared to C4 species which showed a saturated response (Figure 3.5a). Comparing
the measured A with the model predictions for C3 and C4 species (from von Caemmerer
2000) (Figure 3.5b) likewise showed increase in C3 assimilation rates but almost no increase

for C4 species with increasing CO..
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Relative gs responses measured from gas-exchange data, showed non-linear decline
with C, for both C3 and C4 species at higher C, (Figure 3.5c). However, model predictions
(from von Caemmerer 2000) showed that gs for C4 species are more sensitive than C3 species
and declines more with increasing CO- (Figure 3.5d). As a result of higher assimilation rates
in C3 species, higher intrinsic water use efficiency (IWUE = Algs) was observed as compared
to C4 species (Figure 3.5e). This contradicts the model predictions that C4 species due to their
relatively sensitive gs will show higher IWUE at higher C, (Figure 3.5f).

Both photosynthesis and stomatal conductance of C3 species were more responsive to
leaf-to-air vapour pressure difference than those of C4 species (Figure 3.6). A declined by
approximately 20% in C4 species and by approximately 43% in C3 species with increasing D
(Figure 3.6a) was observed. The photosynthesis model however, predicted no difference in
responses for C3 and C4 species (Figure 3.6b). Relative gs declined non-linearly by
approximately 65% with increasing D in the C3 species, whereas relative gs declined by 41%
in the C4 species (Figure 3.6¢). Model predictions for gs were similar for both C3 and C4
species (Figure 3.6d). Despite these differences in stomatal sensitivity to D, the
accompanying decline in iTE (= A/E) was rather similar between the species (Figure 3.6e).

The ITE values are analogous to the predicted photosynthesis model values (Figure 3.6f).
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Figure 3-5: A comparison of the means (x 1 SE) relative response of A (a), gs (b) and IWUE (= A/ g)
(c) to ambient CO, concentration (C,) in C3and C4 species pooled across D treatments (1, 1.5, 2 and
2.5 kPa). Gas-exchange measurements were made at CO, concentrations of 200, 380, 550 and 800
pmol mol™, at temperature of 27°C. Mean values are represented by dots. The black vertical lines
represent standard error of the means of 5 replicates x no. of species. Numeric photosynthesis model
of von Caemmerer (2000) was used to predict C3 and C4 responses. Model parameters were: V ¢y =
50 pmol m®s ™', LeafT=27°C, Rd = 1.5 pmol m *s*, lambda = 0.001 (mol mol™).
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Figure 3-6: A comparison of the means (x 1 SE) relative response of A (a), gs (b) andiTE (= A/E) (c)
to vapour pressure deficit (D) in C3 and C4 species pooled across CO, treatments (200, 380, 550 and
800 pmol mol'l). Gas-exchange measurements were made at D values of 1, 1.5, 2 and 2.5 kPa, at
temperature of 27°C. Mean values are represented by dots. The black vertical lines represent standard
error of the means of 5 replicates x no. of species. Numeric photosynthesis model of von Caemmerer
(2000) was used to predict C3 and C4 responses. Model parameters were: Vemax =50 pmol m > s,
LeafT=27°C,Rd = 1.5 pmol m s, lambda = 0.001 (mol mol™).
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Figure 3-7: Relationship between g and the terms A/CaVD from unified model of Medlyn et al. (2011) for C3 (a-c) and C4 (d-g) species. Each dot represents
single gas-exchange measurement. Different colours correspond to different CO, concentrations (see legend). Coloured lines represent linear regression fit to

the data through zero intercept. Gas-exchange measurements were made at CO, concentrations of 200, 380, 550 and 800 pmol mol™ with four levels of VPD
1, 1.5, 2 and 2.5 kPa, at temperature of 27°C. For slope parameter g, refer to summary table (3.4)
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Table 3-4: Summary table for figure (3.7) for C3 and C4 species at different CO, concentrations C..
Linear regression fit through zero was used to calculate slope of the data with resulting r-squared
values. g; values were calculated by fitting non-linear least squares (nis) to the unified model by
Medlyn et al. (2011). Root-mean-square error (RMSE) was calculated for the measured and predicted
values.

Photosynthetic Sub- Seed slope 01
pathway pathway type Species CO, (linear) r° (nls) RMSE
C3
Dicot Flaveria pringlei 200 235 091 395 0.0290

380 169 0.86 254  0.0255

550 140 0.87 191 0.0178

800 114 0.86 1.33 0.0125

Monocot  Panicum bisulcatum 200 227 0.82 3.82 0.0363

380 162 0.85 239 0.0217

550 141 0.88 191 0.0142

800 1.29 0.89 1.65 0.0105

Monocot  Steinchisma laxa 200 181 0.88 281 0.0131

380 132 092 1.70  0.0089

550 112 092 126 0.0062

800 1.04 092 1.07 0.0045

C4

NADP-ME Dicot Flaveriabidentis 200 148 0.76 206 0.0667
380 147 058 207 0.0633

550 144 052 199 0.0490

800 159 041 235 0.0491

NAD-ME Monocot  Panicum coloratum 200 098 0.92 095 0.0188
380 097 0.64 093 0.0287

550 091 0.59 0.80 0.0181

800 093 0.39 0.84 0.0196

NADP-ME  Monocot  Panicum maximum 200 111 0.89 125 0.0375
380 092 0.9 082 0.0175

550 084 0.92 0.65 0.0096

800 0.81 0.90 056  0.0064

PCK Monocot  Paspalum dilatatum 200 133 0.87 173  0.0287
380 1.09 081 119 0.0157

550 1.00 0.80 1.01 0.0126

800 1.02 0.69 1.05 0.0135

3.3.4 Unified model fit and calculation of lambda

Figure 3.7 shows the g; term as derived from Medlyn at al. (2011) for different species
by plotting gs as a function of the combination of terms A/CaVD. Slope or g1 Was
comparatively higher for the C3 species (Figure 3.7 a-c) as compared to C4 species (Figure
3.7 d-g) (Table 3.4). Both C3 and C4 species showed a linear relationship between gs and the
term A/Ca\D. g5 of C4 species seemed to optimise similar to C3 species but the numerical
solution of the stomatal model did not provide a perfect fit of the data (compared to Figure
3.2).

A comparison of lambda (1) and g; values between C3and C4 species is shown in
Table 3.5. Values were calculated by considering two A-Ci curves assumptions as described
in methods. For Flaveria species, since the A-Ci curves at higher D (2.5 kPa) were

considerably low, these values were not included in calculating the A and g; values. A values
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were slightly higher in Panicum species (giving a very low g1) but was reduced in Flaveria
(giving a not so low g1).The overall comparison (weighted t-test) of A shows that marginal
cost of accumulating CO3 has not changed between C3 and C4 species (Table 3.5). g; values
however, are significantly lower in C4 species as compared to C3 species.

Table 3-5: A comparison of lambda (L) and g; values between C3 and C4 species. For C3 species A
was calculated from the optimal stomatal behaviour at RuBP-regeneration limited reaction of
photosynthesis (Jye). For C4 species, two methods were used (i) a numerical fit (num) to the von
Caemmerer (2000) photosynthesis model and (ii) a rectangular hyperbola function (hypb) to calculate
optimal stomatal conductance. g, was calculated from non-linear least squared fit of the data.
Weighted means were calculated from RMSE and were compared between photosynthetic types.
denotes p-value<0.05.

C3 Species C4 Species

Species name 2 RMSE gl RMSE Species name A RMSE A RMSE gl RMSE
(num) (hypb)

Flaveriapringlei 091 0.064 263 0.055 | Flaveriabidentis 017 0115 022 0.061 1.69 0.063
Panicum bisulcatum0.97 0.045 256 0.040 | Panicumcoloratum 1.38 0035 155 0.023 0.80 0.021
Steinchismalaxa  1.45 0.023 196 0.019 | Panicummaximum 170 0.055 199 0035 0.81 0.025
Paspalumdilatatum0.75 0.034 092 0.037 128 0.028

Mean 1.03 2.49 Mean 0.78 0.98 1.31"

3.4 Discussion

This study evaluated the stomatal responses of different C3 and C4 congener species
to changes in C, and D, focusing on two key questions: (a) do C4 plants show optimal
stomatal behaviour; and (b) how can we best model gs of C4 plants. These questions are

addressed as follows in the light of the results of the study.

Do C4 plants show optimal stomatal behaviour?

It was found in the study that C4 plants do follow optimal behaviour and they optimise
their gs to changing environmental conditions. The unified model by Mediyn et al. (2011) was
used to predict optimal behaviour for C4 species, and fitted well with the measured values.
The slope g1 acquired by fitting the unified model gives an insight of how the marginal cost of
water (A) differs among species. Values of g; were found to be lower in C4 species than C3
species (Table 3.5). However, lower g; values does not imply a lower A for the C4 plants,
since A values were found to be similar between C4 and C3 species. From inspection of table
3.5, it appears that C4 plants with the same A as C3 plants should have approximately half the

g1 values of the C3 plants. The g; values are reduced in C4 species compared to C3 species
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even if A remains unchanged, because of the changed nature of the A-C;response. In C4
species, a plateau of A was observed, showing saturation of A with increasing C;, however for
C3 species A was unsaturated even at high C;. In C4 species, F. bidentis and P. dilatatum, the
plateau was very prominent, which gave high g; values compared to P. coloratum and P.
maximum.

Comparing the C3 and C4 congeners, the marginal carbon cost of water (A) was
slightly greater in C4 Panicum (giving a very low g;) but was lower in C4 Flaveria (giving a
not so low gs). Since carbon is relatively more available for C4 species, the marginal carbon
cost of water might be predicted to be higher in C4 species. In C3 species, F. pringlei and P.
bisulcatum had lower lambda values as compared to S. laxa. S. laxa, which is considered a
relative of the C4 species of Steinchisma (Poaceae family) and Heliotropium (Boraginaceae
family) (Sage etal. 2013), has lambda values close to C4 species of P. coloratum, and P.
maximum. Also the sub-photosynthetic pathway to which these C4 species belong, i.e., NAD-
ME and PCK type, are considered to have growth response at high CO, more similar to C3
plants (LeCain and Morgan 1998). The A-C;response curves revealed that photosynthesis of
not all of the C4 species was saturated at present ambient C,. A low initial slope and a plateau
were seen in F. bidentis (NADP-ME dicot) and P. dilatatum (NADP-ME monocot) while A
was not saturated for P. coloratum (NAD-ME) and P. Maximum (PCK). Although, close
association of photosynthetic types are to be found in same order of families, however, what
should be noted is that the g; values of C4 species remained nearly half of the g; values of C3
species.

The different sub-photosynthetic pathway types in C4 species have been known to
respond differently to atmospheric C, (LeCain and Morgan 1998, Ghannoum et al. 2000). The
unsaturated photosynthetic responses of these C4 species indicate the presence of leakiness of
bundle sheath (Hattersley 1982, Ziska et al. 1999) which is defined as the rate of CO; leakage
divided by the rate of PEP carboxylation (Farquhar 1983). Greater leakiness in a species
implies greater photosynthesis and growth responses to eC,. Hatch et al. (1995) calculated
leakiness by **CO, pulse chase labelling and found it to be highest in NADP-ME dicots
species, followed by NADP-ME monocots, with NAD-ME and PCK type species separated
only by marginal differences. In this study the highest leakage or bundle sheath conductance
Obs Was estimated for PCK type P. maximum, which did not show saturated response to higher
Ca. Vemax and Vpmax Values were also found higher for P. maximum compared to rest of the
species (Table 3.2). Apart from P. maximum all C4 species showed similar gps values. Thus,

the study did not find any link of C4 leakiness associated with plant photosynthesis responses
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to eC,. It has also been found in previous reports where different responses from different C4
sub-pathway types were noted (Henderson etal. 1992, Hatch et al. 1995, Ghannoum et al.
1997, LeCain and Morgan 1998, Ziska et al. 1999). Moreover, Flaveria species displayed
photosynthetic acclimation to growth at high D of 2.5kPa. This is in consistent to previous
works on some C3 and C4 species (Morgan et al. 1994, Read and Morgan 1996). The other
grasses however, showed no photosynthetic acclimation.

Stomata of C4 plants were more sensitive to VPD than those of C3 plants. High D
reduced stomatal conductance by about 35% in C3 plants and by 59% in C4 plants, relative to
that at D of 1 kPa (Figure 3.6c). However, the stomatal conductance of C4 plants did not
show stronger sensitivity to increasing C,than C3 plants. Similar results from Morison &
Gifford (1983) and Mehrali et al. (2003) support this conclusion.

The present study was conducted with C3 and C4 plants grown at ambient C,and
exposed to eC, for short periods. Thus, we are characterising the short-term eC, response.
However, we do not expect long-term responses to eCj, to be different, based on results from
Cs species. Many C3 species grown at eC, have been tested against the model and short-term
and long-term responses seem to be similar (e.g. De Kauwe et al. 2013). However, reductions
in whole plant transpiration under eCa can increase soil moisture availability, which indirectly
affects stomatal conductance (Grunzweig and Korner 2001, Morgan et al. 2001, Polley et al.
2002). This longer-term feedback effect raises the possibility that CO, can indirectly affect

stomatal functioning in species via a feedback on soil moisture availability.

How can we model gs of C4 plants generally?

Medlyn etal. (2011) used the optimization theory and resolved it with the empirical
models based on stomatal conductance measurements. They, however, used the C3
photosynthesis model and assumed that the plants behave as to be optimizing for RuBP
regeneration limited reaction. For C4 photosynthesis model, the numerical solution of the
stomatal model did not provide a good fit to the data (Figure 3.2b) indicating that the
behaviour is not perfectly optimised for the C4 species. However, the unified model by
Medlyn etal. (2011) seemed to capture the C4 responses well and predicted the water
strategies adopted by the C4 plants by predicting A values. The unified model offers a source
of quantifying A, by fitting Equation (3) to stomatal conductance measurements and using the
fitted parameter g; as a proxy for A. The present study provides A values for both C3 and C4

species which are found to be similar.
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In another approach taken by Way et al. (2014) and Manzoni et al. (2011) A values
were calculated using different equations. To derive a relationship between optimal gs and A,
they use a linearised A-C; curve. This is quite different from the approach taken in this study,
where a rectangular hyperbola (or the full von Caemmerer model) to represent the A-Ci curve
were used. Medlyn et al. (2013) showed that the different approaches lead to different
estimates of A for C3 species. In that paper it was shown that the optimal stomatal behaviour
derived by Manzoni etal. (2011) only fits CO; responses if A is assumed proportional to C,
whereas the Medlyn etal. (2011) approach fits CO» responses with A constant.

The equation used by Way et al. (2014) to estimate A was:

Anet = gs\/aD)\(Ca - F*/T]) (11)
where the difference between C3 and C4 plants is eta (n): for C3 plants it is 1, for C4 plants it

is around 15 (their Figure 1 b). ais the ratio of the molecular diffusivities of CO; to water
vapour (=1.6). If nis changed in the above equation from 1 to 15, it will hardly change the
slope between gs and Anet (for example if C,= 380, I'* = 40, the slope changes by 8%). This
implies that according to these equations, the optimal A vs. gs relationship for C4 plants is
hardly different from that for C3 plants. The present study gives a quite different conclusion
because Medlyn et al. (2011) model predict that the slope of the relationship (g1) should halve
between C3 and C4 plants with the same A. So the conclusion drawn depends on what
assumption is taken about the shape of the A-Ci curve, and whether or not it is linearised.

The low g; values in C4 species, indicate a distinctive relationship conferred by the
higher photosynthetic efficiency relative to C3. With high photosynthetic efficiency, C4
species have optimised their photosynthetic rates but maintain a similar stomatal behaviour as
for C3 species thus achieving higher water use efficiency at leaf-level. To adapt themselves at
warm temperatures and low CO; levels C4 species have managed to concentrate CO, more
efficiently. It is an important functional innovation in plants of C4 pathway, where it occurs in
c. 18 lineages (Kellogg 1999, Sage 2004, Christin et al. 2008, Christin et al. 2009).

There are a number of physical characteristics associated with the evolution of C4
type, including the two-celled photorespiratory concentration mechanism known as C2
photosynthesis (commonly observed in C3—C4 intermediate species) (Muhaidat etal. 2011,
Sage et al.,, 2012), enlarged bundle sheath cells, increased vein density (Sage et al. 2013) and
differences in leaf hydraulic conductances to that of C3 (Griffith etal. 2013). Physical
differences in stomatal pattern also evolved; lower stomatal conductances are achieved by

smaller stomatal pore size and lower densities in dry environments (Taylor et al. 2012).
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Higher vein density enables C4 to adapt for water deficit environment which increases
hydraulic flux thus maintaining favourable leaf water status (Scoffoni et al., 2011). Higher
hydraulic conductance have been hypothesised to be related to low sensitivies of stomates
allowing them to remain open during drought, and photosynthesis to continue, but only if C4
species have similar or higher hydraulic conductance than C3 species, and therefore a high
hydraulic supply relative to demand (Osbourne and Sack. 2012). Results of the present study
essentially indicate the margnal carbon cost of water (A) remains the same between C4 and
C3 species, but that C4 plants follow the optimal stomatal behaviour, which is to reduce gl

whilst maintaining higher photosynthetic rates.

Conclusions for modelling:

C4 photosynthesis represents a biochemical and morphological modification of C3
photosynthesis which reduces Rubisco oxygenase activity and thereby increase
photosynthetic rate. Since C4 plants have different photosynthetic responses to CO ., different
stomatal response is expected from them. Coupled photosynthesis and stomatal conductance
model by Collatz et al. (1992) gives only the empirical solution whereas the unified optimal
stomatal model by Medlyn et al. (2011) has the added advantage of predicting how water use
strategy is adapted by C4 species. In the present study, the unified stomatal model predicted
that marginal carbon cost of water “lambda’ has not changed between C3 and C4 species,
however the gl values were about half of the values observed for C3 species. This was
because of the changed photosynthetic curve with intercellular CO; concentrations. Thus, the
full numerical solution of the optimal stomatal behaviour model does not accurately predict gs
responses of C4 species, but the unified model seemed to capture the responses well and
accurately predict the C4 plant-water strategies. The unified model is recommended to
predict C4 responses to environmental conditions and has extensive potential to act as a

framework for interpreting stomatal behaviour across C4 species.
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CHAPTER 4

Is plant water use efficiency proportional to atmospheric CO,?

Summary Elevated CO; (eC,) increases net photosynthetic rates in plants and reduces
water loss through stomatal conductance (gs). Hence, plant water use efficiency, taken as a
ratio of photosynthesis to transpiration, is often increased with increasing CO; concentration
(Ca). Models predict that the increase in plant water use efficiency should be proportional to
increase in Czand should be uniform across vegetation types. The aims of this study were to
firstly, determine whether the experimental data from the literature support this prediction i.e.
this proportionality is present at both leaf and whole plant scale levels, and secondly, to test
for differences among plant functional types. By using meta-analysis techniques, the relative
plant responses to eC, were determined. The results revealed that with 50% increase in C,,
overall, species showed 56%, 53% and 33% increases in intrinsic water use efficiency (A/gs =
IWUE), instantaneous transpiration efficiency (A/E= ITE) and whole plant water use
efficiency (Biomass/ E = WUE) respectively. A 100% increase in C,resulted in 76%, 76%
and 48% increases in IWUE, iTE and WUE respectively. Using a meta-regression approach,
where each data point was normalised by its respective C,, we found that where there was a
1:1 increase in IWUE, ITE and WUE with CO,, IWUE, iTE and WUE increased in an overall
proportion of 0.94, 0.92 and 0.79 respectively among studies. Results from both methods
indicated that at leaf level, IWUE and iTE increase in proportion to the increase in C,for C3
herbs, C4 herbs and trees, whereas at whole plant level, WUE is on average less than

proportional to C..

4.1 Introduction

The atmospheric carbon dioxide concentration (C,) has increased from the pre-
industrial value of approximately 280 pumol mol ™ to the current value near to 400 pmol mol™
(IPCC 2007, NOAA 2011).The terrestrial biosphere responds to rising C, chiefly through the
response of plants (Hughes 2000, Korner 2000, Poorter and Navas 2003, Nowak et al. 2004,
Norby et al. 2005, Holmes et al. 2006, Taneva et al. 2006, Zak et al. 2011, Talhelm et al.
2012, Zak et al. 2012). Photosynthesis (Long and Drake 1992) and transpiration (Heath 1948)
have long been known to be sensitive to increases in Cy, leading to stimulation of plant
growth and biomass production (Drake etal. 1997, Centritto etal. 2002, Li et al. 2002,
Ainsworth and Long 2005, King et al. 2005). Because photosynthesis is increased and
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transpiration is decreased, the benefit of eC, for plant growth can be expressed as an increase
in water-use efficiency (WUE), which is the ratio of net photosynthesis (A) to water loss
through transpiration (E). The positive effect of eC, on the water-use efficiency of plants has
been documented in single-species studies (Koike et al. 1996, Wayne et al. 1998, De Luis et
al. 1999, Greenep et al. 2003, Vu 2005, Cao et al. 2007, Wertin et al. 2010) and multi-species
studies (Tschaplinski etal. 1995, Ball et al. 1997, Kubiske and Pregitzer 1997, Saxe et al.
1998, Tjoelker et al. 1998, Wullschleger etal. 2002, Nowak et al. 2004, Ghannoum et al.
2010, Hovenden and Williams 2010, Zheng et al. 2010, Cernusak et al. 2011). Although there
is strong evidence that WUE responds strongly to eC,, both at the leaf and whole plant scale
(Morison 1993, Overdieck and Forstreuter 1994, Picon et al. 1996, Morgan et al. 2001), there
has been relatively little focus on “how much” it changes by, and in particular, whether the
experimental data support predicted increases in WUE by vegetation models.

A key process in determining water use efficiency is stomatal conductance, which
plays an essential role in the regulation of both water losses by transpiration and CO uptake
for photosynthesis and plant growth (Brakke and Allen 1995, Saxe et al. 1998). Stomatal
conductance is among the processes that have been most extensively modelled during the last
decades (Damour et al. 2010). Stomatal conductance models are typically parameterized using
field measurements of leaf-level gas exchange. One widely-used approach for modelling leaf-
level stomatal conductance (Ball et al. 1987, Leuning 1995, Medlyn et al. 2011) has the form;

g = 8o+ M 1)
Where g is the stomatal conductance to water vapour, o is the stomatal conductance at the
light compensation point, m is a fitting parameter representing the slope of the equation, A is
photosynthesis, f(D) is the function of vapour pressure deficit (D) or relative humidity (RH)
and C, is the molar fraction of CO; at the leaf surface. In simple models g is assumed to be
zero. If D is assumed unchanged ateC, and go is small, then equation (1) can be rearranged to
give

A

g x Ca (2)

Equation (2) shows that leaf level intrinsic water-use efficiency (A/gs) is predicted to increase
linearly as C, increases. In addition, in canopies where plants are “well-coupled” to their
surrounding atmospheric conditions, the transpiration rate is largely determined by stomatal

conductance. i.e. transpiration (E) (mol H,O m? s) can be estimated as:

D
E :gSF (3)
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where P is the atmospheric pressure (kPa). If E is assumed to vary in proportion to gs
following equation (3), then A/E is also predicted to be proportional to C..

S C, (4)
If these leaf-level equations could be extrapolated to whole-plant level, and respiratory losses
were a constant proportion of photosynthetic uptake (as is often the case, e.g. (Gifford 1995),
the effect of C, on biomass production would be predicted to be proportional to its effect on
plant assimilation rate. In this case, plant biomass production per unit total plant transpiration,
or whole plant water use efficiency (WUE), would also be predicted to increase in proportion
to C..

However, leaf level predictions (equations 2 & 4) translate directly to the natural
ecosystems only when there is minimal negative feedback effect of leaf surface temperature
and atmospheric humidity on the sensitivity of transpiration to a change in leaf conductance.
The sensitivity of transpiration or evapotranspiration to changes in stomatal aperture has been
shown to decrease progressively from an individual stoma, to leaves, whole plants, canopies
and extensive vegetated surfaces (Jarvis and Mcnaughton 1986). Stomatal apertures facilitate
the molecular diffusion of water vapour from the sub-stomatal cavity to the outside air. The
air immediately next to the stomatal opening near the leaf surface is motionless. This air is
often termed as leaf boundary layer. The subsequent layers above boundary layer have
turbulent air movements which remove water vapour more efficiently than the molecular
diffusion in sub-stomatal cavities. When boundary layer resistance is low, or air around leaf is
in high motion, stomata exert maximum control over gas exchange. The leaf is said to be
“well-coupled” in this condition. Jarvis and McNaughton (1986) use the term “omega factor”
a dimensionless number between 0 and 1, to refer to the degree to which transpiration is
coupled or uncoupled from the atmospheric water vapour saturation deficit. When an
atmospheric saturation deficit exists atthe leaf surface level, transpiration is directly
influenced by the vapour gradient and by surface conductance of the foliage, and omega
approaches zero as indicated by equation (3). This condition exists when atmospheric mixing
is sufficient. However, when mixing is scarce, for example over a surface of low stature
canopy, with a dense canopy, or when air movement is quite low, the control placed on the
movement of water at the leaf surface by atmospheric demand is low, because the canopy
becomes decoupled from the airstream. The stomatal regulation of water vapour movement is
reduced as observed by Bange (1953), and transpiration is more directly related to radiation

input (Jarvis 1985). Under these conditions, omega approaches 1. Generally, transpiration is
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the result of both aerodynamic and radiation-driven processes occurring simultaneously, and
the omega factor lies between 0 and 1.

Under changing environmental conditions, transpiration or E does not change
proportionally to changes in gs. Therefore, we might expect that the C,effect on whole-plant
WUE would be less than proportional to C,, depending on the strength of the coupling
between plant and the atmosphere. Process-based models which show low coupling between
vegetation-atmosphere feedback processes, predict much smaller C,effect on WUE than a
model with high coupling (De Kauwe et al. 2013). However, currently we don’t have a good
estimate for how much WUE is increased, relative to the increase in Ca,.

Furthermore, the simple models (equation 2 & 4) presented above predict that WUE
will increase in proportion to eC,for all plant species. Experimental evidence however,
suggests that there may be differences in responses among different species types, as there are
differences in the C, effects on photosynthetic rates or in transpiration rates. One difference is
between C3 and C4 plants. Positive growth responses to eC, although, have been reported for
a both C3and C4 plants, it is generally smaller in C4 than that observed in C3 species
(Kimball et al. 1993, Poorter 1993, Ghannoum et al. 2000, Long et al. 2004). CO- enrichment
has a larger effect on C3 plants than C4 plants because C3 plants increase their rates of
photosynthesis more than C4 plants. Therefore, a larger CO; effect on WUE is often predicted
for C3 species than C4 species. However, in Chapter 3, | showed that CO, affects the ratio
AJgs similarly in C3and C4 plants. Thus, there are also reasons to predict that WUE will be
similarly increased in C3and C4 plants.

A second difference among functional types is that it has been shown that stomatal
responses to C, decrease from herbs and crops to trees (Bryant et al. 1998, Curtis and Wang
1998, Saxe et al. 1998, Pataki et al. 2000). This difference in stomatal response could
potentially change the CO; effect on WUE. Woody species in particular might differ from
more rapidly metabolizing C3 grass and forb species in this regard. Most conifer species show
small or non-significant responses of gs to CO2in the field (Saxe et al. 1998, Medlyn et al.
2001, Ainsworth and Long 2005). Herbaceous species and grasses generally show a large
CO; response of stomata whereas deciduous trees often show a more moderate CO; response
(Saxe et al. 1998). The order of gs sensitivity to CO,-increases across different vegetation
groups was suggested by Robinson (1994), Knapp et al. (1996) and Saxe et al. (1998).

In a study by Brodribb et al. (2009), stomatal responses to ambient and elevated CO;
were compared in a diverse range of higher angiosperms, conifers, ferns and lycopods. They

found that the angiosperms have mechanisms for detecting and responding to increases in C,
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that are absent from earlier diverging lineages. Angiosperm stomata were found to be highly
sensitive to both decreased and elevated C,, imparting greater capacity to optimize water-use
efficiency. The ability to sustain higher stomatal conductance rates in angiosperms is due to
higher stomatal densities of smaller stomata than gymnosperms and pteridophytes
(Hetherington and Woodward, 2003; Franks et al., 2009) allowing higher diffusible area of
stomatal pore relative to the total leaf area (Haworth et al. 2011). Thus, an evolutionary trend
is also evident in the stomatal responses of plant groups to CO..

In the light of these studies we expect different stomatal responses from different plant
function types to elevated CO.. If stomatal responses are in order described by Saxe et al.
(1998) and Brodribb et al. (2009) (i.e more in grasses and less in conifers, and more in
angiosperm and less in conifers), and photosynthetic responses are similar among functional
groups, we would expect the CO;, effect on WUE to be largest for grasses and smallest for
gymnosperms.

Another important aspect in the difference among plant functional types is the
difference in the sensitivity of transpiration to stomatal conductance atthe plant ecosystem
level. Crops and herbs, due to their shorter canopies, show poorer aerodynamic coupling of
vegetation to the atmospheric surface layer than tall forests. Tall forest canopies experience a
more turbulent and faster air-stream, which results in their leaves being well-coupled to the
atmosphere around them. Leaf size, morphology and wind speed are also thought to control
boundary layer conductance (Monteith and Unsworth 1990, Nobel 1991, Schuepp 1993).
Because of the relationship between leaf size and boundary layer conductance, conifers are
assumed to have very large boundary layer conductance as compared to broad-leaf trees
(Geller and Smith 1982, Martin et al. 1999). Thus, although, crops show the largest reductions
in stomatal conductance at eCO; level (Bunce 2004) among any vegetation type, the effect
may be offset because of the reduced coupling to the atmosphere. Hence it is also possible
that the whole-plant water use efficiency of woody vegetation may respond more strongly to
eC, than that of herbaceous vegetation, due to the stronger aerodynamic coupling (Eamus and
Jarvis 1989).

The different responses among plant functional types and between leaf and canopy
scales, suggests that the CO; effect on WUE may not correspond well to the model prediction
of a proportional change with C,. The primary purpose of this review is to determine whether
this proportionality (equation 2 & 4) holds at both leaf and plant scales. The second goal of

the review is to test for differences among plant functional types. A meta-analysis was
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conducted on previous experimental outcomes to test alternative hypotheses for the
magnitude of the CO; effect on water use efficiency of plants.

Water use efficiency can be defined in several different ways. For clarity, | define
three different terms: (1) instantaneous transpiration efficiency (iTE), is defined as leaf level
photosynthesis divided by transpiration (A/E, pmolCO, (mmolH,0)2); (2) intrinsic water use
efficiency (WUE), is defined as leaf-level photosynthesis divided by stomatal conductance
(Algs, mmolCO, (molH20)?); and (3) whole-plant water use efficiency (WUE), is defined as
biomass increment per unit total transpiration (g DM (kg H.O)™ or g of CO2/nfly/mm of
H,0).The question is addressed at leaf scale, whether, ITE and IWUE respond in proportion
to C,; and whether this increase translates into a proportional change on whole-plant WUE.

In addition, I looked at different plant functional types (PFTs). One hypothesis is that,
as models predict, A/E should be proportional to C, in all plant species. The alternative
hypothesis that was tested is that PFTs differ, according to their different sensitivity of
photosynthesis and gs. It was hypothesized that WUE of C4 plants would be less responsive to
CO; than that of C3 plants; and that WUE among C3 plants would respond in this order: C3-
herbs/crops > angiosperm trees > gymnosperm trees. The ultimate goal was to understand

how well the existing experimental literature supports model predictions.

4.2 Materials and methods

4.2.1 Data collection:

Data were collected by searching ISI Web of Science for peer-reviewed journal
articles between 1980 and 2014. The search mncluded the terms like, “Elevated CO» and water
use efficiency of plants”, “CO; enrichment and plant water use” or “Elevated CO; and
transpiration efficiency”. Only articles reporting effect of CO; concentration on WUE, iTE
and iIWUE with standard errors were considered for meta-analysis. If these articles reported
response variables associated with WUE, iTE and iWUE such as, photosynthesis, biomass
increment, stomatal conductance and transpiration rates, these values were also recorded for

the meta-analysis.

4.2.2 Data categorization:
Only studies with at least two CO3 treatment groups, control and eC, were included. In

each experiment, the lowest or nearest to ambient C, was taken as the control The control

81



treatment C, varied from 200 umol mol! to 450 umol mol'l, whereas the eC, treatment varied
from 500 pmol mol! to 1500 pmol moI. In the analysis, only the difference between higher
and lower values of CO; was taken, it did not depend on how low the CO; values were. If a
study reported more than two CO; treatments, the lowest treatment was taken as the control
and the two higher treatments were taken as elevated treatments. One study reported four CO;
treatments which were paired into two. Different CO; fumigation facilities, such as growth
chambers, glasshouses, open-top chambers or Free Air Carbon dioxide Enrichment (FACE)
were used.

Studies that reported data for different species were considered as independent
whereas any study which had additional drought treatment along with well-watered treatment,
only the later study was selected for the analysis. Studies which had nutrient treatments such
as low or highly fertilized were considered independent as no detailed description of soil type
was given in the experiments. Moreover, different studies used different levels and types of
nutrients added which cannot be precisely grouped mto high or low nutrient treatments.
Studies that had other manipulations, such as temperature, soil type etc., data from these
studies were taken as independent.

Whole plant or canopy transpiration was calculated as “water loss” in the studies.
“Water loss” or canopy transpiration was calculated as the difference in pot weights after
applying water to 100% field capacity. Plants were usually covered with straws or fine stones
to minimize water loss from soil surface.

Data were categorized according to WUE, iTE and iWUE values for C3 and C4
plants. These were further categorized into herbaceous, crops, angiosperms and
gymnosperms. To extract one single value from studies with repeated measures, a fixed effect
method was used to calculate average effect (Lajeunesse 2011). There were few studies on

gymnosperms as compared to other plant functional types (see results).

4.2.3 Data analysis:

Meta-analysis was carried out according to the methods described by Lajeunesse
(2011) which explains meta-analysis of response ratios for studies with correlated and multi-
group designs.

The log response ratio (RR) (Hedges et al. 1999), is used as a common effect size
measure for the meta-analysis of ecological research, which quantifies the response in a

simple two-group experimental design as:
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InRR = In (1) (5)

C

Here, the response ratio nRR is the natural-log proportional change in the means (X) of a
treatment (T) and control group (C).

When pooling RR from multiple studies, weights are assigned to each RR which are inversely
proportional to their sampling variance:

(SD.)? (SDp)?
(NcX0)? - (NpXp)?

0%(RR) = (6)

where SD and N are the standard deviation and sample size of Xt and Xc, respectively
(Hedges and Olkin 1985, Hedges et al. 1999). A random-effect model was used to combine
studies; this method takes into account between-study variances.

Two approaches were taken to test for the CO; effect on plant WUE. The first
approach was a standard meta-analysis of the CO; response of WUE. As different responses
were expected for different CO treatments, the experiments were partitioned into those where
the CO, increase applied was less than 70% (small COj; increment) and those where it was
greater than 70% (large CO; increment). Most of the studies clumped around 50% and 100%,
therefore 70% was taken as a dividing point. Studies which were grouped mto small CO
increment had an average CO; increment of 50% whereas studies which were grouped in
large CO; increment had an average CO; ncrement of 100%. The ‘CO; increment’ was
treated as a categorical variable. The response variable, % CO; effect or ‘effect size’, was
calculated by taking the antilog of hRR, (RR-1) x100. A mixed model was used to partition
total heterogeneity within and between levels of each categorical variable and tested for
significant between-group heterogeneity with respect to CO; increase. iWUE, iTE and WUE
were predicted to increase in proportion to CO; increment, ie. 50% for small group and 100%
for large group.

To determine whether the increase in water use efficiency was principally due to an
increase in carbon uptake or a decrease in water use, it was also examined how
photosynthesis, biomass, stomatal conductance and transpiration varied in response to CO;
increment. For these factors, the CO, response was compared with the square root of the
mncrease in CO,. For 50% the ratio is 1.5, and therefore the square root is 1.22. Hence
photosynthesis or biomass was compared with +22% increase. For stomatal conductance or
transpiration, as they were compared as A/E with 22% i.e. A/E = 1.22, it also implied E/A =
0.82, which meant an actual 18% decrease. For 100% the ratio is 2, and therefore the square
root is 1.41 and photosynthesis was compared with +41%. Similarly, for transpiration, it was
compared as A/E with 41% ie. A/E = 1.41 which implied E/A =0.71, which meant an actual
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29% decrease.
In the second approach, it was tested more directly whether the increase m plant WUE
was proportional to increase in C,, ie. it was asked whether

WUEelevated — Ca elevated (7)

WUE mbient Ca ambient

To do this, each observation was normalized by the CO; increase applied, modifying equation

(5) to be

InRR = In (X— /Ca—T) @®)

C ac

The model predicts that this response ratio (RR) should be equal to one.

To determine whether photosynthesis or transpiration was strongest in determining the
change in WUE, a novel analysis was applied which compared the change of each of the
variables to the square root of the change in C,. For example, for iWUE, equation (8) can be

AT/ s Ca
(rg']:> T C =1 (9)
/gsc ac

Where A denotes photosynthesis and g is stomatal conductance. If photosynthesis and

rewritten as

stomatal conductance contribute equally to the change in WUE, then each should change in
proportion to the square root of the change in C,, photosynthesis increasing and stomatal
conductance decreasing. Thus equation (9) was separated so as to obtain separate A and g

responses at eC,, 1.e. for A,

= (/2

Similarly for g,

— (&c Cag
= (/)
and tested how these response ratios compared. If the increase in photosynthesis and decrease

in stomatal conductance contributed equally to the increase in WUE, then RR should equal
RRg. If iWUE is proportional to C,, then both RR4 and RRp should be equal to 1.

4.2.4 Example:

Here is an example to illustrate how this analysis works. Suppose that at two CO3
levels, 380ppm and 550ppm (CO2 increment equal to 45%), the iIWUE of a plant increased
from 90 pmol CO,/mol H,O to 125 umol COz/mol H,O (i.e. an increase of 39%). The
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response ratio of plant WUE is slightly less than proportional to the CO; increment; the hRR
(equation 8) is equal to -0.04. Suppose the photosynthesis (A) at 380ppm was 9 pmol m™ s’
and at 550 ppm, 10 ymol m™? s', an 11% increase. Stomatal conductance (gs) was reduced
from 0.1 to 0.08 mol/m’/s (fiom elevated to ambient, this is a 25% increase). Comparing these
changes to the CO; increment, a response ratio for A of In(1.11 / V1.45)=-0.08, and a
response ratio for g, of In(1.25 / V1.45) = +0.04 would be obtained. These two response ratios
sum to the response ratio for IWUE, and indicate in this case that the change in iIWUE was

more strongly determmed by the change in g than by the change in A.

Variances for each equation were calculated similarly to equation (7). Data were
categorized mto plant photosynthetic pathways (C3 and C4) and plant functional types (C3
and C4herbaceous, angiosperms and gymnosperms). For visualization of the variances within
studies, the size of the dots in plots were modified ie. studies with less variances were more
precise and the size of the dot was multiplied with the inverse of the variance. Therefore
bigger dots represented more accurate studies. The meta-analysis calculations, forests plots
and figures were done using software R (R Development Core Team 2010) with packages
‘metafor’ (Viechtbauer 2010) and ‘multcomp View’ (Hothorn et al. 2008).

4.3 Results

4.3.1 Percent (%) increases in experiments with average 50% increase in CO;

Average intrinsic water use efficiency (iWUE), instantaneous transpiration efficiency
(iTE) and whole plant water use efficiency (WUE) all increased significantly with increasing
CO, (Figure 4.1 a, d, g). With an average 50% increase in CO32, 50 % increases in iWUE, iTE
and WUE were predicted. The overall mean increases in iWUE (56% CI= 37, 78%) and iTE
(53% CI=45, 62%) were not significantly different from this prediction, but the overall mean
increase in WUE (33% CI= 29, 37%) was significantly less than 50%.

There were no significant differences among plant functional types (PFTs) in CO;
effects on iIWUE or iTE (Figure 4.1 a, d). iWUE and iTE also responded in proportion to CO
for all species. However, WUE responses were less than proportional to CO; for C4 herbs and
angiosperms while C3 herbs and gymnosperms showed significantly larger responses (Figure
4.1 g).

Examination of the factors contributing to iWUE revealed that on average, increased
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photosynthesis (Figure 4.1 b) contributed more to the increase in WUE than the decrease in
stomatal conductance or transpiration (Figure 4.1 c). From RR calculations, I predicted an
average 22% increase in photosynthesis and 18% decrease in stomatal conductance if both
processes were to contribute equally to the change m WUE. The observed average increase in
photosynthesis was greater than 22%, while the observed change i stomatal conductance was
less than 18%, although both values fall within the calculated 95% Cls. There were no
significant differences among PFTs.

Photosynthesis related to iTE (Figure 4.1 e) showed a significantly larger contribution
than the related transpiration response (Figure 4.1 f), with the average increase in
photosynthesis being significantly larger than 22% (mean=35%, CI=29, 41%) and the average
decrease in transpiration being significantly less than 28% (mean=-11%, CI=-15,-6). No
significant difference between means of PFTs for photosynthesis were observed. However, for
transpiration rates, C3 herb responses were significantly lower than those of C4 herbs and
angiosperms.

The average biomass increment (Figure 4.1 h) was not significantly different from
22% (mean=27%, CI=18, 37%). On average the effect in angiosperms being significantly
larger than the effect m C4 herbs. Transpirational losses were reduced by eC,, but the effect
size (Figure 4.1 1) was significantly smaller than the expected value of -18% (mean=-6, CI=-

10, -2). No significant difference among means of PFTs were observed.

4.3.2  Percent (%) increases in experiments with average 100% increase in CO;

A 100% increase in C, increased average plant iWUE, iTE and WUE (Figure 4.2 a, d,
2), however the % effect was less than proportional for each of these variables. The overall
means and 95% Cls for iWUE, iTE and WUE were 76% (CI=60, 93%), 76% (CI=70, 82%)
and 48% (CI=41, 55%) respectively. All responded less than proportionally, but WUE had the
smallest response compared to iWUE and iTE.

For mean responses of iWUE, there were no significant differences of mean effects
among PFTs. The mean iTE response of gymnosperms was significantly less than for other
PFTs, whereas at whole-plant scale, the mean CO; response of WUE was significantly less
than proportional for all PFTs (Figure 4.2 g). C3 herbs had significantly higher WUE than C4
herbs.

For the factors contributing to iWUE, iTE and WUE, a response of 41% for
photosynthesis or biomass would be expected (leaf, shoot, above ground or whole plant

biomass) and -29% decrease for stomatal conductance or transpirational losses, if each
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process had contributed equally. Photosynthesis responses related to iWUE were significantly
less than +41% (mean=30%, CI=22, 39%) on average, but stomatal conductance responded as
predicted (mean=-26, CI=-32,-19). Angiosperms had significantly higher photosynthetic
responses when compared to C4 herbs. For stomatal conductance, there was no significant
difference among PFTs in their responses, although average responses of C3 and C4 herbs
were stronger than those observed in gymnosperms and angiosperms (Figure 4.2 c).
Photosynthetic responses related to iTE were significantly higher for C3 herbs and
angiosperms than for C4 herbs and gymnosperms (Figure 4.2 e). In contrast, transpirational
rates responded significantly more strongly in C4 herbs than for other functional groups
(Figure 4.2 1).

At the whole plant scale, there were no significant differences among PFTs for
biomass increment (Figure 4.2 h). Similarly there were no significant differences among PFTs
for transpiration rates (Figure 4.2 i).

Overall responses indicated that for iWUE, the contributing factors, photosynthesis
and stomatal conductance, responded according to the predictions. However, for iTE and
WUE values, it was the transpiration rates which responded less than predicted for
proportionality to CO;. Thereby, smaller increases in iTE and WUE were observed as

compared to the increase in iIWUE.
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Figure 4-1: Meta-analysis of species responses to 50% increase in C,. (a) Responses of Intrinsic Water Use Efficiency WUE and the contributing factors
Photosynthesis (b) and stomatal conductance (c). Instantaneous Transpiration Efficiency iTE (d) and the contributing factors Photosynthesis (¢) and
Transpiration rates (f). Whole plant Water Use Efficiency WUE (g), and the contributing factors Biomass increment (h) and water loss through transpiration
(). The dashed vertical lines through zero represent no effect. The dotted vertical lines represent the expected CO, effect (50% in (a, d, g), 22% in (b, ¢, e), and
-18% i (c, £, 1). The symbol represents the mean response (+ 95%CI). The solid horizontal lines represent 95% confidence intervals. The numbers in brackets
denote the number of replicates for each study. The significant between group heterogeneity for different functional groups is denoted by small letters. Same
letters denote no difference in means (p-value > 0.05).
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Figure 4-2: Meta-analysis of species responses to 100% increase in C,. (a) Responses of Intrinsic Water Use Efficiency WUE and the contributing factors
Photosynthesis (b) and stomatal conductance (c). Instantaneous Transpiration Efficiency iTE (d) and the contributing factors Photosynthesis (¢) and
Transpiration rates (f). Whole plant Water Use Efficiency WUE (g), and the contributing factors Biomass increment (h) and water loss through transpiration
(). The dashed vertical lines through zero represent no effect. The dotted vertical lines represent the expected CO, effect (100% in (a, d, g), 41% in (b, c, e),
and -29% in (c, f, i). The symbol represents the mean response (+ 95%CI). The solid horizontal lines represent 95% confidence intervals. The numbers in
brackets denote the number of replicates for each study. The significant between group heterogeneity for different functional groups is denoted by small
letters. Same letters denote no difference in means (p-value > 0.05).
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Figure 4-3: Meta-analysis of species responses relative to 1:1 increase with C,. (a) Responses of Intrinsic Water Use Efficiency WUE and the contributing
factors Photosynthesis (b) and stomatal conductance (c). Instantaneous Transpiration Efficiency iTE (d) and the contributing factors Photosynthesis (e) and
Transpiration rates (f). Whole plant Water Use Efficiency WUE (g), and the contributing factors Biomass increment (h) and water loss through transpiration
(1). The dashed vertical lines through zero represent equal proportionalities. The right arrow represents responses which are more than proportional to C, and
left arrow represents responses which are less than proportional to C,. The symbol represents the mean response (£ 95%CI). The solid horizontal lines
represent 95% confidence intervals. The numbers in brackets denote the number of replicates for each study. The significant between group heterogeneity for
different functional groups is denoted by small letters. Same letters denote no difference in means (p-value > 0.05).
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Figure 4-4: Plots showing species response ratios to eC,. (a) Intrinsic water use efficiency of species.
Stomatal conductance ratio (Ambient CO,/Elevated CO, A/E) (indicated as 1/ (E/A) in the figure) as a
function of Photosynthesis ratio (E/A). (b) Instantaneous water use efficiency of species. Transpiration
ratio (A/E) as a function of Photosynthesis ratio (E/A). (c) Whole plant water use efficiency. Water
loss ratio (A/E) as a function of biomass gained ratio (E/A). The grey solid lines represent % CO,
effect. The dotted grey line represents 1:1 line which means equal increase in biomass and water loss.

For different colors, see legend in (a).
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Figure 4-5: Plots showing species % responses to % CO, increase. Species responses of (a) intrinsic
water use efficiency (iWUE) (b) Instantaneous water use efficiency (iTE) and (¢) Whole plant water
use efficiency (WUE) to % CO, increment. Grey dotted lines represent overall percent effect. The size
of the dots presents within study variance. Small dot denotes large variance and less effective study
whereas bigger dot denotes small variance and more effective study. For different colors, see legend in

(a).
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Figure 4-6: Overall plants’ responses to iWUE, iTE and WUE with proportional increase in C,. (a)
shows results from first analysis (see methods) where studies were divided into 50% and 100%
increase in CO, increment. The black bars represents £SE. The dashed line shows 1:1 line. (b) shows
results from the second analysis (see methods) for 1:1 relative increase of plant responses to increase
in CO, concentration. The dashed line represents 1:1 line.

4.3.3 CO; Proportionality

For the second analysis it was tested if plant responses were in proportion to CO3 ie.
whether the slope of a relationship between CO; increment and WUE response is equal to 1.
Overall responses of IWUE showed 0.94 (CI=0.87, 1.02) proportionality with CO; increment
and the confidence intervals included the expected value of 1. However for iTE and WUE the
responses were less proportional to COz. iTE responses were 0.92 (CI=0.89, 0.94) whereas
WUE responses were 0.79 (C1=0.76, 0.82).

At leaf-scale, iWUE responded in proportion to the CO, ncrement (Figure 4.3 a).
Although the mean proportionalities of C3 herbs, C4 herbs, gymnosperms and angiosperm
were less than 1, their confidence intervals included greater than 1 proportionality. For iTE
proportionalities the mean of only gymnosperms was significantly different from other PFTs
(Figure 4.3 d). At whole plant scale level, species had WUE proportionalities less than one
with respect to CO», however for gymnosperms the confidence intervals included 1 (Figure
4.3 g). The WUE of C4 were significantly lower to C3 herbs and Angiosperms.

For the factors affecting iWUE, iTE and WUE, we hypothesized their change to the
square root of the change in CO,. The photosynthesis proportionality or mean of C4 herbs
was significantly different from rest of the species (Figure 4.3 b). Higher stomatal
conductance proportionalities were observed for C3 (mean=0.99, CI=0.86, 1.14) and C4 herbs
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(mean=1.06, CI=0.95, 1.18) as compared to gymnosperms (mean=0.82, CI=0.69, 0.98) and
angiosperms (mean=0.91, CI=0.81, 1.01) (Figure 4.3 c¢). The mean proportionality of C4
herbs was significantly different to gymnosperms and angiosperms.

Photosynthesis factor related to iTE showed more than proportional increase to CO;
for C3 herbs and angiosperms however, the confidence mtervals of C4 herbs and
gymnosperms included the expected 1 proportionality (Figure 4.3 e). The means of C3 herbs
and angiosperms were significantly different from C4 herbs and gymnosperms. The
transpiration rates showed less than proportional responses to CO, (Figure 4.3 f). The C4
herbs had significantly higher transpiration rates compared to C3 herbs.

Biomass increment related to WUE, showed more than a proportional increase for C3
herbs and woody species as compared to C4 herbs (Figure 4.3 h), however for C4 herbs their
confidence intervals included the expected proportionality of 1. The mean proportionality of
C4 herbs were significantly different from angiosperms. Transpirational losses related to
WUE were less than proportional to CO; increase for all the species (Figure 4.31). No
difference in means was observed among the PFTSs.

iWUE responses in terms of photosynthesis and stomatal conductance were between
50% and 100% whereas stomatal conductance responses were less (less data below 1:1 line)
as compared with photosynthesis (more data above 1:1 line) for all species (Figure 4.4 a).
Species ITE responses in terms of photosynthesis and transpiration were around 50 to 100%
(Figure 4.4 b). More data were observed above 1:1 line showing that photosynthesis increased
more at eC, as compared to proportional decrease in transpiration. Similarly, species WUE
responses were more congregated around 50% increase suggesting that WUE did not increase
in proportion to CO, (Figure 4.4 ¢). Moreover biomass increment had greater effect as
compared to transpirational losses.

Species intrinsic water use efficiency responses with their respective CO- increment
showed large variances among studies and more data were observed around 100% increase
(grey dotted line) (Figure 4.5 a). Similarly, species instantaneous transpiration efficiency
increased in terms of % age with that of CO,. Studies showed large variances, both within and
between studies, however the responses were concentrated between 50% increase to 100%
increase (Figure 4.5 b). Species responses concentrated around 50% increase for % increase in
plant water use efficiency (Figure 4.5 c).

Large variability in studies were observed in the first analysis where studies were
categorised into 50% and 100% CO, increment (Figure 4.6 a). For studies which were
grouped in 50% increase in CO», the CO; treatment ranged from 32 -73% for IWUE and iTE,
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whereas for WUE it ranged from 39 — 63%. Studies which were grouped in 100% increase in
CO,, the CO; treatment ranged from 75-186%, for IWUE, 75-295% for iTE and 75-214% for
WUE. The results showed that at 50% CO; increment, ITE and iIWUE increased to about 60%
with respect to WUE. At 100% CO; increment, iTE and IWUE increased to about 64% with
respect to WUE. Results of iWUE, ITE and WUE for the second analysis where plant
responses were normalised with respective CO; concentrations, showed that WUE decreased
to 14% with respect to IWUE and iTE (Figure 4.6 b).

4.4 Discussion

In the study the chief focus was to test if the plant water use efficiency was
proportional to increase in C, at leaf and whole plant scale level. The other aspect which |

looked at was whether there is difference of responses between different plant functional
types.

Is WUE proportional to CO,?

(a) Leaf-scale

Meta-analysis of the existing literature revealed that with 50% increase in CO», all
species overall showed 56% and 53% increase in IWUE and iTE respectively (Figure 4.1a, d),
whereas a 100% increase in CO; caused only a 76% increase in both iWUE and iTE (Figure
4.2a, d). 1:1 ratio analysis indicated that IWUE and iTE increased in an overall proportion of
0.94 (C1=0.87, 1.02) and 0.92 (C1=0.89, 0.84) across studies, with the iTE response being
significantly less than proportional (Figure 4.3a, d). Models predict that A/gs should be
proportional to CO, throughout the range of CO». But the results (from 50% and 100% CO,
increase) suggests that linearity of the equation (WUE « CO3) holds at low CO; levels (a
50%) whereas at high CO; levels (>50%) the response starts to deviate from linearity (Figure
4.6).

The results also show that at leaf level, IWUE increases in proportion to the increase
in C, for C3 herbs, C4 herbs and woody trees, whereas at whole plant level, WUE is less than
proportional to C,. The results for mean iTE were close to the mean IWUE (Figure 4.3 a, d),
however, the confidence intervals for IWUE included the expected 1 value (C1=0.87, 1.02)
whereas the confidence intervals were smaller for iTE (C1=0.89, 0.94). By looking at the

factors contributing for WUE and iTE, stomatal conductances for iWUE were found to be
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more responsive to C,than transpirational rates. These smaller effects on transpiration rates
than on stomatal conductance indicate that responses are related not only to decrease stomatal
openings but also to atmospheric feedback effects. While stomatal conductance depends on
leaf size, surface structure and stomatal location (Bernacchi et al. 2002), transpiration is
dependent on both boundary layer conductance as well as stomatal conductance to operate in
series (Smith and Jarvis 1998, Bauerle and Bowden 2011). Their relative magnitude controls
which conductance is the leading regulator of transpiration.

In natural environments, as photosynthesis and transpiration increase, changes in
transpiration rates at the leaf surface are different from those close to the immediate air when
the wind speed over a leaf is less. In artificial environments, however, created by gas
exchange equipment, the conditions at leaf surface may vary. The data thus collected by these
equipment may not reflect the true natural environmental conditions. The data used in the
present analysis were taken using gas exchange cuvettes and may not reflect the true natural
environmental conditions. In these cuvettes, the boundary layer conductance is kept high
enough to reduce the difference between bulk air and leaf surface conditions to relatively low
levels. The differences existing between bulk air and leaf surface conditions may be very
significant in terms of feedback mechanisms that regulate stomatal responses. For example in
a study by Barton et al. (2012) iTE was found to be proportional to C,, however, it was
strongly dependent on D. It was concluded in the study that differences in D at both the leaf
and canopy level should be taken into account for ITE measurements. The environment of the
leaf is therefore probably best described by considering conditions at the leaf surface. If
environmental and gas exchange data are consistent with the conditions at the leaf surface,

data obtained from the experiments could provide more meaningful comparison.

(b) Whole plant-scale

At the whole plant scale, the mean CO, response of water use efficiency was
significantly less than proportional to the CO; increase (Figures 1c, 2c, 3c). With 50%
increase in CO2, a mean 38% increase in WUE was observed across all functional groups,
whereas a 100% increase in CO; indicated that species overall showed a mean 48% increase
in WUE. Overall, the response of water use efficiency to CO, was 0.79 (C1=0.76, 0.82) of the
increase in C,. Consideration of the factors driving the change in WUE indicated that the
reduction in transpirational loss was much smaller than the response of biomass increment.
The analysis suggests that the leaf level proportional increase cannot be translated directly to

the whole plant scale because negative feedback effects come into force from surface
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temperature and atmospheric humidity on the sensitivity of transpiration to a change in leaf
conductance. When stomatal conductance is much smaller than boundary layer conductance,
stomata are the dominant controller of water loss and a decrease in stomatal conductance will
result in a nearly proportional decrease in transpiration. Plants in this state have an omega
value near 0 as suggested by Jarvis and McNaughton (1986), and is said to be well coupled.
In contrast, when the boundary layer is of similar order of magnitude of stomatal
conductance, changes in stomatal conductance will have little effect on transpiration rate, and
feedback through radiation to the canopy primarily drive transpiration. In a leaf cuvette,
transpiration from individual leaves can be effectively described by the density dynamics.
However, transpiration from leaves in a canopy requires consideration of both diffusion and
the leaf energy balance.

Boundary layer conductance is determined differently amongst the models. Canopy
boundary layer conductance, leaf boundary layer conductance, and/or both are used in
calculations and have been described in detail by De Kauwe et al. (2013), along with
comparisons of predictions from these models with actual observed data from two FACE
sites. De Kauwe et al. (2013), found that overall, model predictions of the CO; effect on WUE
were more accurate to the data observed at the well-coupled coniferous site (Duke FACE), but
were poor at the broadleaf site (Oak Ridge FACE). Moreover, there were discrepancies
among models that calculate whole plant water use efficiencies by taking various degrees of
plant coupling to the atmosphere. The results of the present study suggest that with 50%
increase in C,whole plant WUE decrease to 60% whereas with 100% increase in C; WUE
decreased to 64%. For modelling, it is useful to set a benchmark to enable easier modelling
and to compare results. Thus the results of the present study can be used for setting a
benchmark for modelling and avoid the discrepancies emerging due to various degrees of the

coupling effect incorporated in the models.

Are there any differences among PFTs?

The study showed that, at leaf scale, C3 and C4 herbs have similar IWUE and iTE
responses to elevated CO,. The contributing factors for IWUE showed that, the CO, effect on
photosynthetic rates was comparatively higher in C3 as compared to C4 herbs, whereas
stomatal responses were similar for C3and C4 herbs. The results of this study are comparable
to other studies. For example, in a meta-analysis by Ainsworth and Long (2005), a 15%

increase of light saturated photosynthetic rate in C4 plants was observed, as compared to a
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34% stimulation for C3 plants with increasing CO,. Moreover, no difference in the sensitivity
of stomatal responses to CO, among different C3and C4 grasses was observed in studies by
Morrison and Gifford (1983) and Mehrali et al. (2003). At leaf scale, transpiration is greater
in C4 plants and explains the similar responses. At whole plant scale, the water loss responses
are smaller than the transpiration responses, which explains why WUE is less responsive in
C4 plants than C3 plants (because most of the WUE response comes through transpiration not
photosynthesis). Transpiration rates at leaf scale indicated that C4 responses are larger as
compared to C3 herbs. However at whole plant scale level there were no difference among
species. Accordingly, the results of the present study contradict the general concept that C4
plants due to their already saturated carboxylation efficiencies will respond more in terms of
reduced stomatal conductances (Wand etal. 1999, Ainsworth et al. 2002, Sage and Kubien
2003).

At the whole plant scale, species responses to WUE were not different to increasing
Ca. Unexpectedly, no difference in greater biomass accumulation were found for woody
species. Trees are generally assumed to be more capable of accumulating biomass as
compared to herbaceous species. Trees differ from other type of vegetation in relation to not
only storing CO; as carbon-rich organic compounds in secondary woody tissues, but also
because of their vertical height. Local climates of tall trees are also strongly influenced by
heat and water vapour transfer processes which are connected through height of the trees
causing proportional vegetation roughness. The roughness indicates the level of coupling of
vegetation with the environment and is proportional to height. Moreover, trees also extend
their roots deeper than many other type of vegetation and thus can tap additional sources of
water (Canadell etal. 1996).

The studies included in the present meta-analysis were conducted on plants with
different age and sizes and some studies also have additional treatments such as nutrient,
temperature, etc. Responses of plants can differ under varying environmental condition.
Hence, large variances among studies were observed in the analysis. Small number of studies
on gymnosperms rendered low power to the analysis and larger confidence intervals were
observed. Moreover, many experimental studies from literature do not provide the essential
statistical information about the results needed for them to be included in meta-analytical
studies and therefore, the present study is not exhaustive.

One of today’s scientific challenges is to directly link the observations at ecosystem
levels to develop a profound understanding of biotic interactions with environmental

constraints. The present study only provides an overview of WUE changes at leaf and plant-
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scale. Scaling from plants to ecosystems, and from short to long timescales involves system-
level experimentation and modelling. Additional analyses are beyond the scope of the present
study, but the analyses at ecosystem scale can deliver better information for global scale
models. For example, analysing eddy covariance data can provide further insight in the
coupling of carbon and water fluxes in a range of ecosystems. Further research may analyze
water fluxes of the whole ecosystems, which essentially govern the response of ecosystems to
changing environmental conditions. Analysing such plant properties from globally up-scaled

flux fields may help to provide distinct spatial patterns.

Conclusion

In summary, the results suggest that plant water use efficiency shows a close linear
relation with increasing CO; only at the leaf-scale. However, scaling up to whole plant or
canopy level, plant water use efficiencies showed less than proportional increases because the
transpiration rates may be reduced due to a boundary layer effect. At the whole plant level,
WUE decreased to 60% with respect to Leaf-level IWUE and iTE with 50% CO; increment,
whereas at 100% CO; increment WUE decreased to 64% with respect to iWUE and iTE.
Moreover, at leaf-scale level no differences between plant functional groups’ means were
found for stomatal conductance. Transpiration rates were decreased in C4 herbaceous species,
however, at whole plant scale the responses were similar to the other species. At whole plant
scale level, water use efficiencies were less than proportional to CO,. Due to large variability
in the data no difference was found among functional groups. In natural environments, the
plant transpiration response may vary due to coupling effect. Unnatural ventilation in growth
cabinets, glasshouses and open-top chambers provide poor coupling of plants to the
atmosphere and thus may not accurately reflect CO, effects on transpiration of natural
vegetation. Models predicting CO, effect on whole plant use efficiencies may correct
uncertainties by considering the changes arising at whole plant scale level due to coupling or

decoupling of leaf boundary layer with atmosphere.
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CHAPTER 5

Discussion and Conclusions

Extensive research on the effects of elevated CO, (eC,) on ecosystem structure and
function has demonstrated that modifications in gas exchange and growth are among the
primary responses of vegetation to the current rise in atmospheric CO, concentration (C,).
Ecophysiological models estimate predicted vegetation growth under rising CO» and climate
change, based on assumptions about the interaction of plant physiological processes and the
environment. Any change in the climate drivers (CO., temperature and precipitation) cause
new situations that can add inherent uncertainty in the models. Models based on physiological
processes may contain further uncertainties from experimental errors and from the
assumptions incorporated into the models. Therefore, uncertainties are increased when models
are scaled up to the level of stands and ecosystems.

It is important that these scaled up models are regularly tested and are based on
current empirical knowledge. The practice will not only improve our knowledge of plant
functioning and but will also advance research where interactions between plants and climate
change have to be taken into consideration. This study attempts to link new experimental

findings with model formulations and to test the underlying assumptions in the models.

One of the assumptions made in the models is that plant responses at eC, should be
higher at higher temperatures. The assumption is made at leaf-level (Long 1991) and at
canopy scale models (Mcmurtrie and Wang 1993). However, some models do not incorporate
this important assumption. To date, numerous studies have been conducted on plant growth
responses to eC, and temperature. It is unclear if these studies support the above assumption
made by the models. | used meta-analysis technique to find out if there is truly an interaction
between eC, and temperature.

In chapter 2, | carried out two meta-analyses. Firstly | collected all the factorial eC, x
temperature experiments on trees from literature to find an interaction, and secondly, 1
collected all the CO, experiments carried out all over the globe on trees to find a relationship
of plant responses to their mean annual temperatures. The first meta-analysis results showed
that there is a positive interaction between eC, and high temperature, however the results were
not significant as the confidence intervals were too large to identify the positive effect. The

second regression-meta-analysis results indicated that the plant responses were stronger at
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warm tropics as compared to boreal forest. However, a lack of studies contributed to a non-
significant effect of mean annual temperature with plant growth responses. Hence, neither of
the meta-analyses allowed to differentiate between presence or absence of eC, x temperature
interaction.

The issues with the analysis were, firstly there was high variability in the data and
secondly, there were limited amount of studies which reported the results with statistical
summaries (e.g., standard errors, number of replicates). It is important that studies convey
their results in a form that is consistent and could be used for re-analysis purposes. The study
also emphasizes the need for further experiments investigating CO; responses in the specific
regions-boreal and tropics.

From modelling prospective, it would be useful to estimate plant responses to climate
change equally with and without incorporating the eC, x temperature interaction until further

data become available.

In chapter 3, firstly | tested whether the optimal stomatal conductance model proposed
by Medlyn etal. (2011) can be used to predict stomatal behavior of C4 species. One of the
assumptions made in the model was that the C3 plants respond as to be optimizing for RuBP-
regeneration limiting reaction rather than Rubisco limiting reaction. The model has been
tested to work well with C3 species. However, its accuracy for C4 species is unknown
because of the underlying assumptions in the model. Secondly, | tested whether C4 stomata
are more responsive to eC, compared to C3 species. It is assumed that due to their already
saturated assimilation rates, C4 species will respond more strongly in terms of closing their
stomates to rising C,.

To test these hypotheses, a glasshouse experiment was designed to measure responses
of C3 and C4 species to change in environmental factors. Congeneric C3 and C4 species were
selected with well-defined C3 and C4 traits. The results of the study showed that the optimal
stomatal conductance model by Medlyn et al. (2011) accurately predicted the C4 responses.
The model provides g; values (the slope of the model gs vs. A C, VD) which can be used as a
proxy to calculate A, the marginal carbon cost of water (mol H,O mol* C). The values of A for
C3 species were found to be similar to that of C4 species. However the g; values of C4 were
found to be approximately half of those of C3 species. Lower g; values were observed
because of the saturated nature of the A-Ci curves of C4 plants. The similar A values in both
C3 and C4 species indicate that C4 species have not changed their marginal carbon cost of

water. The results imply that C4 species have evolved to maximize their assimilation rates by
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keeping similar carbon cost of water compared to C3 species. Moreover, the study did not
find any evidence that the stomata of C4 species are more sensitive to CO, than C3 species.
The model by Medlyn etal. (2011) provides a framework to interpret stomatal
responses for both C3 and C4 species to changes in environmental factors. The study also
shows that numerical solution of the optimal stomatal behaviour model does not accurately

predict gs responses of C4 species.

In chapter 4, | tested model predictions that plants should increase their water use
efficiencies in proportion to an increase in CO; at leaf-level and at whole plant scale level.
The models also predict that the proportional increase is uniform across all plant functional
types. Again, | used a meta-analysis technique to test if the present data from experimental
outcome support these model assumptions. The results show that the predictions are true at
leaf-scale however, the proportionality decreases when the responses are scaled up to whole
plant level. Overall responses indicated that for leaf-level IWUE (intrinsic water use
efficiency = A/gs), the contributing factors, photosynthesis (A) and stomatal conductance (gs),
responded according to the predictions i.e. proportional increase with CO,. However, for iTE
(instantaneous water use efficiency = A/E) and whole plant WUE (water use efficiency =
Biomass/E), it was the transpiration rates (E) which responded less than proportionally to
COg. Thereby, a lower increase in iTE and WUE was observed as compared to iWUE values.
With a 50% increase in CO, the response of WUE was only about 60% of the response of
IWUE and iTE, whereas with 100% increase in CO», the response in WUE was about 64% of
the response of IWUE and IiTE.

It was inferred from the study that the “coupling effect” plays an important role in
determining whole plant water use efficiency (WUE). The more strongly plants are coupled to
the atmosphere (i.e. greater roughness is observed in the boundary layer which is adjacent to
the plant or leaf surface) the more the stomata have control over transpiration (Jarvis and
Mcnaughton 1986). In de-coupled state a reduction in stomatal conductance does not result in
proportional decrease in transpiration. Hence, model predictions that WUE increases in
proportion to C,are accurate at leaf-scale and match well with the measured data. These data
are taken in closed cuvettes of gas-exchange analyzers. The cuvettes may provide a perfect
coupling of the leaf to its surrounding, however in natural environments the leaf responses
tend to deviate from linearity due to de-coupling effect. It is thus, important to consider the
boundary layer effects in models to accurately reflect CO, effects on transpiration of natural

vegetation.
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The analysis on plant functional type revealed that the CO; effect on whole-plant
WUE in C4 plants was statistically less than the CO; effect on WUE in C3 plants. At leaf
scale there was no difference in the effect on IWUE or iTE but the change originated less
from photosynthesis and more from transpiration in C4 plants. At the canopy scale, changes
in transpiration were diminished more than changes in photosynthesis, due to the coupling
effect. That elucidated the fact why WUE of C4 plants was less responsive than that of C3
plants.

From modelling point of view, it is important that models incorporate the boundary
layer effects occurring at leaf and canopy-scales. However, to tackle the discrepancies shown
by the models, it is useful to set a quantitative benchmark against which to compare results.
Setting a standard metric for model evaluation will help to assess the reliability of vegetation
models. This study thus, puts forward a benchmark data set for comparing and analyzing

model performance as well as providing data for model development.

To enable better predictions of the climate effects on vegetation, it is important to
incorporate novel information on the potential impacts of different climate change scenarios
on plant growth into models. The research on the potential effects of climate change on plant
growth is vast. However, it is important that the experiments are designed in a way that is
useful for modelers and that the data reported can be incorporated into model predictions.
Improving model predictions is important to guide policy makers and managers in sustaining
and managing ecosystems affected by climate change.
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Appendix A:

Table A1: Alist of CO2 x temperature experiments giving mean values with standard errors and number of replicates. For abbreviations refer to abbreviation listat the end of table A2.

[References ocation [Parameter [Parameter Units [Species Functional Division _|Ambient CO, [Elevated CO, [CO, Units [Facility|Inferacting treatment [Temp{ Temp2 LCLT [LCLTSA[LCLTN[HCLT HCLTN|LCHT [LCHTSA|LCHTNJHCHT [HCHTSd
[Olszyk et al, 2003 HEFL,0R, USA TWT 9 [Pseudotsuga menziesii [Gymno ESU 530 umolmol |GC None [Ambient Ambient +3.5°C 186.9 15.0§ 3186.95 186.95] 45.1 191.30]  15.05
[OzyKk etarl, 2003 HEELC,OR, USA IABGRWT |9 Pseudotsuga menziesii |Gymno Y 530 amovmol[GC None [Ambient Ambient + 3.5 °C_[365.21 195.7 3377y 79565 75.2 [3T3.04] 90.30]
[OlszyK et al., 2003 HEEL,OR, USA TW 0 [Pseudotsuga menziesii [Gymno 350 030 umoimol  [GC None [Ambient AmbEent + 3.5 "C [p47.84 218.3 J62T1.73 478.26] 128.0 00000 TTZ.95]
[Overdieck et al., 2007 erin, Germany W 9 [Fagus Sylvatica Gymno [400 700 umol/mol [GH None [Ambient -2 °C [Ambient + 2 °C 99.39 121 §89.09 112.12] 135 126.06] 14.89
[Overdieck et al., 2007 erin, Germany W 9] [Fagus SyWatica Gymno 1400 700 umol/mol [GH None [Ambient Ambient + 4 °C 76.9q 17.6: §790.30] 129.09] 12.19 139.3%| 9.43]
elucia et al., 1997 uke Universty, NC, USA W 9 Pinus ponderosa Gymno [350 700 uL/L GC None 25/10 °C 30/15°C 20.0q 10.19 30.26) 24 25.52] 9.8 2430.33]  15.14]
elucia et al., 1997 uke Universtty, NC, USA TWT 9 [Pinus ponderosa Gymno 350 700 UL/l GC None 25710 °C 30715 °C 10.89 10.1 24 14.65] 241119 9.8 241484 15.14]
elucia et al., 1997 uke Universty, NC, USA IABGRWT g Pinus ponderosa Gymno 350 700 L/l GC None 25/10 °C 30/15°C 911 10.19 24 15.61 14.33] 9.8 24 1549 15.14
Calaway et al, 1994 Uke Unwversity, NC, USA TW 9 [Pinusponderosa Gymno 350 650 pbar GC None T0725°C T5730°C T8g  0.19 3~ 1.7 3 T.77 0T AR 020
[Calaway et al,, T994 Uke Unwersiy, NC, USA TWT 9 [Pinus_ponderosa Gymno 350 650 pbar GC None T0725 °C T5730 °C 079 0.19 3~ 0.83 3~ 0.79) 0T T.O0T 020
Callaway et al., 1994 uke Universtty, NC, USA JABGRWT g [Pinus ponderosa Gymno 350 650 ubar GC None 10725 °C 1530 °C 091 0.1 g 0.93 0.95]  0.18 1.14] 0.20
selman et al., 2000 uke Universty, NC, USA TWT g [Robinia pseudoacacia |Angio 35 70 a GC Nitrogen 26 °C 30 °C 13.8 8.63 15.61 g 15.33] 7.0 17.64] 6.36}
selman et al., 2000 uke Universty, NC, USA W 9 [Robinia pseudoacacia |Angio I35 70 a GC Nitrogen 26 °C 30 °C 2354 15.9 28.19 36.28] 1241 40.62] 14.63
selman et al., 2000 uke University, NC, USA IABGRWT g [Robinia pseudoacacia |Angio 35 70 a GC Nitrogen 26 °C 30°C 9.6! 8.63 12.58 20.95) 7.0 22.98] 6.6
[Uselman et al., 2000 uke Unwersity, NC, USA TWT 0 [Robinia pseudoacacia |Angio 35 70 a GC Nfrogen 26 °C 30°C 3.69 T.9 6.04] 5.30) 3.5 4.93 3.37]
[Uselman et al., 2000 Uke University, NC, USA W 9] [Robinia pseudoacacia |Angio 35 70 a GC Nfrogen 76 "C 30°C 75 T7 T0.73 T6.33 75 T5.80 887
selman et al., 2000 uke Universty, NC, USA IABGRWT |g [Robinia pseudoacacia |Angio I35 70 a GC Nitrogen 26 °C 30°C 4.0 799 4.70) 11.03 35 10.87 3.37]
ing etal, 1996 uke University, NC, USA TWT 9 Pinus taeda Gymno 35 70 a GH Fertiized [Ambient Ambient + 5 °C 6.1 1.0 § 10.05) 5.77] 25 12.92 2.33]
ing et al., 1996 uke University, NC, USA TWT g Pinus taeda Gymno 35 70 a GH Fertiized JAmbient Ambient + 5 °C 419 0.5 g 8.45 3.58] 1.77 11.64] 2,59
g etal, 1996 uke Universfly, NC, USA TWT |9 [Pinus ponderosa Gymno |35 70 a G [Ferflized [Ambient Ambent + 5 °C 799 20 4922 54 18 T0.66]  2.93
ing et al.,, 1996 uke University, NC, USA TWT 9 Pinus ponderosa Gymno 35 70 a GH Fertiized [Ambient Ambient + 5 °C 4.1 1.1 g 10.54 4.76) 0.9 8.8F| 2.84]
[Sigurdsson et al.,, 2073 Takaliden, Sweden TWT a7 Ficea Abies Gymno 365 700 lumoimoT TC [None [Ambient Ambent + 2.8 C [p21.2 447 3393.62 08.57  99.5 °85. T Z70.06]
[Wayne et al., 1998 arvard, MA, USA TW 9 Betula_aleghaniensis _|AnNgio [A00 800 LT GC None 26721°C 31726 °C 40 T.70 6.35 T.70] 0.5 T 3.6 T.27]
ruhn et al., 2000 NA, Denmark TWT 3] Fagus Sylvatica Gymno 40 74 Pa ICTC  [None JAmbient -2 °C |Ambient + 2.3 °C 219 1.30 9 3.36 2.23| 0.92 4.33 2.58]
ruhn et al., 2000 NA, Denmark IABGRWT g Fagus Sylvatica Gymno 40 74 a ICTC  [None [Ambient -2 °C [Ambient + 2.3 °C | 4.6 6.9 q 3.77 4.05) 1.40 6.51 3.69
ruhn etal, 2000 NA, Denmark W 9 [Fagus SyWatica Gymno 40 74 a ICTC  [None [Ambient -2 °C [Ambient+2.3°C | 6.8 7.8 q 7.13 6.27] 2.2 9 10.84 6.10
ruhn et al., 2000 NA, Denmark TWT g Fagus Sylvatica Gymno 40 74 Pa ICTC  [None JAmbient Ambient + 4.8 °C 2.3 1.00 9 2.94 1.55) 0.6 9 3.57 1.66
[Bruhn et ar.,, 2000 NA, Denmark IABGRWT |9 [Fagus SyWatica Gymno ) €] a [CTC[None [Ambient Ambient + 48 °C | 3.2 T3 9~ 360 775 T19 b.lJ-'gl T30
funn et al., 2000 NA Denmark TW 9 [Fagus SyWatica Gymno ) 7 a [CTC__[None [Ambient Ambent + 4.8 °C | 581 2.3 9~ 6.5 2730 T7 8o Z.77]
uokkanen et al., 2001 RS, Finland W g Betula Pendula Gymno 360 720 ppm ICTC  [None JAmbient Ambient + 2 °C 55 1.3 6.27] 4.80] 1.9 7.77) 2.05]
elomaki and Wang, 2001 [VRS, Finland W g Betula Pendula Gymno 360 700 umol/mol [CTC — [None JAmbient Ambient +2.5°C [ 21.90 5.3 25.70 g 27.40 9.0 g 26.00 5.66}
[Salas et al, 2003 RS, Finland IABGRWT g [Pinus Sylestris Gymno 325 732 ppm GC None 19112 °C 23/16 °C 3.2 0.49 3.40) 4.80] 0.93 5.50] 0.98]
eteliet al,, 2002 RS, Finland JABGRWT g [Salix myrsinifolia Gymno 360 720 ppm ICTC  [None [Ambient Ambient + 2 °C 11.0 2.1 12.48 10.67] 2.6 15.81 2.67
orby and Luo, 2004 ORNL, TN, USA STWT Kg [Acer Rubrum Angio 300 600 umolmol [OTC  [None 18 °C 22°C 3.9 0.8 J 7.14 259 0.6 J 561 0.61
[Norby and Luo, 2004 ORNL, TN, USA TWT i} [Acer Saccharum ANgIo 300 500 pmormol _[OTC _ [None T8~C 77T 38 U6 I 325 739 U5 38O 0BT
Wan et al.,, 2004 [ORNL, TN, USA TWT [Acer rubrum/saccharum |Gymno ____JAmbient CO, |Ambeent + 300 [ppm OTC None [Ambient Ambent + 4 "C 96.6 6.2 J10Z.07 3U.TS[ TT.7 4.7 39.87
Wan et al, 2004 ORNL, TN, USA JABGRWT IAcer rubrum/saccharum |Gymno [Ambient CO, [Ambient + 300 [ppm [OTC  [None [Ambient Ambient + 4 °C 88.5 6.2 3 94.86 37.02[  11.19 70.64]  39.82
Ghannoum et al., 2010 ichmond, Australia STWT Eucalyptus saligna Angio 400 650 L/l GH None 26/18 °C 30/22 °C 20.79  4.80 9 29.70 9 31.67] 4.39 9 39.35 4.06)
Ghannoumet al., 2010 ichmond, Australia TWT 9 Eucalyptus saligna Angio 400 650 uL/L GH None 26/18 °C 30122 °C 2401 6.6 29,79 29.63] 10.5 35.39 7.66
Ghannoum et al,, 2010 ichmond, Australia W 9 Eucalyptus saligna Angio 400 650 WL/ GH None 26/18 °C 30122 °C 65.80 12.65 9 88.65) 91.83] 14.71 112.59 7.99
[Ghannoum et arl,, 2010 |Richmond, Australia TWT 9 [Eucalyptus sideroxylon [Angio [A00 650 UL/T GH None 26718 °C 307Z2°C 3.8 T.59 9 8.69 8.47] 2.9 15.24] 3.73]
[Ghannoum et al,, 2010 |Richmond, Australia TWT 9 [Eucalyptus sideroxylon |Angio [A00 650 LT GH None 76718 °C 307Z2°C 5.7 3.5 9 11.30 7.8 3.4 15.27] 6.09
Ghannoum et al., 2010 ichmond, Australia W 9 Eucalyptus sideroxylon |Angio 400 650 WL/l GH None 26/18 °C 30/22 °C 147 6.29 29.44 24.01 8.1 46.33] 13.21
lortenson, 1996 Saerheim Research Station, Norway  [RTWT 9 [Betula pubescens Angio 350 700 umol/mol [GC None 15 °C 20 °C 059 00 1 0.62 0.66] 0.01 0.71 0.03]
lortenson, 1996 Saerheim Research Station, Norway |ABGRWT [g Betula pubescens Angio 350 700 umol/mol  |GC None 15 °C 20 °C 0.8 0.0 4 0.89 1.01 0.04 1.24 0.1
lortenson, 1996 [Saerheim Research Station, Norway  [TW 9 Betula pubescens Angio [350 700 umol/mol  |GC None 15 °C 20 °C 3.4 0.0 q 3.74 3.83] 0.1 4.77 0.20]
ou etal, 2010 Shanghai, China W 9 IAbies faxoniana Gymno [Ambient CO, [350 umol/mol |GC None [Ambient Ambient + 2 °C 58.9 5.8 71.38] 77.28] 8.11 82.28] 8.16]
ou etal, 2010 hanghal, China TWT 9 IADbies faxoniana Gymno [Ambient CO, 350 pmormol  [GC None [Ambient AmbEent + Z “C 173 5.83 g 22.87 g 2547 A 226 B.19[
ou etal, 2010 hangnai, China IABGRWT [g IAbies faxoniana Gymno [Ambient CO, |350 pmormol _ [GC None [Ambient Ambent + 2 °C IT5 58 § 48.55 51.87] A 59.67] 819 g
[Sheu and Lin, 1999 aichung, Tawan W 9 Shima superba Angio 375 720 ppm GC None 25/20 °C 30725 °C 11.81 2.4 19 13.40 14.50 3.6 194 21.60 7.62| 1
samiet al., 2001 Ibaraki, Japan JABGRWT g Quercus myrsinaefolia |Angio 400 768 umol/mol |GC None 15.5°C 17.3°C 79.00 16.59 16102.00) 78.00]  14.7 16126.00]  19.24] 1
samiet al., 2001 Ibaraki, Japan TWT 5] Quercus myrsinaefolia |Angio 400 768 umol/mol |GC None 15.5 °C 17.3°C 56.00 17.0f 1¢ 82.00) 50.00] 16.00) 1¢9 85.00]  20.00| 1
sami et al., 2001 Ibaraki, Japan W g Quercus myrsinaefolia_|Angio 400 768 umolmol ™ |GC None 15.5 °C 17.3°C 134.200  36.70 16184.50 128.80] 32.0() 16210.70]  38.60) 1
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References ocation arameter [Parameter UNits [species _____[Functional Division _[Ambient CO, |Elevated CO; |CO, Units [Facility|Inferacting treatment [Temp1 TempZ CCLT [LCLTSA[LCCTNHCLT [HCLTSA[HCLTN[CCHT [LCHTSA[LCHTNJHCHT [HCHTSA [HCHTN|
laheraliand Delucia, 2000 [Urbana, IL, USA W 9 Pinus ponderosa Gymno 50 750 umol/mol  |GC None 25/15 °C 30/20 °C 4.0 1.8 19 5.15] 1.5 10 4.25 1.4 19 5.33] 2.32] 1
laheraliand Delucia, 2000 [Urbana, IL, USA TWT 9 [Pinus ponderosa Gymno 350 750 umol/mol |GC None 25/15 °C 30/20 °C 2.2 1.8 10 3.00 1.5l 10 2.32 14 1q 2.97 2.32] 1
laheraliand Delucia, 2000 |[Urbana, IL, USA STWT 9 Pinus ponderosa Gymno 350 750 umol/mol [GC None 25/15 °C 30/20 °C 1.79 1.8 10 2.15 1.5 10 1.93 1.42 T~ 2.36| 2.32] 1q
ewis et al., 2013 ichmond, Australia TWT g Eucalyptus saligna Angio 1400 650 L/l GH None 26/18 °C 30/22 °C 126Q  2.20 16.10) 2.6( 13.60] 2.6( 17.00] 7.40]

Cewsetal, 2013 [Richmond, Australia JABGRWT g [Eucalyptus salgna Angio [A00 650 UL/T GH None 26718 °C 307Z2Z2°C 22.7 1.8 30.20) 3.4 Z27.60) 0.8 33.90] 4.00]

Cewsetal, 2013 |Richmond, Australia TW 0 [Eucalyptus salgna Angio [A00 650 UL/T GH None 26718 °C 30rZZ2°C 34.8] 3.80) 46.30 4.7 471.20 7.6 00.80)] 9.00]
ewis et al., 2013 ichmond, Australia TWT g Eucalyptus sideroxylon |Angio 400 650 L/l GH None 26/18 °C 30/22 °C 550 1.0 9.40 1.2 5.40] 1.80 12.30) 3.60}
ewisetal, 2013 ichmond, Australia IABGRWT g Eucalyptus sideroxylon |Angio 400 650 WL/l GH None 26/18 °C 3022 °C 13.91 2.6 17.80 3.6 13.20 1.8 22.60] 6.40)
ewisetal, 2013 ichmond, Australia W 9 [Eucalyptus sideroxylon |Angio 400 650 WL/ GH None 26/18 °C 30/22 °C 19.41 3.6 27.20) 4.2 18.60 34 34.90] 4.40
uan etal, 2013 ichmond, Australia TWT 9 Eucalyptus globulus Angio [400 640 WL/l GH None 28717 °C 32121°C 16.79 16 15.41 0.0 17.11 0.01 15.46 0.96]
uan etal, 2013 ichmond, Australia STWT 9 Eucalyptus globulus Angio 400 640 WLL GH None 28717 °C 32121°C 1440 21 1249 0.0 14.86] 0.0 g 12.55 1.27] q

Duanetal, 2013 |Richmond, Australia TW 0 [Fucalyptus globulis ANQIo ) 540 MO GH None 78777 C 322TC 5389 6.59 94809 0.7 § 55.27 009 4827 39T g

[Bauweraerts et al, 2013 GA, USA TW 9] [Quercus rubra Angio 385 704 umoimol  [OTCT None [Ambient Ambent+ 3 °C 824 231 q104.49] Z3.17 qT00.90[  Z24.1 qr13.48]  Z24.T7 E|
avola etal, 2013 RS, Finland IABGRWT g Betula pendula Angio 360 700 umolmol [CTC  [None [Ambient Ambient +2.5°C | 2.9 16 289 3.50 16 289 3.36) 16 289 3.83 162 288
avola etal, 2013 RS, Finland TWT 9] Betula pendula Angio 360 700 umolmol [CTC ~ [None [Ambient Ambient+25°C | 0.6y 043 28§ 083 037 289 0.77] 0.37 Zg 0.82 0.32 Zg
avola et al,, 2013 RS, Finland W 9 Betula pendula Angio 360 700 umolmol  [CTC  [None [Ambient Ambient + 2.5 °C 3.51 0.69 289 4.24 1.9 289 4.0 0.6 2 4.58] 1.94] 2
Joelker et al., 1998 N, USA W 9 [Picea mariana Gymno 370 580 umol/mol [GC None 21715 24118 0.4 0.2 1.43 0.5 0.48] 0.23 0.93] 0.31

ITjoeTker et ar.,, 1998 N, USA TW 9 Ficea marana Gymno 370 580 umolmol [GC None 27127 30724 0.4 0.79 9 U0.70 0.29 g 0.27 0.1 q 0.79] 0.04] q

ITjoeTker et ar.,, 1998 N, USA TW 9] Pinus banksina Gymno 370 580 pmormol  [GC None VARALY VLIKE) 07 0.09 U.77] 03 067 03 050 U.T9| 9
Joelker et al., 1998 N, USA W 9 Pinus banksina Gymno 370 580 umol/mol  |GC None 27122 30/25 1.5 0.8 1.75] 0.89 0.23] 0.11 0.47] 0.14]
joeker et al., 1998 N, USA W 9 Larix larciana Angio 370 580 umol/mol |GC None 2117 24120 2.3 14 2.18 1.0 135 0.81 168 0.27]
joeker et al., 1998 N, USA W 9 [Larix larciana Angio 370 580 umolmol  |GC None 07123 30726 128 0.2 2.39]  0.31 3 137 080 3 1.30] 0.39
joelker et al., 1998 N, USA W 9 Betula papyrifera Angio 370 580 umol/mol  |GC None 21/18 24121 1.7 445 14.0§| 5.8 10.69 2.@ 8.07] 1.74]
joelker et al,, 1998 N, USA W g Betula _papyrifera Angio 370 580 umolmol|GC None 27724 30727 14.5 74 20.59] 10.3! 11.51 3.29 13.23 4.98]

Table A2: A List of experiments of elevated CO2 responses oftrees freely rooted in the ground. For abbreviations refer to abbreviation listat the end of the table.

[References [Site/Cocation ype of Biomass] |Parameter _ [Nutrients |Time of Exposure |WAT °C JLat __ |Long _ [Species unctional [Ambient CO, [Elevate , Unit_[mZ2i [Sea SAZT | 4 [See SaTi i ean

Experiment NPP Units Division

[Smih et ar., 2013 [Bangore, Wales,UK FACE Bomass 977 one T460 T0.2 I TTN V3 TOW [Alhus glufinosa ZFXing [Ambient 580 ppm 514689 251.79 5U3.5 674126 125.87[ 251.7 7 T3 0.27

Smith et al., 2013 Bangore,Wales, UK FACE Biomass lg/m? one 1460 102 |3 1IN [-04 T0W [Betula pendula [Angio [Ambient 580 ppm 6993.01 629.37 1258.7 4 7790.21] 125.87[ 251.7 4 1.1 0.1

ISmith et al., 2013 Bangore,Wales,UK FACE Biomass lg/m? one 1460 10.2 53 11N -04 10 W |Fagus syhatica JAngio JAmbient 580 ppm 804.200 117.49 234.9 41 879.72 96.50] 193.0 4 T09[ 0.09

[Spinler et al,, 2002 Brmendorf, Switz OTC Bomass lg/m? N 1460 9.5 721N [0826 W [Fagus syhatica lAngio 370 570 umol/mol 1323.97 104.1 208.3 4119897 52.08] 104.1 4 0.91 -0.10

Spinnler et al., 2002 Brmendorf,Switz 0TC Biomass lg/m? N 1460 9.5 A721N |08 26 W [Picea abies Gymno 370 570 umol/mol 1938.5 72927 14538 4 2271.88]  83.34] 166.6 4 1.17] 0.16

[Spmnler et al., 2002 Brmendort, Switz OTC Biomass o7n¥ ow-N |T460 0 BrZTN U826 W [Fagus syhatica [Angio 370 570 umolmorl 917.7 729 145.8 4] ©688.54] 7769 83.39 4 0.75] -0.29

[Spinnler et al., 2002 Brmendort, Switz [OTC Biomass g7n¥ ow-N | T460 k) B7rZTN U826 W |Ficea abies [Gymno 370 570 umolmorl 15323 T14.5 Z229.79 4 1886.47] T14.59] ZZ29.7 4 123 0.21

[Spinnler et ar, 2002 Brmendor, Swiz [OTC Blomass o/m¥ N T460 K BrZ2TN U826 W [Fagus syhatica [Angio 370 o 70 umol/mol T1995.3 10479 208.3 4 2339.071 T125.00] 250.0 4 117 0.7%)

[Spinnler et al., 2002 Brmendorf,Switz 0TC Biomass lg/m? N 1460 9.5 A721TN  [0826 W [Picea abies Gymno 370 570 umol/mol 17713 93.79 1875 4 2417.21] 17710 354.2 4 136 0.37]

[Spinnler et al., 2002 Brmendorf,Switz 0TC Biomass lg/m? ow-N 1460 9.5 [A72TN [0826 W [Fagus syhatica [Angio 370 570 umol/mol 2089.07 11461 229.2 4 2526.57| 270.84] 541.6 4 121 0.19

[Spinnler et al,, 2002 Brmendorf,Switz 0TC Biomass lg/m? ow-N 1460 9.5 721N |08 26 W [Picea abies Gymno 370 570 umol/mol 1833.8 62.50 125.0 4 2417.19]  177.10[ 354.2 4 T32[ 0.28|
oden etal, 199 Bungendore,Aus OTC Bomass 9 one 225 12.7 35145 [14926 E |[Fucalyptus paucifiora [Angio 350 [A+350 uL/l 214 1.7 6.8! 15] 33.00] 356 1379 19 1.54] 0.43]
Oveys et al 2010 Bungendore,AUS OTC Bomass 9 one 307 TZ2.7 35 14S [T49 26 E [Eucalyptus paucitora [Angio [Ambient 1652 umormor YA 927 20.79 5| 12000 12.86] 28.79 B 162 049

[Batker et al., 2005 Bungendore,AUS OTC Biomass 9 one 750 A 35 14S [T49 26 E |Eucalyptus paucitiora [Angio [Ambient [Zxambient _|[umormol 133 (Y 73 5 B89 T84 [N B U-66[ -U-

Goodfellow et al., 1997 Darwin, Aus CTC Biomass g one 850 27.2 -1236S [13109E [Mangifera indica lAngio JAmbient 00 umol/mol 1.49 0.1 0.39 8 2.39 0.19 0.53 [ 1.6% 0.47]
cCarthy et al, 2010 Durham,NC,USA FACE NPP lg/melyr one 3650 153 [3558N [-7905W [Pinustaeda Gymno 350 550 umol/mol 21228 9793 169.6 3| 2722.61] 182.64] 316.3 K 1.28] 0.25
issue etal, 1997 Durham,NC,USA 0TC Biomass 9 one 1460 153 3558 N [-7905W [Pinus taeda Gymno 35 65 Pa 1281159 1121.94 1943.2 3 24481.04] 2465.10[ 4269.6 K 1.91 0.65
ey and Jarvis, 1997 Glencorse, UK 0TC Biomass 9 Intmd-N— [1324 8.3 55 3TN [-0312W [Betula pendula [Angio 350 00 umol/mol 10.1 0.5 1.29 [§ 14.91 0.77 1.88 6 1.47] 0.38

[Temperton et al, 2003 Glendevon,UK oTC Bomass 9 one J6T Al 56 TZN -3 36 W [AIUS glutinosa [Angio 350 700 UrmovmoT 71901 25.04 500 q[ 22303 1840 368 7 TO0Z[ 0.07

[Temperion et al.,, 2003 Glendevon,UK OTC Bomass 0 one 36T Al o6 TZN -336 W __|Alhus glufinosa [Angio 350 700 umolmorl 1427 Z8.39 6. 4 Z76.10) 20.34] 40.6 4 197 0.42

[Caftat et al,, 1999 Glendevon, UK OTC Biomass 9 one 367 Al 56 TZN -3 36 W__|Betula pendula [Angio 350 700 umolmorl 93| 8.7 56.49 4 100.04 T14.70 29.4 4 T.07] 0.07]
aitat et al., 1999 Glendevon,UK OTC Biomass 8] one 361 8.1 56 12 N -3 36 W [Betula pendula JAngio 350 00 umol/mol 4348 18.99 37.91 4] 45.41 2.72] 5.4 4 1.04]  0.04
attat et al., 1999 Glendevon,UK OTC Bomass 9 one 1457 8.1 56 12N 03 36W [Pinus syNestris [Angio 350 00 umol/mol 1089.90 206.8q 413.71 4 1737.80] 264.05] 528.1 4 1.59]  0.47]
attat et al., 1999 Glendevon,UK 0TC Biomass 9 one 1457 8.1 56 72N [-0336W [Pinus sylestris [Angio 350 00 umol/mol 71340 11149 2229 4] 1288.50] 284.15] 568.3 4 181 059
attat et al., 7999 Glendevon,UK 0TC Biomass 9 one 726 8.1 56 72N [-0336W |[Picea sitchensis [Angio 350 00 umol/mol 77290 146.44  292.90 4] 1693.70] 364.84] 729.6 4 2.79] 0.78]

[Catat et al.,, 1999 Gendevon,UK OTC Bomass 9] one 776 T 56 TZN | -U3 36W _|Ficea sitchensis [Angio 350 700 umormol 7381 7291 1458 2~ 97090 11817 236.3 7 T32[ 0.27

[Sigurdsson et al, 2007 [Gunnershof, lceland C Bomass 9 N 854 ¥4 635TN -Z0 13 W_|Populus trichocarpa [Angio [Ambient [A+350 umolmorl T634.0 146.79  Z293.5 4 Z398.00[ 2Z40.72]  480.Z 4 14717 0.

Sigurdsson et al, 2001 Gunnershott,Iceland C Biomass 9 ow-N 854 5.2 63 51N -20 13 W |Populus trichocarpa JAngio JAmbient JA+350 umol/mol 663.0! 2.7 145.5 4] 632.00] 57.73] 1154 4 0.95 0.0
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[References [Site/Cocation ype of Biomass/ _[Parameter ufrients |Time of Exposure [Lat  |Long  [Species unctional [Ambient CO, [Elevate , Unit_[mZi [Sea  [sdZi | 4 L [See [SaTi n ean [l
Experiment NPP Units Division
[Broadmeadow et al, 2000 |[Headley,UK OTC Biomass 9] one 40 T0 5708 N 0050 W _[Quercus species [ANgI0 365 700 umormor 0.2 0.07 0.0 7 045 0.0 Al 7 227 0.82
roadmeadow et al., 2000 Headley, UK OTC Biomass 9 one 640 10 52 08 N -00 50 W |Quercus species JAngio 365 00 umol/mol 178.4 7.8 15.7. 41 314431  49.47 98.9. 4 1.76]  0.57
roadmeadow et al., 2000 Headley,UK OTC Biomass 8] one 1037 10 52 08 N -00 50 W' [Fraxinus excelsior JAngio 350 00 umol/mol 0.29 0.0: 0.03 2| 0.27] 0.01 0.0 2| 0.92] -0.08]
roadmeadow et al,, 2000  [Headley,UK OTC Bomass 9 one 1037 10 52 08 N -00 50 W |Quercus petraea lAngio 350 00 umol/mol 0.3 0.01 0.0; 2 0.36) 0.06] 0.0 2 1.05] 0.05]
roadmeadow et al., 2000 Headley, UK OTC Biomass 9 one 1037 10 52 08 N -00 50 W [Pinus sylvestris Gymno 350 00 umol/mol 0.1 0.01 0.01 2] 0.21 0.01 0.0 2| T56] 0.44
eddy etal, Z0T0 Fyderabad,India OTC Bomass kg Mimd-N__ |60 27 T7TON 8Z23E Gmelna arborea [Angio 360 F60 umolmorl 296 0.8 1.6 4 43.64 7.55] 3.7 4 147 0.
Dayetar, 20713 Mermtt FAUSA OTC Bomass g7 one 3075 P74 [Z838N | BU4ZW [Quercus species [Angio JAmbient [A¥350 8 T3T585] 46040 1302.2 B 1574983 54344 1537.0 B TZ20[ 0.18
orby et al., 2000 [ORNL,TN,USA 0TC Biomass 9 one 180 146  [3554N [-8420W [Acer rubrum [Angio 300 600 umol/mol 49.7 15.9 27.5 K 95.70) 5.20 9.0 K 1.93] 0.6
orby etal., 2000 [ORNL,TN,USA 0TC Biomass 9 one 180 146 [3554 N [-8420W [Acer saccharum [Angio 300 [600 umol/mol 45.4 4.2 7.2 3 58.20) 2.20 3.8 K 128 0.25]
orby etal, 2010 [ORNL,TN,USA FACE NPP lg/melyr one 1825 146 [3554 N [-8420 W |Liquidambar styracifua  [Angio 391 542 ppm 1987.2 89.04  154.23 3| 2457.69] 112.37[ 158.9 2 1.24] 0.21
orby et al., 1995 ORNL,TN,USA 0TC Biomass 9 one 4-growing seasons [14.6  [3554 N [-8420 W [Quercus alba [Angio JAmbient A+30 Pa 904.000 29829 667.0 5 1424.00] 449.45] 1005.01 5) 1.58] 0.45
orby et al,, 1995 [ORNL,TN,USA 0TC Biomass 9 one 4-growing seasons [14.6  [3554 N [-8420 W [Quercus alba [Angio [Ambient [A+30 Pa 904.00 29829 667.0 5] 2124.00] 588.09] 1315.0 5) 2.35] 0.85]
[dso and Kimball, 1994 Phoenix,AR,USA OTC Biomass G] one 730 ZT.9 33726 N -T1Z 20 W |Pinus eldarica (Gymno [A08 054 uL/C T.1 0.0 0.1 2| Z2.0% 0.37] 0.49 2 T.73[ 0.50|
[dso and Kimball, 1994 Phoenix,AR,USA [OTC Biomass G] one 730 VAR 3376 N ~TTZ 20 W |Pinus eldarica (Gymno [A08 680 uL/C T.1 0.0 [Nl 2| 3.64] 0.43] 0.6 2| 308 1.17
dso and Kimbal, 1994 Phoenix,AR,USA OTC Biomass q] one 730 21.9 3326 N -112 20 WPinus eldarica Gymno 1408 812 uL/L 1.1 0.04 0.1 2| 4.42 0.22 0.3 2| 3.74]  1.32
orby et al,, 1992 IORNL,TN,USA OTC Bomass 9 one 2.7 growing seasons|14.6 35 54 N -84 20 W [Liriodendron tulipifera [Angio [Ambient [A+300 umol/mol 2.1 0.2 0.4 5 2.57 0.30] 0.6 5) 1.19] 0.17]
orby et al., 1992 IORNL,TN,USA OTC Biomass g one 2.7 growing seasons|14.6 35 54 N -84 20 W [Liriodendron tulipifera JAngio JAmbient JA+300 umol/mol 21 0.20 0.4 5 2.49 0.21 0.4 5 1.15]  0.14
imball et al., 2007 Phoenix,AR,USA OTC Biomass gltree High-N— [17-years 219  PB319N [-T1T 48 W|Citrus aurantium [Angio [Ambient [A+300 umol/mol 274.80 9.00  18.00 4741380  16.70] 33.40 4 151 0.41
[Jonnson et ar, 1997 Pacervile, CA USA oTC Bomass 9 OR-N__[3-growng seasons [14.1 |38 34 N[ -120 45 WPinus ponderosa Gymno 357 700 ULTC T386.00 136.00 23559 3[TZT8O0[ 85.00] 1472 3 U88[-0.13
lJohnson et al,, T997 Placervile, CA,USA OTC Bomass 9 19h-N 3-growing seasons [T4.1 39 34N -TZ20 45 W{Finus ponderosa (Gymno 352 700 uL/t T386.01 136.0 Z235.99 3 Z363.00] 348.00] ©UZ.79 Ki T.70] 0.53]
lJohnson et al., 1997 [Placervile, CA, USA OTC Biomass 9 ow-N 3-growing seasons [14.1 140 34 N -120 45 W Pinus ponderosa Gymno 352 00 uL/l 689.000 76.00 131.6 3 759.00 94.00] 162.8 3 1.10]  0.10
lohnson et al., 1997 Placervile, CA USA 0TC Biomass 9 Low-N  [3-growing seasons [14.1 4134 N | -120 45 W [Pinus ponderosa Gymno 352 700 uL/L 689.00 76.00 131.6 3| 1244.00] 191.00] 330.82 K T8I[ 0.59|
ohnson et al., 1997 Placervile,CA,USA OTC Bomass 9 Intmd-N [3-growing seasons  [14.1 42 34 N -120 45 W1Pinus ponderosa Gymno 352 00 uL/l 941.00 121.00 209.5 3] 1407.00[ 174.00] 301.3 K 1.50] 0.40]
ing etal, 2005 Rhinelander, WI, USA [FACE NPP lg/m? one 2555 4.3 A5 45N -89 37.5 Efaspen mix [Angio [Ambient 560 uL’t 4242 6.0 10.5 3 54112 50.02] 86.6 K T.28] 0.24]
ing etal, 2005 Rhinelander, WI, USA™ [FACE NPP lg/m? one 2555 4.3 A6 45N | -89 37.5 Efaspen mix [Angio [Ambient 560 uL’t 28311 1029 1738 3| 486.33] 44.00] 76.20 K 1.72] 054
Rikonen et al,, 2004 [suonenjok,Finfand OTC tsloma:Ess g MImd-N__[3-growng seasons 3.8 6239N |27 U3 E _ |Betula penduia [Angio 360 720 ppm T0.3: T3 389 7 1014 0.93 T89 7 T BV
[Rikonen et al, 2004 [suonenpk,Fniand OTC Bomass g [Mtmd-N__[3-growing seasons 3.8 6Z39N [Z7 U3 E _[Betula pendula [Angio 360 720 ppm T0.59 0.69 T3l 7 1476 T92 338 7 TZ0[ 0.33]
Uanssens et al., 2005 UTA Belgium 0TC Biomass 9 one 1460 108 [5T10N [04 24 E  [Pinus syhestris Gymno lambient [A+400 umol/mol 789.00  97.00 216.9 5| 1132.00] 211.00[ 471.8 5] T43[ 0.36|
ak et al., 2000 UMBS,MI,USA OTC Biomass g/chamber N 2.5-growing seasons|5.9 145 34 N -84 40 W [Populus tremuloides Gymno 36 1 Pa 13.50 0.3 0.8 5 18.61 0.88] 1.9 5 1.38] 0.32
ak et al., 2000 [UMBS VI, USA OTC Biomass g/chamber ow-N 2.5-growing seasons|5.9 4534 N -84 40 W [Populus tremuloides Gymno 36 1 Pa 4.61 0.3 0.7 5) 5.33] 0.62) 739 5) 1.16]  0.15]
ikan et al., 2000 UMBS,MI,USA 0TC Biomass lg/m? N 2-growing seasons [5.9 534N [-8440W [Populus tremubides Gymno 36 1 Pa 1047.0 4300 121.6 8] 1576.00] 104.00[ 294.1 [ 151 0.41
|Vikan et ar, 2000 [UMBS,MILUSA OTC Biomass /¥ ow-N Z-growing seasons 0.9 A5 34N B4 40 W _|Populus fremuloides (Gymno 36 71 Pa 485.0 47.0 132.9 8] ©6714.00 5T.00] T144.29 3| T1.271 0.74]
ogeTetal, T997 (UMBS,MILUSA [OTC Biomass g one 160 9 F5 34N BA A0 W _|Alhus glutinosa Z-FXing 35 0 Pa TT.7 VAl Z7 ol T10.70 .38 N4 J T.54] 0.43]
regitzer et al., 1995 [UMBS,MI,USA OTC Bomass 9 N 158 5.9 4534 N -84 40 W [Populus euramericana Gymno 35 0 Pa 3816 28.8 64.4 5| 562.80] 27.90] 62.39 5 1.47]0.39)
regitzer et al, 1995 UMBS,MI,USA 0TC Biomass 9 ow-N 158 5.9 4534 N [-8440W [Populus euramericana Gymno 35 0 Pa 298.2 431 96.3 5| 374.40]  49.00] 109.5 5) T26] 0.23]
ak etal, 7993 (UMBS,MI,USA 0TC Biomass lg/chamber one 152 5.9 A5 34N [-8440W [Populus grandidentata Gymno 342 692 umol/mol 71.50 9.90  19.80 4 95.90) 8.40]  16.80 4 1.34] 029
(Calfapietra et al., 2003 iterbo, Italy FACE NPP mg/ha one 3-growing seasons |16 222N [1148E  [Populus euramericana Gymno JAmbient 550 umol/mol 46.0 4.41 5297 144 58.50] 4.88] 5854 144 1.27]  0.24]
(Calfapietra et al., 2003 iterbo, Italy FACE NPP mg/ha one 3-growing seasons |16 4222 N [1148E  [Populusaba Gymno [Ambient 550 umol/mol 47.9 6.41 76.97 144 61.84] 5.78]  69.3q 144 129 0.26]
[Cafapietra et al.,, 2003 erbo, Ttaly FACE NPP [mamha one 3-growing seasons |16 BZ2ZN_ [TT48E [|Populus nigra Gymno [Ambient 550 umormor 62.0 75 5484~ 144 72.03] 739 5259 143 1.1m
[Watanabe et al, 2013 [Sapporo, Japan FACE Biomass g one 5Z20days 6 B30 N T4TZ0E  [Canx gmelnir (Gymno 370 500 umolmorl 236.8 15.5: 6.9 3| Z74.80, T2.07 Z20.9 Ki T .
[Watanabe et ., 2013 [Sapporo, Japan FACE Biomass 9 one 520days .6 4306 N [14120 E [Larix gmelinii Gymno 370 500 umol/mol 233.5 8.6 15.0 3 267.20 2488 431 3 1.14]  0.13
Sigurdsson et al., 2013 Flakaliden, Sweden C Biomass lg/tree ow-N 1095 days 2 64 0/ N [1917E [Picea Abies Gymno 365 00 umol/mol 959.61 70.71 122.4 3] 909.09 60.61] 104.9 3 0.95] -0.05]
Sigurdsson et al,, 2013 Flakaliden, Sweden C Biomass lg/tree igh-N 1095 days 2 64 07N [1917E  [Picea Abies Gymno 365 00 umol/mol 1888.89 383.84 664.83 3| 2282.83] 191.92] 3324 3 1.21 0.19
ISigurdsson et al., 2013 Flakaliden, Sweden C Biomass lg/tree one 1095 days 2 64 07N [1917E  |Picea Abies Gymno 365 00 umol/mol 52124  25.53 44.22 3 393.62 31.92 55.28 K 0.76] -0.28|
Barfon etal, 2011 |Richmond, Australia TC Bomass lgTtree one 5 years 17 33365 |150 44 E |Fucalyptus salgna [Angio [Ambient IAF220 ppm 7489087 2267137 39716.8 3| T3846.73| 3095.10[ 5360.89 3 056 0-59]
[Dawesetal, 2017 Davos, Switzerand FACE Shoot growth|m one Uyears 1.8 P64 N 095ZE Carix decidua (Gymno [Ambient SR umolmorl T7.Z 3.3 T0.5: T0] Z27.73] 4.717] T3.7 10 161 0.48
awes eta |, 2011 Davos, Switzerland FACE Shoot growth|m one 9 years 1.8 646 N 0952 E  |Pinus mugo Gymno JAmbient 550 umol/mol 4.03 0.83 2.6 10] 4.86] 0.56] 1.7 10] 1.21 0.19
altola et al, 2002 Mekriarvi, Finland CTC Biomass lg/m? one 3-growing seasons [2.5 62 47N [3058 E  [Pinus syhestris Gymno JAmbient 00 umol/mol 12.28 4.7 9.48 4 29.91 0.36) 0.7 4 744 0.89
ovelock et al., 1998 Parque Natural OTC Biomass 8] one 6 months 26.3 08 59N [7933W [Tree communities JAngio 350 00 ppm 1502.09 174.0 307.39 3| 1406.00] 182.00] 315.2 3 0.94] -0.07]
Metropolitano, Panama.
ICeulemans et al., 1996 UIA,Belgium OTC Biomass 9 igh-N 600 10.8 51 10N |04 24 E  [Poplar Beaupre JAngio JAmbient JA+350 umol/mol 0.20 0.34] 1Aﬁm
ICeulemans et al., 1996 UIA,Belgium OTC Bomass 9 igh-N [600 10.8 51 10N |04 24 E  [Poplar Robusta lAngio JAmbient JA+350 umol/mol 0.2 0.40] 1.62] 0.4
attat et al., 1994 lelsalm,Belgium OTC Bomass 9 ow-N 1280 5 50 77N [0555E  [Picea abies Gymno 350 00 umol/mol 0.0: 2 0.08 2 1.05] 0.05]
[Badeck et ar.,, 1997 Unwerste de Pars-sud, |Biomass 9 IgN-N___|3-growng seasons |15 F84ZN  [Z09E [Fagus syWatica [Angio 350 700 umormor 7. E
[Forstreuter 1995 | jomass 9] igh-N___|3-growing seasons [13.8 FZ728N |13 18 E _ [Fagus syhatica [Angio 350 700 umolmol T.75 0.50]
Berlin, Germany
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Abbreviations usedin Table A1 & A2:

Code Abbreviations Code IAbbreviations
IABGRWT  |Abov e-ground Weight LCLTSd Low CO, Low Temperature Standard deviation
COzinc COzincrement LCLTSe Low CO, Low Temperature Standard error
CTC Closed Top Chambers INRR Log Response Ratio
FACE Free-air-COz-enrichment low Cl Low er Confidence Interval
GC Grow th Chambers m1i High CO>2mean
GH Green/ Glass House m2i Low CO;mean
HCHT High CO. High Temperature Mean nTi High CO: No. of replicates
HCHTN High CO, High Temperature No. ofreplicates n2i Low CO,No. ofreplicates
HCHTSd  |High CO, High Temperature Standard dev iation NA Not Applicable
HCHTSe  [High CO, High Temperature Standard error 0TC Open Top Chambers
HCLT High CO, Low Temperature Mean RTWT Root Weight
HCLTN High CO, Low Temperature No. of replicates sdii High CO2 Standard dev iation
HCLTSd  [High CO,Low Temperature Standard deviation sd2i Low CO2 Standard deviation
HCLTSe  |High CO,Low Temperature Standard error Seti High CO2 Standard error
hiCl Higher Confidence Interv al Se2i Low CO2 Standard error
CHT Low CO,High Temperafure Mean STWT Stem Weight
CHTN Low CO, High Temperature No. ofreplicates TW ofal w eight
CHTSd  [Low CO,High Temperature Standard deviation Var ariance
CHTSe  |Low CO;High Temperafure Standard error W eight
LCLT Low CO,Low Temperature Mean WTC \Whole Tree Chambers
LCLTN Low CO, Low Temperature No. of replicates
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Appendix B:

Table B1: Alist of experiments giving mean values, standard deviations and number of replicates for ambient CO2 and elevated COz treatments for iWUE, iTE and WUE. For
abbreviations refer to abbreviation listat the end ofthe table B2.

[References ocation |Facilit|ParamefUnits X Duration [Species C3orFunctional |Functional _ |[Ambinet[Elevated]CO; |% Interacting _ [interacting A TXSAXNXE [XSAXNE[Parameter Y |Units Y]YA |[YSA|[YN[YE |vSd|YN[Parameter ZUnits Z |[ZA |Z5d ZNJZE [Z5d |ZN|
y ler X C4 |Division1 |Division2 [CO, 0, Unit |Incremeltreatment 1 r 2 A A E A A E [E A A E [E

ayne et al., 1997 , USA" |GC UE  |mg/gH.0 61days  [Betula aleghaniensis C3  |Woody Angio 400 00 ull ?:)0 emperature 18.92.1218]28.144.1¢18.0[Biomass g 14.07 [1.10[18]6.36 [2.25[18[Transpiration| gHZOlcnﬁ:I:UAZ 0.02 [18/0.090.02 [18
Wayne et al, 1997 , USA|GC UE  [mg/gH.0 61days  [Betula alleghaniensis C3 [Woody Angio 400 00 ulT 100 emperature ?7, 2.8018]25.713.4 (1)8.0 jomass g 1.1010.5918[3.66 [1.27[18 rari'iensp\ration gngO/cmZ 0.2710.02{78/0.1410.02[18

lertin et al., 2010. |GA, USA |GC KV\IUE lumolCO2/mmolH,0 133 days |Pinus taeda C3 oody Gymno 380 00 umol/ [84 H.0 emperature 2.5 0.74 13.39 0.6@2,00 et Photo umonjG,12 0.504 19.2510.74] I'Sat‘gond r:mol/m?/ 0.16[0.034 [0.16]0.26 4
[Wertin et al, 2070. [GA, USA [GC _|WUE _ [umolCO/mmolH;0 133 days [Pinus taeda C3~ [Woody Gymno 350 550 Tr?w‘ol/ 57 H.0 emperature  [1.470.224 [3.320.784.00|Net Photo {Jsmon2 5.7810.794 [9.67 O.BI;E_E? Cond rsnmobmzr 0.19]0.04 4 [0.1710.03 4

okke etal, 1996  [apan GC |TE umol/mmol 65days  [Betula platyphylla C3  |Woody Angio 36 0 g:‘ 94 emperature 1.640.064 [2.04]0.284.00 2 s

okke etal, 1996  [apan GC [TE umol/mmol 65days  [Betula platyphylla C3  |Woody Angio 36 0 Pa |94 emperature 1.390.164 [1.72]0.164.00

oke etal., 1996  [apan GC [TE umol/mmol 65 days  [Betula platyphyla C3~ [Woody Angio 36 0 Pa  [94 emperature 1.760.204 [1.80 0.332.00
[Roke et arl, 1996 [apan GC [TE umoTmmor [65 days _ |Betula platyphyla 3 [Woody Angio 36 70 Pa L3 Temperature TB40. 144 [T.72 [0.084.07]

U etarl, 2002 [ USA |IGG [TE MMOICO,/MoTH,0 880 Citrus reticulata/paradsi C3— [Woody Angio 360 70 umoT [TO0 Temperature 7100204 |4-30 |0.404-00[Net Photo Umoln¥[8-00 [0-604 [TT-6UT-4 [Transprrationjmmolm? [3.90 [0.40 & [2-70 [0-30 [
VU etar, 2002 FT, USA_|[1GG [TE MMOICO, /MO0 880 Citrus reticulata/paradsi 3~ [Woody Angio 1360 720 [P:LV T00 Temperature T8(U.204 |4-00 [0-404-00[Net Photo ijsmovmé 00607 129 1.z:t:'lran_sp\ramrsnmovnw 5.70|T.20 & |3-20 |0.60
[Ghannoum et arl., Australa |GH _|TE mmoTmoT T50 [Eucalyptus saligna C3— [Woody Angio A00 650 umf)L Z Temperature 3090495 [5.40 [0.865.00[Net Photo LsmovthA T095 (234|273 -
émnmm, Australa |GH__J1E mmovrmoT T50 [Fucalyptus saligna 3~ [Woody Angio 300 50 UCTC 62 Temperature 757[0-395 [3-64 |0.9905.00[Net Photo /usmovmf‘lb.d 7735 (2352 73p
é(l]q%?moumelal., Australa |GH _|TE mmoTmoT T50 [Eucalyptus sideroxylon [C3— [Woody Angio A00 650 UCTC [62 Temperature 3600945 [5.14 (T LI'JTU'U et Photo Lsmovmtw.z 3275 [27-340.38
é%a?moumetal,, Australa |GH _JTE [mmoTmoT T50 [Eucalypltus sideroxylon C3— [Woody Angio A00 50 UCTC (62 emperature 7530805 |3-39 |0.775-00|Net Photo {Jsmonim.m 5 12951763
%WUJ’%O” etal7 T99gWI, USA  |GC  |TE molrmoTl TTweeks [Quercus rubra C3 oody ANngio [A00 700 umol’ |75 .0 0.332.3 10.532.3/6.00|Net Photo Lsmovmt4.41 T. 6.4017.88]

[Anderson et al/ 1 TLUSA|GC |TE molrmoT TTweeks |Quercus rubra C3 oody ANngio [A00 30 ﬁl‘;ﬂl 37 0 5.332.3 8.67 [2.096.00[Net Photo ijstme F.47 ‘I.:I_m T.93]
[BaT et ar,, 1997 [AuStrala_ |GH UE g DWI'Kg H,U Toss T4 Wweeks |Rhizophora apiculata 3 oody ANngio 340 700 m{m 105 NaCT F.270.565 [4.8010.735.00] L
g

Ball et al., 1997 JAustralia  [GH UE g DW/ Kg Hx0 loss 14 weeks |Rhizophora apiculata C3  |Woody Angio 340 00 §m3lm 105 NaCl 1.990.835 [3.26]0.395.00

all et al., 1997 [Australia ~ |GH UE g DW/'Kg H.O loss 14 weeks [Rhizophora apiculata C3~ [Woody Angio 340 00 §m3/m 105 NaCl [4.661.795 14.902.865.00]

Ball et al., 1997 JAustralia  [GH UE g DW/ Kg Hx0 loss 14 weeks |Rhizophora apiculata C3  |Woody Angio 340 00 ;:m3lm 105 NaCl 1.10.545 [1.91 3.035,00

all etal., 1997 [Australa [GH [WUE g DW/ Kg H.0 loss 14 weeks [Rhizophorastylosa C3~ [Woody Angio 340 00 §m3/m 105 NaCl 3.81[0.945 15.80 [0.945.00

all et al., 1997 JAustralia  [GH UE g DW/ Kg Hx0 loss 14 weeks |Rhizophora stylosa C3  |Woody Angio 340 00 g:m3lm 105 NaCl 2.390.835 13.820.475.00]

all et al., 1997 [Australa [GH _|WUE g DW/ Kg H.0 loss 14 weeks [Rhizophorastylosa C3~ [Woody Angio 340 00 §m3/m 105 NaCl [4.942.395 [6.50 |1.235.00}

all et al., 1997 JAustralia  [GH UE g DW/ Kg Hx0 loss 14 weeks |Rhizophora stylosa C3  |Woody Angio 340 00 ?mﬂlm 105 NaCl 2.840.425 14.94 [2.395.00]

iswas et al., 2013 [China OTC [WUE — [umolmol 21 days Triticum aestivum C4 [Crop Angio 385 14 bpm [85 [A3.372.48 [44.0912.18.00[Net Photo umolm2[8.68 [1.798 [B.31 [1.70[8 [St cond molm?/s [0.20/0.06 8 [0.79(0.06 8

iswas etal, 2013 [China OTC |WUE _ [umolmol 27 days  [Triticum aestivum C4 |Crop Angio 385 14 ppm 85 E;3.3:2.38 40.6_8&1)2. 8.00[Net Photo LsmoI/mZS.QS 2.128 110.042.06[8 [St cond mol/m?/s 0.2110.06 8 [0.250.06 [8

iswas etal, 2073 [China OTC [WUE — [umolmol 2Tdays  [Triticumaestivum C4 |Crop Angio 385 14 ppm 85 03 g1.1 ?0.08 51.21?3.68.00Net Photo ijsmol/m2 3.75[7.398 8.55[1.47[8 [St cond molm?/s [0.1310.06 8 [0.770.06 8

iswas et al., 2013 [China oTC W\IUE umol/mol 21 days Triticum aestivum/9 C4 [Crop Angio 385 14 bpm 85 03 ;6, 12,48 40.7¢?2. 8.00[Net Photo Lsmolfmz4.87 1.508 [10.041.70[8 [St cond mol/m?/s 10.16 [0.06 |8 0.2510.06 [8
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References ocation [Facilit|Paramequni [Duration [Species C3orfFunctional [Functional _ [Ambinet[Elevated[CO; [% inferacting _ [Interacting A JXSAXNXE [XSd[XNEParameter Y [Units Y[YA |YSA|YNYE |YSd [YN|Parameter 4Units Z |[ZA |Z5d ZN[ZE |Z5d [ZN|
y ler X C4 |Division1  |Division2 [CO, CO, Unit |Incremeltreatment 1 reatment 2 A A E A |A E Z’W—'_T_E A |A E [E
u 0 2 s

ao et al, 2007 Canada |GH |1E [GmoTmmol BU days _ |Betula papyntera C3— [Woody Angio 360 70 umoT [T00 Togen T570-39T0(4-2Z |T-01|T0.0[Net Photo umolne[5.37 [T-34T06-20 [0-38[TU |Transprationjmmoln¥ [3.60 [0.79 [TO|T-55 [0-43
3o et al, 2007 Canada |GH |1E umoTmmoTl BU days  |Betula papyniera 3 [Woody Angio 360 720 :JT:LV T00 Nfrogen 7 320 54T0[5.57 U.Bb?u.u et Photo {Jsmovmé BI[TOT0O-87 [2-37[TU[Transprationfmmoln [3.07 [0-6Z [TO[T-83 [0.51
ao et al, 2007 Canada |GH |1E [GmoTmmol BU days _ |Betula papyniera C3— [Woody Angio 360 720 um:w‘oll T00 Togen 79205110757 1.56(1)0.0 et Photo ijsmollmt 80U [T-44T0(TZ-04Z-97[TU[Transprationjmmolny |3.40 [0.63 [TO|T-63 [0-35
@o etal, 2007 Canada |GH _[TE GmoTmmoT BU days _ |Betula papyniera 3~ [Woody Angio 360 720 Lnr:‘ov T00 Nitrogen 72307010730 [T5 ?U.U T Photo {JSmOVm‘ 98079 T0[T3-Z4T-99|T0|Transprationjmmolny |3.77 [0.60 [T0|T-88 [0.43
ao etal, 2007 Canada |GH |1E umoTmmoT BU days _ |Betula papyniera [C3— [Woody Angio 360 720 umr?w‘oll T00 Nfrogen 2790 70T0[7-57 0.85(1)0.0 et Photo Lsmovmt “03 [T-0QT0(TT-442-80[TU [Transprationjmmolny |3.03 [0.63 [TO|T-52Z [0-43
[Centritto et ar.,, 1999gUK OTC_[WOE _ [o/Kg Zgrowing _[Prunus aviam 3 [Woody Angio 350 700 m‘ov T00 [0 7740546 [T1.3 1.Uh0.UU jomass i;s [750-430.96 |346.456.- g T8TT-35 6 [T7-T4T-13
[Fredeen etal, 198 [CA, USA |[OTM [TE MMOTCO/MOTH,0 Jsegarz?/rv]lzg |Avena fatua CZ—|Herbaceous [Angio 1y 36 rI-T’]:‘ L3 TT 79 T3.092.096.00[Net Photo umorny 9.93 i13,U4l'6 1U.1 ?.HI_

Tedeen et al, 198 [CA, USA |[OTM |TE MMOIC O/moTH;0 ieszng |Plantago erecta CZ— |Herbaceous |Angio K 135 a T i BH3.5 T4.7&.37|7.00|Net Photo {JsmollmZ 5,092,096 |7.99 [T.89
[Fredeen etal, 198 [CA, USA [OTM [TE MMOTCO/MOTH,O \siegarf)ovrv]ws]g [Casthenia californica 4 [Herbaceous [Angio 1y 36 Pa L3 7104896 [9-33 [T-87[6-00[Net Photo Lsmovrntd.dts T976 [p-59 [T-Z8|
[Ghannoum et al., [AUstralia GH UE g DWkg H,0 Ze\:%(:_ﬂm CZ erbaceous  |ANgo Az 8 a T F51 144 |4-35 [0-624.00[Bomass /95 089 [0-37|4 [T50 [0-46fF |Water use [kgH0/Pla|0.19 (0.04 & |0.34 [0.06
2G?1(z)a1nnoumetal,, [Australia  |GH UE g DM/kg H;0 4 weeks  |Panicum coloratum C4 [Herbaceous [Angio 42 168 Pa 61 5.740.884 15.90 [0.974.00[Bomass ] 4.13 [0.544 }4.09 ater use n;HZO/PIa 0.7210.02 4 0.710.07
é?gmoum etal, [|Australa |GH UE g DMkg H:0 4 weeks  |Leptochioa dubia C4 [Herbaceous |Angio 42 68 Pa 61 549064 [6.85 [0.4014.00[Bomass g 1.8110.314 |1.66 ater use n;HZOIPIa 0.3410.04 |4 10.250.06
é?glnoumetal., [Australia ~ [GH UE g DMkg H:0 4 weeks  [Pennisetum clandestinum C4 [Herbaceous [Angio 42 68 Pa |61 [4.580.094 15.7210.184.00[Biomass 9 5.4810.314 6.25 ater use ngt;Hz()/PIa 1.2010.04 14 [1.090.11
é?i):moum etal, [|Australa |GH UE g DMkg H:0 4 weeks  |Pennisetum alopecuroides C4 [Herbaceous |Angio 42 68 Pa 61 14.380.284 [5.5510.484.00[Biomass g 5.1710.644 [6.13 ater use ng;HZOIPIa 1.1810.104 0.9310.31
éiglnoumetal., JAustralia ~ |GH UE g DM/kg H;0 4 weeks  [Dichanthium aristatum C4 [Herbaceous [Angio 42 68 Pa |61 [F:930.734 [6.25 [0.44¢.00[Biomass g 46711704 [6.98 ater use ngt;Hz(J/PIa 0.940.33 ¢ [1.1210.15
éiglnoum etal, [|Australa |GH UE g DMkg H:0 4 weeks  |Astrebla squarrosa C4 [Herbaceous |Angio 42 68 Pa 61 3.590.73¢ [4.58 [0.664.00[Bomass g 2.1610.234 [1.58 ater use n;HZOIPIa 0.6110.03 4 0.37[0.14
éiglnoumetal., [Australa  |[GH _|WUE _[g DMikg H,0 4 weeks  [Panicum decompositum C4 [Herbaceous [Angio 42 68 Pa |61 5.170.404 [6.74 [0.4044.00[Biomass g T7410.234 [2.86 0. ater use n;HQOIPIa 0.33[0.04 ¢ 0.4310.09
é?lganoum etal, [|Australa |GH UE g DM/kg H;0 4 weeks  |Astrebla pectinata C4 [Herbaceous |Angio 42 168 Pa 61 [#290.444 [5.67 [0.97]4.00[Biomass g 2.5510.934 [2.20 ater use n;HZOIPIa 0.5910.19 4 10.39[0.06
é?fa:moum etal, [Australia [GH UE |9 DM/kg Hz0 4 weeks  [Eragrostis superba C4 [Herbaceous [Angio 42 68 Pa |61 5.221.494 6.87 [1.234.00[Biomass 5] 2.05[0.624 [2.55 ater use ng;HQOIPIa 0.40[0.08 4 0.3810.20
é?]?aanoum etal, [Australa  [GH UE g DM/kg H:0 4 weeks  [Cenchrus ciliaris C4 |Herbaceous [Angio 42 168 Pa |61 5.830.134 [7.880.794.00[Biomass 9 8.6410.194 11.8 [Water use nQHZO/PIa 1.4910.04 14 11.4910.10
é(l:(e)a:moum etal,  [Australa  |GH UE  |g DMkg H:0 4 weeks  [Cynodon dactylon C4 Herbaceous  [Angio 42 68 Pa |61 4.640.224 16.39]0.484.00[Biomass 5] Foa|rogd prT ater use n;HQOIPIa 1.07]0.184 10.7310.08
é%glnoumetal., [Australia ~ |GH UE g DMkg H;0 4 weeks  |Eleusine coracana C4 [Herbaceous [Angio 42 168 Pa 61 6.760.2 9.60 [0.404.00[Biomass ] 4.86 [0.234 [8.18 ater use ng;Hz(J/Pla 0.7210.04 |4 10.850.19
é?gmoumetal., JAustralia  [GH UE g DMkg H:0 4 weeks  |Bothriochloa bladhii C4 [Herbaceous |Angio 42 68 Pa 61 4.541.1 6.58 [1.064.00[Biomass g 1.6210.314 .47 ater use n;HZOIPIa 0.380.154 [0.41/0.11
é%glnoum etal, [Australa  [GH UE g DMkg H:0 4 weeks  [Bothriochioa biloba C4 [Herbaceous [Angio 42 68 Pa |61 S.GJT%I_'?.SZ 0.794.00[Biomass g 1762 0.314 [7.85 0. ater use ngt;Hz(J/PIa 0.280.04 ¢ 0.2210.07
é?gmoum etal, [|Australa |GH UE g DMkg H:0 4 weeks  |Digitaria brownii C4 [Herbaceous |Angio 42 68 Pa 61 4.693.044 [7.42]2.294.00[Biomass g 1.6210.894 [2.32 ater use ng;HZOIPIa 0.35[0.03 |4 10.320.05
éiglnoumetal., [Australa  |[GH _|WUE _[g DMkg H0 4 weeks  [Astrebla lappacea C4 [Herbaceous [Angio 42 68 Pa |61 5.5000.704 [9.29 [2.2014.00[Biomass g 2.3210.934 [3.74 ater use néHzO/PIa 0.420.13 ¢ 0.4010.03
é[:g;nep etal, 2003 [New OTC [TE mmoICO,/molH,0 14 months [Pinus radiata C3  |Woody Gymno 36 166 Pa |83 3.390.312 14.810.132.00] -
Grunzweig et al., ijv?i‘zaenrdland GC |WUE [ totaldry wt. kg~ H,0 ET[100 days _|mix cuflure C3 [Herbaceous [Angio P80 600 ul/L [114 Nutrient 1.90]0.225 [2.700.225.00[Biomass ol [299.23.05 [F02.440.3[5 [Evapotrans [kgH,O/m2[155.02.24 |5 [149.44.47
é?\?r?zweig etal, Switzerland|GC UE g totaldry wt. kg-"H,O ET[100 days ~ [mix culfure C3 [Herbaceous [Angio 280 1600 uL/L [114 Nutrient 2.4000.095 [3.5010.225.00[Biomass g/m? §89. 28.85 252. 38.1 5 [Evapotrans [kgH,O/m? [1)60. 2.2416 (1)57.E47
é?\?:zweig etal, Switzerland[GC UE  |g total dry wt. kg™ H, O ET|[100 days  |mix cuffure C3 |Herbaceous  [Angio 280 600 ul/L [114 Nutrient 3.5000.225 [5.700.225.00[Biomass g/m? 283.14510.35 841. 29.25 vapotrans [kgH,0/m? ?65. 2.24 6 (1)65. 4.47
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References ocation [Facilit|Paramequni Duration _[species C3orfFunctiona Functional _ [Ambinet[Elevated[CO; % nteractini [interacting A TXSAXNXE |[XSdXNEParameter Y [Units Y|YA arameter units Z |ZA |Z5d ZN[ZE |Z5d [ZN|
y ler X C4 |Division1  |Division2 [CO, CO, Unit |Incremeltreatment 1 reatment 2 A A E A |A E [E A |A E [E
nt
2003 3 ¢ E 0
[Grunzweig et arl,, wiizeriand [GC UE g Total dry wt. kg-' H,0 ET[T0U0 days _ [mix cufture C3 erbaceous |Angio 280 400 uL’T |3 utrent T.900.225 12.7010.225.00[Biomass g/m?— 1299.323.5 [397.446.T vapoirans T95.U2.24 5 [148.U42.24 5
2003 6 I8 2 ) 0 0
[Grunzweig et ar,, wiizeriand [GC UE g fotaldrywl. kg HO E ays _|mix cufture 3~ [Herbaceous |Angio [280 200 UCTC |33 Nutrient 7200095 [3-60 [0-225-00[Bomass gm? [389.42895 [672-975.0] vapotrans IT60.UZ22 5 [To9- @ A7 b
2003 8 5 o | 0 0
[Grunzweig et ar,, Switzerand |GC UE | fotaldry wi. kg H;O ET|T0U days _ |mix culture C3— |Herbaceous |Angio 280 400 UCTC |33 utrent 3500225 |4.90 [0-225-00[Bomass g/m?__ |p83.440.35 [805.75.0] vapotrans [kgHz IT65.UZ24 |5 [T63. 4447 o
2003 3 9 6 |2 0 0
Jensen and enmark |GC OE (g shoot dry matter (DM) |80 days __[Tniticum aestrvum 24— [Crop Angio 365 00 ppm 37 Nutrient 50U T24 (8762 [0-384.00]
Christensen, 2004 kg water used
Jensen and enmark |GC UE |9 shoot dry matter (DM)_[B0 days _|Triticum aestvam C4—[Crop ANgio 365 00 ppm |37 Nutrient 77703344 [9.9Z [0.584.00
IChristensen, 2004 kg water used
Jensen and enmark |GC OE _|g shoot dry matter (DMy |80 days __|Inticum aestvam 4 [Crop Angio 1365 00 ppm |37 Nutrient 5400
(Christensen, 2004 kg water used
odge efal, ZI0T [FA, USA™ |OTC [TE mmoICU,/molH;0 3 growng _[Quercus myrtifola C3 oody ANgIo 377 724 umol’ |92 T.87/.00[Net Photo umoln¥[9-80 [T4.76[T5.7U4-65
seasons mol Is
[Manderscheid and _[Germany |OTC [WUE _ [g/Kg Zgrowing _|Triticum aestvum CZ—[Crop Angio 1 AFZ80 [ppm |73 0 0-564-00
eigel, 2007 seasons
orby et al,, T986 TN, USA [GC UE S 40 weeks |Quercus aba 3 oody ANngio 362 90 utm T 3837646 [6.10 [T.996.00
[Pefterson and Sweden GC |TE umolmoT 70 days Betuta penduta C3 oody ANngio 350 00 umol’ [TOU 2. TAT.1T7 [3.5410.297.00[Net Photo umolm?|TZ.440.875 [15.94T.T9]5
McDonald, 1992 mol /s
[Robredo et al., 2007 [Span GC_[TE [UmoT CO/mmoT HZ0 Tgrowng [Hordeum valgare 4~ [Crop Angio 350 700 amoT [TO0 [0 FTOU3T3 (T2 TqT-233-00]
season mol
[Robredo et al, 2007 [Spamn GC UE g DW kg HO transprateq T growng _[Hordeum valgare CZ[Crop ANgio 350 700 [QmoV [T00— [F.0 37000593 960 [0.873.07]
season mol
[Roumet et al., 2000 [France GH__[WOE _[mmormol B months _ |Bromus madntensis 7 |Herbaceous |Angio 350 700 GmoT [T00 TA0.034 (0.2 [0-0544-00[Net Photo UMoln¥[T0.542-8714 |T2-.04T-69[F_[St cond mmoT [92.5944.6494 [60.6423. 41 |
mol Is s
[Roumet et al,, 2000 [France GH WUE  JmmolmoT months  [Bromus erectus C4 erbaceous [Angio 350 700 umol’ [TOU .090.0T4 10.7/710.034.00[Net Photo umolmv|8.3211.394 [6.6Z |2.0ZF [Stcond mmolm?T [96.81371.944 |37.814.83%%
mol Is s
[Roumet et al., 2000 [France GH__|[WOE _[mmolmol montns _ [Vedicago minima C3— [Herbaceous |Angio 350 00 umol [TO0 “09U-07& [0-09 [0-07]4-00|Net Photo umoln?[8-38 [3-20% [8-45 [2-36[F[St cond Mol | T64- z.i 35421298 |
mol Is s 9
[Roumet et al, 2000 [France GH (WUE  JmmolmoT montns _[Vedicago glomerata C3 erbaceous [Angio 350 700 umol’ [TOT 09 0-07& [0-.09 [0-034-00|Net Photo umollm¥]7.0TZ.T94 8.18 |2.36[4 [Stcond mmolmy¥T [T39.344. T.4H71.0¢4
mol Is s 6
ITezara et al,, 2002 |Venezuela [GC__ [WUE _ [mmolmol 5Zdays _ |Hellanihus annuus CZ—[Crop Angio 350 00 umoT [T00 .0 3190516 |8-67 |0.446-00|Net Photo Umoln¥[T9.892.496 [28-94T-93
mol Is
u, 2005 FL,USA [GH [TE mmol/mol 3 months |Arachis hypogaea C3 [Herbaceous [Angio 360 20 umol/[100 emperature [4.5000.821717.00 [1.6917.0[Net Photo umol/rr\j32.4 4.1 17143.847.01|17 [Transpirationfmmol/m?/ [7.20 [1.24 [1716.30 [1.65 [17
mol 0 Is s
u, 2005 FL,USA |GH |TE mmol/mol 3 months  [Arachis hypogaea C3 [Herbaceous |Angio 360 20 umol/ {100 emperature 14.4001.241716.20 |1.2417.0[Net Photo umol/n2[34.2(4.5417[39.947.4217 [Transpirationjmmol/m?/ |7.80 [1.65 [17]6.50 |1.65 |17
mol 0 /s s
[Watling and Press, K GC [WUE  [umolCO/mmoH,0 80 days  [Oryza sativa C4 |Crop Angio 350 00 umol/[100 3.330.693 [5.0910.293.00
2000 mol
atling and Press, K GC |[WUE  |mmol/mol 60 days  [Sorghum bicolor C4 [Crop Angio 350 00 umol/ {100 0-790.0470[0.55 [0.0970.0[Net Photo umol/m2|16.640.77110[26.31.92|10 St cond mol/m?/s 10.09 ]0.00 [1010.0510.01 |10
1997 mol 0 Is
hengetal, 2010 [apan GC UE  |olkg 8 weeks  [Caragana korshinskii C3~ [Woody Angio 400 E)O umol/[100 emperature 8-206.004 [14.606.0014-00) ranspirationfg/d 450[1.40¢ [2.80 .40}
mol
heng etal, 2010 [apan GC UE  Jglkg 8 weeks  [Caragana korshinskii C3 loody Angio 400 00 umol/ [100 5.8011.404 [10.705.004.00] ranspirationjg/d 57024014 [4.00]1.404
mol
heng etal, 2010  [apan GC UE  |olkg 8 weeks  [Hedysarumlaeve C3 [Herbaceous [Angio 400 800 umol/ [100 emperature 3.1010.8014 [6.40 [3.8044.00 ranspirationfg/d 18.6(1.004 [8.40]2.40 4
mol
heng etal, 2010 [apan GC UE  [olkg 8 weeks  [Hedysarumlaeve C3 [Herbaceous [Angio 400 800 umol/[100 2.7001.804 [4.20|1.2044.00 ranspirationfg/d 18304204 114.3(3.60 4
mol
heng etal, 2010  [Japan GC UE  |olkg 8 weeks  |Artemisia sphaerocephala C4  [Woody Angio 400 800 umol/ [100 emperature 3.3001.804 [5.50[0.6044.00 ranspirationfg/d 24.5(7.00 4 [23.9¢4.20 4
mol
heng etal, 2010 [apan GC UE  [olkg 8 weeks  |Artemisia sphaerocephala C4  [Woody Angio 400 800 umol’[100 3407404 [6.30 [3.20}4.00] ranspirationfg/d 2430660 [¢ [15.6(8.40 4
mol
heng etal, 2010 [apan GC UE  Jglkg 8 weeks  |Artemisia ordosica C4  Woody Angio 400 800 umol/ {100 emperature 3.10[1.204 14.40[0.4014.00} ranspirationjg/d 26.706.40 4 22.607.40 4
mol
heng etal, 2010 [apan GC UE  [olkg 8 weeks  |Artemisia ordosica C4  [Woody Angio 400 1800 umol/[100 3.001.204 [4.107.8044.00 ranspirationfg/d 25.209.40 4 [23.007.80 4
mol
lAranjuelo et al., 2006[Spain GT UE  |mg/gH0 60 days x2 [Medicago sativa C3 [Crop Angio 400 20 umol/ [80 H,0 14.0000.718 [4.00 |1.138.00[Biomass g DW/p[2.8210.248 [2.69 [0.82 lateruse  |ml H,O/p [700. 59.113 684. &918_
mol | 5 7




References ocation [Facilit|Paramequni [Duration [Species C3orfFunctional [Functional _ [Ambinet[Elevated[CO; [% inferacting _ [Interacting ATX [XSA[XNEParameter Y [Units Y|YA |YSA[YN|YE |YSd [YN[Parameter ZUnits Z |[ZA |Z5d ZN[ZE |ZSd [ZN|
y ler X C4 |Division1  |Division2 [CO, CO, Unit |Incremeltreatment 1 reatment 2 A A E A |A E [E A |A E [E

[Aranjuelo et ar., 2006[Spamn GT UE  [mgigH0 [6U days xZ [Vedicago sativa [C3—[Crop Angio A00 720 umoT nt) .0 3BYT.7 63 [3-17[8-.00[Bomass 9 DWIp[Z.7Z[T-Z7|8 [3-85 [T-4D] ateruse  [m H0p | 711114798 [p85.459.19
[Aranjuelo et ar., 2006[Spain Gl [TE [imoT CO/mmol H20 76 days X2 |[VMedicago sativa C3—[Crop Angio 700 70 m‘ovm 0 0-07/0.03TZ|0-13 |0.08TZ.0|Net Photo umolne(T3.843-49TZ|T5.9U6.22|TZ 1 a
[Aranjuelo et ar., 2006[Spamn Gl [TE [umoT CO/mmoT H20 76 days X2 [Vedicago sativa 3 [Crop Angio A00 720 mLV 0 .0 T30.03TZ[0-ZT (0.0 (1)2.0 et Photo Lsmovmtw.b 78y TZ ZU.I.ZUH

U etar, 2004 China GC OE [o/kg 93 days _|Inticum aestivum CZ—[Crop Angio 350 00 umf)L T00 0 T090.2 T76 0.7 (b)AUU jomass /gslp'la_nt 0-85 [0-096 [T-67 [0-60]

Tetal, 2003 China GC UE g A0 days _|/nticum aestvum 7 [Crop Angio 350 700 Umov [T00 A0 Togen T940.453 [T.99 [0-T33-07] vapoTrans [kg/pot  |1.94 [0-04 [3_|T-59 [0.09 |3
Tet ar, 2003 China GC UE grme 0 days Triticum aestvam CZ—[Crop Angio 350 700 umr?w‘oll T00 .0 Togen 7930073 [3-23 |0-T93-00 vapolrans [kg/pot  [4.51 0113 BF0Z[0-13 3
Tet ar, 2003 China GC UE g7me 40 days Trticum aestvam 4 [Crop Angio 350 700 m‘ov T00 .0 Togen 3090103 [3-40 (0-203-00 vapoTrans [Kg/pot  [5.86 [0.20 3 [p-671 [0-2Z 3
Tet ar, 2003 China GC UE grme 0 days Trticum aestvam CZ—[Crop Angio 350 700 umr{:w‘oll T00 .0 Togen 3230103 [3-86 [0.073-00 vapoTrans [kg/pot  [6.10 [0.09 3 P93 [0-15 [3
Tet al, 2003 China GC UE grme A0 days _ |lnticum aestivum CZ—[Crop Angio 350 00 umrfr}wlzll T00 0 Togen 32730293 |3-87 |0-073-00 vapoTrans [kg/pot  |5.3Z2 0113 |p-48 [0-07 |3
[Franzarng et arl., Germany  |GC UE g DMIT T06 days  |Brassica napus 4 [Crop Angio 380 50 g]:r‘n A5 Nfrogen 30201 3.66 [0.796.00
%ﬂng etar, Germany |GC OE |g DMIT TU6 days _ |Brassica napus CZ—[Crop Angio 380 50 ppm |35 Togen 3500.276 |4-80 |0-396.00
2?a1n1z,armg etal, Germany  |GC UE g DM 106 days [Brassica napus C4 |Crop Angio 380 550 ppm |45 Nitrogen 3.890.20)6 [4.970.3066.00
231e1!al., 2006 FL, USA |GH |TE Immol CO,/ mol H;0 2 years Saccharum officinarum C4 [Crop Angio 360 20 umol/ [100 3.641.935 15.23 [0.71[5.00[Photosynthesiqumol/mz[14.143.035 |15.042.02[5
Gorrissen eta [, 1995[Netherland{GH UE  [olL 14 months [Pseudotsuga menziesii C3~ [Woody Gymno 350 00 m‘ol/ 100 5.500.896 [7.2010.896.00 - Water use |l 2340[243.45 [T870[243.4p
im et al., 2006 D,USA |GC |TE umol CO/mmol H20 71days  [Zea mays C4 [Crop Angio 370 50 um;lnl/ 103 6.090.993 [72.590.993.00Photosynthesidumoln?[48.742.543 [50.642.54[3 [Transpiration[mmolm?/ 3.061 8,96 3 2905 8.96 3
tbs et al.,, 2009 Germany |FACE |ITE mmol/mol 3 years |Agrostemma githago C4 [Herbaceous [Angio A IA+150 LT:‘OI/EQ 0.02.505 1157.925.05.00} - s

tbs et al., 2009 Germany  |FACE |ITE mmol/mol 3 years Centaurea cyanus C4 [Herbaceous |Angio A IA+150 umron‘ul/ 39 25.0 2.50p (1)27. 27. 5.00}

tbs et al,, 2009 Germany |FACE |ITE mmol/mol 3 years Chenopodium album C4 [Herbaceous [Angio A IA+150 Tr{;‘ovltra 27. 5.005 30.0 27. 5.00]

tbs et al., 2009 Germany  |FACE |ITE mmol/mol 3 years [Euphorbia helioscopia C4 [Herbaceous |Angio A IA+150 umr:‘ol/ 39 20.0 5.008 [77.5¢ (1)0.03.00

tbs et al., 2009 Germany  |FACE |ITE [mmol/mol 3 years Papaver rhoeas C4 [Herbaceous |Angio A IA+150 m:mg 27. 2.504 [120. 20.04.00

tbs et al,, 2009 Germany |FACE |ITE mmol/mol 3 years [Persicaria maculosa C4 |Herbaceous [Angio A A+150 um:w‘ol/ 39 20.0 5.0Q1 27.5 8,001.00

tbs et al,, 2009 Germany  |FACE [ITE mmolmol 3 years Sinapis arvensis C4 |Herbaceous [Angio A A+150 umrfw‘oVEQ 25.02.504 147 417 .54.00]

tbs et al,, 2009 Germany  |FACE |ITE mmol/mol 3 years Thlaspi arvense C4 [Herbaceous [Angio A A+150 T:w‘ol/ 39 25,0 2.505 (1)02. (1)7. 5.00]

tbs et al., 2009 Germany  |FACE |ITE mmol/mol 3 years Tripleurospermum perforatum  [C4 [Herbaceous |Angio A IA+150 umrfwl:)l/ 39 25.0 5.004 (1)12A 27. 14.00]

tbs et al,, 2009 Germany |FACE |ITE mmol/mol 3 years Triticum aestivum C4 [Herbaceous [Angio A IA+150 LT:‘OI/EQ 07. 5.004 (1)42. 0.5 14.00

erris and Taylor, K GH UE g DW/kg H.0 37 days  [Sanguisorba minor Scop C3 [Herbaceous |Angio A 590 um:wlnl/ 55 H,0 2.2 0.944 2,01 0.824.00] aterloss  |g H,O/g [464.1230.44 [325.470.004
12?:; and Taybor, K GH [WUE [g DWikg H.0 37 days  |Anthylls wheraria C3~ [Herbaceous |Angio 1y 590 Tr?w‘ol/ 55 F.0 7940444 [2.87[0.424.00) gaterloss j?—IVZVO/g 254. (1)15.14 mem‘
12?n2 and Taylor, K GH |TE mmol CO,/ moTH,0 37 days  [Sanguisorba minor Scop C3 [Herbaceous |Angio A 590 umr?w‘ol/ 55 H,0 2.920.5595 [4.26]0.295.00[Photosynthesiumol/n2[4.20 [0.175 5.0510.41 [Transpiration| i[r)n‘:)vbmzl ?.46 8.22 5 Z.ZO 0.0715
12?:; and Taylor, K GH [TE mmol CO,/ molH,0 37 days  |Anthylis vulneraria C3 [Herbaceous [Angio A 590 Tr?w‘ov 55 H.0 330,795 [4.73 [0.695.00[Photosynthes: ijsmol/n?"'SAB 0.735 6.2910.295 [Transpiration| rsnmobmzr 165021 |1.53]0.105
1g(jrsama and Singh, [India TrenchfiTE umol/mol 30 days  |Abizia procera C3  [Woody Angio A 00 ;]:r‘n 84 [Seed size 396{60.0]3 1846.91013.00[Photosynthesis Lsmol/mi4.90 0.073 19.50 [0.05[3 [Transpiration| :nmobrn?/ 12.310.353 ]11.140.69 |3
20(L)lfama and Singh, [India Trench|iTE umol/mol 30days  [Acacia nilotica C3  [Woody Angio A 00 bpm [84 rSeed size 224 264]5 339. ;Z.OB.OOPhotosynthesi. /usmoI/mZA.GB 0.093 19.83 0.05]3 ranspiration rsnmoI/mZ/ 13.570.02 3 ]13.240.02 |3




eferences ocation [Facilit|Paramequni [Duration [Species C3orfFunctional [Functional _ [Ambinet[Elevated[CO; [% inferacting _ [Interacting A TXSAXNXE [XSAXNEParameter nits Y[YA |YSA|YN]YE [YSd[YN|Parameter ZUnits Z [ZA [ZSd | ZN]
IR_'? y ler X C4 [Division 1 Division2  [CO, ICO, Unit [Incremeftreatment 1 reatment 2 A A E P_|_V'|U_E A [A E [E A iN‘ZE—IESTE
u T15 [ T S 5[!0
ndia Trench|iTE [UmoTmoT 30days _ |Phylanthus emblica C3— [Woody Angio 12y 00 ppm [84 [Seed size IF49|TZ613[656. 132 13-00] [BTI[0-0Z[3 " |Transprrationjmmolny |13.34T-56 [3_|T2-540-61
ndia Trench|iTE umovmoT 30days  [lerminala anuna 3~ [Woody ANgio 1) 700 ppm B4 [Seed size lid 58.413 3/8. 155 300 TT.040.993 Imrsnmovmt/ TT.T40-35 [3 [T0-340.50
ndia Trench|iTE [GmoTmoT 30 days Terminalla chebula C3— [Woody Angio 12y 700 ppm [84 [Seed size lgb iO. 3 47&48, (1)(5)1 [3-00] 5-39 .Om_mrsnmo |TT6Y05Z (3 [T0.040.87
Mdia Trench|iTE umovmoT 30 days  |Abizia procera 3 [Woody ANgio 1) 700 ppm [B% [Seed size iiz ;4.135 :UH??.::J.UU B4 0.06[3 |mrsnmovmt/ TZU{047T 3 [049 (087
ndia Trench|iTE umolmoT 30 days |Acacia nibtica C3 oody ANgIo A 700 ppm 84 [Seed size ng 2{). 3 334 143 [3.00] T0.2{0-03[3_ [Transprration| ?nmon‘I T3.340.T0 3 |T7.907.09
ndia Trench|iTE amovmoT 30days _ |Phylanthus emblica 3 [Woody Angio 1 700 ppm |84 [Seed sze Egl 31. 3 245. 1gb 300 T0.Tq0.05[3_[Transprration| rsnmo IT38(T.04 [3 1074052
ndia Trench|iTE umolrmoTl 30 days Terminala aguna C3 oody ANgIo A 700 ppm 84 [Seed size llb ;Z. 3 I%z/. igd [3.00] 734 [083[3[Transprration| ?nmovmll TT1.890.43 3 [T1.590.87
Urana and Singn, [India Trench|iTE umovmoT 30days  |lerminalia chebula C3— [Woody Angio 1 00 ppm |84 [Seed sze 121 ?zm 254 §gz 300 73 [0-T9[3 " [Transpiration rsnmollmzl T0.740-85 [3 [T0-2qT-00
?JOAyelal., 2005 |AZ, USSR [Mesoc[TE umolmoTl T4 days [Populus deffordes 3 oody ANngio 3 120 Fa 179 .0 PD §18 5.1 Z.b[ 3,945 .00} 125.002.73] Transpration ?nmovmz/ 5.39 0446 [3:69 [0.33
IMurthy et al, 2005 |AZ, USA (lillsergoc ITE umolmoT T4 days [Populus deffoides C3 oody ANngio F3 120 a  |T79 0 D 7640366 |3-74 |0-396-00[Photosynthesi umolme 20.00T.67] Tanspiration rsnmovmfl 5390666 [3.7810.44
erez-Lopezetal, [Spain gsCm UE g DWikg H:0 28 days  [Hordeum vulgare C4 [Crop Angio 350 00 umol 100 NaCI 3.900.343 [5.220.593.00) = ransp\rationz H.0lp 244477603 2114T7.093 |
22?<=,gz-Lopez etal, [Spain GC UE  |g DW/kg H:O 28 days  [Hordeum vulgare C4 [Crop Angio 350 00 umr(:wl:)l/ 100 NaCl 14.590.513 16.69 0.843.00] ranspirationfg HO/p ?66. 10913 (1)52. 8.14
2g?egz-Lopezet al, [Spain GC UE g DWikg H:0 28 days  [Hordeum vulgare C4 [Crop Angio 350 00 m‘ol/ 100 NaCI 5.240.683 [8.16 [1.183.00 ranspirationfg H;O/p ?22. 9.703 (1)05,1 10
2g?egz-Lopez etal, [Spain GC UE g DW/kg Hz:O 28 days  [Hordeum vulgare C4 [Crop Angio 350 00 um;lnl/ 100 NaCl 5.630.763 [9.05 [1.183.00 ranspirationfg HO/p 33.4 6.413 23.2 14.85
2g(r)egz-Lopezet al, [Span GC UE g DWkg H:0 28 days  |Hordeum vulgare C4 [Crop Angio 350 00 [JT:L)I/ 100 NaCl 3.540.423 4.710.513.00 ranspirationfg H.0p |250.416.643 [222.911.243 |
Zg?egz-Lupez etal, [Spain GC UE  |g DW/kg H:0 28 days  [Hordeum wulgare C4 [Crop Angio 350 00 umron‘ul/ 100 NaCl 14.620.593 15.79]0.593.00] ranspirationfg H,O/p [1)69.110.5 3 ?67. .97
2g(r)egz-Lopezet al, [Spain GC |WUE |g DWikg H,0 28 days  |Hordeum vulgare C4 [Crop Angio 350 00 ::w‘ov 100 NaCl 4.770.593 [6.7310.763.00} ranspirationfg H,O/p 330.03.14 3 (1)15. 5.89
2g?egz-Lopez etal, [Spain GC UE g DWikg H:0 28 days  [Hordeum wulgare C4 [Crop Angio 350 00 umr:‘ol/ 100 NaCl 5.320.763 [7.511.10)3.00 ranspirationfg HzO/p 35.1 6.93 3 39.2 5.72
zoe(t)t?eno and UK GC UE  |mg/gH:0 2 months  [Sinapis aba C4 [Crop Angio 350 00 gsr‘n 100 H.0 End 7040573 [7.71[0-693.00[Bomass mg 57.3362[3 [1216|7T3
oodward,1993 6 [81 19 U6
etuerto and K GC UE  [mg/gH.0 2 months  [Sinapis alba C4 |Crop Angio 350 00 ppm [100 H.0 ind 0.3710.763 [0.50[0.173.00[Biomass mg 374.4172]3 1522.22013
Woodward, 1993 7 |06 45
Seneweera etal, [Austraa  [GC UE  [gDML H,O 39 [Panicum coloratum C4 |Herbaceous [Angio 350 1000 [uL/L |T86 H.0 PD 1.730.144 12.68/0.334.00[Bomass g/plant 2.07[0.174 3.2T0.2T4
;Zgiweera etal, [Australa |GC UE  [gDML H,O 39 [Panicum coloratum C4 [Herbaceous [Angio 350 1000 [uL/L [186 H.0 PD 2.480.194 [2.4310.124.00[Biomass g/plant [3.1510.194 [3.08 [0.17}4
1335 etal, 1996 ungary |OTC |TE umol CO/mmol H;0 11 months |Festuca rupicola C3 [Herbaceous |Angio 350 00 umol/ {100 0.67]0.135 12.58 [0.56(5.00]
uba et al., 1996 ungary |OTC |TE umol CO,/mmol H,0 11 months [Dactylis glomerata C3 [Herbaceous [Angio 350 00 [JT:L)I/ 100 1.290.195 [1.7810.375.00]
uba etal., 1996 ungary |OTC |TE umol CO/mmol H;0 11 months [Filipendula vulgaris C3 [Herbaceous |Angio 350 00 um:wlnl/ 100 1.130.175 [4.71]0.875.00
uba et al., 1996 ungary |OTC |TE umol CO,/mmol H,0 TTmonths [SaMa nemorosa C3 [Herbaceous [Angio 350 00 Tr?w‘ol/ 100 2.430.615 [4.77]0.635.00
uand Allen, 2009 [FL,USA |[GH |TE mmol CO,/ moTH,0 5 months  [Saccharum officinarum C4  [Crop Angio 360 20 umr?w‘ol/ 100 H,0 6.060.564 [8.11[0.784.00[Photosynthesqumoln?[31.392.434 [31.543.12
eLusetal, 1999 [Span GC [WUE  |mglgH.0 30days  |Medicago sativa C3 [Crop Angio 400 00 Tr?w‘ov 5 H.0 1.540.4818[4.6110.6418.0[Bomass i;s 0-2210-02780.80 [0.04[T8[Water lo T432[90.1{78[7692/780.4
mol 0 consumption 20 18 3
icon etal, 1996  [France GH UE  [mg/gH,0 320 days [Quercus robur C3 [Woody Angio 350 00 umol[T00 H:0 .411.248 110.993.028.00
[Sherwin et al,, 2013 [Australa |GH  |ITE mmoICO,/molH,0 59 days  [Eucalyptus saligna C3 [Woody Angio 280 400 umf)L 43 emperature 0.7q’0.325 1.9510.475.00] ranspirationfmmol/m?/ [6.7910.53 5 [6.76 [0.89




References ocation [Facilit|Paramequni Duration _[species C3orfFunctiona Functional _ [Ambinet[Elevated[CO; % nteractini [interacting A JXSAXNXE [XSd[XNEParameter Y [Units Y[YA |YSA|YNYE |YSd [YN|Parameter 4Units Z |[ZA |Z5d ZN[ZE |Z5d [ZN|
y ler X C4 |Division1  |Division2 [CO, CO, Unit |Incremeltreatment 1 reatment 2 A A E A |A E [E A |A E [E
nt
5
[Sherwmn et al, 2013 [Australa |GH _ [TE MMoICO/molH;0 b9 days  |Fucalypius salgna C3— [Woody ANgio 280 400 UCTC A3 Temperature 790325 (430 [0-3755-00 Transprrationfmmolmy [6.79 [0-53 [6 [p-5Z [0-71 |
s
[Sherwin et al, 2013 [Australa  [GH__ [TE [TMOTC U/ MO0 59 days  [Fucalyptus salgna 3 [Woody Angio 280 20 UTTC [T29 Temperature 54U745 [T-18 [0-325.00] Transpiration|mmol? |4.65 [0-80 |5 [8-38 [T.U6 [
s
[Sherwn et al, 2013 [Australa  |GH _ [TE MMoICO/molH;0 b9y days  |Fucalypius salgna C3— [Woody ANgio 280 40 UCTC [T29 Temperature B4U.745 (226 [0-47-00 TransprrationfmmoVmy [4.65 [0.80 [6 |7-94 [0.97 o
s
[Sherwn et al,, 2073 _[Australa _|GH UE  [gDMKg A0 59 days _ |Fucalypius salgna 3 [Woody ANgIo 780 700 00T 33 Temperature 7390.205 [2.95 [0-345.00[Bomass g/pRnt [T4T[0.795 [Z3T (137 ater use  [Ka/pant [049 (0156 [0.52 02T
[Sherwn et aT,, 2073 [Australa  [GH UE — [gDMKkg A0 59 days  |Fucalypius salgna C3—[Woody ANgio 780 700 UCC 33 Temperature 7390205 [3-96 [0-345.00[Bomass g/pant [T4T0.795 [6.94[T.32 ater use  [ka/plant [U49 (0155 [0.38 [0.05 b
Sherwin et al, 2013 [Australia  [GH UE  [gDMkg H,O 59 days  [Eucalyptus saligna C3  [Woody Angio 280 640 uL/L 129 emperature 2.780.365 [2.16[0.205.00[Biomass g/plant [1.29 [0.795 [3.35 [1.05[5 [Water use |kg/plant [0.67|0.36 |5 [0.66 [0.12 |
[Sherwin et al,, 2013 [Australa |GH UE  [gDMkg H,O 59 days  [Eucalyptus saligna C3  [Woody Angio 280 640 ul/L [129 emperature 2.180.365 [2.66 [0.40§5.00[Biomass g/plant [1.2910.795 [10.041.84/5 |Wateruse |kg/plant [0.6710.36]5 [0.550.10 6
Cheneta, 199  [Germny [GC [TE umol CO/mmol H,0 2 months  [Solanum muricatum C3~ [Woody Angio 350 00 ppm [100 NaCl 3.3110.0415[6.12 ]0.0415.0[Photosynthesidumol/n2[8.30 {0.20{15]14.500.40[T5 [TranspirationmmolH,0 [2.57110.02 |152.36 [0.02 [15
0 Is m/s
IChen et a., 1999 Germny  |GC  |ITE umol CO/mmol H;0 2 months  [Solanum muricatum C3  |Woody Angio 350 00 ppm [100 NaCl 2.340.0415]4.98 [0.0415.0[Photosynthesiumol/m2[5.40 [0.10{15[10.70.20|15 [TranspirationjmmolH,0 [2.29 10.03 [15[2.14 [0.02 |15
0 Is iz
Cheneta., 199  [Germny [GC [TE umol CO,/mmol H,0 7 months _[Solanum muricatum C3~ [Woody Angio 350 1050  Jopm [200 NaCl 3.310.0415[7.410.10/15.0[Photosynthesidumol/m2[8.30 [0.20{ 15]14.3(0.3015 [TranspirationmmolH,0 [2.510.02 [15]1.93 10.05 [15
0 Is m/s
IChen et a., 1999 Germny  |GC  |ITE umol CO/mmol H,0 2 months  [Solanum muricatum C3  |Woody Angio 350 1050  [ppm [200 NaCl 2.340.0415[5.7810.0415.0[Photosynthesidumol/n?}5.40 [0. 10/ 15]10.300.20T5 [TranspirationjmmolH,0 [2.29 [0.03 [15[1.79 [0.04 [15
0 Is méls
[Cifford et al., 2000 [UK GH [TE umol CO/mmol H;0 4 months  [Arachis hypogaea C3 [Herbaceous [Angio 375 00 umol/ |87 H.0 emperature  [3.0011.125 [5.50 [2.465.00[Photosynthesiumol/m2|[19.9q1.795 [35.204.025 [TranspirationjmmolH,0 [7.40 [2.24 6 [6.50 [1.57 |5
mol Is m?/s
hang etal,, 2008 [China CTC |TE mmol/mol 6 months  [Betula albosinensis C3  |Woody Angio 350 00 umol/ {100 Planting density 33000523 [6.70 [0.693.00|Photosynthesdumoln?[8.80 [1.583 [6.90 [0.87|3 [rranspiration [mmolm? [2.70 [0.35 |3 [1.10 [0.17 |5
mol Is s
hang etal,, 2008 [China CTC [TE mmol/mol 7 months  [Betula albosinensis C3  |Woody Angio 350 00 umol/ {100 Planting density 700,873 [5.90 [1.27[3.00[Photosynthesd umolm?[7.30 [0.393 .50 [0.52|3 [ranspiration [mmoVn¥/ [1.80 [0.52 [3 [1.10 [0.52 [3
mol Is s
schaplinski et al, N, USA" |OTC [|TE mmol/mol 3'months  |Acer saccharum C3  [Woody Angio [Ambient JA+300 Jumol'[79 H.0 20 0:890.396 [7.79 [0.766.00|Photosynthesgumoln?[3.59 [1.306 [5.37 |2.72)6
1995 mol Is
schaplinski et al, N, USA |OTC |TE mmol/mol 3 months  |Platanus occidentalis C3 loody Angio IAmbient [A+300 [umol/ |79 H,0 .0 1.2110.126 [2.51]0.206.00[Photosynthesijumol/m?|14.411.426 19.343.726
1995 mol Is
schaplinski et al, N,USA" |0TC |TE mmol/mol 3 months  [Liquidambar styraciflua C3  [Woody Angio [Ambient JA+300 Jumol/ |79 H.0 20 0:960.2%6 [2.76 [0.346.00[Photosynthesdumolm?[16.542.146 [24.496.00f6
1995 mol Is
schaplinski et al, N, USA |OTC |TE mmol/mol 3 months  |Acer saccharum C3 oody Angio JAmbient [A+300 [umol/ |79 H.0 0 1.6000.176 [2.93]0.696.00[Photosynthesijumol/m?|4.09 [1.676 [6.22 [2.74]6
1995 mol Is
schaplinski et al, N, USA" |0TC |TE mmol/mol 3 months  [Platanus occidentalis C3~ [Woody Angio [Ambient JA+300 Jumol'[79 H.0 0 1.090.096 [2.9110.866.00[Photosynthesijumol/m?[16.013.146 [18.633.77/6
1995 mol Is
schaplinski et al, N, USA |OTC [TE mmol/mol 3 months  [Liquidambar styraciflua C3  |Woody Angio JAmbient |A+300 fumol/ [79 H,0 5,0 1.360.346 [3.27 [1.086.00|Photosynthesqumolme[13.943.37[6 [23.86.30[6
1995 mol Is
IQaderiand Reid, Canada |GC |ITE umol/mmol 1 month XdlBrasstca napus C4 [Crop Angio 370 40 umol/ {100 UV 2.390.176 [3.92[0.176.00[Photosynthesiumol/me|7.71]1.296 [11.441.40[6 [Transpirationjmmol/m?’ [3.3010.78 |6 [2.94 [0.44 |6
2005 mol Is s
[Qaderiand Reid, Canada |GC |ITE umol/mmol 1 month X 4|Brassica napus C4 [Crop Angio 370 40 umol/ {100 UV 2590.776 [4.47 [0.206.00[Photosynthesqumoln?[8.13 [1.226 [12.241.13[6 [Transpirationjmmolm? [3.19[0.61[6 |2.76 [0.34 [6
2005 mol Is s
oley etal, 1996 [TX, USA |[GH |WUE [g/L 7 growing |Afplex canescens CZ [Woody Ango 360 [680  [umol [89 4701 [5.07 [0.44¢.00[Biomass 9 4T 42297 [95.3¢TT.0f
seasons mol 4 0 |0 0
olley et al., 1996 X, USA~ [GH UE [olL 2 growing  [Schizachyrium scoparium C4 |Herbaceous [Angio 360 1680 umol’ 189 10.34.806 [12.931.596.00[Biomass g 81.9023.96 1131.436.2[6
seasons mol 5 3 0
oley et al., 1996 X, USA" |GH UE Jg/lL 2 growing  [Atriplex canescens C4  |Woody Angio 360 1005  [umol/[179 4.4210.14 [4.9310.444.00[Biomass g 4T 42294 [137.4T1.0p
seasons mol 4 0 [0 0 |0
[Poley etar, 1996 [TX, USA |GH UE  [olC Z growng _[Schizachynum scopanum CZ—|[Herbaceous [Angio 360 005 [umol [T79 10348 TT.84T.596.00[Bomass g TI(Z3" T43.136.2
seasons mol 5 3 0 P
[Centritto et al, Z00Z [UK OTC JTE [mmol’moT 370 days  |Prunus persica C3 oody ANngio 350 00 umol [TOU 0 [3-390.77]3_|5-36 [0-493-00[Photosynthes umolm#[T1.040-893 |T6.74T-07[3
mol Is
[Centritto et al, 2002 [UK O1C JTE mmolmoTl 370 days [Prunus persica 3 oody ANngio 350 700 umol’ [TOU H0 0. 19Z2.235 [7.8T10.825.00] ater upfalelkg/plant [TZ.331.59 5 |TZ.711.59
mol
|Viagiuto et ar, 2003 [italy FACE WUE g/ Z'years [Solanum tuberosum C3 |Crop ANngio 367 o7 ppm o0 [3.090.3 5.7471.406.00[Bomass g/m? 10T . 1446|273 | ater use I 33019816 |28T1.430-64
belowground 00 19 00 |11 0 0
Zhang and Dang,  [Canada |GH _[TE amoTmmoT 35 months [Betula papyntera 3 [Woody Angio 360 720 ppm_[T00 NUTrient 3940896 [9-15 [2.97/6.00 2710 708429716 [Transprationjmmoln |3.62 [0-89 [6_|2.30 [2.97
2006 s
[Zhang and Dang, Canada GH ITE GmoTmmoT 3.5 months |Betula papyniera C3 oody ANgio 360 720 ppm |T0T utrent 3.09T.4 4.8513.276.00] 759 .4 10.443.27] Transprrationjmmolny |2.58 [T48 |6 [2-30 [3-27
2006 s
Zhang and Dang,  [Canada |GH [ITE [amoTmmoT A Tonths _|Betula papyntera 3 [Woody Angio 360 720 ppm_[T00 [SoT Temp T T2 [#-T0[T0g3.00 738 2443 [T0-74T-83[3_[Transprration|mmolm¥ | T-85 [0-86 [3_|7.66 [0-36 |3
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References ocation [Facilit|Paramequni [Duration [Species C3orfFunctional [Functional _ [Ambinet[Elevated[CO; [% inferacting _ [Interacting A TXSAXNXE [XSAXNEParameter nits Y|[YA |YSA|YN]YE [YSd[YN[Parameter ZUnits Z [ZA [ZSd ZN[ZE [ZSd [ZN|
y ler X C4 |Division1  |Division2 [CO, CO, Unit |Incremeltreatment 1 reatment 2 A A E P_|_V'|U_E A |A E [E A |A E [E

2005 u S

/hang and Dang,  [Canada |GH |TE [GmoTmmol A months _ |Betula papyniera C3— [Woody Angio 360 70 [ppm_[T00 [SoT Temp 7870323 |3-97 |T-393-00 3 |T3- 713253 [Transprrationjmmoln [3.18 [0-86 [3_|3-55 [0.50
gﬁﬁm‘ﬂWLanada GH [TE umoTmmoT A montns _ |Betula papyniera 3~ [Woody ANgio 360 720 ppm [T00 [Som Temp 3-Z70BY3 (455 [T-T63.00 3 |TT.94Z43[3 Imrsnmovmt/ 290 [090 3 [263 068 |
;g:g and Dang,  [Canada |GH [1E [GmoTmmol Zmonths _ [Pinus banksiana C3— [Woody Gymno 360 720 [ppm[T00 [SoT Temp 030853 [5-93 [T-343-00] 3 230 1UA§B_1Wspwaﬁrsnmontl 30T ZZ|3 BIT|T5%
;gig and Dang,  [Canada |GH _|1E GmmoTmmol A months _ [Pinus banksiana 3~ [Woody Gymno 360 720 [ppm [T00 [SoT Temp 3670373 |5.96 [0.893.00 BYT03 230 ?./H Imrsnmovmt/ TB3[0.36[3 [3.94 [T.54
%2%29 and Dang,  [Canada |GH [TE umoTmmoT Zmonths _[Pinus banksiana [C3— [Woody Gymno 360 720 [ppm [T00 [SoT Temp 3730693 [6.14 |3-283-00 3 |2Z064TT5[3 Im?nmovmq 2 3B(TB5[3 [3-76 [3.30
%%ﬁ‘dmmmmnasm GC_ [TE GmovmmoT B weeks  |Brassica okracea 3~ [Crop Angio 380 180T ppm [TTT NaCT [7750.T45 [5.0T |T.045-00 5 [0.7% 7.44‘F1Wsp\ramrsnmovmt/ 296 02T [T-99 [0-47
[Zaghdoud et ., 2019 Tunasia GC ITE umoTmmoT D Weeks  |Brassica oleracea C3 [Crop ANgIo 380 00 ppm |TTT NaCT 3050395 [6.57 [0-67[p-00 5 [10.790.95 Im?nmovmtl 2291046 [T.6Z2[0.17
aghdoud et d., 2014Tunasa _ |[GC__ [1E GmoTmmol D Weeks  |Brassica okeracea C3—[Crop Angio 380 800 ppm [TTT aCl 7970505 |9-12 [0-425-00 5 |T0-540.57] mrsnmovm TI6 0325 [T-16 [0-06
[Wand et al., 1996 [South AmcgOTC  [TE umoTmmor 5 months _ [Dimorphotheca pluvials 4 [Herbaceous [Angio 350 50 umoT [86 OV 7250504 [2-88 [0.604-00 7 [26.500.40@ :

[Wand et al., 1996 [South AicgOTC _|[TE GmoTmmol 5 months _ |Dimorphotheca pluvials CZ— |Herbaceous |Angio 350 50 umrfr}wlall ) 4 77704344 |3-53 |0-524-00[Photosynthest T 27

[Wall etal,, 2001 IAZ, USA" |FACE [WUE  Jumolmol 2 growing  [Sorghum bicolor C4 [Herbaceous [Angio A A+200 [P:w‘ol/ 53 H.0 84.0010.33 [132.470.33.00[Photosynthesis 3 42.044.35[3 [St cond mol/m?/s 0.5910.093 [0.370.09
'uand Allen, 2009b [FL, USA  |GH  JWUE  |mol/mol Ze:;‘:tlss Saccharum officinarum C4 [Crop Angio 360 20 umr(:wl:)l/ 100 emperature 304 25.48 (2>03A 29. &UOPhotosynthesi./ 8 [38.0q724]8 [Stcond mmol/m?/ |352. 138.13 187.096.1
uand Alen, 2009b [FL, USA [GH  [WUE  |mol/mol 4 months  [Saccharum officinarum C4 [Crop Angio 360 20 m‘ol/ 100 emperature (1](1)1 23,98 (1)82. 25. 8.00[Photosynthesig 48 135.61 ?1.08 St cond rsnmolfmzr 214. s1)21. 8 (1)96, 196.1
'uand Allen, 2009b [FL, USA  |GH  JWUE  |mol/mol 4 months  [Saccharum officinarum C4 [Crop Angio 360 20 um;lnl/ 100 emperature (1](1)2 g3.98 gOQ,ﬂgZ.ZS,UO hotosynthesi./ 8 |37.2 2.05 St cond rsnmol/m?/ gSU. f15.]§ ?78. 193.34
'uand Alen, 2009b [FL, USA  |GH  [WUE  |mol/mol 4 months _[Saccharum officinarum C4 [Crop Angio 360 20 [JT:L)I/ 100 emperature (11(1)5 28(15 (1)76. 20. .00[Photosynthesi 8 [37.01 11.6@@? cond rsnmobmzr 230. :13. 8 210. 6.3
Sebastiani et al., 200taly FACE [TE umol/mol 5 months  [Olea europaea C3  |Woody Angio 360 560 umron‘ul/ 100 2.028?.7 (1)3.4 l.gj:.oo hotosynthesis LmoVn1Z13.ﬁ1 448 [26.8 2.478 s —f -

[Sebastiani et aI.,2002LaIy FACE [TE umol/mol 5 months  [Olea europaea C3~ [Woody Angio 360 560 ::w‘ov 100 9.2 1.7]2 12.8742.108.00[Photosynthesi ijsmol/m?15.3 7498 [23.445.838

Ghasemzadeh and  [Malaysia |GC  |ITE umol/mol 16 weeks  |Zingiber officinale C3 [Herbaceous |Angio 400 1800 umr:‘ol/ 100 1.520.099 [1.851]0.049.00[Photosynthesis Lsmol/ij.SB 0.249 19.22 10.35[9

gha;:er)n?z:jlh and [Malaysa [GC |TE umol/mol 16 weeks |Zingiber officinale C3 [Herbaceous |Angio 400 800 x‘ov 100 0.990.049 11.480.019.00[Photosynthesis ijsmol/m2 6.86 [0.039 [10.090.14[9

gaadf::i'eztogli 2005 [Canada [GC [TE umol/mmol 1 month X 2|Brassica napus C4 [Crop Angio 370 40 um:w‘ol/ 100 UV 2.640.1596 [4.9410.196.00[Photosynthesid Lsmol/rn? 2.1410.296 3.1310.20[6 [Transpirationjmmol/m? [0.8710.056 0.630.02
[Qaderietal, 2005 [Canada [GC [TE umol/mmol 1 month X 2|Brassica napus C4 [Crop Angio 370 40 umrfw‘ov 100 UV 2.170.226 13.430.176.00[Photosynthesis ijsmol/mZ1.82 0.1006 [2.350.12|6 [Transpiration| rsnmoI/mZ/ 0.63[0.026 0.8410.07
rins et al,, 2011 South AfricdGC ~ [WUE  [umol/mol 8 weeks  [Zea mays C4 |Crop Angio 350 00 TI?/‘L 100 Leaf Rank 146]26.94 [204.135.594.00[Photosynthesis (Jsmol/rnz14.5¢0,3 4 112.194.7444 St cond :nmobmzr 100.77.69% [58.8475.644 |
rins et al., 2011 South AfricdGC  [WUE  Jumol/mol 8 weeks [Zea mays C4 [Crop Angio 350 00 uL/L [100 Leaf Rank 123 24.34 ‘2‘07A (1)7. 14.00[Photosynthesis ijsmonZ 20892994 [17.195.93[¢ [Stcond rsnmol/m?/ ?18. 33.344 [83.3327.4
ossell and Hewltt, [UK WTC [WUE _ jmmolmol 120 days |Acacia nigrescens C3~ [Woody Ango 386 [p97  JuLL |5 3.3113.053 8.13 (5).0 3-00[Photosynthes LsmoVn?]?!Tm?: 70.24T.323 [Stcond rsnmobmzr ?04. 37943 [62.199.49
Zgggyanti etal, 2012Indonesia [GC |[TE mmol/mol 5 months  [Eucalyptus urophylla C3  |Woody Angio 380 60 umol/ [100 Nitrogen 14.040.823 [5.10 [2.573.00[Photosynthesis ijsmonZ 3.03 (7193 [6.71[3.29[3 [Transpration rsnoVrnZ/s ;.70 0.23 3 [1.64[1.08
ovriyantiet al,, 2012Indonesia |GC  |ITE mmol/mol 5 months  [Eucalyptus urophyla C3~ [Woody Angio 380 60 Tr?w‘ol/ 100 Nitrogen 6.790.993 9.84 [0.743.00[Photosynthesi {Jsmon2 20.005.793 [37.7{T.05]3 [Transprration|molm?’s [3.06 [T.12 |3 [3.26 [0-31
ovriyantiet al,, 2012findonesia |GC  |ITE mmol/mol 5 months  [Eucalyptus deglupta X C3  |Woody Angio 380 60 umr?w‘ol/ 100 Nitrogen 2390.503 [6.30 [2.693.00[Photosynthesk Lsmol/mi'fg.47 3.293 [11.141.97]3 [Transpirationjmol/m?/s [4.727.06 [3 |2.000.71

[Eucalyptus camadulensis mol /s
ovryantiet al., 2072Indonesia [GC  [TE mmol/mol 5 months  [Eucalyptus deglupta X C3~ [Woody Angio 380 60 umol/ [100 Nitrogen [F-790.933 [9-70 [1.223.00|Photosynthesqumolme[16.7 743 [32.747.18]3 [Transpirationfmolm?’s [3.54 [0.45 3 [3.68 [0.68
[Eucalyptus camadulensis mol /s

ietal, 2013 China CTC |[WUE _Jumolmol 3 months  [Glycine max C3 [Crop Angio 380 40 umol’ 195 H.0 [47.11.575 176.4928.25.00[Photosynthesidumol/m?[9.88 10.835 [12.147.00[5 [St cond mol/n¥/s [0.2110.0T[5 10.170.02

ietal, 2013 China CTC [TE umol/mol 3 months  [Glycine max C3 |Crop Angio 380 40 um:w‘oV 95 H.0 5.83'0.445 4.62 8.185.00Photosynthesi. /usmol/n?:L.SB 0.835 [12.747.00f5 [Transpirationjmmol/m? [3.4210.17 6 [2.60[0.17




References ocation [Facilit|Paramequni [Duration [Species C3orfFunctional [Functional _ [Ambinet[Elevated[CO; [% inferacting _ [Interacting A TXSAXNXE _[XSdXNEParameter Y |Un|t§ Y[YA— [YSA[YN|YE _|YSd [YN|Parameter Units Z |ZA
y ler X C4 |Division 1 Division 2 CO, ICO, Unit |Incremeltreats t 1 reat t 2 A A E A |A E |E AST’/Z&N‘ZFESTFM
moT u S 5'45 U'Js—
retal, Z0T3 China CITC OE  [kg/m® 3 months  |Glycine max C3 |Crop ANgio 380 40 umol’ [95 H0 [3-330.77p |5-18 |0-495.00 3.9Z210.795 5.231.92 vapotrans _[mm T85.4TT. 107474
aworth et al, Canada |GC |1E mmoTmoT T8 months [Agathus australs 3 [Woody Angio 380 T500 g:}r‘n 295 50903 [30.246.333-00 723 (0373 [T9.500. 713 : s
[Haworth et al, 2011 [Canada |GC__ |TE mmoTmoT T8 months |Araucana bigwilli C3— [Woody Angio 380 500 [ppm |295 290903 [30.74T0.33-00 3768 [0.943 [2-3Z[0-37|3
[Faworth et al, 2071 [Canada |GC_ |TE [rmoTmoT T8 months |Wolermia nobils 3 [Woody ANgIo 380 T500 [ppm 295 b.lIAbd 18.b1?.dbd.UU 705 0943 259 [0. 713
[Gerssler et al,, 2009 [Germany |[OTC [TE umoTmmoT Zweeks  [Aster npohum C3 erbaceous |Angio 380 20 ppm |37 0. TOT.60TZ[5.80 [T.5UTZ.0] [ZT°606- T TZ[33-6U6.30[TZ[Transpration|molm?s |4.30 [0-90 [TZ[6.10 [T.50 [T2
[Geissker et al., 2009 [Germany |OTC [TE GmovmmoT I weeks  |Aster tipolum 3 |Herbaceous |Angio 380 20 ppm [37 F300.99TZ[5- 30 [T-T ?z.o TT406.00 T2 zu.E:]j.auu Transprration|moln¥’s |2-80 [T-40 [TZ3-00 [T90 T2
[Gerssler et al,, 2009 [Germany [OTC [TE umoTmmoT Zweeks  [Aster npohum C3 erbaceous [Angio 380 20 ppm |37 [3.5000.47TZ[5.6010.3 EI)Z.U 760 [3-60TZ|T3-004-8B0[TZ[Transprationjmolnes |2-30 [1-60 [TZ|2.50 [T-30 [T2
[Diemer, 1994 Swizermrand |OTC_[TE GmoTmmol T weeks  [Carex cunvula CZ— |Herbaceous |Angio 257 78 Ubary [T05 utrient [7-3008YTZ|4-80 Z.UBEI)Z.O 63 [3-34TZ|T3-443-33|TZ|[Evapotrans |mmoln# (4-19 [T-03 [TZ|3-10 [T.03 T2
[Diemer, 1994 Switzerand|O1C_ |TE umoTmmor ZWeeks Carex curvuia 4 erbaceous [Angio 257 28 Ss;r/ 105 Nutrient 3. TQT.008 [5.001T.2 Z.UU 13.740.844 [Z4.592.47¢@ vm?nmovmz/ F400T.78¢3 PLOE.OF
[Chot et al, 2005 Japan GC_|TE GmoTmmol T8 weeks |Finus densifiora C3— [Woody Gymno 360 70 Samrqll T00 Fungus BT-3ZAT3 |26 §4.333-00|Photosynthest BB |2.3713 [6-55 [T-28[3 -
IChoietal, 2005 Napan GC [TE umol/mmol 18 weeks |Pinus densifiora C3  [Woody Gymno 360 20 [P:w‘ol/ 100 Fungus 21.1 0.993 [32.500.963.00Photosynihes (Jsmol/mz11.7 1.133 [13.243.34]3
ang et al,, 2012 [China OTC [WUE  |mmol/mol 40 days  |Populus euramericana C3  |Woody Angio 360 00 umr(:wl:)l/ 122 ;6. 9.913 [138.466.43.00[Photosynthesk ijsmonZ 23.141.213 [33.1310.1]3 [St cond mol/m?/s 10.64 10.123 [0.26 [0.17 3
Wang etal, 2012 [China OTC [WUE  [mmol/mol 40 days  [Salix jiangsuensis C3~ [Woody Angio 360 00 m‘ol/ 122 ;9, 27.33 ‘1‘95. ?01 3.00[Photosynthesig (Jsmol/m2 23.830.233 27.9';5.673 St cond mol/n¥/s 0.4210.193 10.140.053
ang et al,, 2012 [China OTC [WUE  |mmol/mol 40 days  [Salix jiangsuensis C3  |Woody Angio 360 00 um;lnl/ 122 42t6. ?3.83 {1356,123.33,00 hotosynthesis ijsmonZ 23.091.043 [39.196.77]3 [St cond mol/m?/s 10.5110.16 3 [0.26 [0.123
fiomas et al, 1994 [NC, USA |[GH  [TE [umoTmmol T15 days [Pinus taeda C3~ [Woody Gymno 35 65 g:‘ 186 Nufrient 2.503.49'9 2.44 8.8 9-00[Photosynthes {JsmoVrr?"'S.21 0519 [6.37 [1.50[0
homasetal, 1994 [NC, USA [GH [TE umol/mmol 115 days  |Pinus taeda C3  |Woody Gymno 35 65 Pa |86 Nutrient 3.260.879 [3.98[0.849.00[Photosynthes ijsmonZMS 0.749 4.71]2.10
fiomas et al, 1994 [NC, USA [GH  [TE umol/mmol 115days  |Pinus taeda C3~ [Woody Gymno 35 65 Pa 66 Nutrient 2.5000.699 [3.100.669.00[Photosynthesi ijsmol/m?315 0.5719 [3.70 0.36E
Szente eta |, 1998 [Hungary [OTC [TE umol CO/mmol H,0 231days [Dactylis glomerata C3 [Herbaceous |Angio 350 00 umol/ {100 0.550.4 1.010.897.00[Photosynthesis LsmoI/mM.GS 1.1q7 [6.21[6.00]7 franspiration jumol/m?/s[2.9710.66 [7 [6.06 [1.01
ISzente eta [, 1998 [Hungary [OTC |[TE umol CO/mmol H,0 231days [Festuca rupicola C3 [Herbaceous |Angio 350 00 x‘ov 100 0.770.297 11.23{0.447.00[Photosynthesis ijsmol/m2 [A64 7897 [7.06 |2.62]7 [transprration Jumoln?/s[6.03 [1.32 |7 [5.76 [0.53
Szente eta |, 1998 [Hungary [OTC [TE umol CO/mmol H,0O 231 days  [Filipendula wigaris C3 [Herbaceous [Angio 350 00 um:w‘ol/ 100 0290. 777 [7.26 [0.697.00[PhotosynthesH Lsmol/m?1.61 0.497 [8.4112.75[7 [transpiration Jumol/m?s[5.55 [1.08 |7 16.74 [1.43
Szente etal, 1998 [Hungary [OTC [TE umol CO/mmol H,0 23T days [SalMia nemorosa C3 [Herbaceous  [Angio 350 00 umrfw‘ov 100 0.320.247 [1.59]0.137.00[Photosynthesis ijsmol/m2 17870997 [12.797.67|7 [ranspiration [umoUn¥/s|6.62 [4.10 .630.69
lark and Tevini, ortugal  [GC  [TE mol/mol 18 days  [Hellanthus annuus C4 |Crop Angio 340 1680 TI?/‘L 100 UV 542.6240[70.043.7940.0[Photosynthesk (Jsmol/pl 50.647.9 transpiration Jumol/plan|7.16 [1.56 [40[6.87 [2.27 40
1Silgrl?and Tevini., ortugal  [GC  |ITE mol/mol 18 days  [|Zea mays C4 [Crop Angio 340 680 uL/L [100 UV 6.591.8440 14.715.9320.0 [Photosynthesis Enmtﬁ/pl 0.598.6 transpiration ulfnon\an 11.393.02 [40[4.90 [2.04 [0
1|g:teal.,2010 D.USA _[OTC [TE umol/mmol T2 years  [Scipus oheyT C3 [Herbaceous [Angio [Ambient |A + 340 [umol [89 3.360.5210]5.98 1.5 ?0.0Canopy photo taJrr:c/)SVrrﬁ 26.547.30110(36.1910.9|10 [Evapotrans rgsmobmzr 7.95[1.04]10}6.310.78]10
ietal, 2010 D.USA |OTC |TE umol/mmol 12 years  [Spartina patens C4 [Herbaceous |Angio JAmbient |A + 341 um:wlnl/ 89 3.280.521015.98 [2.0 ?0.0Canopy photo ijsmonZ 20.744.8710[23.4 2.0810 vapotrans rsnmol/m?/ 6.72[1.30[10}4.430.78 |10
ublgke and I,USA |OTC |TE mmol/mol 90 days  [Betula papyrifera C3~ [Woody Angio Ambient 700 g::r‘n 84 [Shade 1.530.293 [1.77]0.2 2.00 hotosynthes {Jsmol/njs.m 1.293 [12.991.61]3 s
Purelgglf::r:jw I,USA~ |OTC |TE mmol/mol 90 days  |Betula papyrifera C3  |Woody Angio JAmbient [700 ppm [84 [Shade 0.990.163 ]1.28 [0.143.00[Photosynthesis ijsmol/mz 3.69 [0.443 [6.64 10.59]3
PL?;;:;;(?W I,USA |OTC |TE mmol/mol 90 days  [|Acerrubrum C3~ [Woody Angio lAmbient 700 ppm [84 [Shade 1.340.393 [1.1410.363.00[Photosynthesi ijsmol/m?1.79 0.393 [2.9810.83]3
PLebgi:lf:;r:jw I,USA" |OTC |TE mmol/mol 90 days  [|Acerrubrum C3  [Woody Angio [Ambient 1700 ppm 84 [Shade 0.91]0.093 [1.3810.233.00[Photosynthesis Lsmonzz.m 0.343 14.8710.73]3
Pfgneztegl.jgg& I,USA~ |OTC |TE umol/mmol 127 days  [Plantago lanceolata C3 |Herbaceous [Angio 35 ] Pa [103 1.7qm59 2.76 0.94@.0 [Photosynthesis ijsmol/m2 13.004.7289]19.5 .55]59 ranspirationfmmol/m?/ [7.29 [2.08 EQ .16 89
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References ocation [Facilit|Paramequni Duration _[species C3orfFunctiona Functional _ [Ambinet[Elevated[CO; % nteractini [interacting A TXSAXNXE [XSAXNEParameter nits Y|[YA |YSA|YN]YE [YSd[YN[Parameter ZUnits Z [ZA [ZSd ZN[ZE [ZSd [ZN|
y ler X C4 |Division1  |Division2 [CO, CO, Unit |Incremeltreatment 1 reatment 2 A A E A |A E [E A |A E [E
nt
5
[Keutgen and Chen, [Germany |OTC [TE [GmoTmmol 90 days Citrus madurensis C3 oody ANgio [A50 50 ppm |67 [3.200.305 [Z.40|T.305.00] umolm?[6.30 [2.305 [2.4T|T.50 Transpirationjmmolny |2.00 [0.70 [5_|1-00 [0-40
2001 s
[Reutgen and Chen, [Germany [OTC [TE amoTmmoT JU days _ [Crtrus madurensis 3 [Woody Angio U0 (600 ppm [pU 30205 [5-90 [2-305-00] Umoln¥|B-10 [2-TU5 (24T [T-TO[_[Transprationjmmolm? |1.60 [0-90 [6_[0.50 [0.30
2001 s
[Hirano etal, 2012 [Japan GC ITE [GmoTmmol Zmonths _ |Fagus crenata C3 oody ANgio 1200 o0 UL7T |T75 T.800.Z070]4.70 [0.84T0.0] umoln¥[Z-90 [0-30TU [#-30 [0-70[TU [Transprationjmmoln# |1.62 [0.19 [TO[0-87 [0-16
0 s
[Firano et ar, 2012 [Japan GC_[TE amoTmmoT Zmonths _ [Fagus crenata 3 [Woody Angio 350 750 UCTC [T14 350U F1|T0(7-50 [T-83T0.0 Umoln?[g-30 [0-40T0[6-T0 [0-70|T0|Transpirationjmmolny [1.13 [0.21 [T0[0-7Z [0-15
0 s
ay efal, Z009 TX, USA" |LYCO [TE umolmoT Tyear Solldago canadensis C3 erbaceous |Angio 1250 430 UL’L |72 [SoT type T.594.0348]2.85 1.f§ umolmv[6.4Z2110.948|7.6Z |7.5T|A8
G 0 2
[Fayetar, 2009 TX,USA_|CYCU [TE umoTmoT Tyear Soldago canadensis 3 |Herbaceous |Angio 350 00 UCTC |33 [SoT type 7 THZ6FEB|3 AT 3.7 UmolT¥|7-06 [6.6948[8-39 [9-74[48
G 0
ay efal, Z009 TX, USA" |LYCO [TE umolrmoTl Tyear Solldago canadensis C3 erbaceous [Angio 1250 430 UL/t |72 [Sofl type B4Z.THAB]Z.68 [2.7138.0] umolmv3.69 (7. 79488.5T [7.Z3[48
G 0
ay et al., Z009 X USA |LYCO JTE umolmoT Tyear Solidago canadensis C3 erbaceous  |ANgo 350 00 UL’ B3 [SoT type T.77T.7348]3.56 |4.9948.0 UmolnE[6.18 [3- 17148 |T0-84TT6[48
G 0 9
ayetal, Z009 TX, USA  [LYCO [TE umolmoTl Tyear Solldago canadensis 3 erbaceous [Angio 1250 430 UL/L |72 [Sol type BgT.9448]Z.85 [Z.T/48.0] umolm|3.7317.574817.30 [°.0TjA8
G 0
ay et al., Z009 X USA |LYCO JTE umolmoT Tyear Solidago canadensis C3 erbaceous  |ANgo 350 00 UL’ B3 [SoT type T-77|T.7848(3.9Z [3-2548 U|Photosynthesgumoln?[5.45 5.0 |48 [9-1T |7-23F8
G 0 Is
anyagriand Dang, [Canada [GH  [TE umol/mol 1 growing  [Acer spicatum C3  [Woody Angio 392 84 umol/[100 [Shade 3:390.8970(5.18 [T.0370.0[Photosynthesg umoln?[5.27 [0.8110[5.42 [1.04[T0
2013 season mol 0 Is
anyagriand Dand, [Canada |GH  |TE umol/mol 1 growing |Acer spicatum C3  |Woody Angio 392 84 umol/ {100 IShade 3.590.84110]7.80 [1.5910.0[Photosynthesidumol/mz}4.95 [1.1§10(6.96 [1.16[10
season mol 0 Is
(Cemusak et al., 2071Panama  [GH UE  [o/Kg 3 months  |Abizia adnocephala C3~ [Woody Angio 40 0 Pa 5 2.3000.195 [3.580.895.00[Biomass g 19.813.645 [22.797.26]p [Water use [kg/plant |7.73[1.61p .77 [1.84
[Cemusak et ar,, Z017[Panama GH UE 0/Kg 3months _ |Dalbergia retusa C3 oody ANgIo A0 70 FPa |75 2.780.5405 [3.76|0.735.00[Blomass [] [#9.3929.15 A8.3434.1 ateruse  [kg/plant [20.739.22 1 114.237.15
7 2
[Cemusak et al,, Z011|Panama __|GH UE [9/Kg 3 months _|Inga punctata C3— [Woody Angio ) Y a 5 T-790.27p |2-84 |0-39p.00[Bomass g 11.&%.365 T3.646.53 ateruse  [kg/plant [5.67 [T61p B 1Z[T-84p
[Cemusak et al, 2071 1[Panama GH UE 0/Kg 3 months _[Ormosia macrocalyx 3 oody ANngio A0 70 Fa |75 2.390.T9  [4.1210.545.00[Blomass [] 16.5¢0.875 [38.3116.7] ateruse  [kg/plant [6.1913.00 |7.943.46 5
0
[Cemusak et ar,, 2077|Panama GH UE 0/Kg 3 months _ [Schizolobium paranyba C3 oody ANgIio A0 70 Pa |75 2.410.275 [4.5710.425.00[Biomass [] [58.747.295 153.907.25 ateruse  [kg/plant [21.342.77 15 (10.63T.38 6
ICemusak et al., 2011|Panama  |GH UE  Ja/Kg 3 months  [Chrysophylum cainito C3  |Woody Angio 40 0 Pa 5 17610.195 [2.13 [0.285.00[Bomass g 87712905 [10.3%5.81[5 [Wateruse [|kg/plant |4.54 [1.38 |5 [4.02[2.07 b
[Cemusak et al,, 2011Panama [GH _|WUE _ [g/Kg 3 months _[Coccoloba uvitera C3~ [Woody Angio F0 0 Pa_ |75 2.110.4 5 {3-30 0-355.00[Bomass 9 26626535 [33.7{13.0p gateruse g/plant [10.002.07 5 [6.35 3.23p
7
ICemusak et al., 2011|Panama  [GH UE  Jg/Kg 3 months  [Hieronyma alchomeoides C3  |Woody Angio 40 0 Pa 5 2.060.145 13.13]0.395.00[Biomass g 36.347.995 [46.498.71[5 [Wateruse [kg/plant [15.193.00 5 [12.892.54 5
ICemusak et al., 2011|Panama  [GH UE  [o/Kg 3 months  [Pachira quinata C3  |Woody Angio 40 0 Pa 5 2.170.075 12.990.475.00[Bomass g 7397015 [00.2475.95 [Water use [kg/plant |29.244.38 |5 [25.643.46 o
6 7
(Cemusak et al., 20T1[Panama  [GH UE  [o/Kg 3 months  [Swietenia macrophyla C3  [Woody Angio 40 0 Pa 5 1.580.215 [2.3110.635.00[Biomass g A4712.145 19.0915.08[5 [Wateruse [kg/plant [4.021.617[6 [3.302.31 5
ICemusak et al., 2011|Panama  [GH UE  [o/Kg 109 days [Swietenia macrophyla C3  |Woody Angio 40 0 Pa 5 H,0 utrients 2.6110.345 13.820.415.00[Bomass g [48.0978.35 [84.7(23.2]5 |Wateruse [kg/plant [16.444.60 6 [19.744.86 |5
3 2
[Cemusak et al, 2011|Panama |GH _ [WUE _ [g/Kg 109 days _[Swietenia macrophyla C3~ [Woody Angio 40 0 Pa 5 H.0 utrients 1.61]0.20p [2.330.615.00[Biomass g .65]1.245 [9.2914.895 [Wateruse [kg/plant [4.11]1.28 6 [3.31[2.30[5
(Cemusak et al, 20T1Panama  [GH UE  [o/Kg 109 days  [Ormosia macrocalyx C3  [Woody Angio 40 0 Pa 5 H.0 utrients 2.670.075 [4.5210.345.00[Biomass 9 24048595 [56.8421.95 [Wateruse [kg/plant [8.11[3.07 |5 [11.044.86 5
9
ICemusak et al., 2011|Panama  [GH UE  Jo/Kg 109 days  |Ormosia macrocalyx C3  |Woody Angio 40 0 Pa 5 H,0 utrients 2.360.205 14.120.545.00[Bomass g 16.396.115 [38.2915.8]5 |Water use [kg/plant [6.17 [3.07 [5 |7.89 [3.58
8
Causin etal,, 2006 [Argentina [GC  [TE umol/mmol 39days  [Prosopis flexuosa C3  [Woody Angio 350 1650 opm |86 Nitrogen itrate ratio 1.8000.366 [1.65]0.116.00[Photosynthesijumol/m?[18.8: 3,03_6 11.315.87[6
Is
ICausin et al., 2006 [Argentina [GC  |TE umol/mmol 39days  [Prosopis flexuosa C3  |Woody Angio 350 650 ppm [86 Nitrogen itrate ratio 1.520.396 [2.86 [1.536.00[Photosynthesijumol/m?[16.034.696 [13.743.96]6
Is
Causin etal,, 2006 [Argentina [GC  [TE umol/mmol 39days  [Prosopis flexuosa C3~ [Woody Angio 350 650 opm |86 Nitrogen itrate ratio 1.91]0.366 [3.07[1.076.00[Photosynthesijumol/m?[13.742.20{6 [18.114.26/6
Is
ICausin et al., 2006 [Argentina [GC  |TE umol/mmol 39days  [Prosopis flexuosa C3  |Woody Angio 350 650 ppm [86 Nitrogen itrate ratio 2.420.786 3.620.746.00[Photosynthesifumol/m2[14.54.706 [18.3%4.84[6
Is
Causin etal,, 2006 [Argentina [GC  [TE umol/mmol 39days  [Prosopis glandulosa C3~ [Woody Angio 350 650 opm |86 Nitrogen trate ratio 1.990.606 [2.17 1.5353.00 hotosynthesifumol/m?|15.742.20/6 [12.6(10.2|6
Is 7
[Causin etal, 2006 [Argentina [GC  [TE umol/mmol 39days  |Prosopis glandulosa C3  [Woody Angio 350 1650 ppm [86 Nitrogen itrate ratio 1.7710.436 [3.1910.966.00[Photosynthesijumolm?[18.142.646 [14.943.36/6
Is
Causin etal,, 2006 [Argentina [GC  [TE umol/mmol 39days  [Prosopis glandulosa C3 |Woody Angio 350 650 ppm |§6 Nitrogen itrate ratio 2.31’0.4 6 [3.5810.486.00]Photosynthesifumol/m?[16.642.20{6 [18.0:
Is
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References ocation [Facilit|Paramequni [Duration [Species C3orJFunctional _[Functional | 7o inferacting _ [Interacting A TXSAXNXE [X. [Units Z [ZA |[Z5d |ZN[ZE  [Z5d |ZN]
y ler X C4 [Division 1 Division 2 ncremejtreatment 1 reatment 2 A A E A (A E |E

[Causn etal, 2006 [Argentna |GG [TE umormmoT 39days  [Prosopis glandulosa C3— [Woody ANgio ntb Nitrogen Tate rato _ |2.1/0-60p [3.62 [T-4 K
[Qader and Red, [Canada |GC  |TE UmoTmmol 40 days _[Siene noctifiora CZ— |Herbaceous |Angio 370 20 umol [TO0 emperature T09T.599 (0-49 [0- 780 [Transpirationjmmolm |3.5Z [T-56 06 [0.89
Zﬂgoasen and Red, Canada GC ITE umoTmmoT 40 days Siene nochifiora 4 erbaceous [Angio 370 740 m‘ov 100 Temperature 90T.1 TOTIT.T BI3T.17 Transpration ?nmovmz/ 0.3Z1.17 2.7
zl:goeﬁlec and Dxon, [France OTC |WUE ™ [umolmoT T80 days |Picea abies C3 oody Gymno 350 40 ml:)ll TTT 9.78.4 TTZ2.438. -
1996 mol 1 0

eThiecand Dixon, [France OTC [WUE _ [umolmol 180 days  [Quercus rubra C3 [Woody Angio 350 40 umol [T11 94.9037.0)8 [133.442.1)8.00
1§§E etal, 2013  [China OTC [TE umol/mmol 10 years  [Pinus sylestriformis C3  |Woody Gymno 370 500 umr(r)wlzll 35 2.903.693 gAO 8.8 3.00[Photosynthesgumolm?[T1.007.583 [11.7(2.25[3 [Transpirationjmmolm? [3.10 [0.69 [3 |2.60 [1.04 [3
houetal, 2013 [China OTC [TE umol/mmol 10 years  [Pinus koraiensis C3~ [Woody Gymno 370 500 m‘ol/ 35 [4.20(1.043 15.9010.873.00[Photosynthesis Lsmol/nﬁ'rS.ZO 1.213 [11.247.913 [Transpiration rsnmolfmzr 2.400.69[3 [2.20j0.693
Carter et al., 1997 K GC UE  Jg/Kg 9weeks [Lotus comiculatus C3 [Herbaceous |Angio 350 00 31;‘11 100 H,0 emperature  [2.3710.5915(3.52 ]0.4215.0[Shoot biomass] é;s 55.2(19.915[54.7(18.5[15 s
Carter et al.,, 1997 K 07Ky 9weeks  [Lotus comiculatus C3 [Herbaceous [Angio 350 00 ppm [100 H,0 emperature  [1.850.3415[4.17 0.8 ?5.0"§hoot biomass{g 29.702.8 15[36.5 2.8515

unce, 2003 D. USA umol/mmol 3 years Solanum tuberosum C3 [Crop Angio JAmbient |Ambient+umol/ [92 0.040.0013 10.05 0.0 2,00 hotosynthesumoln?Z|24.847.693 [37.043.28]3 [St cond mmol/m?/ |1184[306.43 [774.4281.43
unce, 2003 D.USA | [umoTmmol Jyears  [Solanum tuberosum C3 [Crop Ango [Ambient Zri%lenﬂzﬁ‘ov 02 0:030.07% [0.07 [0.073-00[Photosynthes: ijsmon? P59 733 [32.215.443 [Stcond rsnmome; ;16 265. 3 272. ?28.57
unce, 2003 D. USA umol/mmol 3 years Solanum tuberosum C3 [Crop Angio JAmbient ir5n1bient+umr?w‘ol/ 92 0.040.013 ]0.08 [0.01[3.00[Photosynthesis LsmoI/mZZS.W.U 3 [37.294.27]3 [Stcond rsnmobmzl 215. s1)67!3 267. 23.213
Bunce, 2003 MD. USA [OTC [WUE  Jumol/mmol 3 years [Solanum tuberosum C3 [Crop Angio JAmbient iriiienﬁ?r?w‘ov 92 0.040.073[0.77[0.033.00Photosynthes ijsmol/m?16.3 D493 [23.7¢5.55[3 [St cond rsnmonZ/ 120.:158.13 ;52. 127.43 |
unce, 2003 D.USA" [OTC |WUE  fumol/mmol 3 years Solanum tuberosum C3 [Crop Angio [Ambient ?\rsn?)ienﬂum:w‘ol/ 92 0.050.013 [0.1210.023.00[Photosynthesid Lsmol/mzﬁ.s 2.893 [28.242.43[3 [St cond :nmobmzr 585. f35. 3 248. 19.083
unce, 2003 D.USA |OTC [WUE  Jumolmmol 2 years Sorghum bicolor C4 [Herbaceous |Angio JAmbient iri?)ienhmlﬂl 92 0.060.01}4 ]0.12 {0.034.00[Photosynthesis {JsmoVnﬁ'|'54.0 4.114 [54.094.11}4 St cond rsnmol/mzl ;12. :70. 4 g55. 124.44
unce, 2003 D.USA" [OTC |WUE  fumol/mmol 2 years Sorghum bicolor C4 [Herbaceous [Angio [Ambient f\rsn‘:)ienﬂm‘ol/ 92 0-700.0%4 [0.20 [0.034.00[PhotosynthesH (JsmoI/mZM.S 1.544 47214 444 St cond :nmobmzr f:09. 27.9 4 ;46,124.2 )
unce, 2003 D.USA |OTC [WUE  Jumolmmol 2 years Sorghum bicolor C4 [Herbaceous |Angio JAmbient irsriienhum;lzll 92 0.120.033 ]0.27 [0.033.00[Photosynthesis ijsmonZm&S 3 B45 O.GI St cond rsnmol/mzl 239.169.7 3 ?69. 14.213
Guehletal, 1994 [France GH UE  [10-3¢/g 7 months  [Pinus pinaster C3~ [Woody Gymno 350 382 [JT:‘OV 100 H.0 [4.920.4710]7.3110.4710.0]piomass /gs/plant 11.592.0410[19.444.17[10[Water use Z/plant f25592546. 10(15237819. 10
Guehlet al., 1994  [France GH UE  [10-3¢/y 7 months  |Quercus petraea C3  [Woody Angio 350 00 umron‘ol/ 100 H0 090.4770[72.340-4 (1)0.0 iomass g/plant [11.443.65910[27.2797.81 10&ateruse g/plant 2?87(1)09210 2384?36510
/Atkinson et al., 1997 [France GH [TE umol/mmol 10 months  [Quercus robur C3~ [Woody Angio 350 00 zﬁ:n 100 Fungus 5080.7970[12.490.7 (1)0.0 hotosynthesi umol/mT.so 1.3910[14.241.35[10[Transpirationjmmol/m?/ ?.508 8016 10 1.714 0?16 10
IAtkinson et al., 1997 |France GH [TE umol/mmol 10 months [Prunus avium X pseudocerasus [C3~ [Woody Angio 350 00 ppm [100 5.090.7810(8.48 0.78(1)0.0 hotosynthesis ijsmol/mz 6.60 [1.22410(5.30 [1.22|10Transpiration :nmobmzl 1.2810.14]10]0.65 [0.14 |10
IColeman and Bazzaz|lL, USA [GC [VUE umol/mol 60 days  |Abutilon theophrasti C3 [Herbaceous [Angio 400 00 ul/L 75 emperature 2.812.914]122.116. (1>4.0 hotosynthesis ijsmol/m?12.3 3.67114118.013.32[14 St cond rSnonZ/s 0.180.06 [1410.1510.03 [14
é?)?ezman and Bazzaz|[L, USA~ [GC  [WUE  umolmol 60 days  |Abutilon theophrasti C3 [Herbaceous [Angio 400 00 uL/L 75 emperature 27.3 ?8.019 :02. 23. (1)9.0 hotosynthesi ijsmol/mz 12.634.9179[75.096.74]T9St cond mol/n¥/s 0.2410.1117910.16 [0.08 [T9
1C?)gl)ezman and Bazzaz|L, USA  [GC [WUE  [umolmol 60 days  |Amaranthus retroflexus C4 [Herbaceous [Angio 400 00 uL/L |75 emperature 104 27.117 EI>52. 28. EI>9.0Photosynthesi. /usmon?13.4 3.1917]14.3745.17[19[St cond mol/m?/s 0.1310.03 [170.11[0.03 [19
gli?ezman and Bazzaz|[L, USA [GC  [WUE  umolmol 60 days  |Amaranthus retroflexus C4 [Herbaceous [Angio 400 00 ul/L 75 emperature sg, ;0,414 :18.6%7.3?6.0 hotosynthesis Lsmol/mz13.6 4.8 14[13.247.79|16 St cond mol/m?/s 0.2010.09 [1410.120.06 [T6
1223‘m etal,2003 |AR,USA [OTC |WUE  |mmol/mol 8 years Citrus aurantium C3  |Woody Angio 400 00 umol/ |75 27. ;.504 ‘1‘5& (157. 300 :

ownend, 1993 K GH [TE umol/mmol 37 days  [Picea sitchensis C3  [Woody Gymno 350 600 ZE:n 1 H.0 2.312.4924 2.95 2? 2.0[PhotosynthesiJumol/n24.54 [3.342417.20 |5.64[22 [Transpiration|mmol/m? [1.28 [0.86 [24[1.07 10.70 [22
obinson, 1999 JAustralia  [GC UE Ja/g 41days  |Panicum coloratum C4 [Herbaceous |Angio 350 1000 uL/L |186 H,0 0.00{0.004 ]0.00 0.00300 iomass gslpot [F56 [4.074 [5.31 B.70@ ranspirationgs;/pot 1687114314 |1111/659.44
gamberdiev et al, enmark [GC  [TE umol/mol 3 weeks  |Arabidopsis thalana C3 [Herbaceous [Angio 00 1400  JuL/L [100 6.710.895 [7.11]2.485.00 e o
2goaorjberdiev etal, enmark [GC  [TE umol/mol 3weeks [Arabidopsis thalana C3 |Herbaceous [Angio 00 1400  [uL/L [100 4.621.595 [7.02 2.335,00
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eferences Facilit|Paramequni Duration _[species C3orfFunctiona unctiona mbinet[Elevated[CO; % nteractini [interacting A TXSAXNXE |[XSAXNH [YN[Parameter Units Z [ZA |Z5d ZN[ZE |Z5d [ZN|
y ler X C4 |Division 1 Division 2 CO, ICO, Unit |Incremeltreats t 1 reat t 2 A A E E A |A E [
nt
FACE JTE umolrmoTl Tgrowng [Oka europaea C3 oody ANngIo 360 60 umol’ o6 TT.90.825 116.540.845.00]
season Izr;u mol 1
FACE TE amovmoT Tgrowng _|Okea europaea C3—[Woody ANgio B0 [amoV [56 T30825 (1724082500
season mol 7
[Gunderson etal, [TN, USA |FACE [TE umoTmmoT 3growing _[LIquidambar Styraciflua 3~ [Woody ANgio [Ambient [A¥200 [umol [53 [Ceaf rank 3240373 [5-85 [0.542.00 7
2002 seasons mol
(Gunderson et al, N, USA_|FACE [TE umormmoT 3growing _|Liquidambar styraciflua C3— [Woody Angio [Ambient [A¥200 _[umol [63 ear rank 3590573 [6-33 [0-842.00 Y
2002 seasons mol
[deAngelis macchia lontalto di umol/mol Pistacia lentiscus C3  [Woody Angio 360 00 umol’ 94 [54.979.923[72.7950.424 .0[Photosynthesidumoln?[5.64 [3.0623 6.2 [3. 10|24 [St cond mol/m?/s [0.1010.04 [23[0.14[0.16
Ispecies.xis castro mol 8 |9 6 |0 Is
[deAngelis macchia lontalto di umol/mol Quercus ilex C3  [Woody Angio 360 00 umol/ |94 103]23.925[204.475.923.0[Photosynthesidumol/mz|4.54 11.9925[9.04 |4.14]23|St cond mol/m?/s 0.0510.02 [250.05 [0.03
Ispecies.xis castro mol 59 |5 5 B |0 /s
iCrous et al., 2010 N, USA umol/mol 9 years [Achillea millefollum C3 [Herbaceous [Angio [Ambient 560 umol/ J47 [42.24. 704 [89.7967.84.00[Photosynthesqumoln?[T3.3 {4404 15.6_‘?024 St cond mol/m?/s [0.3210.1T ] 10.230.13
mol 5 1 Is
ICrous et al.,, 2010 N, USA umol/mol 9 years  [Agropyron repens C3 [Herbaceous |Angio JAmbient [560 umol/ 47 58.715.620]114.940.522.0[Photosynthesiumol/m2|13.612.4920[20.994.18[22 [St cond mol/m?/s 10.25[0.09 [2010.2110.09
mol 6 |1 5 K [ Is
iCrous et al., 2010 N, USA umol/mol 9 years [Anemone cylindrica C3 [Herbaceous [Angio [Ambient 560 umol/ J47 57.876.93 [88.2927.95.00[Photosynthesd umolm?[12.047.293 [18.705.14[5 [St cond mol/m?/s 0.2310.06 |3 [0.24 [0.10
mol L 4 Is
Crous et al., 2010 N, USA umol/mol 9 years Bromus inermis C3 [Herbaceous |Angio JAmbient [560 umol/ |47 [67.973.223[703. 35.027.0[Photosynthesidumoln?[12.143.3923[16.543.40[2 1 [St cond mol/m?/s 0.2110.09 ]230.18 [0.08
mol 0 |3 3 4P Is
iCrous et al., 2010 N, USA umol/mol Oyears  |Koeleria cristata C3 [Herbaceous [Angio lAmbient [560 umol/ J47 50.0010.25 [91.2620.25.00[Photosynthesiumol/mz|14.531.815 [19.545.255 [St cond mol/m?/s 0.3110.10]5 [0.230.08
mol 0 |6 4 Is
Crous et al., 2010 N, USA umol/mol 9 years Poa pratensis C3 [Herbaceous |Angio JAmbient [560 umol/ |47 [62.05.693 [162.961.94.00[Photosynthesdumoln?[6.24 [2.2713 [17.005.38 [St cond mol/n¥/s [0.1010.04 3 10.1110.03
mol 4 6 5 Is
Crous et al., 20170  [MN, USA" [FACE [WUE  Jumol/mol 9 years [Solidago rigida C3 [Herbaceous [Angio JAmbient [560 umol/ J47 71.325.08 [75.2436.411.0[Photosynthesiqumol/m2[18.715.318 [21.614.01|11[St cond mol/m?/s 10.31]0.188 0.3410.14
mol 8 |5 6 [0 Is
fsworth D. C, USA  [FACE [WUE  [mmol/mol 8 years Pinus taeda C3  [Woody Gymno [Ambient JA+200 Jumol'[p3 Nitrogen 81.727.488]116.432.1]70.0[Photosynthesidumol/m?[12.042.8788117.234.91|70[St cond mol/m?/s [0.160.07 [88[0.76 [0.07
mol 7 [0 1 R p Is
llsworth D. C, USA |FACE [WUE  |mmol/mol 8 years Pinus taeda C3  |Woody Gymno JAmbient |A+200 [umol/ [63 Nitrogen 84.1124.4471125.443.344 .0[Photosynthesiumol/m2[10.062.6944 7 [14.742.91}44 [St cond mol/m?/s 10.13 0.05 4710.1310.05
mol 5 |3 4 5 P Is
lesworth D. Australia ~ [WTC [WUE  Jumol/mol 2 years [Eucalyptus saligna C3  [Woody Angio 380 620 ppm 63 H.0 67.228.413[118.450.9117 [Photosynthesidumol/m?[14.247.27113]15.947 31|11[St cond mol/m?/s 0.26 10.20 [13]0.17 [0.14
0 [5 [p|7 |5 [oo Is 0 7
reeman 1998 enmark [BB  [WUE  [umolmol 2 years Fagus sylvatica C3  |Woody Angio 350 00 umol/ {100 8.913.48 [152.932.68.00[Photosynthesgumolme[T3.292.7018 [24.645.63[8 [St cond mol/m?/s 0.1810.07 |8 [0.17 [0.06
mol 2 |8 8 6 Is
[Warren etal, 2077 |TN, USA |FACE [WUE _ [umolmol 3 growing  [Liquidambar styraciflua C3~ [Woody Angio JAmbient JA+200  Jumol/[53 67.775.27392.0423. 474 -0[Photosynthesqdumol?[7-67 [3.6973[10.195.22[74 St cond mol/m?/s 0.1410.09[73]0.120.08
seasons mol 7 |6 8 [0 Is
ely 2014 JAustralia  [GH UE  [gfiter 301 days [Eucalyptus pilularis C3  |Woody Angio 380 00 ppm [84 H,0 5.590.486 18.78[0.746.00]biomass g 1657|106]6 [2578[257 /6 |Wateruse [iters 299.319.016 [293.923.2
02 |45 22 |13 8 8
ely 2014 [Australa |[GH _|WUE _ [o/iter 377 days [|Eucalyptus populnea C3~ [Woody Angio 380 00 ppm [84 H.0 3.2000.736 [4.72[1.096.00[piomass g 632.1174]6 1870.4239.[6 [Wateruse [iters 196.912.5¢6 1182.910.2
1 [17 0 |88 7 0
ely 2014 [Austraia— [GH — [TE umol/mmol 301 days [Eucalyptus pilularis C3  [Woody Angio 380 00 ppm [84 H.0 [ 11.7712]9.34 [2.1812.0[Photosynthesidumolm?[15.032.74 12]25.242.82[12[Transpirationfmmol/m? [4.29 [2.14 [12[2.85 [0.78
0 Is s
[Rely 2014 JAustrala  [GH  |ITE umol/mmol 377 days [Eucalyptus populnea C3~ [Woody Angio 380 00 bpm [84 H,0 [#.0017.3272[8.20 [2.17112.0[Photosynthesid umolm2[16.143.3 112 [26.643.24[T2 [Transpiration|mmoln¥ [4.33 [T.27 [12[3.48 [T.02
0 Is s
ely 2014 [Australa  [GH _|WUE _[umoVmol 301 days [Eucalyptus pilularis C3  [Woody Angio 380 00 ppm 84 H.0 [46.312.1[12]111.430.112.0[Photosynthesidumol/m?[15.032.74 12]25.242.82[12[St cond mol/n¥/s [0.3510.1312]0.250.08
0 |9 6 B [0 Is
ely 2014 JAustrala  |GH  [WUE  Jumol/mol 377 days |Eucalyptus populnea C3  [Woody Angio 380 00 ppm [84 H.0 45.117.812]105.331.012.0[Photosynthesijumol/m?[16.1¢3.311226.693.24]12[St cond mol/m?/s 0.3910.14 [120.27 [0.08
8 |8 6 7 [0 Is
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Table B2: Alist of experiments giving Effect sizes and their respective variances for ambientand elevated CO2 treatments for iWUE, iTE and WUE. For abbreviations refer to abbreviation

list at the end ofthe table.
[References Tocation [FacilijParametefUnits X Duration Plant _[Species [C3 or [Functiona Functiona [Ambinet [Elevated [CO; [% nteracting yiX ariance|Parameter Y nits Y_[yly Variance[Parameter Z nits Z yiz _ |Variance
y X age C4 Division 1 Division 2 CO, CO, Unit  [Increment|treat t _ iz
iAdam, et al., 2000 KN, USA [OTC [iTE umol/mmol 98 days 178 days|Andropogon gerardii C4  [Herbaceous JAngio A 2XA ppm  [100 H,0 0.604710.001628Photosynthesis  [mmol/m?/ [0.03228]0.00517Transpiration mol/m2/d - 0.00301
6 d 0.4839:
[Adam, etal, 2000 |KN, USA [OTC [TE umol/mmol 98 days 178 days|Andropogon gerardii C4 erbaceous [Angio A 2XA ppm  [100 H.0 0.861640.00249 [Photosynthesis  Jumol/m?s|0.11000/0.00625/Transpiration mmol/m?/s - 0.00552
5 3 0.5678.
Abert et al., 2011 Denmark [FACE[iTE umolCO,/mmolH; |4 months Mature |Caluna vulgaris/ Deschampsia  [C4 erbaceous JAngio A 510 ppm  [34 0.151840.000864Net Photo umol/m?/s]0.32301]0.0002
0] flexuosa 4 2
|Abert et al, 2011 Denmark [FACE[iTE umolCO,/mmolH; [4 months Mature  [Caluna wulgaris/ Deschampsia — [C4 erbaceous lAngio A 510 ppm  [34 Temperature 0.253740.000412Net Photo [umolm?/s[0.20701]0.0008¢
0 flexuosa 4 5
ao etal, 2013 China ACE(ITE umol/mol 84 days [satis indigotca C3 erbaceous JAngio 411 550 umol/m [34 0.1350(0.001373Photosynthesis  [umol/m?/s|0.14431]0.000741[Transpiration mmol/m?/s - 0.00109
ol 7 9 0.01363
eering, 1997 Norway [|GH [WUE umol/mol 3 years Pinus sylvestris C3— [Woody (Gymno JAmbient  [560 ppm W7 0.0067
7
emandez et al., 2002|VenezueldOTC [WUE mol/mol 8 months Manihot esculenta C3 oody JAngio 1480 680 umol/m {42 1.277140.00377gPhotosynthess _|umoln¥/s[0.74709|0.001350St cond mmol/m?/s - 0.00875
ol 1 4 0.6362
Ge et al, 2012 Finland |GC [iTE umol/mmol 135 days Phalaris arundinacea C3  [Herbaceous lAngio A 700 umol/m [84 Temperature 0.369860.00436Photosynthesis  [umol/m?/s[0.28672/0.01019
ol 5 6
Ge etal, 2012 Finland |GC  [iTE umol/mmol 135 days [Phalaris arundinacea C3 erbaceous [Angio A 00 umol/m [84 Temperature 0.4220(0.00966 [Photosynthesis  Jumolm?s0.2226 0.012139
ol 3
leman etal, 1994 [AZ, USA [FACE|ITE mmol/mol 2 growing Gossypium hirsutum C3  [Crop JAngio 370 550 umol/m 49 H,0 0.295990.007244Canopy photo _ [mmolm? [0.28827/0.000863Canopy molm?/s - 0.000514
seasons ol 2 d 5 transpiration 0.0113
brahimetal, 2010 [Malaysa [GC [iTE umol/mmol 15 weeks 5 months|Elae/’s guineensis C3 loody [Angio [400 800 umol/m {100 0.546390.01654
ol 7
brahimetal, 2010  |Malaysia |GC [iTE umol/mmol 15 weeks 5 monthsiElaeis guineensis C3 loody JAngio 400 1200 umol/m 200 0.452770.02116!
ol 8
elomaki and Wang, |Fnland [OTC [TE umol CO;/mmol [ 150 days [ weeks |Betula Pendula C3— [Woody Angio [360 00 umolm [0 Temperature 0.127790.004868Photosynthesis 0-72098[0.0057Transpiration _ [mmolmls - [0.00026:
2001 ol 6 9 0.1099.
elomaki and Wang, |Finland [OTC |iTE umol CO/mmol [150 days 4 weeks |Betula Pendula C3 oody JAngio 360 00 umol/m [94 Temperature 0.1786(0.004 124 Photosynthesis 0.10745/0.0050 17| Transpiration mmol/m?/s
2001 ol 7 6
everenz et al, 1999 |Denmark [CTC [iTE umol/mmol 334 days Fagus sylatica C3— [Woody |Angio 40 4 Pa__ [65 Temperature 0.715000.00152 [Photosynthesis  [umol/m?/s[0.30941/0.0023
3 1
everenzet al,, 1999 |Denmark [CTC |iTE umol/mmol 334 days Fagus sylvatica C3 oody JAngio 40 4 Pa 85 Temperature 0.7506(0.001687]Photosynthesis  [umol/m?/s]0.42837(0.00291
5 7
everenzet al, 1999 [Denmark |CTC [iTE umol/mmol 334 days Fagus sylvatica C3— [Woody lAngio 40 4 Pa 185 Temperature 0.940390.00211Photosynthesis  [umol/m?s[0.53614/0.00212
9 1
everenzet al,, 1999 |Denmark [CTC |iTE umol/mmol 334 days Fagus sylvatica C3 oody JAngio 40 4 Pa 85 Temperature 0.8273¢0.002308Photosynthesis  [umol/m?/s]0.64019(0.0030.
9
ewis et al., 2002 OR,USA' [GC [iTE mmol CO;/ mol |21 months 2 years [Pseudotsuga menziesii C3 loody (Gymno A IA+200 umol/m [63 0.3104(0.00126Photosynthesis  [umol/m?/s|0.17819|0.00065dTranspiration mmol/m?/s - 0.00129
H.0 ol 8 0.1085!
iang and Maruyama, [Japan  |GC  [iTE mmol/mol 4 months seeds  [Ahusfirma C3 loody [Angio 350 900 umol/m {100 H.0 0.328140.008293Photosynthesis  Jumolm?s|0.49677/0.0124 14 Transpiration mmol/m?/s - 0.00268
1995 ol 8 0.0819:
iang and Maruyama, |Japan  |GC |iTE mmol/mol 4 months seeds  |Ahusfirma C3 loody JAngio 350 900 umol/m [157 H,0 0.4187(0.01029 [Photosynthesis  [umol/m?/s|0.689260.011624Transpiration mmol/m?/s - 0.00285
1995 ol 9 8 0.2166
lorensetal, 2009 |UK GC [ITE mmol/mol 3 years [Tmonth [Sequoia sempenirens C3 loody (Gymno 400 1800 umol/m [100 0.276910.008711 ranspiration mol of - 0.00365
ol H.Olplant/d  [0.1256
lorens et al., 2009  [UK GC |iTE mmol/mol 3 years 1 month [Metasequoia glyptostroboides  |C3 loody (Gymno 1400 800 umol/m [100 0.194130.016642 ranspiration mol of - 10.00893:
ol 6 H-Olplant/d ~ 10.0764
lorensetal,, 2009 |UK GC [ITE mmol/mol 3 years 1 month [Taxodium distichum C3— [Woody (Gymno 400 1800 umol/m [100 0.487840.010039 ranspiration mol of - 0.00404
ol 2 H:Olplant/d ~ 0.1951
lorens et al., 2009  [UK GC [iTE mmol/mol 3 years 1 month [Sequoia sempervirens C3 loody (Gymno 400 800 umol/m {100 0.571140.00454
ol 6
[Clorens et al, 2009 [UK GC [TTE mmovmoT Jyears Tmonth |Vetasequoia glyprostroboides  [C3 oody [Gyrmno 300 00 umorm [T00 0.5950(0.0T055!
ol 4
[Clorens et ar,, 2009 UK GC [ITE mmolmoT Jyears Tmonth |Taxodium distichum C3 oody (Gymno [A00 00 umolm [TOU 0.535540.00567
ol 8
[aroco eta la., 1999 |WA, USA [GC__[WUE UmolCO,/mmolH, |30 days |s_eeds ea mays C4 Crop |Angio 350 1100 ull 214 1.066940.00406 t cond mmoTeTs - .Udzbﬂq
| 0 5 1.1785
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References __|Location [FacilijParameteqUnits X Duration Tant _[Species [C3 or [Functional Functional [Ambinet |Elevated [CO; [% Tnteracting yix _|variance|Parameter Y nits Y _[yly [Variance]Parameter Z nits Z yiz __ |Variance
v age C4 Division 1 Division 2 CO, CO, Unit  [Increment|treat t X Y z
[Reyand Jarvis, 1998 |UK OTC [TTE mmoTmoT 3 growng Tyear |Betula pendula C3 o0dy [Angio 350 700 umolm [TO0 - 008577, Transpration mmoTs - “00983
seasons ol 0.4341 0.2138
[Tausz-Posch et al,, Australa |FACE[TTE mmoT.7moT Z montns Triticum aestivam CZ— [Crop [AngIo 390 550 umorm (AT U.4‘|z:j:§§:Z:jPﬁoiosyniﬁess - ranspiration moyn7day - 003474
%ﬁh_et_al,_m ACE[ITE mmol7mor 2 montns Trticum aestivam C4— [Crop [Angio 390 550 :A”mol/m AT 3.48/ } [Phofosynthesis | %ﬂn Tolnv/day ?.2654 00227
%ﬁch etal, Australa|FACE [WUE umolmorl 4 months Triticum aestivam CZ4 Crop [Angio 390 050 (ljlmol/m AT g.dzld {00277 |Photosynthess | . 15256[0.004831[St cond mormas ?2658 {00327
%@ch etar, AUstrala_|FACE [WUE amormol 2 montns Trticum aestvam CZ— [Crop [Angio 390 550 ﬁlmollm T 3.534 B [PRotosynthesis | "004207|St cond ToTnHS ?.2340 ~00297
é%?‘rm!—amm UK OTC [ITE mmolmoT Z growing 0 days— [Prunus avium C3 oody [Angio 350 700 Slmollm T00 58] 5./51%@ Photo .09Z30[0.0006! pon
DS et al,, 2009 Germany [FACE [ITE mmovmol ie;esgrgs [Agrostermma githago CZ erbaceous [ANg0 12y [AFT50 Slmoumm) 3.dbbb 02227 [
s et al,, 2009 Germany [FACE[ITE mmoTmoT 3 years Chenopodium album CZ erbaceous [AngI0 12y IAFT50 Slmollm 39 g.zbzzt 023834
TDs et al.,, 2009 Germany [FACE[ITE mmovmoT 3years [Sinapis arvensis CT erbaceous IAngio 12y [AFT50 (L)Almollm (3J.0bb‘[t 129369
TS et al,, 2009 Germany [FACE[ITE mmoTmoT 3 years [Tritrcum aestrvam CZ erbaceous [Angi0 12y [AFT50 Slmollm (7J.1b14t 04647
DS et al.,, 2009 Germany [FACE [WUE mmormoT 3 years (Agrostemma githago CT erbaceous IANgIo 12y [AFT50 (L)Almollm 3.4443 01469
tbs et al,, 2009 Germany [FACE [WUE mmol/mol 3 years seeds  [Chenopodium album C4 erbaceous [Angio A IA+150 Slmon 39 3.384110.042813
tbs et al., 2009 Germany [FACE [WUE mmol/mol 3 years seeds  [Sinapis arvensis C4 erbaceous JAngio A IA+150 (L)Almon 39 8.4100 0.198714
tbs et al,, 2009 Germany [FACE [WUE mmol/mol 3 years seeds  [Triticum aestivum C4 erbaceous [Angio A A+150 Slmonl;Q 3.2494 0.04797
redeen and Field, CA USA [GC [iTE umol CO/mmol |50 days 2 years [Avenavfatua C4 erbaceous JAngio A IA+35 gla 192 5.44093'0.01823 Photosynthesis _ [umolm?/s[0.55019[0.01 1899 Transpiration mmol/m?/s - 10.02227
1?egdseen and Field, |CA USA [GC [iTE rrﬁlCOz/mmol 50 days 2 years [Avenaviatua C4 erbaceous lAngio A IA+35 Pa 92 ?.1044 0.00632 [Photosynthesis umol/mz/sg.7147 0.005537EvapoTrans mmol/m?/s ?.2535 0.00046
4
1?)?:y and O'neil, 1991|TN, USA [GH  [iTE :ir?ol/mol 168 days 1 week |Lirodendron tulipifera C3 loody JAngio 371 493 cmim? [33 Nutrient 3.1748 0.00891Photosynthesis  Jumol/m?/s0.2641 10.00714: L
orby and O'neil, 1991|TN, USA [GH  [iTE mmol/mol 168 days 1 week [Linodendron tulipifera C3— [Woody lAngio 371 493 cmi/m® [33 Nutrient 4 _O.UUbUb Photosynthess  [umoln?/s|0.169300.0025
orby and Oneil, 1991|TN, USA [GH  [ITE mmol/mol 168 days 1 week |Lirodendron tulipifera C3 loody JAngio 371 87 cm¥m® [112 Nutrient E)0..21494344 0.00689gPhotosynthesis  Jumol/m?/s| (1].50423 0.00941
orby and O'neil, 1991 TN, USA |[GH  [iITE mmol/mol 168 days 1 week |Lirodendron tulipifera C3 loody JAngio 371 87 cmdms [112 Nutrient - 0.008973Photosynthesis umolfmzlsg.29624 0.00355
orby and Oneil, T991TN, USA [GH  [WUE glend 168 days T week [Lirodendron tulipifera C3 loody [Angio 371 493 cmim® [33 Nutrient ggg“ 0.000128 : later use cm/d - 0.00098
4
orby and Oneil, T997TN, USA [GH [WUE glcm® 168 days T week [Linodendron tulipifera C3 loody [Angio 371 493 cmdm® [33 Nutrient 3.1846_(1'0.003323 ater use cn/d gggggm
orby and O'neil, T991TN, USA [GH  [WUE glen? 168 days 1 week [Lirodendron tulipifera C3 loody [Angio 371 87 cm¥m? [112 Nutrient 3.425310.000124 later use cm/d 3 0.00341
orby and O'neil, 1991 TN, USA [GH  |WUE glem® 168 days 1 week |Lirodendron tulipifera C3 loody JAngio 371 87 cmim? 112 Nutrient 0.1853(0.002484 later use cm¥/d ?VS477 10.010873
arton et al, 2011 Australa [WTC [TTE umol/mmol 2 years 5 years [Eucalyptus saligna C3— [Woody lAngio [380 620 ppm [63 2.4545 0.000904Photosynthesis  fumol/m?/s|0.12829(0.00096Transpiration mmol/m?/s ?.0786 0.00148
4
ixon et al., 1995 France [OTC [WUE umol/mol 180 days 8 years |Picea abies C3 loody (Gymno 350 40 umol/m 111 2.1381 0.000419Photosynthesis ~ Jumol/m?/s| 2.38357 0.003179St cond mol/m?/s ?2749 10.00443
ixon et al., 1995 France |OTC [WUE umol/mol 180 days gk:/ears Quercus rubra C3— [Woody lAngio 350 40 Slmon 111 é.1447 0.001037]Photosynthesis umol/mz/sg.4282 0.004609St cond mol/m?/s 82%2 10.004083
icon et al., 1997 France |GH [WUE mmol/mol 222 days - Quercus robur C3 loody JAngio 350 00 Slmon 100 H0 2.6673 0.0007  |Photosynthesis umobmzlsgAZSSMSt cond mmol/m?/s 7 0.00151
issue etal., 1997 NC, USA'|OTC [WUE mol/mol 4 years 1 month [Pinus taeda C3— [Woody (Gymno 35 65 gla 186 2.7527 0.00032 [Photosynthesis umobmzrsg.501070.UUUU t cond mmol/m?/s ?.2087 0.00073
rake, 1992 MD, USA [OTC [WUE mol/mol 4 years Scirpus oheyi C3 erbaceous [Angio 340 681 ppm  [100 3.5598 0.001494Net carbon g/mZ/yeag.410500.uuuuw.:vapoTrans ?.2569 0.000434
rake, 1992 MD, USA[OTC [WUE mol/mol 4 years |§parﬁna patens C4  [Herbaceous JAngio 340 681 ppm  [100 (1).589710.00482 ;ZT?;gsn Lglmilyeag.1879§|’0.000242Evaponns ?.2016 0.00077
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References Tocation [FacilijParametefUnits X Duration Tant _[Species [C3 or [Functiona Functiona [Ambinet |Elevated [CO; [% nteracting yixX Variance|Parameter Y nits Y [yly Variance]Parameter Z nits Z yiz [Variance
v age C4 Division 1 Division 2 CO, CO, Unit  [Increment|treat t X Y z
I exchange r ’ 0.3286
ognettietal., 1999 an ACE [ITE umol/mmol 1 growing Populus euramericana C3 oody JAngio 360 560 umol/m [56 0.391540.00044 7]Photosynthesis  [umol/m?/s|0.29646[0.00023¢[Transpiration mmol/m?/s - 5.8E-05
season ol 1 0.03124
ognettietal, 199 [ltaly FACE|ITE umol/mmol 1 growing [Populus deltoides C3 loody lAngio 360 560 umol/m 56 0.434230.007028Photosynthesis _ [umolm?/s[0.35694/0.000159 Transpiration mmol/m?/s - 0.00026
season ol 6 1 0.0831
iConley et al,, 2001 AZ, USA" [FACE|WUE g/m?fmm 2 years culture  [Sorghum bicolor C4  [Crop [Angio 370 570 umol/m 54 H.0 0.093290.004859Biomass g/m? 0.03953]0.00045TEvapotrans mm - 0.00191
ol 7 b 0.0944
lsworth 1999 NC, USA [FACE[ITE mmol/mol 2 years 16 years |[Pinus taeda C3 oody IGymno JAmbient  JA+200 umol/m [63 0.575840.00033¢Photosynthesis  [umol/m?/s]0.49247(0.003059
ol 8 4
dding et. AT, 2009 |Rhineland|FACE [WUE umolmorl [Betula papyniera C3 oody [Angio [Ambient 060 ppm PS5 - 004889 Photosyntness . 13705[0.00460St cond molrmers 0.766470.009Z3
er 0.0297 2
dding et A, Z009  [Rhineland|FACE [WUE umolmoT [Populus fremuloides C3 oody [Angio [Ambient 56T ppm @5 - “005054 Photosynthesis cond novma’s 0.7825Y0.007664
er 0.1710 4
[Barton et a ., 20 lencorse [OTC [WUE umolmol [Picea sitchensis C3 oody (Gymno [Ambient 700 umol/m [84 - 00377 Photosyni esis t cond molm9s - .00376
ol 0.06994 0.0367
[Broadmeadow M. Healdey [O1C |WUE umormol Quercus petraea C3 oody JAngio 350 00 umorm T00 U.4507T40.00089 [Photosynthesis t cond ToTMZS - {00084
ol 7 0.2077
[Reyand Jarvis, 1997 lencorse [OTC [ITE mmol'mol Betula pendula C3 oody [Angio 350 700 umolim [TOU 0.4T3640.004 T79Photosynthesis 2697 [0.007T724Transpration [mmolm¥Ts - .00407
ol 6 0.19724
[Reyand Jarvis, 1997 |Glencorse [OTC [WUE umovmoTl Betula pendula C3 o0dy [Angio 350 00 umolm [T00 U.571ﬂ:TmPﬁoiosyniﬁeS|s T [0-007729St cond MOTNS - 00619
ol 6 0.3653
Warren etal, 2011 |TN, USA [FACE[WOE grmATyTmm 2 growng Tyear |Liquidambar styraciflia C3 o0dy [AngIo [Ambent _ [A+200 umolm 53 U.3208Y0-.00 T357|NPP 9 ~TZ76830.00T39] Transprration m 0.T862 [0.000TZ.
seasons old ol DM/m2ly
[ETsworth D- NC, USA [FACE[WUE g7mAyImm T0 years T6 years [Finus taeda C3 o0dy IGymno [Ambient _ |A+200 umorm [p3 0.252Z°|0.000825NPP 9 ~2638500.00047 [Transpration mm 0.0T477|0.00T7
ol 8 DM/m2ly 7
Abbreviations usedin Table B1 & B2:
Code Abbreviation Code Abbreviation
GC Grow th chamber IXSdE Elev ated Standard dev iation iWUE, iTE, WUE
TGG Temperature gradient greenhouse XNE Elev ated Replicates WUE, iTE, WUE
GH Green house YA IAmbient Mean Photosynthesis, Biomass
OTC Open top Chamber SdA IAmbient Standard dev iation Photosynthesis, Biomass
OTM Open top mesocosm NA Ambient Replicates Photosynthesis, Biomass
GT Grow th funnel E Elev ated Mean Photosynthesis, Biomass
FACE Free air Carbondioxide enrichment IYSdE Elev ated Standard dev iaion Photosynthesis, Biomass
CTC (Close top chamber NE Elev ated Replicates Photosynthesis, Biomass
WTC Whole tree chamber ZA IAmbient Mean Stomatal Conductance, Transpiration
LYCOG Ly simeter CO, gradient ZSdA IAmbient Standard dev iation Stomatal Conductance/ Transpiration
BB Branch Bag ZNA IAmbient Replicates Stomatal Conductance, Transpiration
WUE Water Use efficiency ZE Elev ated Mean Stomatal Conductance, Transpiration
iWUE infrinsic w ater use efficiency ZSdE Elev ated Standard dev iaion Stomatal Conductance, Transpiration
iTE instantaneous transpiration efiiciency ZNE Elev ated Replicates Stomatal Conductance, Transpiration
;AmbientMean iWUE, iTE, WUE Y X Mean Effectsize WUE, iTE, WUE
SdA IAmbient Standard dev iation IWUE, iTE, WUE y iy Mean Effect size Photosy nthesis, Biomass
NA IAmbientReplicates IWUE, iTE, WUE yiz Mean Effect size Stomatal conductance, Transpiration
XE Elev ated Mean iWUE, iTE, WUE
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