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 Chapter 1 

1.1 Research context 

The climate has changed drastically over the past century and is expected to continue to 
change in the future (IPCC 2014). The atmospheric CO2 concentration is predicted to rise (Fig 
1.1a), and partly as a result of this, global temperature will further increase (Fig 1.1b). It is 
also predicted that the nitrogen deposition rates will change; the magnitude of this change will 
depend on the region of the world (Fig 1.1c) (Lamarque et al. 2013; IPCC 2014). It is 
important to know how plants respond to these changes, as this determines future biodiversity 
and food production. Besides, plants have a large influence on atmospheric processes that 
influence the climate (Bonan 2008) through regulating the flows of water, nitrogen, carbon 
and energy (Sellers et al. 1997). So there is a two-way interaction between vegetation and the 
atmosphere, meaning that there are vegetation-atmosphere feedbacks. More explanation on 
vegetation-atmosphere feedbacks are provided in Box 1.1. In addition, it has been argued that 
these feedbacks at multiple scales are relevant for the functioning of the climate system as a 
whole (Rietkerk et al. 2011).  
 

 
Fig 1.1 Global average atmospheric CO2 concentration (a) and temperature (b) as observed (black 
line) and projected according to the IPCC scenarios of either the lowest (minimum, blue line) or the 
highest increase (maximum, red line). Panels a and b are modified from IPCC (2014). Spatial nitrogen 
deposition change from 1985 to 2005 in g m-2 yr-1 (c), source Lamarque et al. (2013) 
 
Vegetation responses to elevated CO2 are thought to have an important influence on 
atmospheric processes. For example, vegetation influences the carbon cycle by altering the 
CO2 exchange. As plants take up CO2 they reduce the carbon in the atmosphere and this 
uptake will counterbalance the expected increase in atmospheric CO2, which thus entails a 
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negative vegetation-atmosphere feedback. Another example of a vegetation response to 
elevated CO2, which might have an important influence on atmospheric processes, is the 
expected reduction of the stomatal conductance (Long et al. 2004) that results in an increased 
plant water use efficiency (WUE, ratio of carbon gain to water loss) (Keenan et al. 2013). 
This could lead to a reduced leaf transpiration rate and thereby to a rise of leaf temperature, 
resulting in more energy available for the sensible heat flux than for the latent heat flux as leaf 
temperature balances the energy budget (e.g. Bernacchi et al. 2007). This reduction in 
stomatal conductance could potentially contribute to increasing temperature and decreasing 
recycling of the precipitation (Field, Jackson & Mooney 1995). If a sufficient amount of 
plants exhibit this stomatal closure, this can have regional or even global effects on the 
climate. Contrary to this scenario, other studies predict that reduced stomatal conductance 
under elevated CO2 will not affect the water cycle (e.g. Tor-ngern et al. 2015). These studies 
stress that elevated CO2 reduces stomatal conductance and thus transpiration per unit leaf 
area, but that it will also result in the production of more leaf area and that the latter will 
compensate for the former (Tor-ngern et al. 2015). So, it is still unclear how plant responses 
to climate change will influence atmospheric processes. 
 

 

Box 1.1 Modelling vegetation-atmospheric responses 
The relationships and feedbacks between vegetation and the atmosphere can be studied 
with a coupled soil-water-atmosphere-plant model; Fig B1.1 shows a simplified 
representation of the main processes involved. In the model the atmosphere consists of the 
surface, mixed, boundary and free layers. It is assumed that the atmospheric boundary 
layer (ABL) is well mixed, therefore one value for the potential temperature and specific 
humidity can be used throughout the whole layer; the interface between the top of the 
ABL and the free atmosphere is characterized by a jump in potential temperature and 
specific humidity (Fig B1.1, blue arrows). Changes in the boundary layer height depend 
on the surface fluxes of heat and moisture.  
In the soil-water-atmosphere-plant model radiation is the main driver that brings energy 
into the system. This energy has both a shortwave and longwave radiation component (Fig 
B1.1, black dashed arrows).  
Rn = Sin – Sout + Lin – Lout        (B1) 
where Rn is the incoming net surface radiation; Sin and Sout are the incoming and outgoing 
shortwave radiation respectively; Lin and Lout are the incoming and outgoing longwave 
radiation respectively. The amount of shortwave and longwave radiation is dependent on 
the properties of the surface and on the degree of cloud cover. For example, the outgoing 
shortwave radiation is a function of both the incoming shortwave radiation and the surface 
albedo. 
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Box 1.1 Continued 

This net radiation determines the available energy for the sensible heat flux (H), the latent 
heat flux (LE) and the ground heat flux (G) (Fig B1.1, black continuous arrows). 
Rn = H + LE + G         (B2) 
The sensible heat flux involves heat diffusion between surface and the atmosphere, and 
depends on the aerodynamic resistance and the difference between surface and mixed 
layer temperature. The latent heat flux is associated with evapotranspiration (or 
condensation) and is the sum of the latent heat flux of the vegetation, soil and wet surfaces 
and its partitioning depends on the fractional vegetation coverage.  
 
The exchange of CO2 between land surface and the atmosphere (Fig B1.1, red arrows) is 
calculated according to 
NEE = -PnT + Resp         (B3) 
where NEE is the net ecosystem CO2 exchange; PnT is the total net canopy photosynthesis 
rate (note that it is a negative flux, as it is the uptake of CO2 from the atmosphere); Resp is 
the soil respiration rate.  
Thus the land surface and the atmosphere are in this way coupled through the stomata, as 
stomata regulate the exchange of CO2 into the plant and water vapour out of the plant. 
 

 
Fig B1.1 Representation of a soil-water-atmosphere model (modified from Van Heerwaarden et al. 
2010). The atmosphere consists of the surface, mixed, boundary and free layers, and the 
atmospheric boundary layer height (h) which is the top of the atmospheric boundary layer (dotted 
line). The radiation budget consists of the shortwave and longwave incoming and outgoing 
radiation (Sin, Sout, Lin, Lout; black dashed arrows). Soil (G), latent (LE) and sensible heat (H) 
energy balance fluxes (black continuous arrows) and their interaction with specific humidity (q) 
and temperature (θ) (blue lines). The total latent heat flux (LE) is the sum of LE from vegetation 
(LEveg), soil (LEsoil) and wet leaves (LEliq). LEsoil depends on the water content of the top soil layer 
(layer 1, W1) and the soil temperature. LEveg depends among others on the water content of the 
deeper soil layer (layer 2, W2). Free tropospheric conditions are represented by Δq and Δθ. Carbon 
content of the atmosphere depends on the soil respiration flux (Resp) and on the canopy 
photosynthesis rate (Photo). Black arrows indicate heat fluxes. Red arrows indicate carbon fluxes 
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In addition, the responses of plants to climate change and associated atmosphere feedbacks 
will depend on the environmental conditions in which plants grow. For instance, more 
nitrogen and less water available were found to increase plant growth responses to elevated 
CO2 (McMurtrie et al. 2008). It is in general thought that plant traits, i.e. attributes that have 
the potential to significantly influence plant performance (establishment, survival, fitness) 
(Reich et al. 2003; Violle et al. 2007), determine the functioning of vegetation and that of 
ecosystems (Diaz et al. 2004). For example, the availability of soil nutrients has a large 
influence on plant traits (e.g. rooting depth, leaf area) and is therefore one of the main factors 
in determining vegetation functioning (Ordoñez et al. 2009). Furthermore, plant competition 
may also strongly influence plant responses to climate change (Ziska 2011), as some plants 
may benefit more from climate change than others. Therefore it is thought that certain traits 
(e.g. stomatal conductance, leaf photosynthetic capacity) are modified by competition and 
these traits are therefore determining vegetation functioning (Reich et al. 2003). So, it is very 
important to know how plants respond to changes in the climate and how this is affected by 
plant competition to identify how strong the associated feedbacks with the climate are. 
 

 1.2 Optimality hypothesis 

To study the effect of plant responses on climate change and the potential effect on the 
coupling between vegetation and the atmosphere, (simple) optimization theory can be a good 
approach. See Box 1.2 for more explanation on optimization models. With this approach one 
can scale from individual physiological processes to vegetation functioning (Schymanski et 
al. 2007; Dewar et al. 2009; Sterck et al. 2011; Dekker, Vrugt & Elkington 2012). These 
simple optimization models take an evolutionary viewpoint and assume that natural selection 
favours plants with the highest performance (Parker & Maynard-Smith 1990). From this 
perspective one could predict that plants respond optimally to changes in the climate in a way 
that would maximize their performance.  

Optimization can be done at the scale of a single leaf, whole canopy, new offspring or 
new generations. On the leaf scale for example, it is thought that nitrogen is distributed 
optimally among different parts of the photosynthetic apparatus to acclimate to environmental 
changes (Harley et al. 1992; Evans & Poorter 2001). N is assumed to be used optimally, 
because it is a limiting resource in many ecosystems (Field 1983), while it is an important 
component of photosynthetic enzymes and chlorophyll and is thereby directly involved in the 
photosynthetic process (Field 1983). For instance, with elevated CO2 less Rubisco is needed 
to catalyse photosynthesis, therefore the N invested in Rubisco is redundant and can be 
invested in other plant components (Woodrow 1994). The degree to which this modifies 
whole canopy carbon uptake is unknown (Long et al. 2004) and thereby the potential effect 
on carbon cycling remains unclear.  
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Box 1.2 Optimization: simple and competitive 
Optimization models state a goal or objective function that is maximized with respect to 
one or more plant functional traits (e.g. leaf area, stomatal conductance, photosynthetic 
capacity). The maximization of the objective function is most of the times subjected to 
several (physiological or environmental) constraints (Dewar et al. 2009). The underlying 
assumption is that natural selection led to optimized plant functional traits that maximize 
fitness under a given set of conditions (Franklin et al. 2012). As real fitness, i.e. the 
transfer of genes to the next generation, is hard to quantify most models use a performance 
measure that can be assumed to be a proxy for fitness. 
 Optimization can be simple or competitive (Parker & Maynard-Smith 1990). 
Simple optimization requires for its solution only one differential equation to be solved 
(Maynard-Smith 1978), and is frequency-independent, as the optimum is not dependent on 
what other individuals do (Parker & Maynard-Smith 1990). So to optimize plant 
functional traits (f, examples that are generally used are LAI, stomatal conductance, 
canopy N content) fitness is maximized (F, generally net growth rate or net photosynthesis 
rate are used as proxies for fitness). Therefore, for simple optimization the following 
equation should be solved: dF(f)/df = 0. 

Competitive optimization can be determined by applying evolutionary game 
theory. Here the optimum for an individual is affected by what other individuals do and it 
is therefore frequency-dependent (Parker & Maynard-Smith 1990). With this approach one 
can assess the extent to which a population of organisms (in my case plants) playing a 
given strategy (i.e., with a given trait value) can be invaded by an individual (e.g. a mutant 
or another genotype) that plays a different strategy (i.e., that has a different trait value). 
Such an invasion would be possible if the invader has a higher fitness than the resident 
population. A strategy that is used in a population and cannot be invaded anymore by an 
alternative strategy, because this alternative strategy would not give a higher fitness for the 
mutant, is an (evolutionarily) stable strategy (ESS) (Parker & Maynard-Smith 1990). An 
ESS is not always the strategy that maximizes fitness in a population sense (see main text).  
Two conditions should be met for an ESS (Riechert & Hammerstein 1983).  

1) No mutant strategy (J) should have a higher fitness than the strategy (I) played by 
the ESS population. 
F(I,I) ≥ F(J,I) for all strategies J 
where F(I,I) is the payoff to a single I strategy in a population of I strategists and 
F(J,I) is the payoff of a mutant playing strategy J in the same population.  

2) If the strategy J is as successful as strategy I in a population of I strategists, then J 
should be at a selective disadvantage as it increases in frequency for I to be an 
ESS. 
When F(I,I) = F(J,I), then F(I,J) > F(J,J) 
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 At the whole canopy scale, plants are also thought to use their N optimally. For 
instance, plants invest most N in leaves that receive most light and less in more shaded leaves 
(Field 1983) resulting in an increased canopy photosynthesis compared to the situation where 
all leaves have the same N content. The pattern of N distribution is thus supposed to follow 
the light distribution within a canopy (Hirose et al. 1988). The relative advantage of an 
optimal N distribution within a canopy has been shown to increase when N availability 
increases (Hirose & Werger 1987). Rates of N deposition are expected to change, in some 
regions it is expected to increase (Galloway et al. 2004; IPCC 2014). So, in these regions 
predictions of optimality would result in a more positive contribution to photosynthesis and 
could thus impact the carbon cycle.  

Another example of optimization that relates to light distribution within the canopy is 
optimal canopy architecture (e.g. plant height, and leaf angle, length, width, curvature). To 
maximize canopy photosynthesis an optimal light environment within the canopy is needed, 
which is determined by the canopy architecture (Song, Zhang & Zhu 2013). For example 
under high light conditions, plants with more vertical leaves would be favoured in terms of 
photosynthesis, as it allows for a better distribution of light; less light being captured by upper 
leaves that tend to be light saturated and light penetrating to lower leaves that tend to be light 
limited (Hikosaka & Hirose 1997; Falster & Westoby 2003a). Vertical leaves are also more 
favourable in morning hours when the sun is close to the horizon (Falster & Westoby 2003a).  
 Another example of optimal responses at the whole canopy scale is the regulation of 
stomatal conductance. The stomatal apparatus determines both diffusion of CO2 into the leaf, 
which is essential for photosynthesis, and water loss from the leaf. It is thought that plants 
maximize their carbon gain while minimizing water loss by optimizing stomatal conductance 
(e.g. Cowan 1978; Katul et al. 2010). From this perspective it is expected that plants decrease 
their stomatal conductance when atmospheric CO2 increases (Ainsworth & Long 2005) as 
CO2 is less limiting and therefore are the opportunity costs of minimizing water loss smaller. 
If enough plants respond in this way this reduction can result in alteration of the hydrological 
cycle (De Boer et al. 2011). The ultimate outcome of this response however is strongly 
influenced by interactions between vegetation and atmosphere. Decreased stomatal 
conductance and associated transpiration could result in a reduced atmospheric humidity. As a 
consequence the specific humidity gradient between land surface and the atmosphere becomes 
stronger, stimulating opening of the stomata (Van Heerwaarden et al. 2009). However, when 
the stomatal conductance is predicted to adjust optimally to elevated CO2 it was shown to 
significantly weaken the hydrological cycle compared to a non-optimal response (Friend & 
Cox 1995). Additionally, the lower stomatal conductance also leads to a lower potential 
increase in the photosynthesis rate with elevated CO2, as a result this contributes to relatively 
less carbon being invested in vegetation and consequently a smaller mitigating effect of plants 
on the rise of atmospheric CO2 (Katul et al. 2010). There are many more similar vegetation-
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atmosphere feedbacks than described here that could influence this dynamics, but in general it 
is found that most of the feedbacks are negative (Van Heerwaarden et al. 2009). So, 
acclimation responses of plants to climate change could have significant feedbacks on climate 
that are difficult to predict. 

For a given amount of N it is also thought that plants optimize their LAI (Leaf Area 
Index, i.e., the leaf area per unit soil area) to maximize carbon gain (Anten et al. 1995). The 
LAI is strongly determined by N availability (Anten et al. 1995), more available N correlates 
with a higher LAI (Hirose et al. 1997). Rates of N deposition are expected to change and the 
magnitude of this change will differ considerably between different parts of the world (Fig 
1.1c) (Lamarque et al. 2013; IPCC 2014). This heterogeneity in N deposition will contribute 
to variations in LAI response to climate change, while LAI in turn plays an important role in 
vegetation-atmosphere feedbacks. The latter is primarily, because the LAI affects the albedo 
and indirectly the rate of evapotranspiration and consequently this will change the energy 
partitioning between the latent and sensible heat flux. 
 
One of the approaches used in this thesis, to study the effect of plant responses to climate 
change and the potential effect on the coupling between vegetation and the atmosphere, is 
simple optimization (the other being competitive optimization that I will discuss below). The 
assumption of simple optimization models is that natural selection led to optimization of plant 
functional traits to maximize fitness (Franklin et al. 2012), see Box 1.2 for more explanation. 
I have chosen to use whole-plant net photosynthesis as a proxy for fitness, the argument being 
that photosynthesis supplies the energy for growth and reproduction (Bowes, Ogren & 
Hageman 1972). However, I do note that the use of plant photosynthesis as fitness proxy 
makes simplifying assumptions, as many other processes than photosynthesis determine 
fitness (see also General discussion, Chapter 6). Plant photosynthesis is mainly determined by 
the total leaf area (Sitch et al. 2003), because it defines light interception. The leaf area index 
(LAI) is of great importance in this thesis, because next to its influence on photosynthesis, 
climate models often use the LAI to characterize vegetation (Van den Hurk, Viterbo & Los 
2003); as the LAI influences the surface albedo and thereby the available radiative energy and 
its partitioning between the latent and the sensible heat flux. So, in this thesis the optimal LAI 
that maximizes whole-plant photosynthesis for a given amount of N is determined (Schieving, 
Werger & Hirose 1992; Anten et al. 1995).  

Models that use simple optimality principles successfully predicted plant responses to 
among others elevated CO2 (e.g. Franklin 2007; McMurtrie et al. 2008); for example, 
predictions of leaf N per unit leaf area in trees at ambient and elevated CO2 (Franklin 2007), 
and acclimation of stomatal conductance to elevated CO2 (McMurtrie et al. 2008; Medlyn et 
al. 2011). However, while optimization models make qualitatively good predictions, 
quantitatively the predictions tend to deviate from the observations. For example, predictions 
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of optimization models often underestimate measured LAIs and overestimate canopy 
photosynthesis (Anten, Werger & Medina 1998; Anten 2005). Several reasons can be the 
cause of this deviation, for instance, in the formulating of the objective function. In general, 
the net photosynthesis is used as a proxy for fitness (Makela et al. 2002), but additional 
carbon costs for among others root production are commonly not considered (Dekker, Vrugt 
& Elkington 2012). Although predictions of optimization models might deviate from 
observed values, optimization can still predict the general observed trends well and can 
therefore be very useful in predicting plants theoretical maximum carbon gain under future 
climate scenarios (Dewar et al. 2009).  
 

1.3 Competition between plants 

With the simple optimization approach it is implicitly assumed that the optimal trait values of 
one plant are independent of the trait values of its neighbours. However, this ignores the fact 
that plants strongly compete for resources (Anten 2002). Competition between plants for 
resources, such as light, water and nutrients, commonly occurs, as plants often grow in dense 
communities (e.g. forests or grasslands). Competition for these resources is thus an important 
selective force, and competition therefore strongly determines vegetation functioning 
(McNickle & Dybzinski 2013), and as a consequence it also largely determines vegetation 
structure (Anten & Hirose 2001); meaning that natural selection results in vegetation stands 
that are dominated by the best competitors and not necessarily by the best inherent performers 
(McNickle & Dybzinski 2013). Nevertheless, on the leaf scale simple optimality can still be a 
valid approach, as on this scale there is no influence of competition between plants (Franklin 
et al. 2012), though there might be competition between leaves of plants. 
 
To study the effect of competition on plant responses, evolutionary game theory, or 
competitive optimization, can be used. This is a “game” where the strategy of an individual 
plant depends on the strategy “played” by its competitors (Parker & Maynard-Smith 1990). 
The game can be played, because the fitness of the individual can be both influenced by its 
own strategy, the strategy of its neighbours and by the environmental conditions. A certain 
strategy of a population that cannot be invaded anymore by an alternative strategy, because 
this strategy would not give a higher fitness for the competitors, is an (evolutionarily) stable 
strategy (Parker & Maynard-Smith 1990). More information on competitive optimization and 
the difference with simple optimization can be found in Box 1.2. 

The competitive optimization approach will be used in this thesis to find 
(evolutionarily) stable LAIs (Fig 1.2). In a high density stand consisting of plants with all the 
same LAI, which is the optimal LAI for maximizing whole-stand photosynthesis (Fig 1.2a), a 
plant with a larger LAI can invade (Fig 1.2b). This plant can invade, because it receives a 
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larger fraction of the available light and thereby obtains a higher photosynthesis rate. But at 
the same time it reduces the light intercepted by its neighbouring plants, as they are shaded by 
the individual plant, and thus also diminishes the photosynthesis rate of these neighbouring 
plants. However, increasing LAI also comes with extra costs to the plant itself, for example a 
higher respiration rate. So, the individual plant increases its photosynthesis rate at expense of 
its neighbours. However, once it has invaded (i.e., its offspring dominate the vegetation stand) 
whole-stand photosynthesis is reduced due to the extra costs in leaf area investment. A plant 
with a larger LAI will not invade anymore if the extra returns of photosynthesis are smaller 
than the costs of extra leaf area, which is then the stable LAI (Fig 1.2d) (Falster & Westoby 
2003b). So, the end result is that (evolutionarily) stable stands have larger LAIs than optimal 
ones, and therefore have lower maximum photosynthesis. This can be interpreted as a tragedy 
of the commons (Hardin 1968), because all individuals would have a higher performance if 
they would have a lower LAI, but they are outcompeted by plants with a higher LAI (Anten 
2002; Lloyd et al. 2010). This tragedy of the commons may occur for other traits as well. It 
was shown theoretically that competition for resources would select for plants that are taller 
(Falster & Westoby 2003b), have more horizontally projected leaves (Hikosaka & Hirose 
1997), produce more roots (Riechert & Hammerstein 1983; Gersani et al. 2001; Dybzinski et 
al. 2011), have larger specific leaf area (ratio of leaf area to leaf mass) (Schieving & Poorter 
1999), and flower later (Vincent & Brown 1984; Vermeulen 2015) than would be optimal in 
terms of maximum performance of the population. 
 Competitive optimization is therefore a good approach to determine the LAI under 
different environmental conditions, as the LAI is an emergent outcome and in addition 
interaction between neighbouring plants is taken into account. By comparing the competitive 
optimization approach with the simple optimization approach the effect of competition can be 
determined.  
 

 
Fig 1.2 Conceptual figure on obtaining the evolutionarily stable leaf area. (a) A resident stand 
consisting of plants with all the same LAI, which is the optimal LAI for maximizing photosynthesis. 
(b) A mutant with a larger LAI invades (indicated by the lighter green colour), because of its larger 
leaf area it receives a larger fraction of the available light and thereby obtains a higher photosynthesis 
rate; while at the same time it reduces the light intercepted by its neighbouring plants as they are 
shaded by the individual plant and thus also diminished the photosynthesis rate of its neighbouring 
plants. (c) The resident population also “plays” this strategy and they increase their LAI. (d) This 
process continues until a plant with a larger LAI cannot invade anymore, this is if the extra returns of 
photosynthesis are smaller than the costs of extra leaf area, which is then the stable LAI 



 

11 
 

 General introduction 

1.4 Knowledge Gaps 

1.4.1 Response to climate change 
It is essential to know how plants respond to changes in the climate, because among others the 
coupling between vegetation and the atmosphere could influence the climate system as a 
whole. As noted, this is particularly so for LAI as this trait determines light interception and 
thus photosynthesis, and because it has a very important role in vegetation-atmosphere 
feedbacks. Yet, it is still unclear in which direction the LAI will change with elevated CO2 
(Anten et al. 2004). An increase in LAI is expected, as leaves at lower light levels can be 
maintained, due to their higher photosynthesis rate at elevated CO2 (Long 1991). However, 
previous experimental studies show contradictory results, in some cases the LAI increased 
(Luo et al. 2001) while other experiments showed no change (DeLucia, George & Hamilton 
2002) or LAI decreased (Lutze & Gifford 1998). This is probably the result of differences in 
environmental conditions; the effect of CO2 is modified by environmental conditions, like the 
availability of water and nitrogen. So, in spite of a fair amount of experiments having been 
done, it is unclear in what direction LAIs may change with climate change. In addition, most 
experiments that investigate plant responses to elevated CO2 ran for a maximum of 10 years 
(Ainsworth et al. 2003) and only few studies investigated longer term responses (De Boer et 
al. 2011; Nakamura et al. 2011). Therefore using an optimality model can be useful to 
develop quantitative hypotheses on how adaptive responses of plants to climate change will 
shape vegetation structure and functioning. In addition, it can assess how these responses may 
be mediated by variation in environmental conditions. It is therefore needed to investigate 
optimal leaf and whole-stand acclimation to climate change under different environmental 
conditions, to define the theoretical maximum influence it has on the atmospheric processes 
and thereby how it potentially could impact the climate system as a whole. 
 
1.4.2 Effect of competition under future climate 
While, as noted above, it is generally accepted that competition will likely modify vegetation 
responses to climate change, little investigation has been done on the direction and magnitude 
of this effect. Under current climate conditions it was already shown that predictions of LAI 
by game theoretical models, which account for competition, result in closer fits to real values 
compared to predictions from models that do not account for competition (Anten 2002; Lloyd 
et al. 2010). However, the outcome of competition under elevated CO2 is difficult to predict 
(Bazzaz & McConnaughay 1992), because an increase in atmospheric CO2 increases plant 
growth and thereby likely increases competition for light and soil nutrients between plants. 
Only few modelling studies included plant competition when investigating plant responses to 
climate change (e.g. Friend, Schugart & Running 1993; Farrior et al. 2015). The use of 
competitive optimization models to investigate vegetation functioning under future climate 
scenarios may provide a useful approach in this regard, as it can be used to assess what future 
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vegetation stands would look like, if they would become dominated by the best competitors. 
By comparing these outcomes with outcomes from a simple optimization model and to data 
from climate change experiments, it is possible to give an indication of the extent and 
direction in which competition modifies responses to climate change. So, it is important to 
know how plants respond to climate change and how this is potentially modified by 
competition, in order to define the impact of competition on plant responses to climate 
change. 
 
1.4.3 Time scale of plants responses to climate change 
Plant responses to climate change could be plastic, i.e. changes in traits that occur during the 
lifetime of a plant and are on a relatively short timescale. Nevertheless, these responses may 
still be slow compared to short-term environmental fluctuations that can act on very short 
time scales (i.e., a matter of days, hours or seconds depending on the factor involved). For a 
plastic trait response to be fully effective it should not lag too far behind the environmental 
changes. For example, some changes like stomatal opening and closure are relatively fast and 
reversible processes (Katul et al. 2010), so it seems reasonable that plants notice short term 
fluctuations in environmental conditions and respond fast to this, although it is known that 
stomatal responses in understory forest plants can lag behind the occurrence of light flecks 
that may last only a few seconds (Pearcy 1999). Other changes are more structural and less 
reversible, like leaf thickness and N allocation (Frak et al. 2001; Oguchi, Hikosaka & Hirose 
2003), and thus take longer to realize. Therefore, plants are thought to respond to long term 
average environmental conditions. Models that use optimality principles optimize for a 
specific time interval, while the response time of plants to changes in environmental 
conditions might deviate from this time interval (Chen et al. 1993).The effect of this time 
scale of response is not yet investigated by optimization models, while it might have a large 
impact on the predicted outcomes.  
 Plants could also respond to climate change genotypically, i.e. over several 
generations through natural selection. All plants are exposed to increasing CO2 
concentrations, and are therefore exposed to a high selection pressure of elevated CO2 
(Onoda, Hirose & Hikosaka 2009). Due to the high selection pressure under climate change, 
plants with high levels of plastic and genotypic adaptations are thought to be favoured 
(Parmesan 2006). This means that the level of plastic and genotypic responses has a major 
influence on vegetation level processes. In contrast, research investigating plant plastic and 
genotypic responses does not clearly investigate the potential mediating effect of plant 
competition. As noted, the mediating effect of competition can be analysed using game 
theoretical models. However, current game theoretical models in plant ecology do not state 
whether trait responses occur through plastic or genotypic responses (McNickle & Dybzinski 
2013), while this distinction is important. If trait changes occur primarily through plasticity, a 
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community may rapidly arrive at an evolutionarily stable state. Conversely, if such changes 
are mostly genotypic then communities will have to undergo several generations of natural 
selection before they arrive at the evolutionarily stable state (McNickle & Dybzinski 2013). 
Given the fact that current climate change is occurring on a relatively short time scale, i.e. 
decades, predictive ability of game theoretical models could strongly depend on the relative 
contribution of plastic and genotypic changes. Therefore it is important to define the level of 
plastic and genotypic responses of plants and how this is potentially mediated by plant 
competition. 
 
1.4.5 Vegetation-atmosphere feedbacks 
It is important to know how plants respond to changes in the climate, and how this is 
potentially modified by competition. This is because plant competition could strongly 
influence vegetation responses to changes in environmental conditions. This in turn, could 
have a large impact on climate predictions due to the existence of vegetation-atmosphere 
feedbacks (more information about vegetation-atmosphere feedbacks can be found in Box 
1.1). However, even though inclusion of plant competition in atmospheric models has 
frequently been called for (e.g. Farrior 2014; Zhang et al. 2015), currently it is generally not 
included in atmospheric models (Sitch et al. 2003; Boussetta et al. 2013). It is therefore 
needed to investigate how the coupling between vegetation and the atmosphere is affected by 
competition.  
 

1.5 Research Questions 

Based on the knowledge gaps described in section 1.4, I will address several research 
questions in this thesis:  

• How are optimal leaf- and whole-canopy responses influenced by climate change? 
o How are these responses modified by plant competition? 
o To which degree can these responses be attributed to plastic or to genotypic 

adaptations? 
• What is the impact of the time scale of optimization? 
• How is the coupling between vegetation and the atmosphere affected by plant 

competition? 
 

1.6 Thesis outline 

The research presented in this thesis follows a logical pattern from lower towards higher 
aggregation scales: starting at the leaf, then the vegetation canopy and ultimately the coupling 
between vegetation and the atmosphere. A conceptual diagram on the outline of this thesis is 
given in Fig 1.3. 
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Fig 1.3 A conceptual picture on the scales of aggregation of thesis chapters, the numbered boxes relate 
to the chapters involved. Chapter 2: leaf scale responses to changes in environmental conditions. 
Chapters 3 and 4: canopy scale responses to changes in environmental conditions. Chapter 5: canopy 
scale responses and the coupling with the atmosphere 
 
In Chapter 2 of this thesis we focus on optimal leaf level responses to environmental changes 
by using the simple optimality approach. More specifically, we analyse optimal N allocation 
between RuBP regeneration and RuBP carboxylation. An analytical solution of this optimal 
partitioning is provided, it is shown how different environmental factors influence this 
optimal allocation, and it is discussed how this relates to experimental results. In the end of 
this chapter, the impact of different time scales of optimization is shown. 
 

In Chapter 3 we investigate how vegetation functioning and structure is influenced by 
climate change and to which extent competition may modify these effects. We investigate this 
with a vegetation model. To study the effect of competition between plants in a canopy, a 
comparison of the simple optimality with the competitive optimality approach is made. 
Validation was done by comparing the model outcomes against a large data set from several 
Free air CO2 enrichment (FACE) experiments.  
 
In Chapter 4 we experimentally determine the relative contribution of plastic versus 
genotypic responses to elevated CO2 on plant performance and define the extent to which 
these patterns are modified by competition. To investigate this we use Plantago asiatica seeds 
originating from three different natural CO2 springs and seeds originating from ambient CO2 
collected in nearby areas. Furthermore, we create mono stands of plants originating from 
either elevated CO2 areas or from ambient CO2 areas and mixed stands with both origins. The 
plants grow in CO2 controlled walk-in climate rooms, under different CO2 levels. Next to this, 
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we use a model for scaling up from leaf to whole-plant photosynthesis and to estimate the 
influence of plastic and genotypic responses.  
 
In Chapter 5 we investigate how the coupling between vegetation and the atmosphere is 
influenced by competition. We use a coupled vegetation-atmosphere model and include a 
game theoretical procedure to incorporate competition. Validation was done by comparing the 
model outcomes against diurnal data from the Ameriflux Bondville site over a growing 
season. 
 
In Chapter 6 I provide a discussion of my results, give recommendations for future research, 
followed by some concluding remarks.  
 



 



Chapter 2 
 
Optimization of nitrogen-use for leaf photosynthesis with co-
limitation between RuBP regeneration and RuBP carboxylation: 
an analytical solution 
 
Marloes P. van Loon, Feike Schieving, Frank Sterck, Xinyou Yin, Daniel S. Falster and Niels 
P.R. Anten 

 
Abstract 
In the widely used biochemical model of Farquhar, Von Caemmerer & Berry (1980), photosynthesis is 
either limited by ribulose-1,5-bisphosphate (RuBP) regeneration (Pjl) or by RuBP carboxylation (Pcl). 
It is believed that plants optimize allocation of nitrogen, a key component of the photosynthetic 
machinery, between Pcl and Pjl to maximize photosynthesis; which occurs when Pcl and Pjl co-limit 
photosynthesis. Here, we present an analytical solution for the optimal N distribution and provide a 
code for this solution in both MATLAB and R. We show that the simulated response of leaf 
photosynthesis to changes in atmospheric CO2 concentration and temperature differ substantially when 
plants are allowed to distribute N optimally within the leaf, compared to the situation where allocation 
is assumed to be constant. Simulating increase of CO2 reduced the fraction of N allocated to Pcl, while 
increasing temperature increased the N fraction allocated to Pcl. These findings are consistent with 
literature data. The simulated increase in leaf photosynthesis with CO2 elevation was considerably 
higher when N allocation responded optimally than when this allocation was fixed. A similar but 
weaker trend was found for warming. Our simulations also show that the rate of acclimation, the time 
lag between environmental change and trait optimization, may strongly affect predicted 
photosynthesis, indicating that more research on this time lag and variation therein is needed. Finally, 
we show that use of our analytical solution substantially reduces the computation effort required to 
calculate leaf assimilation compared to a numerical methods that are used elsewhere. We suggest that 
incorporation of our analytical solution for the optimal allocation of N among leaf components will 
add to our conceptual biological understanding of leaf photosynthetic responses to environmental 
changes, in addition to greatly increasing model speed. 
 
Key words: model, optimal N allocation, N partitioning, Jmax, Vcmax, ribulose-1,5-bisphosphate 

regeneration,  ribulose-1,5-bisphosphate carboxylation, atmospheric CO2, temperature 
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2.1 Introduction  
2.1.1 Biochemical model of leaf photosynthesis 
Photosynthesis is the main process underlying carbon acquisition, carbon sequestration, and 
growth and survival of plants, and it is thus an important driver of the global carbon cycle, 
ecosystem productivity and crop and timber yields (Lambers, Chapin III & Pons 2008). A 
wide variety of scientific fields, such as forestry, agronomy, ecology, and global change 
biology use the same biochemical model (Farquhar, Von Caemmerer & Berry 1980) to 
calculate photosynthesis of leaves (Farquhar, Von Caemmerer & Berry 1980; Lloyd & 
Farquhar 2008), whole plants (Tuzet, Perrier & Leuning 2003; Sterck & Schieving 2011), 
stands (Anten 2005; Dewar et al. 2009), or crops (Yin & Struik 2010). Consequently, most 
predictions about changes in leaf photosynthesis, plant growth, vegetation dynamics, as well 
as timber production and crop yields in response to different climate or soil conditions rely on 
the same underlying biochemical photosynthesis model.  

This basic photosynthesis model considers that photosynthesis is limited by one of two 
processes (Fig 2.1). The first process is electron transport Pjl, which transforms light energy 
into the high energy compounds ATP and NADPH, and limits ribulose-1,5-bisphosphate 
(RuBP) regeneration. The second process is RuBP carboxylation Pcl, which uses high-energy 
compounds to bind atmospheric carbon into complex sugar compounds. The compounds 
associated with Pcl and Pjl account for a large fraction of N within the leaf (Evans & Poorter 
2001), while N is acting as a limiting resource in many ecosystems, and it is costly for plants 
to acquire even when it is available (Aerts & Chapin III 1999). From an evolutionary 
standpoint, we therefore expect selection to favour plants achieving the greatest uptake of 
carbon per unit leaf N, as this would provide advantages in growth, competition and 
ultimately seed production. So, one would expect that N is distributed among the components 
of the photosynthetic system such that photosynthesis is maximized (Hikosaka & Terashima 
1996; Evans & Poorter 2001). It has been shown that this optimal distribution of leaf N for 
maximizing photosynthesis occurs when Pcl and Pjl both co-limit photosynthesis (e.g. 
Hikosaka & Terashima 1996; Niinemets & Anten 2009; Westoby, Cornwell & Falster 2012) 
(Fig 2.1).  
 
2.1.2 Factors affecting acclimation to optimal nitrogen partitioning between RuBP 
regeneration and RuBP carboxylation 
Various environmental factors may influence the balance between Pjl and Pcl, such as 
atmospheric CO2 concentration (Fig 2.1a-c), temperature (Fig 2.1d-f) and light intensity (Fig 
2.1g-i), with first two being projected to increase considerably in association with climate 
change (IPCC 2007). Plants would thus be expected to acclimate in the N partitioning 
between electron transport and carboxylation in response to changes in these environmental 
factors (e.g. Medlyn 1996; Hikosaka et al. 2006). Plants have indeed been found to acclimate 
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to various environmental changes by optimizing their N partitioning among the 
photosynthetic components (Harley et al. 1992; Evans & Poorter 2001). 
 

 
Fig 2.1 Schematic representation of photosynthesis rate (Pnl) versus CO2 concentration in the 
chloroplast (a-c), temperature (d-f) and radiation (g-i). The green line represents photosynthesis with 
optimal partitioning of nitrogen, while the red line represents photosynthesis with constant partitioning 
and it is the minimum of the RuBP regeneration limited photosynthesis rate (Pjl, black dashed line) 
and the RuBP carboxylation limited photosynthesis rate (Pcl, black dotted line). More nitrogen can be 
allocated to Pcl (b,e,h) or to Pjl (c,f,i), but the optimal allocation always results in a higher 
photosynthesis rate compared to constant partitioning (green versus red line) 
 

In addition to the overall magnitude of responses in N partitioning between RuBP 
regeneration and RuBP carboxylation, the time lag between the environmental change and the 
response may also affect photosynthetic performance. For acclimation to be beneficial, the 
response time of the leaves should be sufficiently fast such that it can track environmental 
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changes (Pearcy & Sims 1994). An environmental factor such as temperature typically 
fluctuates on a seasonal (i.e., over periods of several weeks) and on a diurnal scale, while light 
availability also fluctuates much faster. The time scale of acclimation in N partitioning among 
photosynthetic compounds differs per species. Full acclimation to an increase in irradiance 
can take 4 to 7 days for herbaceous plants (e.g. Oguchi, Hikosaka & Hirose 2003; Trouwborst 
et al. 2011), while for woody plants it can take around 2 to 5 weeks (e.g. Frak et al. 2001; 
Oguchi, Hikosaka & Hirose 2005). Furthermore, the time scale of acclimation also depends 
on the age of the leaf (Frak et al. 2001; Oguchi, Hikosaka & Hirose 2003). As far as we 
know, the impact of these acclimation time lags on plant photosynthetic responses to 
environmental change are not well known primarily because they are currently not 
incorporated in most photosynthesis models.  
 
2.1.3 Inclusion of the co-limitation of RuBP regeneration and RuBP carboxylation in 
models 
Many vegetation models include the co-limitation of RuBP regeneration and RuBP 
carboxylation (Medlyn 1996; Hikosaka 1997; Hikosaka & Hirose 1998; Sterck & Schieving 
2011; Westoby, Cornwell & Falster 2012; Xu et al. 2012; Buckley, Cescatti & Farquhar 
2013). However, with few exceptions (Westoby, Cornwell & Falster 2012), these models use 
numerical methods to solve for the optimal N distribution. Analytical solutions bypass the 
problem of having to find numerical solutions, and can thus greatly increase the computing 
speed of vegetation models when the optimization has to be repeated over and over. This is 
especially important as vegetation models are often complex and contain many processes and 
thus involve many computation steps. Such models can include algorithms, for example for 
incoming radiation, leaf turnover, (dynamic) plant architecture and respiration in addition to 
leaf photosynthesis. Furthermore, vegetation models are increasingly used to predict 
ecosystem and climate dynamics under climate change (Cramer et al. 2001; Sitch et al. 2003), 
as well as agronomic production (Van Ittersum et al. 2003), and there is increasing 
recognition that plant acclimation to changing environmental conditions should be included 
(Corlett 2011). Fast analytical models are therefore the key to modelling vegetation dynamics 
at the global scale. Finally, analytical solutions can improve our conceptual understanding of 
biological systems by explicitly formalizing the relationships between underlying elements.  

In this chapter, we present an analytical solution for the optimal N distribution 
between RuBP regeneration and RuBP carboxylation. We then use this model to show how 
plants may adjust the partitioning of N between the two types of photosynthetic components, 
and thus photosynthesis rates, in response to increase in atmospheric CO2 concentration and 
to increase in temperature. Furthermore, we show the impact of optimization on different time 
scales and discuss these. 
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In Table 2.1 we present and describe all the parameters and variables mentioned in the 
main text, and their units. To improve the accessibility of our model we provide the code of 
the analytical solution, both in R (A2.1 Methods) and MATLAB (A2.2 Methods), which can 
be compared with the numerical solution (MATLAB code, A2.3 Methods). In Appendix A2.4 
Methods we describe the temperature relationships of the parameters of the model, used in 
one of the examples below. 
 
Table 2.1 List of symbols, a description and the unit for the model variables and parameters.  

a Input value if it is 25°C, for other temperatures see A2.4 Methods 
Literature sources: 
1) Anten, Schieving & Werger (1995) 
2) Cai & Dang (2002) 
3) Dermody, Long & DeLucia (2006) 

Symbol Unit Explanation Input 
value 

Source Equation 

Cc μmol mol-1 CO2 concentration in the chloroplast 350   
Il µmol m-2 s-1 Total amount of intercepted radiation by 

a leaf 
1500   

J µmol m-2 s-1 Potential electron transport rate   2.5 
Jmax µmol m-2 s-1 Maximum electron transport rate   2.9 
kc µmol C mmol 

N-1 s-1 
Carboxylation capacity per nitrogen 
mass 

0.91 1  

Kc μmol mol-1 Michaelis-Menten constant for 
carboxylation 

402a 1  

kj µmol e mmol 
N-1 s-1 

Electron transport capacity per nitrogen 
mass 

0.91 1  

Ko μmol mol-1 Michaelis-Menten constant for 
oxygenation 

560900a 2  

Nl mmol m-2 Total nitrogen content allocated to Jmax 
and Vcmax 

270  2.7 

Nlc mmol m-2 Leaf nitrogen content for carboxylation   2.12 
Nlj mmol m-2 Leaf nitrogen content for electron 

transport 
  2.7, 2.12 

O μmol mol-1 Oxygen concentration 205000 2  
Pcl µmol m-2 s-1 Rubisco limited photosynthesis rate    2.2 
Pgl µmol m-2 s-1 Leaf gross photosynthesis rate    2.1 
Pjl µmol m-2 s-1 Electron transport limited 

photosynthesis rate  
  2.3 

Vcmax µmol m-2 day-1 Maximum carboxylation rate   2.8 

y - Light absorption to electron transport 
capacity ratio 

  2.6 

Γ* μmol mol-1 CO2 compensation point in absence of 
mitochondrial respiration 

51a 2  

θ - Curvature factor 0.9 3  
Φ µmol µmol-1 Quantum yield (µmol electrons per 

photon) 
0.25   
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2.2 The Analytical solution 
2.2.1 Photosynthesis rate 
According to the widely-accepted Farquhar-von-Caemmerer-Berry biochemical model, the 
gross photosynthesis rate of a leaf under a given incoming radiation is given by the minimum 
of two biochemical processes: RuBP carboxylation (Pcl) and RuBP regeneration (Pjl) (2.1), 
which are given by equations:  
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where Vcmax is the maximum rate of carboxylation rate; Cc is the CO2 concentration in the 
chloroplast; Γ* is the CO2 compensation point in the absence of mitochondrial respiration; Kc 
and Ko are respectively the Michaelis-Menten constants for carboxylation and oxygenation 
and O is the oxygen concentration (Farquhar, Von Caemmerer & Berry 1980). J is the 
irradiance-dependent potential electron transport rate, as described by Eqns (2.4) and (2.5). 
 
2.2.2 Light limiting effects on photosynthesis 
The following equation was used to link J to irradiance: 

( ) 0lΦmaxlΦmax
2θ =⋅⋅+⋅⋅+−⋅ IJJIJJ      (2.4) 

where θ is a curvature factor for a non-rectangular hyperbola, Φ is the quantum yield, Jmax is 
the maximum electron transport rate under saturating irradiance, and Il is the total amount of 
light absorbed by leaf photosynthetic-pigments (Farquhar, Von Caemmerer & Berry 1980). 
Solving Eqn (2.4) for J gives: 

( ) ( )
θ2

θ411
max

2

⋅
⋅⋅−+−+

⋅=
yyy

JJ       (2.5) 

where y is ΦIl/Jmax (2.6). 
 
2.2.3 Effect of nitrogen on the photosynthesis 
Let Nl be the amount of leaf N that can be allocated to electron transport components (Nlj) and 
carboxylation components (Nlc), so: Nl = Nlj + Nlc (2.7). We therefore describe Jmax and Vcmax 
as a linear function of Nlj and Nlc, respectively (Harley et al. 1992), as:  

lcccmax NkV ⋅=          (2.8) 

( )lc-ljljjmax NNkNkJ ⋅=⋅=        (2.9) 
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where kc is the carboxylation capacity per N mass, and kj is the electron transport capacity per 
N mass. 
 
Note that there is also N invested in other photosynthetic and non-photosynthetic protein 
components, in addition to the protein components for RuBP carboxylation and RuBP 
regeneration. We assume that leaf N invested in other components is constant, and therefore 
does not play a role in our analysis. 
 
2.2.4 Optimal nitrogen partitioning RuBP regeneration, RuBP carboxylation 
Mathematically, it can be shown that photosynthesis is maximized when leaf N is distributed 
in such a way that the RuBP carboxylation and RuBP regeneration both co-limit the 
photosynthesis (Westoby, Cornwell & Falster 2012). This means that:  

jlcl PP = .           (2.10) 

Substituting Eqns (2.2) to Eqn (2.9) into Eqn (2.10) yields:  
0llΦjlclΦjlΦδc4lδcj42

lcjδcθ4δlcc4 =⋅⋅⋅+⋅




 ⋅⋅+⋅⋅⋅⋅+⋅⋅⋅⋅−⋅
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Solving Nlc from Eqn (2.8) yields: 

a
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in which 






 +⋅⋅⋅⋅⋅⋅= jδcθ4δc4 kkka  






 ⋅⋅+⋅⋅⋅⋅+⋅⋅⋅⋅−= lΦjlδΦc4lδjc4 IkIkNkkb  

llΦj NIkc ⋅⋅⋅= . 

Using Eqn (2.12) for the calculation of the maximum carboxylation capacity [Eqn (2.8)] and 
the maximum electron transport rate [Eqn (2.9)], results into an optimal distribution of N in 
which the photosynthesis is co-limited by the RuBP carboxylation [Eqn (2.2)] and the RuBP 
regeneration [Eqn (2.3)]; and thereby we found with Eqn (2.12) a method to solve the optimal 
distribution of N analytically (Fig 2.1).  
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2.3 Results and Discussion 
Here we illustrate the defined leaf photosynthesis model with simulations for optimized 
acclimation in N partitioning in response to changing atmospheric conditions. Acclimating 
leaves are expected to tune their N partitioning between RuBP carboxylation and RuBP 
regeneration to maximize net carbon gain (McMurtrie et al. 2008; Sterck & Schieving 2011). 
We show simulations where leaves are allowed to acclimate N partitioning and compare this 
with simulations where leaves have a fixed N partitioning, concentrating on responses to 
increase in atmospheric CO2 and to increase in temperature. For all simulations we use the 
same parameter values as described in Table 2.1, unless specified otherwise (for parameter 
values related to the temperature equations see Table A2.1). Parameter values of Soybean 
(Glycine max (L.) Merr) are used, as this is grown extensively over the world and as it is 
frequently being studied in its response to elevated CO2 (Ainsworth et al. 2002). We compare 
our simulation results to real observations and show and discuss different timescales of 
optimization. In the second section, we compare the performance of our analytical model to 
that of a numerical model, similar to those used in other existing vegetation models.  
 
2.3.1 Responses to CO2 changes 
We investigated leaf-level responses to an increase in atmospheric CO2 from 350 μmol mol-1 
to 700 μmol mol-1 (we assume a fixed ratio of CO2 in the chloroplast to external CO2 of 0.7, 
as it was shown that this ratio will stay the same despite changes in environmental conditions 
(Wong, Cowan & Farquhar 1979)). We expected reduced N investment in RuBP 
carboxylation, as CO2 elevation and the associated increase in CO2 in the chloroplast reduces 
the constraints on RuBP carboxylation.  

With an increase in atmospheric CO2 from 350 to 700 μmol mol-1, the N allocation to 
RuBP carboxylation decreased by 24% with optimal N partitioning (Fig 2.2a). This finding is 
in agreement with our expectation, and experimental data also show this effect (Harley et al. 
1992; Medlyn 1996). Experimental data show a reduction of 13% with an increase of 
atmospheric CO2 from 350 μmol mol-1 to 700 μmol mol-1 for 39 tree species (Medlyn 1996). 
For cotton there was a reduction of 12%, when the atmospheric CO2 increased from 350 μmol 
mol-1 to 650 μmol mol-1 (Harley et al. 1992); for the same increases in CO2, our model results 
show a reduction of 22% in N allocated to RuBP carboxylation. Furthermore, the model 
developed by Xu et al. (2012) predicted a potential decrease in investment of N allocated to 
RuBP carboxylation of 15% for deciduous trees, evergreen trees, and herbaceous plants for an 
increase in atmospheric CO2 from 370 to 550 μmol mol-1 (Xu et al. 2012). For the same 
increases in CO2, our model results also show a reduction of 15% in N allocated to RuBP 
carboxylation.  

The increase in leaf photosynthesis with elevated CO2 was simulated to be 
considerably larger (i.e. 34%) when N allocation is optimized compared to constant 
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partitioning (Fig 2.2b). So, while many models assume a constant allocation of N between 
RuBP carboxylation and RuBP regeneration (Chen et al. 1993; Peltoniemi, Duursma & 
Medlyn 2012), our results suggest that this may lead to an underestimation of the effect of 
CO2 elevation on leaf photosynthesis. Conversely, as acclimation in N partitioning in 
response to CO2 has been shown to vary between species – maybe not all species respond 
optimally – therefore our model may in some cases lead to overestimation.  
 
2.3.2 Responses to temperature changes 
We investigated leaf-level responses to an increase in temperature from 15°C to 25°C (see 
A2.4 Methods for the temperature relationships of the model parameters). We expected there 
to be less investment of N in RuBP regeneration, as higher temperatures differentially 
increase the rates of electron transport and carboxylation (Lambers, Chapin III & Pons 2008), 
such that the increase in RuBP regeneration is higher than the increase in RuBP 
carboxylation, and to compensate for this misbalance, more N needs to be allocated to RuBP 
carboxylation (or Vcmax). 

Fig 2.2c shows the predicted optimal changes in ratio of N investment in RuBP 
carboxylation to RuBP regeneration (Nlc/Nlj) with increasing temperature from 15°C to 25°C; 
for which an increase of 7% in N allocation of Vcmax was found (Fig 2.2c). This finding is in 
agreement with our expectation and experimental studies also show this trend (e.g. Onoda, 
Hikosaka & Hirose 2005; Yamori et al. 2010). For Polygonum cuspidatum and Fagus crenata 
an increase of 16% was found when the temperature increased from 15°C to 25°C (Onoda, 
Hikosaka & Hirose 2005). Results of another experiment on 11 herbaceous crop species show 
an increase of 19% when the temperature increased from 15°C to 30°C (Yamori et al. 2010); 
for the same increase in temperature our model results show an increase of 17% in N 
allocated to RuBP carboxylation. Furthermore, our model showed that the change in leaf 
photosynthesis across the simulated temperature range would be 10% more positive if N 
allocation is optimized compared to constant partitioning (Fig 2.2d). 

Plants have indeed been found to acclimate to for example growth temperature 
changes by optimizing their N partitioning among the photosynthetic components (Yamori et 
al. 2009). However, these temperature-induced changes in the N partitioning seem to differ 
between species (Hikosaka 1997). For example, annual plants exhibit smaller acclimation 
responses to changes in temperature compared to evergreen woody species. This difference 
has been attributed to the fact that herbaceous plants experience a smaller seasonal change in 
growth temperature (Hikosaka 1997). Interestingly, cold tolerant plants tend to have a higher 
capacity for acclimation to temperature compared to cold sensitive species (Yamori et al. 
2010), suggesting that this capacity can be associated with adaptations to extreme 
temperatures. 
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Fig 2.2 Nitrogen allocated to Vcmax divided by nitrogen allocated to Jmax (Nlc/Nlj) (left panels: a, c) and 
net photosynthesis rate (right panels: b, d) for the optimal nitrogen allocation between Jmax and Vcmax 
(continuous lines) and for constant nitrogen allocation between Jmax and Vcmax (dashed lines) for 
different CO2 concentrations (a, b) and temperatures (c, d) (parameter values are provided in Table 
2.1) 
 
2.3.3 Optimization time scale 
Here we analyse the extent to which the time scale over which optimization is calculated 
relative to the variation in environment affects simulated rates of photosynthesis. The effect of 
daily temperature and radiation changes on photosynthesis were examined for three weeks in 
a year. Weather data from 24 July until 13 August 1998, Bondville Champaign Illinois USA 
(40° latitude, -88° longitude) was used. We chose this climate station as it is close to the 
soybean FACE experiment; the largest climate change experiment for soybean (Ainsworth et 
al. 2002) the species for which the model version presented here was calibrated. We studied 
the effect of different timescales of N optimization between RuBP carboxylation to RuBP 
regeneration. We used hourly data of radiation and temperature (Fig 2.3a). Optimal N 
allocation was determined according to three scenarios: 1) N allocation was optimized per 
hour, 2) N allocation was optimized for average daily conditions and 3) N allocation was 
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optimized for average weekly weather conditions. A constant atmospheric CO2 of 350 μmol 
mol-1 was assumed.  

The effect of increasing the time step of optimization of N allocation (Fig 2.3b) was 
the largest from hour (scenario 1) to day (scenario 2); it reduced estimated total 
photosynthesis by 13% over the three weeks (Fig 2.3c-e). Further reduction of the time step of 
optimization had less effect, if the time step was increased from per hour to per week 
(scenario 3) the reduction on the photosynthesis became 15% (Fig 2.3c-e). Interestingly, the 
difference in simulations 2 and 3 depended on the dynamics of light availability. When light 
intensity and temperature on a certain day are higher than the weekly average, the calculated 
daily net photosynthesis is higher for scenario 2 than for scenario 3. The reverse holds when 
the daily light availability is below the weekly average (Fig 2.3c,d). This is, because under 
low light conditions the advantage of optimal N partitioning decreases with increase in N, as 
limitation of photosynthesis by N decreases, and therefore there is less advantage of optimal 
partitioning (Hikosaka & Hirose 1998). So, plants adjusted to long-term average light 
conditions have to cope with daily light fluctuations that are strongly deviating from average 
light conditions, but optimal partitioning of N may be restricted by temporal and anatomical 
limitations (Oguchi, Hikosaka & Hirose 2003). In this respect, it is interesting to note that 
herbaceous species exhibit faster acclimation to changing light conditions, than woody 
species (Niinemets 2007). It has been shown for several plant species that they change N 
partitioning optimally to maximize their net carbon gain under changing irradiance (Evans & 
Poorter 2001) and temperature (Yamori et al. 2009). However, next to the time scale of 
optimization, the degree to which species acclimate to changes in light intensity differs per 
species. For example, shade species are able to acclimate to the shade, but their ability to 
acclimate to full sun is more limited, and this could be associated with their general 
adaptation to shade (Hikosaka & Terashima 1995). 

The degree and rate of acclimation to temperature is also species dependent (Hikosaka 
1997). For example, annual plants show less acclimation to variation in temperature than 
evergreen species, and this has been attributed to the fact that herbaceous plants experience a 
smaller seasonal change in growth temperature (Hikosaka 1997). Furthermore, shade species 
are able to acclimate to the shade, but their ability to acclimate to full sun is more limited, 
probably due to specialization to a particular ecological niche (Hikosaka & Terashima 1995). 
Together, these simulations show that the time lag of optimization of N allocation and its 
potential variation across species should be taken into account in vegetation models, which 
currently not being done (Medlyn 1996; Hikosaka 1997; Hikosaka & Hirose 1998; Sterck & 
Schieving 2011; Westoby, Cornwell & Falster 2012; Xu et al. 2012; Buckley, Cescatti & 
Farquhar 2013). This may at first make predictions of photosynthesis more accurate, and 
second it can be used as a means to help assess the adaptive significance of variation in the 
rate of acclimation.  



 

28 
 

 Chapter 2 

 
Fig 2.3 Varying timescale of leaf acclimation. We used temperature (grey line) and radiation (black 
line) data from Bondville Champaign Illinois USA, 40°-88°, day 0 until 21 (24 July until 13 August 
1998) to drive leaf photsynthesis (a). Panels (b-d) show results when leaves acclimated on different 
timescales over the three weeks: per hour (black line, scenario 1), per day (orange line, scenario 2) or 
per week (blue line, scenario 3). For these different scenarios we show: (b) the ratio of nitrogen 
allocation between Vcmax and Jmax (Nlc/Nlj), (c) the total photosynthesis, (d) the relative change in 
photosynthesis of the scenario of optimizing per day (orange line) and per week (blue line) compared 
to optimizing per hour, and (e) integration of the hourly photosynthesis rate over the three weeks 
versus different time scales of acclimation: the cross indicates scenario 1, the triangle scenario 2, and 
the diamond scenario 3  
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2.3.4 Comparison of the analytical and numerical optimal nitrogen allocation model 
Vegetation models are gradually becoming embedded within larger, more complex models, 
like General Circulation Models (Sitch et al. 2003). These larger models contain many 
processes that often involve a very large number of computations. So, there is a need for 
analytical solutions, which improve computational efficiency. In our case, our analytical 
model for N allocation between RuBP carboxylation and RuBP regeneration reduces the 
computation time for estimating photosynthesis with optimal N allocation by about 4 times 
(A2.2, A2.3 Methods for the analytical solution and the numerical solution respectively). 
Most models execute hundreds of optimizations, therefore it is very important to reduce the 
modelling time. In addition, the analytical calculation yielded the same solution as the 
numerical calculation of the optimal N distribution between RuBP carboxylation and RuBP 
regeneration. The analytical solution and the numerical solution were developed in MATLAB, 
the numerical solution is solved by using the fzero function in MATLAB (root solver 
function) (see A2.2, A2.3 Methods for the analytical solution and the numerical solution 
respectively).  
 
2.4 Concluding remarks 
In this chapter we presented an analytical solution for the optimal N distribution between 
RuBP regeneration and RuBP carboxylation. Based on this, we showed the impact of 
variation in temperature and CO2 on the optimal N partitioning within the leaf. Our results 
showed (i) that acclimation at the level of N allocation between components of RuBP 
carboxylation and RuBP regeneration may strongly impact leaf-level responses to climate 
change, particularly rising CO2, (ii) that the assumption of an optimal allocation provides 
patterns that are in agreement with observations, (iii) that the time-step of optimization in 
association with the rate at which plants acclimate to changing conditions is an important 
element to consider and (iv) that our analytical model provides a much faster yet accurate 
alternative to the numerical models currently in use.  
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Appendix – A2.1 Methods. R code analytical solution  
 
################################################################# 
#Here we define the functions related to temperature 
 
getDefaultTempPars<- function(){ 
   
  #Default leaf pars 
  par<- NULL 
  par$R <- 8.315  #Gas constant (J /K mol) 
   
  #Parameter values for the temperature functions 
  par$HaKcmm <- 59400  #Activation energy of the Michaelis Menten constant for carboxylation (KJ /mol) 
  par$HaKomm <- 36000  #Activation energy of the Michaelis Menten constant for oxygenation (KJ /mol)  
  par$HaGamma <- 20970  #Activation energy of the CO2 compensation point (KJ /mol) 
   
  par$HaJmax <- 58936  #Activation energy of the maximum electron transport rate (KJ /mol) 
  par$HdJmax <- 199233  #Deactivation energy of Jmax (KJ /mol) 
  par$dSJmax <- 647  #Entropy term of Jmax (KJ /mol) 
   
  par$HaVcmax <- 75794  #Activation energy of the maximum rate of carboxylation (KJ /mol) 
  par$HdVcmax <- 202022  #Deactivation energy of Vcmax (KJ /mol) 
  par$dSVcmax <- 657  #Entropy term of Vcmax (KJ /mol) 
   
  par 
} 
 
celsiusToKelvin<-function(tempCelsius){ 
  #Convert temperature from Celsius to Kelvin 
  tempCelsius + 273 
} 
 
tempAdjustArrehniusResponse <- function(fromTempC, toTempC, Ha, R){ 
  # Arrhenius equation 
  # Args:  
  #   Ha: Activation energy (KJ /mol) 
  #   R: Gas constant (J /K mol) 
  #   tempc: Temperature in degrees C 
  #  
  # Returns:  
  #   Adjusted rate 
   
  fromTempK <- celsiusToKelvin(fromTempC) 
  toTempK <- celsiusToKelvin(toTempC) 
   
  exp((Ha * (toTempK - fromTempK)) /(fromTempK * R * toTempK)) 
} 
 
tempAdjustPeakModel <- function(fromTempC, toTempC, Ha, Hd, dS, R){ 
  # Temperature effect according to a peak model   
  # 
  # Args:  
  #   toTempC: temperature in degrees C 
  #   Ha: Activation energy (KJ /mol) 
  #   Hd: Deactivation energy (KJ /mol) 
  #   dS: Entropy term (J /mol) 
  #   R: Gas constant (J /K mol) 
  #  
  # Returns: 
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  #   adjusted rate 
 
  fromTempK <- celsiusToKelvin(fromTempC) 
  toTempK <- celsiusToKelvin(toTempC) 
  exp((Ha * (toTempK - fromTempK)) /(fromTempK * R * toTempK)) * 
    (1 + exp((fromTempK * dS - Hd) /(fromTempK * R))) / 
    (1 + exp((dS * toTempK - Hd) /(toTempK * R))) 
} 
 
adjustLeafsParsToTemp<-function(basePars, toTempC, tempPars=getDefaultTempPars()){ 
  newPars<-  basePars 
  fromTempC <-basePars$tempC 
   
  #CO2 compensation point adjusted with Arrhenius equation 
  newPars$Gamma = newPars$Gamma *  
      tempAdjustArrehniusResponse(fromTempC, toTempC, tempPars$HaGamma, tempPars$R) 
   
  #Michaelis Menten constant for carboxylation adjusted with Arrhenius equation 
  newPars$cKcmm = newPars$cKcmm *  
    tempAdjustArrehniusResponse(fromTempC, toTempC, tempPars$HaKcmm, tempPars$R) 
   
  #Michaelis Menten constant for oxygentation adjusted with Arrhenius equation 
  newPars$cKomm = newPars$cKomm *  
    tempAdjustArrehniusResponse(fromTempC, toTempC, tempPars$HaKomm, tempPars$R) 
   
  #Temperature effect on Jmax adjusted with peak model  
  newPars$kj = newPars$kj * tempAdjustPeakModel(fromTempC, toTempC, tempPars$HaJmax,  
                                                tempPars$HdJmax, tempPars$dSJmax, tempPars$R) 
  #Temperature effect on Vcmax adjusted with peak model  
  newPars$kc = newPars$kc * tempAdjustPeakModel(fromTempC, toTempC, tempPars$HaVcmax,  
                                                tempPars$HdVcmax, tempPars$dSVcmax, tempPars$R)   
  newPars 
} 
 
################################################################# 
#Here we define the functions 
 
setDefaultLeafPars<- function(){   
  #Default leaf pars 
  #Parameter values 
  par <- NULL 
  par$tempC <- 25  #Temperature at which parameters are measured (degree Celsius) 
   
  par$CcCa <- 0.7  #Ratio of internal CO2 to atmospheric CO2 ( - ) 
  par$Gamma <- 51  #CO2 compensation point (mu mol/ mol) 
  par$q <- 0.25  #Quantum efficiency (mu mol/ mol) 
  par$cv <- 0.9  #Curvature factor ( - ) 
  par$O2 <- 205000  #Oxygen concentration (mu mol/ mol) 
  par$cKomm <- 560900  #Michaelis-Menten constant for oxygenation (mu mol/ mol) 
  par$cKcmm <- 402  #Michaelis-Menten constant for carboxylaton (mu mol/ mol)  
   
  #Parameter values related to nitrogen 
  par$kc <- 0.83  #Carboxylation capacity per N mass (mu mol C/ mmol N/ s) 
  par$kj <- 0.83  #Electron transport capacity per N mass (mu mol C/ mmol N/ s)  
  par$Nb <- 30  #Leaf N concentration not associated with the photosynthesis (mmol/ m2) 
   
  par 
} 
   
#Effective Michaelis Menten constant for carboxylation,  including the effect of temperature (mu mol/ mol)    
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Km <- function(par){ 
  par$cKcmm * (1 + (par$O2 / par$cKomm )) 
} 
 
#Nitrogen needed for Vcmax (mmol/ m2) 
Nlc <- function(par, Ca, Nl, Il){ 
  Ccij = (Cc(par, Ca) + 2 * par$Gamma) / (Cc(par, Ca) + Km(par)) 
  a = 4 * par$kc * Ccij * (4 * par$cv * Ccij * par$kc + par$kj) 
  b =  - (4 * par$kj * par$kc * Ccij * (Nl - par$Nb) + 4 * par$kc * Ccij * Il * par$q + par$kj * Il * par$q) 
  c = par$kj * Il * par$q * (Nl - par$Nb) 
   
  (- b - sqrt((b^2) - (4 * a * c))) / (2 * a) 
} 
 
#Vcmax with optimal partitioning of N (mu mol/ m2/ s)     
Vcmax <- function(par, Ca, Nl, Il){ 
  par$kc * Nlc(par, Ca, Nl, Il)  
} 
 
#Jmax with optimal partitioning of N (mu mol/ m2/ s)     
Jmax <- function(par, Ca, Nl, Il){ 
  par$kj  * (Nl - Nlc(par, Ca, Nl, Il) - par$Nb) 
} 
 
#effect of light on the electron transport rate ( - )   
ELight <- function(par, Ca, Nl, Il){ 
  E = ((par$q * Il)) / Jmax(par, Ca, Nl, Il) 
   
  ((1 + E) - sqrt(((1 + E)^2) - (4 * par$cv * E))) / (2 * par$cv) 
} 
 
####Co - limitation of the photosynthesis by RuBP regeneration and RuBP carboxylation#### 
#Photosynthesis limited by RuBP regeneration (mu mol/ m2/ s)   
ElectronLim <- function(par, Ca, Nl, Il){ 
  (Cc(par, Ca) - par$Gamma) / 
  (Cc(par, Ca) + 2 * par$Gamma) * 
  ELight(par, Ca, Nl, Il) * (Jmax(par, Ca, Nl, Il) / 4) 
} 
 
#Photosynthesis limited by RuBP carboxylation (mu mol/ m2/ s)         
CarboxLim <- function(par, Ca, Nl, Il){ 
  Vcmax(par, Ca, Nl, Il) * 
  (Cc(par, Ca) - par$Gamma) / 
  (Cc(par, Ca) + Km(par)) 
} 
 
#CO2 concentration in chloroplast (mu mol/ mol) 
Cc <- function(par, Ca){ 
  Ca * par$CcCa 
} 
 
#Nitrogen to RuBP regeneration (mmol/ m2) 
Nlj <- function(par, Ca, Nl, Il){ 
  Nl - par$Nb - Nlc(par, Ca, Nl, Il) 
} 

 
#Program that gives the analytical solution for N investment in RuBP regeneration  
#and the RuBP carboxylation to have co-limitation of the photosynthesis  
################################################################# 
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rm(list=ls(all=TRUE)) 
source("aci-fun.R") 
source("temperatureResponse-fun.R") 
 
#Environmental circumstances 
Ca <- 350  #Atmospheric CO2 concentration (mu mol/ mol) 
 
#Variable of the plant 
Nl <- 300  #Total amount of leaf N (mmol/ m2) 
Il <- 1000  #Total amount of light intercepted by a leaf (mu mol/ m2/ s) 
leafPars <- setDefaultLeafPars() 
 
################################################################# 
##Getting the results, ElectronLim should be equal to CarboxLim for co-limitation 
#Results for 25 degree Celsius 
ElectronLim(par=leafPars, Ca=Ca,Nl=Nl,Il=Il)  
CarboxLim(par=leafPars, Ca=Ca,Nl=Nl,Il=Il) 
 
#Nitrogen to RuBP carboxylation (mmol/ m2) 
Nlc(par=leafPars, Ca=Ca,Nl=Nl,Il=Il) 
 
#Nitrogen to RuBP regeneration (mmol/ m2) 
Nlj(par=leafPars, Ca=Ca,Nl=Nl,Il=Il) 
 
#adjust parameters to temp 
newPars <- adjustLeafsParsToTemp(leafPars, 30) 
ElectronLim(par=newPars, Ca=Ca,Nl=Nl,Il=Il)  
CarboxLim(par=newPars, Ca=Ca,Nl=Nl,Il=Il) 
Nlc(par=newPars, Ca=Ca,Nl=Nl,Il=Il) 
Nlj(par=newPars, Ca=Ca,Nl=Nl,Il=Il) 
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Appendix – A2.2 Methods. MATLAB code analytical solution  
 
function Parameters_temp(parT,tempCelsius) 

 

  parT.TempC=tempCelsius.TempC; 

 

  %Parameter values for the temperature functions 

  parT.R = 8.315;  %Gas constant (J /K mol) 

 

  parT.HaKcmm = 59400;  %Activation energy of the Michaelis Menten constant for carboxylation 

(KJ /mol) 

  parT.HaKomm = 36000;  %Activation energy of the Michaelis Menten constant for oxygenation 

(KJ /mol) 

  parT.HaGamma = 20970;  %Activation energy of the CO2 compensation point (KJ /mol) 

 

  parT.HaJmax = 58936;  %Activation energy of the maximum electron transport rate (KJ /mol) 

  parT.HdJmax = 199233;  %Deactivation energy of Jmax (KJ /mol) 

  parT.dSJmax = 647;  %Entropy term of Jmax (KJ /mol) 

 

  parT.HaVcmax = 75794;  %Activation energy of the maximum rate of carboxylation (KJ /mol) 

  parT.HdVcmax = 202022;  %Deactivation energy of Vcmax (KJ /mol) 

  parT.dSVcmax = 657;  %Entropy term of Vcmax (KJ /mol) 

 

  parT.celsiusToKelvin = parT.TempC + 273;  %to convert from degrees Celsius to Kelvin 

 

  %Functions to relate Kcmm, Komm, Gamma to temperature (Arhenius model) 

  parT.KcmmT = exp((parT.HaKcmm * (parT.celsiusToKelvin - 298)) /... 

              (298 * parT.R * parT.celsiusToKelvin)); 

 

  parT.KommT = exp((parT.HaKomm * (parT.celsiusToKelvin - 298)) /... 

               (298 * parT.R * parT.celsiusToKelvin)); 

 

  parT.GammaT = exp((parT.HaGamma * (parT.celsiusToKelvin - 298)) /... 

                (298 * parT.R * parT.celsiusToKelvin)); 

 

  %Functions to relate Vcmax, Jmax to temperature (peak model) 

  parT.VcmaxT = exp((parT.HaVcmax * (parT.celsiusToKelvin - 298)) /(298 * parT.R * 

parT.celsiusToKelvin)) * ... 

                (1 + exp((298 * parT.dSVcmax - parT.HdVcmax) /(298 * parT.R))) / ... 

                (1 + exp((parT.dSVcmax * parT.celsiusToKelvin - parT.HdVcmax) 

/(parT.celsiusToKelvin * parT.R))); 

 

 parT.JmaxT = exp((parT.HaJmax * (parT.celsiusToKelvin - 298)) /(298 * parT.R * 

parT.celsiusToKelvin)) * ... 

              (1 + exp((298 * parT.dSJmax - parT.HdJmax) /(298 * parT.R))) / ... 

              (1 + exp((parT.dSJmax * parT.celsiusToKelvin - parT.HdJmax) 

/(parT.celsiusToKelvin * parT.R))); 

 

end 

 
function Parameters_aci(par) 

  %Parameter values A-Cc curve 

  par.CcCa = 0.7;  %Ratio of internal CO2 to atmospheric CO2 ( - ) 
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  par.Gamma = 51;  %CO2 compensation point (at 25 oC) (mu mol/mol) 

  par.q = 0.25;  %Quantum efficiency (mu mol/ mol) 

  par.cv = 0.9;  %Curvature factor ( - ) 

  par.O2 = 205000;  %Oxygen concentration (mu mol/mol) 

  par.cKomm = 560900;  %Michaelis-Menten constant for oxygenation (at 25 oC) (mu mol/mol) 

  par.cKcmm = 402;  %Michaelis-Menten constant for carboxylaton (at 25 oC) (mu mol/mol) 

 

  %Parameter values related to nitrogen 

  par.kc = 0.83;  %Carboxylation capacity per N mass (mu mol C/ mmol N/ s) 

  par.kj = 0.83;  %Electron transport capacity per N mass (mu mol C/ mmol N/ s) 

  par.Nb = 30;  %Leaf N concentration not associated with the photosynthesis (mmol/ m2) 

end 

 
classdef aci_class < handle 

    %Here we define the functions 

 

    properties (SetAccess=public, GetAccess=public) 

        %Parameters A-Cc curve (25oC) 

        CcCa, Gamma , q, cv, O2, cKomm, cKcmm 

        kc, kj, Nb 

 

        %Parameters needed for other temperatures 

        TempC, celsiusToKelvin 

        R 

        HaKcmm, HaKomm, HaGamma 

        HaJmax, HdJmax, dSJmax 

        HaVcmax, HdVcmax, dSVcmax 

        KcmmT, KommT, GammaT, VcmaxT, JmaxT 

    end 

 

    methods (Access=public) 

        Parameters_aci(par) 

        Parameters_temp(parT,tempCelsius) 

 

        function Km = KmFu(par, parT) 

            Km = par.cKcmm * parT.KcmmT * (1 + (par.O2 / (par.cKomm* parT.KommT))); 

        end 

 

%Nitrogen allocated to Vcmax for optimal partitioning of N (mmol/ m2) 

        function Nlc = NlcFu(par, parT, Ca, Nl, Il) 

            kc_=par.kc * parT.VcmaxT; 

            kj_=par.kj * parT.JmaxT; 

            Ccij = (CcFu(par, Ca) + 2 * par.Gamma * parT.GammaT) / (CcFu(par, Ca) + KmFu(par, 

parT)); 

            a = 4 * kc_ * Ccij * (4 * par.cv * Ccij * kc_ + kj_); 

            b =  - (4 * kj_ * kc_ * Ccij * (Nl - par.Nb) + 4 * kc_ * Ccij * Il * par.q + kj_ * 

Il * par.q); 

            c = kj_ * Il * par.q * (Nl - par.Nb); 

 

            Nlc = (- b - sqrt((b^2) - (4 * a * c))) / (2 * a); 

        end 

 

%Vcmax with optimal partitioning of N (mu mol/ m2/ s) 

        function Vcmax = VcmaxFu(par, parT, Ca, Nl, Il) 

            Vcmax = par.kc * parT.VcmaxT * NlcFu(par, parT, Ca, Nl, Il); 
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        end 

 

%Jmax with optimal partitioning of N (mu mol/ m2/ s) 

        function Jmax = JmaxFu(par, parT, Ca, Nl, Il) 

            Jmax =  par.kj * parT.JmaxT  * (Nl - NlcFu(par, parT, Ca, Nl, Il) - par.Nb); 

        end 

 

%Effect of light on the electron transport rate ( - ) 

        function ELight = ELightFu(par, parT, Ca, Nl, Il) 

            E = ((par.q * Il)) / JmaxFu(par, parT, Ca, Nl, Il); 

            ELight = ((1 + E) - sqrt(((1 + E)^2) - (4 * par.cv * E))) / (2 * par.cv); 

        end 

 

%%Co - limitation of the photosynthesis by RuBP regeneration and RuBP carboxylation 

%Photosynthesis limited by RuBP regeneration (mu mol/ m2/ s) 

        function ElectronLim = ElecFu(par, parT, Ca, Nl, Il) 

            ElectronLim = (CcFu(par, Ca) - par.Gamma * parT.GammaT) / (CcFu(par, Ca) + 2 * 

par.Gamma * parT.GammaT)... 

                          * ELightFu(par, parT, Ca, Nl, Il) * (JmaxFu(par, parT, Ca, Nl, Il) / 

4); 

        end 

 

%Photosynthesis limited by RuBP carboxylation (mu mol/ m2/ s) 

        function CarboxLim = CarboxyLimFu(par, parT, Ca, Nl, Il) 

            CarboxLim =  VcmaxFu(par, parT, Ca, Nl, Il) * (CcFu(par, Ca) - par.Gamma * 

parT.GammaT)... 

                         / (CcFu(par, Ca) + KmFu(par, parT)); 

        end 

 

%CO2 concentration in chloroplast (mu mol/mol) 

        function Cc = CcFu(par, Ca) 

            Cc =  Ca * par.CcCa; 

        end 

 

%Nitrogen to RuBP regeneration (mmol/ m2) 

        function Nlj = NljFu(par, parT, Ca, Nl, Il) 

            Nlj =  Nl - par.Nb - NlcFu(par, parT, Ca, Nl, Il); 

        end 

 

    end 

end 

 
%MainAnalysis.m 

% Program for analytical solution of optimal N investment in Pjl and Pcl 

%Program that gives the analytical solution for optimal N investment in 

%RuBP regeneration (Pjl) and the RuBP carboxylation (Pcl), such that 

%both are co-limiting 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clc,clear all, close all, clear classes 

name_simulation='Analytical solution of optimal N investment in RuBP regeneration and RuBP 

carboxylation'; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

aci25=aci_class; 

aci25.Parameters_aci; 

T_Celsius25.TempC=25; 
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aci25.Parameters_temp(T_Celsius25) 

 

aci=aci_class; 

aci.Parameters_aci; 

T_Celsius.TempC=30; 

aci.Parameters_temp(T_Celsius); 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Environmental circumstances 

Ca=350;  %Atmospheric CO2 concentration (mu mol/mol) 

 

%Variable of the plant 

Nl=300;  %Total amount of leaf N (mmol/ m2) 

Il=1000;  %Total amount of light intercepted by a leaf (mu mol/ m2/ s) 

 

display('Getting the results, ElectronLim should be equal to CarboxLim for co-limitation') 

display('Results for 25 degree Celsius') 

 

ElectromLim25 = aci25.ElecFu(aci25, Ca, Nl, Il) 

CarboxLim25 = aci25.CarboxyLimFu(aci25, Ca, Nl, Il) 

 

Nlj25 = aci25.NljFu(aci25, Ca, Nl, Il) 

tic 

Nlc25 = aci25.NlcFu(aci25, Ca, Nl, Il) 

display('Computation time of the model') 

Time=toc   %Measures time of the model run 

display('Results for 30 degree Celsius') 

ElectromLim = aci.ElecFu(aci, Ca, Nl, Il) 

CarboxLim = aci.CarboxyLimFu(aci, Ca, Nl, Il) 

Nlj = aci.NljFu(aci, Ca, Nl, Il) 

Nlc = aci.NlcFu(aci, Ca, Nl, Il) 

 

display(['Simulation: ' name_simulation ', is finished']) 

Getting the results, ElectronLim should be equal to CarboxLim for co-limitation 

Results for 25 degree Celsius 

 

ElectromLim25 = 

   18.5825 

 

CarboxLim25 = 

   18.5825 

 

Nlj25 = 

  178.3770 

 

Nlc25 = 

   91.6230 

 

Computation time of the model 

Time = 

   1.3645e-04 

 

Results for 30 degree Celsius 

ElectromLim = 

   19.9004 

 

CarboxLim = 
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   19.9004 

 

Nlj = 

  174.5647 

 

Nlc = 

   95.4353 

 

Simulation: Analytical solution of optimal N investment in RuBP regeneration and RuBP 

carboxylation, is finished 

Published with MATLAB® R2013a 
  

http://www.mathworks.com/products/matlab
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Appendix – A2.3 Methods. MATLAB code numerical solution  
 
function Parameters_temp(parT,tempCelsius) 

 

  parT.TempC=tempCelsius.TempC; 

 

  %Parameter values for the temperature functions 

  parT.R = 8.315;  %Gas constant (J /K mol) 

 

  parT.HaKcmm = 59400;  %Activation energy of the Michaelis Menten constant for carboxylation 

(KJ /mol) 

  parT.HaKomm = 36000;  %Activation energy of the Michaelis Menten constant for oxygenation 

(KJ /mol) 

  parT.HaGamma = 20970;  %Activation energy of the CO2 compensation point (KJ /mol) 

 

  parT.HaJmax = 58936;  %Activation energy of the maximum electron transport rate (KJ /mol) 

  parT.HdJmax = 199233;  %Deactivation energy of Jmax (KJ /mol) 

  parT.dSJmax = 647;  %Entropy term of Jmax (KJ /mol) 

 

  parT.HaVcmax = 75794;  %Activation energy of the maximum rate of carboxylation (KJ /mol) 

  parT.HdVcmax = 202022;  %Deactivation energy of Vcmax (KJ /mol) 

  parT.dSVcmax = 657;  %Entropy term of Vcmax (KJ /mol) 

 

  parT.celsiusToKelvin = parT.TempC + 273;  %to convert from degrees Celsius to Kelvin 

 

  %Functions to relate Kcmm, Komm, Gamma to temperature (Arhenius model) 

  parT.KcmmT = exp((parT.HaKcmm * (parT.celsiusToKelvin - 298)) /... 

              (298 * parT.R * parT.celsiusToKelvin)); 

 

  parT.KommT = exp((parT.HaKomm * (parT.celsiusToKelvin - 298)) /... 

               (298 * parT.R * parT.celsiusToKelvin)); 

 

  parT.GammaT = exp((parT.HaGamma * (parT.celsiusToKelvin - 298)) /... 

                (298 * parT.R * parT.celsiusToKelvin)); 

 

  %Functions to relate Vcmax, Jmax to temperature (peak model) 

  parT.VcmaxT = exp((parT.HaVcmax * (parT.celsiusToKelvin - 298)) /(298 * parT.R * 

parT.celsiusToKelvin)) * ... 

                (1 + exp((298 * parT.dSVcmax - parT.HdVcmax) /(298 * parT.R))) / ... 

                (1 + exp((parT.dSVcmax * parT.celsiusToKelvin - parT.HdVcmax) 

/(parT.celsiusToKelvin * parT.R))); 

 

 parT.JmaxT = exp((parT.HaJmax * (parT.celsiusToKelvin - 298)) /(298 * parT.R * 

parT.celsiusToKelvin)) * ... 

              (1 + exp((298 * parT.dSJmax - parT.HdJmax) /(298 * parT.R))) / ... 

              (1 + exp((parT.dSJmax * parT.celsiusToKelvin - parT.HdJmax) 

/(parT.celsiusToKelvin * parT.R))); 

 

 

end 

 
function Parameters_aci(par) 

  %Parameter values A-Cc curve 
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  par.CcCa = 0.7;  %Ratio of internal CO2 to atmospheric CO2 ( - ) 

  par.Gamma = 51;  %CO2 compensation point (at 25 oC) (mu mol/mol) 

  par.q = 0.25;  %Quantum efficiency (mu mol/ mol) 

  par.cv = 0.9;  %Curvature factor ( - ) 

  par.O2 = 205000;  %Oxygen concentration (mu mol/mol) 

  par.cKomm = 560900;  %Michaelis-Menten constant for oxygenation (at 25 oC) (mu mol/mol) 

  par.cKcmm = 402;  %Michaelis-Menten constant for carboxylaton (at 25 oC) (mu mol/mol) 

 

  %Parameter values related to nitrogen 

  par.kc = 0.83;  %Carboxylation capacity per N mass (mu mol C/ mmol N/ s) 

  par.kj = 0.83;  %Electron transport capacity per N mass (mu mol C/ mmol N/ s) 

  par.Nb = 30;  %Leaf N concentration not associated with the photosynthesis (mmol/ m2) 

end 

 
classdef aci_class < handle 

    %Here we define the functions 

 

    properties (SetAccess=public, GetAccess=public) 

        %Parameters A-Cc curve (25oC) 

        CcCa, Gamma , q, cv, O2, cKomm, cKcmm 

        kc, kj, Nb 

 

        %Parameters needed for other temperatures 

        TempC, celsiusToKelvin 

        R 

        HaKcmm, HaKomm, HaGamma 

        HaJmax, HdJmax, dSJmax 

        HaVcmax, HdVcmax, dSVcmax 

        KcmmT, KommT, GammaT, VcmaxT, JmaxT 

    end 

 

    methods (Access=public) 

        Parameters_aci(par) 

        Parameters_temp(parT,tempCelsius) 

 

        function Km = KmFu(par, parT) 

            Km = par.cKcmm * parT.KcmmT * (1 + (par.O2 / (par.cKomm* parT.KommT))); 

        end 

 

%Vcmax with optimal partitioning of N (mu mol/ m2/ s) 

        function Vcmax = VcmaxFu(par, parT, Nl, alpha) 

            Vcmax = par.kc * parT.VcmaxT * alpha * Nl; 

        end 

 

%Jmax with optimal partitioning of N (mu mol/ m2/ s) 

        function Jmax = JmaxFu(par, parT, Nl, alpha) 

            Jmax =  par.kj * parT.JmaxT  * (Nl - alpha * Nl - par.Nb); 

        end 

 

%effect of light on the electron transport rate ( - ) 

        function ELight = ELightFu(par, parT, Nl, alpha, Il) 

            E = ((par.q * Il)) ./ JmaxFu(par, parT, Nl, alpha); 

            ELight = ((1 + E) - sqrt(((1 + E).^2) - (4 * par.cv * E))) / (2 * par.cv); 

        end 
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%%Co - limitation of the photosynthesis by RuBP regeneration and RuBP carboxylation 

%Photosynthesis limited by RuBP regeneration (mu mol/ m2/ s) 

        function ElectronLim = ElecFu(par, parT, Ca, Nl, alpha, Il) 

            ElectronLim = (CcFu(par, Ca) - par.Gamma * parT.GammaT) / (CcFu(par, Ca) + 2 * 

par.Gamma * parT.GammaT)... 

                          * ELightFu(par, parT, Nl, alpha, Il) .* (JmaxFu(par, parT, Nl, 

alpha) / 4); 

        end 

 

%Photosynthesis limited by RuBP carboxylation (mu mol/ m2/ s) 

        function CarboxLim = CarboxyLimFu(par, parT, Ca, Nl, alpha) 

            CarboxLim =  VcmaxFu(par, parT, Nl, alpha) * (CcFu(par, Ca) - par.Gamma * 

parT.GammaT)... 

                         / (CcFu(par, Ca) + KmFu(par, parT)); 

        end 

 

%CO2 concentration in chloroplast (mu mol/mol) 

        function Cc = CcFu(par, Ca) 

            Cc =  Ca * par.CcCa; 

        end 

 

%Solving for which fraction of the leaf N to Vcmax the RuBP regeneration equals the RuBP 

carboxylation 

    function Intersect=IntersectFu(par, parT, Ca, Nl, alpha, Il) 

           ZeroRes=fzero(@Diff,[0,600]); 

           Intersect=ZeroRes; 

             function ZeroRes=Diff(alpha) 

                ZeroRes=ElecFu(par, parT, Ca, Nl, alpha, Il) - CarboxyLimFu(par, parT, Ca, Nl, 

alpha); 

             end 

    end 

 

    end 

end 

 
 
%MainAnalysis.m 

%Program for numerical solution of optimal N investment in Pjl and Pcl 

% 

%Program that gives the numerical solution for optimal N investment in 

%RuBP regeneration (Pjl) and the RuBP carboxylation (Pcl), such that 

%both are co-limiting 

% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clc,clear all, close all, clear classes 

name_simulation='Numerical solution of optimal N investment in RuBP regeneration and RuBP 

carboxylation'; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

aci25=aci_class; 

aci25.Parameters_aci; 

T_Celsius25.TempC=25; 

aci25.Parameters_temp(T_Celsius25) 

 

aci=aci_class; 

aci.Parameters_aci; 
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T_Celsius.TempC=30; 

aci.Parameters_temp(T_Celsius); 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Vector of the possible fraction of Nl to Vcmax 

alphaBgn=0.01; alphaEnd=0.99;StpNb=1000; 

alphaStpSz=(alphaEnd-alphaBgn)/StpNb; 

alpha=alphaBgn:alphaStpSz:alphaEnd; 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Environmental circumstances 

Ca=350;  %Atmospheric CO2 concentration (mu mol/mol) 

 

%Variable of the plant 

Nl=300;  %Total amount of leaf N (mmol/ m2) 

Il=1000;  %Total amount of light intercepted by a leaf (mu mol/ m2/ s) 

 

display('Getting the results, ElectronLim should be equal to CarboxLim for co-limitation') 

display('Results for 25 degree Celsius') 

 

alphaIntersect25 = aci25.IntersectFu(aci25, Ca, Nl, alpha, Il); 

ElectromLim25 = aci25.ElecFu(aci25, Ca, Nl, alphaIntersect25, Il) 

CarboxLim25 = aci25.CarboxyLimFu(aci25, Ca, Nl, alphaIntersect25) 

 

Nlj25 = Nl - aci25.Nb - alphaIntersect25 * Nl 

tic 

Nlc25 = alphaIntersect25 * Nl 

display('Computation time of the model') 

Time=toc   %Measures time of the model run 

display('Results for 30 degree Celsius') 

alphaIntersect = aci.IntersectFu(aci, Ca, Nl, alpha, Il); 

ElectromLim25 = aci.ElecFu(aci, Ca, Nl, alphaIntersect, Il) 

CarboxLim25 = aci.CarboxyLimFu(aci, Ca, Nl, alphaIntersect) 

 

Nlj25 = Nl - aci.Nb - alphaIntersect * Nl 

Nlc25 = alphaIntersect * Nl 

 

 

display(['Simulation: ' name_simulation ', is finished']) 

Getting the results, ElectronLim should be equal to CarboxLim for co-limitation 

Results for 25 degree Celsius 

 

ElectromLim25 = 

   18.5825 

 

CarboxLim25 = 

   18.5825 

 

Nlj25 = 

  178.3770 

 

Nlc25 = 

   91.6230 

 

Computation time of the model 

Time = 

   5.0191e-04 
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Results for 30 degree Celsius 

ElectromLim25 = 

   19.9004 

 

CarboxLim25 = 

   19.9004 

 

Nlj25 = 

  174.5647 

 

Nlc25 = 

   95.4353 

 

Simulation: Numerical solution of optimal N investment in RuBP regeneration and RuBP 

carboxylation, is finished 

Published with MATLAB® R2013a 
  

http://www.mathworks.com/products/matlab
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Appendix – A2.4 Methods. Temperature relationships  
Here we describe the temperature relationship of the parameters of the Farquhar model of 
photosynthesis; in Table A2.1 we present and describe all parameters mentioned in the text, 
their units and input values.  
 
The solution for the optimal nitrogen distribution between RuBP regeneration and RuBP 
carboxylation can also be applied for different temperatures. By multiplying the carboxylation 
capacity per N mass (kc) by the temperature dependency of Vcmax [Eqn (A2.1)] we obtain a 
capacity that is temperature dependent. This can be substituted for kc in the N allocation 
equation to find the optimal solution. The same holds for Jmax, here the electron transport 
capacity per N mass (kj) multiplied by the temperature dependency of Jmax is the substitute of 
kj in the N allocation equation [Eqn (A2.1)]. 
 
The temperature dependency of Vcmax and Jmax is according to a peak model (Johnson, Eyring 
& Williams 1942) 
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In which g could either be for Vcmax or Jmax, and g should be multiplied with kc or kj 
respectively; ΔS is an entropy term and Hd is the energy of deactivation of g. 
 
For the temperature dependencies of Kc, Ko and Γ* the Arrhenius model was used (Farquhar, 
Von Caemmerer & Berry 1980) 
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In which f could be either Kc, Ko, Γ*; f(25°C) is the value of f at 25°C; Ha is the activation 
energy of f; R is the universal gas constant and T is the temperature. 
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Table A2.1 List of symbols, a description, input value and the unit for the model variables and 
parameters mentioned in the text. 

Literature sources: 
1) Anten, Schieving & Werger (1995) 
2) Cai & Dang (2002) 
 
 

Symbol Explanation Input 
value 

Unit Source 

Ha (of Jmax) Activation energy of Jmax 58936 J mol-1 2 

Ha (of Kc) Activation energy of Kc 59400 J mol-1 2 
Ha (of Ko) Activation energy of Ko 36000 J mol-1 2 
Ha (of 
Vcmax) 

Activation energy of Vcmax 75794 J mol-1 2 

Ha (of Γ*) Activation energy of Γ* 20970 J mol-1 2 
Hd (of 
Jmax) 

Deactivation energy of Jmax 199233 J mol-1 2 

Hd (of 
Vcmax) 

Deactivation energy of Vcmax 202022 J mol-1 2 

Jmax Maximum electron transport rate  µmol m-2 s-1  
kc Carboxylation capacity per nitrogen mass 0.83 µmol C mmol N-1 s-1  
Kc Michaelis-Menten constant for 

carboxylation 
 μmol mol-1  

Kc(25°C) Michaelis-Menten constant for 
carboxylation at 25°C 

402 μmol mol-1 2 

kj Electron transport capacity per nitrogen 
mass 

0.83 µmol e mmol N-1 s-1 1 

Ko Michaelis-Menten constant for oxygenation  μmol mol-1  
Ko(25°C) Michaelis-Menten constant for oxygenation 

at 25°C 
560900 μmol mol-1 2 

R Universal gas constant 8.315 J K-1 mol-1 2 
ΔS (of 
Jmax) 

Entropy term of Jmax 647 J mol-1 2 

ΔS (of 
Vcmax) 

Entropy term of Vcmax 657 J mol-1  

T Temperature  °C  

Vcmax Maximum carboxylation rate  µmol m-2 day-1  

Γ* CO2 compensation point in absence of 
mitochondrial respiration 

 μmol mol-1  

Γ*(25°C) CO2 compensation point in absence of 
mitochondrial respiration at 25°C 

51 μmol mol-1 2 
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Abstract 
How plants respond to climate change is of major concern, as plants will strongly impact future 
ecosystem functioning, food production and climate. Here we investigate how vegetation structure and 
functioning may be influenced by predicted increases in annual temperatures and atmospheric CO2 
concentration, and modelled the extent to which local plant-plant interactions may modify these 
effects. A canopy model was developed, which calculates photosynthesis as a function of light, 
nitrogen, temperature, CO2 and water availability, and considers different degrees of light competition 
between neighbouring plants through canopy mixing; soybean (Glycine max) was used as a reference 
system. The model predicts increased net photosynthesis and reduced stomatal conductance and 
transpiration under atmospheric CO2 increase. When CO2 elevation is combined with warming, 
photosynthesis is increased more, but transpiration is reduced less. Intriguingly, when competition is 
considered the optimal response shifts to producing larger leaf areas, but with lower stomatal 
conductance and associated vegetation transpiration than when competition is not considered. 
Furthermore, only when competition is considered are the predicted effects of elevated CO2 on LAI 
well within the range of observed effects obtained by Free Air CO2 Enrichment (FACE) experiments. 
Together, our results illustrate how competition between plants may modify vegetation responses to 
climate change.  
 
Key words:  canopy, FACE data, gas exchange, Leaf Area Index, modelling, optimality principle, 

photosynthesis, soybean  
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3.1 Introduction  
Atmospheric CO2 concentration is predicted to rise in the future, and partly as a result of this, 
global temperature will increase (IPCC 2007). It is of major concern how plants respond to 
changing climate, as this strongly affects basic vegetation functions such as crop production 
in the future. Vegetation in turn may modify climate change through climate-vegetation 
feedbacks (Claussen 1997; Brovkin et al. 1998; Bonan 2008; Dekker et al. 2010), because 
vegetation affects the radiative flow, water balance and carbon in the atmosphere itself 
(Scheffer et al. 2005). These vegetation-climate feedbacks necessitate the inclusion of 
vegetation into climate models.  

Currently, in many climate models vegetation functioning is directly linked to LAI 
(Leaf Area Index, i.e., the leaf area per unit soil area). This is because LAI, being the amount 
of light intercepting tissue, is a key trait driving exchange of CO2, water vapour and energy 
between vegetation and atmosphere (Running & Coughlan 1988; Sellers et al. 1997; Van den 
Hurk, Viterbo & Los 2003). But LAI is highly variable and can differ as a function of 
vegetation type, climatic and soil conditions (Asner, Scurlock & Hicke 2003; Iio et al. 2013). 
Climate models are often used for climate change predictions and studying climate-vegetation 
feedbacks. However, these models generally ignore local interactions between plants. In fact, 
there is a frequent call for the inclusion of the role of the interactions between plants in 
modifying the effects of climate change on plant structure and functioning, and on species 
composition (e.g. Dewar et al. 2009; Lloyd et al. 2010), but so far it has rarely been done. 
Incorporating local interactions between plants into climate-vegetation models can result in 
different predictions of transpiration rates and net primary production, which are likely to 
have major but largely unknown consequences for the future climate (Nicotra et al. 2010).  
 Optimization theory can be a good addition to climate-vegetation models, as it is a 
simple but elegant way to scale from individual physiological processes to vegetation 
functioning, and has been applied to different natural forest stands (Schymanski et al. 2007; 
Dewar et al. 2009; Sterck et al. 2011; Dekker, Vrugt & Elkington 2012). Optimization models 
assume that plants optimize their traits as to maximize performance (usually canopy 
photosynthesis or net primary production) at the whole-stand level. Thus, they implicitly 
quantify the maximum contribution of trait acclimation to whole-stand performance (Anten & 
During 2011). Several optimization models have been developed that predict the response of 
plants to elevated CO2 (e.g. Franklin 2007; McMurtrie et al. 2008). However, while these 
optimization models make qualitatively good predictions, because there is usually a strong 
positive correlation between predicted and observed LAI, quantitatively they often 
underestimate measured LAIs, and overestimate canopy photosynthesis (Anten, Werger & 
Medina 1998; Anten 2005). 

By defining performance maximization at the level of vegetation stands rather than at 
the individual level, optimization models implicitly assume that the optimal trait values of one 
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plant are independent of the trait values of its neighbours. This in turn ignores the fact that 
plants strongly compete for resources (Anten 2002). Competitive optimization (also known as 
density-dependent optimization, Maynard Smith (1974)) may overcome this problem as this 
assesses the payoff of a given set of trait values in relation to the characteristics of neighbour 
plants (Riechert & Hammerstein 1983; Anten 2002). Through this approach, stable strategies 
can be defined (also known as evolutionarily stable strategies), whereby a population adopting 
such a strategy cannot be invaded by individual adopting any other strategy, because this will 
not increase the payoff of the individual (Parker & Maynard-Smith 1990). This approach can 
for example be used to predict the allocation of biomass to leaves, wood and roots (Dybzinski 
et al. 2011; Farrior et al. 2013). In the current study we apply this approach to analyse the 
effects of climate change on LAI and associated vegetation functioning, because, as noted 
already, the LAI is a key trait in driving exchange of CO2, water vapour and energy between 
vegetation and atmosphere. Application of the evolutionarily stable strategies approach to 
analyse vegetation structure and functioning under current climate conditions resulted in a 
closer fit of predicted stable LAI to real values compared to predictions from simple 
optimization, in which only the total stand is optimized (Anten 2002; Lloyd et al. 2010). 
However, although adding competitive optimization at the individual level provides a 
relatively simple means of assessing how competition may modify plant responses to climate 
change, very few studies (e.g. Friend, Schugart & Running 1993; Friend et al. 1997; Medvigy 
et al. 2010) have used it to investigate vegetation functioning under future climate scenarios. 

The aim of this study is therefore to analyse how vegetation structure and functioning 
may be influenced by climate change and to what extent competition for light through canopy 
overlap may modify these effects. We will develop a canopy model in which we use soybean 
(Glycine max) as a reference system. This choice for soybean is because this species is widely 
grown all over the world and is one of the most studied species for response to elevated CO2 
(Ainsworth et al. 2002) and therefore ample experimental data are available. Here, the effect 
of CO2 on vegetation structure and functioning predicted by the model will be validated 
against a large data set from several Free Air CO2 Enrichment (FACE) experiments on 
soybean. In addition, the model predictions of seasonal dynamics in LAI at current and 
elevated CO2 concentrations were are validated against data from a detailed study on this 
(Dermody, Long & DeLucia 2006). The canopy model we will develop, calculates the canopy 
photosynthesis of soybean as a function of light, nitrogen, temperature, CO2 and water. A 
water balance was included in the model in which we can calculate water transport through 
the plant and transpiration of the plant.  

There are three different versions of the canopy model. The first model version is the 
baseline version (hereafter called NoOpt), assuming the LAI will remain constant under 
climate change. The second model version uses simple optimization (hereafter called SimOpt) 
where plants optimize their LAI to maximize the performance at the whole-stand level (so 
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competition is not included). The last version uses competitive optimization (hereafter called 
ComOpt) where plants optimize their LAI in a competitive setting. SimOpt is included as 
because comparison of its results with those of the ComOpt version, allow us to determine the 
effect of competition separate from that of acclimation itself (included in the SimOpt version). 
With these model versions we study the effects of the predicted gradual increased temperature 
and elevated CO2 on soybean, and how these effects differ if competition is included.  

 
3.2 Materials and Methods  
3.2.1 Introduction of the canopy model 
To answer our main research question; a canopy model is developed. This canopy model is 
based on steady state assumptions of water transport and of CO2 inflow and consumption, and 
these are solved with the given parameters (Table A3.1) and for the given constraints (for a 
given amount N that plants allocate to leaves, water availability as reflected by soil water 
potential, incident light, temperature, atmospheric CO2 concentration). The model uses 
parameter values obtained from experimental studies on soybean (Glycine max (L.) Merr) 
from Anten, Schieving & Werger (1995) and Dermody, Long & DeLucia (2006) (Table 1). 
Parameter values given in Table A3.1 were used for all simulation unless otherwise specified. 
All variables names with units are supplied in Table A3.2. Here we present a short description 
of the canopy model, a full description can be found in the Appendix (Methods A3.1). After 
presenting the canopy model, a description is given of the three different model versions, the 
climate change scenarios and a description of how we compared the model outcomes with 
experimental data.  
 
Table 3.1 Parameters used in the model which are obtained from experimental studies on soybean, 
with their units, description of the parameter and input value. 

 
1 Jmax, Vcmax and Rl are assumed to be linearly related to leaf nitrogen content per unit leaf area 
2 Source: Anten, Schieving & Werger (1995) 
3 Source: Dermody, Long & DeLucia (2006) 
4 This value was only used for NoOpt version of the model. For the SimOpt and CompOpt leaf area 
index is an emerging property.  

Symbol Unit Explanation Input value 
crl µmol m-2 s-1 Intercept of the Rl Nl relation1 0.388 2 
FT - Leaf area index 6.58 3,4 
ht m Top height of the canopy 0.66 3 
Kdf - Extinction coefficient for diffuse PFD 0.747 2 
Kn - Extinction coefficient for nitrogen 0.298 2 
Nb mmol m-2 Leaf N content not associated with photosynthesis 29.0 2 
NT mmol m-2 Total canopy leaf N 526.6 3 
xc µmol CO2 mmol N-1 s-1 Slope of the Vcmax Nl-Nb relation1 0.17 2 
xj µmol CO2 mmol N-1 s-1 Slope of the Jmax Nl-Nb relation1 1.03 2 
xr µmol CO2 mmol N-1 s-1 Slope of the Rl Nl relation1 0.0099 2 
θ - Curvature factor 0.9 3 
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3.2.2 Plant structure 
From a whole-stand (Fig 3.1a) a target plant is defined (Fig 3.1b), whose leaves are confined 
within area, A. The total leaf area of the target plant (fi) per unit of ground area (A) is the Leaf 
Area Index (Fi), since we standardized A to 1 m2. Neighbouring plants can also have leaves 
within A thereby influencing the light climate of the target plant (Fig 3.1f). Our competitive 
optimization criterion is defined as maximization of an individual plant’s photosynthesis in 
the presence of neighbours, but does not consider the photosynthesis of those neighbours. The 
number of neighbour plants having part of their leaves in A does therefore not affect the 
calculation, only their combined total leaf area in A matters. The interaction between the 
target and the neighbouring plants through canopy mixing was modelled following Anten 
(2002). A summary of this approach is given here.  

The total LAI (FT) is a summation of the LAI of the target plant (Fi) and of the 
neighbouring plants (Fn) in the same area A (Fig 3.1f). All plants are assumed to be identical 
(same height, LAI etc.). The leaf area of the target plant and neighbours are assumed to be 
uniformly distributed, horizontally and vertically.  
 
The ratio of the target plant’s leaf area to the total leaf area (β) in the area A describes the 
degree to which canopies of plants are mixed, which in turn determines the degree to which 
plants influence each other’s light climate.  
β = Fi

FT
           (3.1) 

A value of β = 1 means that the leaves of the target plant in area A are not mixed with leaves 
of neighbouring plants, and the target plant only influences its own light climate through self-
shading (Fig 3.1b). Conversely decreasing values of β indicate an increased degree of mixing 
and thus mutual shading between the plants (Fig 3.1f). It should be noted that β values 
approaching zero are unrealistic as β = 0 entails a target plant has no leaf area, which is 
evidently impossible. 
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Fig 3.1 Overview of determination of optimal LAI and stable LAI. (a) From a whole-stand is a target 
plant defined (top down view). (b) The target plant has its leaves in a specified area (area A, A is 1 
m2). (c) If there are no neighbours in the area A, then the simple optimization is performed (β = 1; β is 
the ratio of targets leaf area to the total leaf area in the area A) (d), by maximization of whole-stand net 
photosynthesis to determine the optimal LAI. (e) If there are next to the target’s plant neighbours in 
the area A (0 < β < 1), then competitive optimization is performed (f). The stable LAI is defined by 
maximization of the plants net photosynthesis rate relative to that of its neighbours. To determine this 
several steps are necessary. (Step I) Increase the LAI of the target plant to 5% above the optimal LAI 
(which maximizes net photosynthesis for the whole-stand, indicated by a black line). By unilaterally 
increasing its leaf area, the target plant captures a larger fraction of the available light, resulting in an 
increase in net photosynthesis rate of the target plant. (Step II) The neighbour increases its LAI also by 
5%, and as such the LAI of the whole-stand was also increased by 5%. Increasing the LAI of the stand 
above its optimal LAI will reduce the net photosynthesis of the whole stand (g). This process was 
repeated (Step III and IV), until a value of the LAI of the stand was found at which a further change in 
the LAI of the target plant did not increase the net photosynthesis rate of the target plant (Step V), 
which then is the stable LAI (h) 
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3.2.3 Light distribution 
Calculation of the light interception of the leaves was done with the model of Spitters, 
Toussaint & Goudriaan (1986), which distinguishes between direct light (i.e., direct beam 
irradiance) and diffuse light (i.e., radiation from the sky dome as well as radiation that is 
scattered by leaves in the canopy). Furthermore, two leaf classes were distinguished: shaded 
leaf area and sunlit leaf area. This model has been shown to be sufficiently accurate for 
estimates of canopy photosynthesis (De Pury & Farquhar 1997).  
 
3.2.4 Nitrogen distribution 
The nitrogen content of the leaves (Nl) in the canopy is calculated as a negative exponentially 
declining function of depth in the canopy (i.e. similar in shape but less steep than the light 
distribution) following Anten et al. (1995). Plants are assumed to have a fixed total amount of 
leaf N (NT); thus increasing the leaf area results in a reduced leaf N content. 
 
3.2.5 Photosynthesis 
The net photosynthesis of a leaf per unit area (Pnl) was calculated with the Farquhar 
photosynthesis model (Farquhar, Von Caemmerer & Berry 1980). Where the net 
photosynthesis is calculated as the gross photosynthesis rate of a leaf per unit ground area 
(Pgl) minus the leaf respiration rate (Rl); and Pgl is the minimum of the carboxylation or 
Rubisco limited photosynthesis rate Pcl and the electron transport limited photosynthesis rate 
Pjl (Farquhar, Von Caemmerer & Berry 1980).  

Gross- and net daily photosynthesis rates of a plant (PgT and PnT, respectively) are 
obtained by integration of the leaf gross and net photosynthetic rates over the cumulated LAI 
of the canopy (thus taking account of variation in light and N between leaves) and over the 
time of the day (yielding whole-vegetation value with area A) and subsequently multiplying 
the integrands by β.  
PnT = β∫ ∫ Pnl df dtfi=FT

fi=0
t=24
t=0          (3.2) 

PgT = β∫ ∫ Pgl df dtfi=FT
fi=0

t=24
t=0          (3.3) 

where t is the time (in hours). 
 
The photosynthetic parameters are dependent on temperature. The temperature dependency of 
the maximum carboxylation rate (Vcmax) and of the maximum electron transport rate (Jmax) 
were calculated according to a peak model (Johnson, Eyring & Williams 1942), for all other 
photosynthetic parameters we used an Arrhenius model (Farquhar, Von Caemmerer & Berry 
1980).  
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Jmax, Vcmax and Rl are assumed to be linearly related to leaf nitrogen content per unit leaf area 
Nl (Harley et al. 1992). Thus due to the fixed total amount of leaf N (NT), increasing the leaf 
area results in a reduced leaf N content and associated lower photosynthetic capacity per leaf. 
 
3.2.6 Steady state flow of CO2 and water transport 
We assume that there is a steady state of inflow of CO2 for the photosynthesis and 
consumption of CO2. Solving the steady state condition for the internal CO2, results in the net 
photosynthesis rate. The inflow of CO2 is determined by the stomatal conductance (GsT) and 
the difference between the atmospheric and the internal CO2 concentration (Ca and Ci 
respectively), in which both GsT and Ci are calculated according to Tuzet, Perrier & Leuning 
(2003). This means that both GsT and Ci are a function of the leaf water potential (Ψl). 
Furthermore, we assume a steady state of plant transpiration ET and plant water transport 
through the stem WT, i.e., ET = WT (Sterck & Schieving 2011). Calculation of the water 
transport is done for the whole plant. This assumes that all leaves have the same leaf water 
potential. The transpiration depends on canopy stomatal conductance of the plant (GsT) and on 
the vapour pressure difference between leaf and air (VPD). The VPD depends on the relative 
humidity (RH) and on the temperature (Tetens 1930). We assume that the RH remains 
constant with a change in temperature, resulting in an increased VPD with increased 
temperature. The plant water transport through the stem depends on a constant stem 
conductance and on the difference in base water potential, gravity potential and leaf water 
potential.  

So the steady state of both water transport and CO2 inflow and consumption should 
hold. Then we can solve these steady states for Ψl with the given parameters (Sterck & 
Schieving 2011) (Table A3.1) and for the given constraints (constant total canopy N, base 
water potential, temperature, atmospheric CO2 concentration, RH; we assume for all 
simulations a fixed and relatively high base water potential, see Fig A3.1 for results of a wide 
range water availabilities and total canopy N contents). With this Ψl, we can calculate Ci of 
the plant and thus the net photosynthesis.  
 
3.2.7 Model versions: baseline model, simple optimization model, competitive 
optimization model 
Three model versions are developed to show effects of competition on vegetation functioning. 
All model versions use the same canopy model, the only difference is the way the LAI is 
calculated (Fig 3.1). The first model version is the baseline version (NoOpt) where we show 
responses of plants with a fixed LAI (Fig 3.1c). For the LAI a measured value of soybean was 
used of 6.58 (Table 1), this value was obtained for an atmospheric CO2 of 37 Pa and a 
temperature of 24˚C (Dermody, Long & DeLucia 2006), i.e. the ‘current climate’ treatment 



 

55 
 

 Plant responses to climate change affected by competition 

(representing the year 2000). The LAI was kept constant if simulations were done for 
different climate conditions.  

The second model version is the simple optimization model (SimOpt). Here the 
optimization procedure determines the optimal-LAI that maximizes the whole-stand net 
photosynthesis (PnT), and it assumes that plants do not compete for light (β = 1, leaves of 
target plant are not mixed with neighbours; Fig 3.1d). An optimal LAI at which net 
photosynthesis is maximized exists, as light interception increases with LAI but with 
decreasing marginal returns (i.e., for LAI = 1 about 50% of available light is captured, for 
LAI = 2, 75% etc.) while increasing LAI also entails a reduction in leaf N content and thus in 
leaf photosynthetic capacity (Anten et al. 1995) (Fig 3.1e). Thus, the underlying assumption 
of the simple optimization is that trait acclimation to climate change will be such that whole-
stand performance is maximized (Fig 3.1d).  

The third model version is the competitive optimization model (ComOpt) where plants 
are able to change their LAI and individual plants are assumed to interact with neighbouring 
plants (β<1, leaves of target plant are mixed with neighbours; Fig 3.1f). With this model the 
stable LAI of the stand, i.e. the LAI at which no individual can increase its performance with 
a change of its leaf area (often denoted as the evolutionarily stable state, Maynard Smith 
(1974)), is determined (Fig 3.1g). Thus, plant-plant interactions are taken into account to 
determine the optimal trait values of individuals plants (Fig 3.1g).  

In order to find the stable LAI of a stand, we followed the same approach as Anten 
(2002), which is shortly described here. We defined a certain degree of mixture between a 
target plant and other plants in the same area (β, Eqn 3.1; β = 1 is no mixture, the closer β is to 
zero, the higher the degree of mixture) (Fig 3.1f). Then the LAI of the target plant (Fi) was 
increased by 5%, while the LAI of the neighbours (Fn) was kept constant (Fig 3.1g, step I). 
This 5% increase in Fi not only increased the total LAI of the stand (FT), but also β. That is, 
by increasing its leaf area, the target plant captures a larger fraction of the available light. 
When this resulted in an increase in net photosynthesis rate of the target plant (Fig 3.1g), LAI 
of neighbours was also increased by 5% (all plants have the same leaf area and β was thus 
restored to its original value), and as such the LAI of the whole-stand (FT) was also increased 
by 5% (Fig 3.1g, step II). This process was repeated (Fig 3.1h, step III and IV) until a value of 
FT was found at which a further change in Fi did not increase the net photosynthesis rate of 
the target plant (Fig 3.1h, step V), which then is the stable LAI for a certain value of β (Fig 
3.1h). In all simulations with the ComOpt model we used a value of β of 0.5. This value was 
based on the results from an independent study (Anten 2002) which found that this β = 0.5 
gave good predictions of real LAIs for a variety of herbaceous species grown under ambient 
conditions (Anten 2002); that is, for a wide range of LAI values there was both a strong 
correlation between predicted and observed LAI value (r2 = 0.8) and the slope of the 
regression line (1.09 +/- 0.178) was not significantly different from 1. 
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Note that neither SimOpt and ComOpt specify whether changes in trait values occur 
through plasticity, genotypic adaptation or the replacement of less optimal genotypes by more 
optimal ones that come from elsewhere. This issue will be discussed further in the discussion 
section. By comparing ComOpt and SimOpt we can show the extent to which competition 
modifies the vegetation structure and functioning. 
 
3.2.8 Climate change scenarios 
For the climate change scenarios we assume an increase in atmospheric CO2 concentration 
from 37 Pa until 97 Pa (IPCC 2007) between the years 2000 and 2100. In the first climate 
change scenario we assume that the temperature stays constant (24˚C, average over the 
experiments) over this period, while for the second scenario we assume a temperature 
increase of 4˚C over this period (A1Fl scenario of the Special Report on Emissions Scenarios 
(SRES), IPCC 2007). We assume that the RH remains constant with increasing temperature, 
which means that there is an increase in VPD. Consequently, the stomatal conductance has to 
decrease to keep the same rate of transpiration. Thus, an increase in temperature causes a 
certain degree of water stress.  
 
3.2.9 Model validation against experimental data 
We first tested the extent to which SimOpt and ComOpt can predict the seasonal dynamics in 
LAI using data from Dermody, Long & DeLucia (2006). Dermody, Long & DeLucia (2006) 
measured the total canopy leaf N content and the LAI under ambient and elevated CO2 
concentrations at different times during the season. For our model we use the total canopy leaf 
N content as an input value and compare the resulting LAI obtained under ambient and 
elevated CO2 with those of Dermody, Long & DeLucia (2006).  

Secondly, we tested the extent to which three model versions (NoOpt, SimOpt and 
ComOpt) could correctly predict measured effects of elevated CO2 on LAI, leaf 
photosynthesis and stomatal conductance in soybean obtained in a wide range of field-applied 
elevated CO2 (FACE) experiments. The data were taken from Rogers et al. (2004); Bernacchi 
et al. (2005; 2006); Dermody, Long & DeLucia (2006); Leakey et al. (2006); Ainsworth et al. 
(2007); A.D.B. Leakey (unpublished); and J.M. McGrath (unpublished). These experiments 
compare plants grown under an atmospheric CO2 from around 37.5 Pa with plants under 
atmospheric CO2 of around 55.0 Pa. We will specifically compare the relative changes of 
simulated and measured LAI (107 measurements), as well as the net photosynthetic rate (186 
measurements on the topmost leaves in the canopy) and stomatal conductance (258 
measurements on the topmost leaves in the canopy) under saturating light conditions with our 
simulations over the same increase in CO2. Here we compare relative changes as the total 
canopy N content is not known for all studies. To assess the impact of variation in the 
assumed total canopy N we ran the model for the range in canopy N (45-1023 mmol N m-2). 
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3.3 Results 
3.3.1 The effect of β on the competitive optimization-model version 
First we analysed the degree to which the predicted plant traits depended on the assumed 
plant-plant interaction (indicated by the parameter β; β = 1, simple optimization model 
SimOpt, Fig 3.1d; reduction in β from 1 towards zero, competitive optimization model 
ComOpt, Fig 3.1f) under current climate conditions (year 2000: temperature of 24˚C, 
atmospheric CO2 of 37 Pa). The stable LAIs were found to be clearly larger than the optimal 
LAI (β = 1) and the predicted stable LAIs increased as β values became lower (Fig 3.2a). 
Predicted canopy photosynthesis in turn showed the opposite trend becoming lower with 
decreasing values of β (Fig 3.2b). Both canopy-level stomatal conductance (Fig 3.2c) and 
transpiration rate (Fig 3.2d) decreased with increasing β. As with a fixed canopy N, LAI is 
increased beyond the optimum for maximizing whole-stand net photosynthesis, so leaf 
photosynthesis and associated conductance decrease. The nonlinear responses to β (Fig 3.2) 
are the result of the non-linearity of the empirical logistic function [Eqn (A27), this function 
determines the stomatal conductance which influences the rate of transpiration and therefore 
the leaf water potential and the internal CO2]. Thus our model results reveal that including 
competition, results in higher predicted values of LAI, but with a lower total transpiration 
rate. However, even though transpiration is reduced with a higher degree of mixture (Fig 
3.2d), the reduction in photosynthesis is even stronger such that WUE becomes lower (Fig 
3.2e). Since the amount of nitrogen in the canopy is the same for the two model versions, 
predicted whole-plant photosynthetic nitrogen-use efficiency also decreases with increasing 
mixture (data not shown). But model results are highly sensitive to β (Eqn 3.1), indicating that 
this is a key parameter in the model (Fig 3.2).  
 
3.3.2 Climate change 
By the year 2100 SimOpt (β = 1) and ComOpt (constant β = 0.5) predicted that with constant 
temperature and increased CO2 concentration LAI would increase by 0.3% and 14%, 
respectively, and with increases in both temperature and CO2 concentration LAI would 
increase by 14% and 4%, respectively, while for NoOpt a constant LAI was assumed (Fig 
3.3a). For ComOpt the LAI increases, because due to increase of CO2 leaf photosynthesis 
becomes more electron-transport limited, and thus indirectly light limited. When light is 
limiting, the benefits of investing in leaf area and the associated ability to compete for light 
increase. There is less increase in LAI when temperature also increased, because increase in 
temperature results in increase in vapour pressure difference between leaf and air (VPD)[Eqn 
(A30), we assumed constant relative humidity] which causes a certain degree of water stress 
causing lower LAI. However, for SimOpt increase in temperature resulted in more leaf area as 
the negative effects of water stress are much smaller due to the lower initial leaf area and 
therefore increasing LAI will result in higher photosynthesis. Given the fact that total canopy 
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N was assumed to be constant, the model predicts a small reduction in leaf N content per unit 
leaf area (see Fig A3.1 for results for a wide range of total canopy N contents and water 
availabilities). 
 

 
Fig 3.2 Total LAI (a), net photosynthesis rate (b), stomatal conductance (c), transpiration rate (d) and 
water use efficiency (WUE) (e) for different degrees to which canopies are mixed (β; β = 1 is no 
mixture, the closer β is to zero, the higher the degree of mixture) 



 

59 
 

 Plant responses to climate change affected by competition 

All three models predict an increase in net photosynthesis rate from 2000 to 2100 (Fig 3.3b). 
With a constant temperature, NoOpt, SimOpt and ComOpt predict an increase of 58%, 61% 
and 40% respectively. All models predict a stronger increase if the temperature increased over 
time, due to the increase in efficiency of the photosynthesis (64%, 68% and 58% for NoOpt, 
SimOpt and ComOpt respectively) (Fig 3.3b). 
 
All three models predict a reduction in the stomatal conductance with increasing CO2 over the 
simulation period (2000 to 2100), but this is smaller for both ComOpt and NoOpt when 
temperature is also assumed to increase over this period. The latter is because temperature 
increases the rate of photosynthesis and thus the demand for CO2. For SimOpt this decrease is 
larger, as a consequence of the stronger increase in LAI with increase in temperature. The 
CompOpt version predicts a larger reduction (41% and 48% with and without warming, 
respectively) than the NoOpt version (41% and 45%) and SimOpt (33% and 31%) (Fig 3.3c).  
 
The transpiration rate decreased with increasing CO2 according to all model versions, with the 
largest reduction in ComOpt (Fig 3.3d). With a constant temperature NoOpt predicts a 
reduction of 45%, SimOpt 31% and ComOpt 48% reduction. These reductions mirror the 
reductions in stomatal conductance because there is no change in VPD. If the temperature also 
increases there is relatively less reduction of the transpiration rate than in stomatal 
conductance, NoOpt predicts a reduction of 25%, SimOpt 15% and ComOpt 25% reduction 
(Fig 3.3d). The smaller reduction in transpiration rate with increase in temperature is because 
VPD increases (we assumed constant relative humidity), and because of the mentioned 
positive effect of temperature on stomatal conductance. 
 
The WUE (i.e., the net photosynthetic rate divided by the transpiration rate of the whole 
canopy) will increase under elevated CO2 conditions as a result of the increase in net 
photosynthesis and the decrease in transpiration rate (Fig 3.3e). The temperature rise 
increased the VPD, which increases transpiration rate. This increase in transpiration rate with 
rise in temperature is relatively greater than the increase in net photosynthesis, so WUE 
increased less if temperature also increased.  
 



 

60 
 

 Chapter 3 

 
Fig 3.3 Fractional changes of total LAI (a), net photosynthesis rate (PnT) (b), stomatal conductance 
(GsT) (c) transpiration rate (ET) (d), and water use efficiency (WUE) (e) as predicted by the baseline 
model (black lines), the simple optimization model (dark grey lines) and the competitive optimization 
model (light grey lines, β = 0.5), figure inserts show the absolute values. In 2000 is the atmospheric 
CO2 concentration 37 Pa and it is assumed to increase linearly until 97 Pa in 2100. The temperature is 
in 2000 24˚C; the striped lines indicate the results for a linearly increase in temperature until 28˚C, the 
continuous lines indicate a constant temperature of 24˚C over the years  
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3.3.3 Model validation against experimental studies 
The seasonal pattern in LAI development of the crop under both ambient and elevated CO2 
(Dermody, Long & DeLucia 2006) corresponded well with the predictions of the ComOpt 
model version (Fig A3.2). This was illustrated by the fact that predicted and measured values 
clustered around the 1:1 correspondence line, when plotted against all points. Conversely the 
simple optimization model (SimOpt: no competition, β = 1; optimal LAI) strongly 
underestimated the LAI values throughout the season values under both ambient and elevated 
CO2 (Fig 3.4a, b; Fig A3.2). 
 
Secondly, ComOpt predicted the relative change in LAI due to increase in CO2 from 37.5 Pa 
to 55.0 Pa well within the wide range of data (107 observed values) obtained from a set of 
FACE experiments (Fig 3.5). The average increase in LAI across all these observation was 
11% (95% confidence interval ranging from 2% to 19%). For the same increase in 
atmospheric CO2, ComOpt predicted an 8% increase (0.5% lower bound, 17% higher bound; 
as a result of variation in observed canopy leaf N by Dermody, Long & DeLucia (2006)). 
Conversely, SimOpt predicted a very small change (0.2%) well below the observed range, and 
this was also the case if the sensitivity of the model is included (lower bound 0.15%, higher 
bound 0.30%); and for NoOpt there is no change in LAI by definition (Fig 3.5). The FACE 
experiments showed a mean increase in net photosynthesis rate of the top leaves in the canopy 
of 24% (20% lower bound, 28% higher bound). All model versions predicted changes that fell 
within this range (NoOpt 21%, SimOpt 26% and ComOpt 23%) (Fig 3.5). The experiments 
showed a mean reduction in stomatal conductance of 11% (lower bound -16%, higher bound -
5%); NoOpt, SimOpt and ComOpt predict a decrease of 17%, 9% and 14% respectively (Fig 
3.5). Across all simulations, higher values of total canopy N content resulted in a more 
positive relative responses to elevated CO2; i.e., larger relative increases in LAI and 
photosynthesis and lower relative reductions in stomatal conductance (Fig 3.5, higher bounds; 
Fig A3.1). Thus, all three model version gave good predictions of the relative effects of CO2 
elevation on leaf fluxes. However, the absolute values of the fluxes for both ambient and 
elevated CO2 were strongly overestimated by SimOpt (not shown). Similarly SimOpt strongly 
underestimated the absolute LAI values (Figs 3.4, 3.5). Thus ComOpt was the only model 
version of the three that well predicted the CO2 effects on both LAI and leaf fluxes.  
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Fig 3.4 Predicted LAI by the simple optimization model (diamonds) and the competitive optimization 
model (squares) as a function of actual LAI (Dermody, Long & DeLucia 2006), for an atmospheric 
CO2 concentration of 37 Pa (a) and 55 Pa (b). Solid lines indicate the 1:1 correspondence line and 
dashed lines the linear regressions 
 

 

Fig 3.5 Percentage changes in LAI, leaf net photosynthesis rate (Pnl) and stomatal conductance (Gsl) of 
the topmost leaf due to increase of CO2 from 37.5 Pa to 55 Pa. White bars represent the mean 
percentage change according to Free Air CO2 enrichment (FACE) experiments with 95% confidence 
interval as error bar and sample size appears in parenthesis next to the symbol. Striped, grey and 
dotted bars represent the percentage change according to the baseline model (NoOpt), the simple 
optimization model (SimOpt) and the competitive optimization model (ComOpt) respectively; error 
bars are the result of changes in canopy leaf N content (45-1023 mmol N m-2)  
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3.4 Discussion 
This study shows that it is important to consider local plant-plant interactions in models that 
predict vegetation structure and functioning under climate change. Our simulations reveal that 
including competition in the model (ComOpt; degree of interaction, β<1), results in predicted 
vegetation stands with higher LAIs, but with lower transpiration rates and lower 
photosynthesis rates compared to simple optimization (SimOpt; β = 1). As the reduction in 
photosynthesis is proportionally larger than the reduction in transpiration, inclusion of 
competition also results in lower predicted WUE. This finding is contrary to the simple 
positive relationship between LAI and transpiration often assumed by climate and ecology 
modellers (e.g. Van den Hurk, Viterbo & Los 2003). Thus, our results illustrate how 
competition between plants may modify vegetation responses to climate.  

With the CO2 elevation predicted for the 21st century, our model simulated an 
increase in both LAI and net canopy photosynthesis, while transpiration rates decreased. This 
CO2 fertilization mechanism is known from many studies (e.g. Cao & Woodward 1998), and 
in turn, entails a considerable increase in photosynthetic WUE. However, with predicted 
increase in temperature, the transpiration is less reduced, but photosynthesis is more increased 
while LAI is less increased. The result is that plants are predicted to become more efficient 
with elevated CO2, but due to temperature rise WUE increases less.  

The competitive optimization model has been shown to be a good predictor of LAIs 
under current conditions (Anten 2002) and here we show here that it also accurately predicts 
the effects of elevated CO2 on this trait observed in a large number of FACE experiments (Fig 
3.5) as well as the seasonal dynamic in LAI over the season (Fig 3.4), at least in soybean. LAI 
is a key trait in driving vegetation climate feedbacks through its effects on CO2 and water 
vapour exchange between vegetation and atmosphere and its effect on surface albedo.  
 
3.4.1 Degree of interaction between plants 
The ecological implications of light competition among plants has been the subject of 
extensive research (e.g. Weiner 1990; Schmitt, Dudley & Pigliucci 1999; Falster & Westoby 
2003b; Niinemets 2010), but to our knowledge, the degree to which competition may mediate 
plant responses to climate change has not been quantitatively studied. Here we show that the 
degree to which canopies of neighbouring plants are mixed and thus influence each other’s 
light climate, has a large influence on model outcomes. This was shown by the strong increase 
in LAI with the degree to which plants influence each other’s light climate. This result 
suggests that the degree of plant-plant interaction may strongly affect vegetation responses to 
climate change and that more work is therefore needed to quantify this interaction. In this 
respect it is important to note that this degree of self to non-self interaction (β) in plant 
canopies probably differs between plant types. For example, trees have relatively broad 
canopies and probably a higher degree of self-interaction (larger β), than herbaceous plants 
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with much narrower canopies (Anten & During 2011). Clonal plants may also differ markedly 
in the degree of self/non-self interaction, depending on the spatial pattern in which they 
produce their vegetative offspring. If placed closely together such plants may produce large 
mono-clonal patches and competition between genetically different individuals is very limited 
which would be reflected in β values close to one. Thus we emphasize that if our approach 
would be extended to more plant types, careful consideration should be made regarding the 
assumptions of self/non-self interactions.  

Our model predicts that with increasing interaction among plants in vegetation 
(decreasing β), the leaf area of plants increases while their stomatal conductance declines, 
resulting in both a larger LAI and a lower transpiration at the vegetation level. The pattern 
observed in our simulations can be explained as follows. If a plant is competing, increasing its 
LAI to more than the optimal LAI (determined for a given canopy nitrogen and water 
availability) will result in a relatively smaller increase in self-shading while the plant is able to 
capture a larger fraction of the available light. Thus, the individual plant can increase its 
carbon gain by increasing the LAI even if this reduces photosynthesis of the stand as a whole. 
It will thus have a higher relative fitness and can invade, resulting in a new population with a 
larger leaf area. Since canopy N remains unchanged this implies that plants reduce N use 
efficiency in order to shade competitors. So with an increase in the degree of mixture between 
plants, the LAI of the stand as a whole will increase while the net photosynthesis of the stand 
decreases. Due to the decreased consumption of CO2 of the stand, this will decrease the 
stomatal conductance of the stand which results into a lower transpiration rate compared to 
plants which are not mixed. 
 
3.4.2 Model compared with experimental studies  
The correspondence between model predictions and observed values was dependent on the 
type of competition, the trait and whether absolute or relative effects were considered. 
However, ComOpt was the only model version that correctly predicted both the seasonal 
course in LAI under ambient and elevated CO2 from Dermody, Long & DeLucia (2006) and 
the average relative effect of CO2 elevation on LAI as determined by 107 FACE experiments. 
By contrast, SimOpt strongly underestimated absolute LAIs and the relative effects of 
elevated CO2 on LAI. This indicates that inclusion of competition into vegetation models 
may strongly improve predictions of LAI and effects of climate change thereupon. For the 
stomatal conductance and net photosynthesis rate, all three model versions simulated the 
relative changes with increasing CO2 well within the range of observed effects obtained by 
FACE experiments. But in absolute terms SimOpt considerably overestimated net 
photosynthesis and stomatal conductance.  

All three models showed an amplified response to elevated CO2 with higher N 
contents, which is consistent with the general finding that growth stimulation by CO2 is larger 
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at high than at low N availability (Rogers et al. 1996; Poorter 1998). In the model the 
mechanism that drives the stronger response to CO2 at high N is that LAI and thus shading in 
the canopy increases with N availability and thus plants benefit more from the CO2 
stimulation of quantum yield (Anten et al. 2004). In addition, inhibition of photosynthesis by 
carbohydrate accumulation at high CO2 tends to be weaker at high than at low N (Rogers et 
al. 1996).  
 
3.4.3 Vegetation responses due to climate change 
Plants were predicted to respond to climate change (i.e. warming and CO2 elevation) by 
increasing LAI, and decreasing leaf N, stomatal conductance and transpiration rate. Plants 
decrease their stomatal conductance when the atmospheric CO2 increases, in order to maintain 
the ratio of internal CO2 to atmospheric CO2 (Goudriaan & Unsworth 1990), resulting in a 
decrease in the transpiration rate. Increase in temperature resulted in a lower LAI for ComOpt 
compared to the situation where only CO2 was increased. This can be explained by the 
optimality hypothesis of gas exchange. According to the optimality theory, plants maximize 
carbon gain while having minimum water loss (e.g. Cowan 1978; Katul et al. 2010). The 
increased temperature results in higher transpiration rates. To keep transpiration constant, LAI 
is reduced but photosynthesis increased due to increased efficiency of the photosynthetic 
apparatus. However, in the case of SimOpt this issue plays a much smaller role as this model 
version predicts much lower LAIs (since it does not consider competition).  

The magnitude of the change in transpiration rate projected by the models strongly 
depends on the extent of future warming. We used the climate predictions of the A1Fl climate 
scenario of the IPCC; which predicts that the temperature increase by 4˚C from the year 2000 
to 2100, and we had a scenario where the temperature stayed constant. This variation in 
temperature resulted in a broad range of predicted transpiration rates.  
 
3.4.4 Limitations of the model and considerations for future work  
Our main objective was to show that inclusion of competition in vegetation models may 
strongly affect predictions of vegetation structure and functioning in response to climate, and 
not to provide a tailor made predictive tool. We therefore used a canopy model that was based 
on a number of simplifications that more predictive studies should consider in the future. For 
example, while we did include leaf respiration costs, added costs of leaf construction and 
investments in stems and roots needed to support leaves were not taken into account. We also 
did not set an upper limit to the specific leaf area. These factors likely impose limitations on 
LAI particularly where LAI was predicted to be very high e.g. at very low values of β.  

All three model versions predicted a decreased transpiration rate; this may affect 
climate predictions through effects of climate-vegetation feedbacks (e.g. Bonan 2008; Dekker 
et al. 2010). A decreased transpiration rate can cause a drying of the near surface atmosphere 
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as well as a warming of the canopy itself (due to less evaporative cooling), which 
subsequently increases the vapour pressure difference between leaf and air. Depending on soil 
water availability, this can lead to further stomatal closure or if stomatal opening remains 
unchanged, a relatively higher transpiration (Friend & Cox 1995; Bernacchi et al. 2007). The 
latter feedback likely occurred in the SoyFACE experiments as plants were well watered, but 
this was not considered in our model. Thus, while our predicted effect of CO2 elevation on 
stomatal conductance were consisted with results from FACE experiments (Fig 3.5), it is 
possible that we overestimated the reduction in transpiration. Indeed other studies predicted 
smaller reductions in transpiration (e.g. Bernacchi et al. 2007; Drewry et al. 2010). 

Our analysis was constrained at the canopy-level; as we addressed the question how 
plants compete for light given the amount of resources allocated to their leaves. As our model 
was developed for well-watered systems, biomass allocation to the root was not simulated. 
Therefore we did not extend the model with inclusion of acquisition and competition for 
belowground resources. Intriguingly, while game theoretical models exist analysing either 
above-ground traits (e.g. Hikosaka & Hirose 1997; Anten 2002; Falster & Westoby 2003a) or 
belowground traits (Gersani et al. 2001) separately, combined analyses of both components 
have not been done. Such analyses would constitute an important step forward. 

We did not consider growth related processes that underlie leaf area production. LAI 
increment arises from the balance between leaf production with associated construction costs 
and senescence with associated losses of resources (e.g. Hikosaka 2005). In spite of this 
simplification, ComOpt is able to accurately simulate the seasonal dynamics in LAI. This 
indicates that if one knows the seasonal pattern in N uptake by the crop, which can be 
modelled fairly realistically (e.g. Franklin 2007), ComOpt can provide fairly accurate 
estimates of LAI.  

In our approach of defining the stable LAI we assumed that there is a stand of 
identical plants and assess whether this stand can be invaded by a plant with a slightly 
different LAI. If this invader plant has a higher assimilation rate, it will invade resulting in a 
new situation in which all individuals have this different LAI. However, it is not shown 
whether these changes in LAI occur through plasticity, genotypic adaptation or replacement 
of less competitive resident genotypes by more competitive ones. Moreover, it is unlikely that 
such changes in canopy traits would occur completely through genotypic adaptation, given the 
short time-span of the predicted effects (100 years). Thus, the patterns as predicted by us 
could be the result of phenotypic plasticity or of invasions of existing populations by 
individuals from outside. Regarding the former, plant acclimation to elevated CO2 (e.g. Sage 
1994; Ainsworth & Long 2005) and temperature have been reported (e.g. Hikosaka et al. 
2006; Yamori et al. 2009). Regarding the potential contribution of invasions from outside, 
this process is likely to take place with respect to increased temperature, as populations from 
warmer areas (i.e., lower latitudes or altitudes) could competitively replace those from cooler 
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habitats (e.g. Dukes & Mooney 1999; Parmesan & Yohe 2003). For CO2 this seems to be an 
unlikely scenario, as the CO2 is rather constant across the globe. Thus within this time-span it 
is most likely that plants show acclimation to elevated CO2. So, although our model is 
relatively simple as it was not our objective to make a detailed model of vegetation 
functioning, our study does strongly imply that inclusion of trait acclimation in a competitive 
setting in vegetation models is both ecologically more realistic and it may improve 
predictions of climate change effects on vegetation structure and functioning.  
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Appendix – A3.1 Methods  
Here we present a full description of the canopy model. This canopy model is based on steady 
state assumptions of water transport and of CO2 inflow and consumption and these are solved 
with the given parameters (Table A3.1) and for the given constraints (for a given N content, 
water availability, incident light, temperature, atmospheric CO2 concentration). All parameter 
values used in this study can be found in Table A3.1 and all variables can be found in Table 
A3.2. 
 
A3.1.1 Light distribution 
Calculation of the light interception of the leaves was done with the model of Spitters, 
Toussaint & Goudriaan (1986), which distinguishes between direct light (i.e., direct beam 
irradiance) and diffuse light (i.e., radiation from the sky dome as well as radiation that is 
scattered by leaves in the canopy). This model has proven to be sufficiently accurate to model 
canopy photosynthesis in vegetation stands (De Pury & Farquhar 1997). 
 
The profile of direct irradiance over the height of the canopy 
Idr = Iodr ∙ e−Kbl(1−σ)0.5∙fi β⁄         (A1) 
where Iodr is the daily course of direct PFD (photon flux density) above the canopy (described 
as a sinusoidal function, dependent on the solar constant and the atmospheric transmittance) σ 
is the leaf scattering coefficient (i.e., the sum of leaf reflectance and transmittance), fi the 
cumulative leaf area index of the individual (total cumulative LAI, fT = fi / β) and Kbl is the 
extinction coefficient for direct light of ‘black’ non-scattering leaves. 
Kbl = o

sinγs
          (A2) 

where γs is the solar inclination angle (which depends on the time of the day) and o is the 
projection of leaves in the direction of a solar beam 
o = sin γs ∙ cos γl          (A3a) 
where γl is the leaf inclination angle, but if γs<γl then the following equation is used 
o = 2 ∙ π ∙ �sin γs ∙ cos γl ∙

sin−1 γs
sin−1 γl

+ (sin γs2 ∙ sin γl2)0.5�     (A3b) 

 
The profile of diffuse irradiance over the height of the canopy 

Idf = Iodf ∙ e

−Kdf∙
fi
β�

         (A4) 
where Iodf is the daily course of diffuse PFD above the canopy and Kdf is the extinction 
coefficient for diffuse PFD (-) 
 
On its way through the canopy a part of the direct flux which is intercepted by the leaves is 
scattered by those leaves. Hence, the direct flux segregates into a diffused, scattered 
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component and another component which remains as direct uninterrupted beam. Extinction of 
the direct component of the direct flux proceeds equally to the decrease of light in a 
hypothetical canopy of black, non-scattering leaves. 
Direct component of the direct PFD  

Idrdr = Iodr ∙ e

−Kbl∙
fi
β�

        (A5) 
Diffuse component of the direct PFD  
Idrdf = Idr ‒ Idrdr          (A6) 
 
Two leaf classes were distinguished: shaded leaf area and sunlit leaf area. The PFD incident 
on the shaded leaf area (Ish) was derived by multiplying the sum of the diffuse flux and the 
diffused component of the direct flux by the extinction coefficient for diffuse light. 
Ish = Kdf

(1−σ)0.5 ∙ (Idf + Idrdf)         (A7) 

The sunlit leaf area (Isl) receives diffuse and direct beam radiation.  
Isl = Ish + o∙Iodr

sinβs
          (A8) 

 
The fraction of sunlit leaf area (fsl) is equal to the fraction of direct beam reaching that layer. 

fsl = e

−Kbl∙
fi
β�

           (A9) 
 
A3.1.2 Nitrogen distribution 
The nitrogen content of the leaves (Nl) in the canopy is calculated following Anten et al. 
(1995) 

Nl = Kn∙NTF

1−e
−Kn∙

Fi
β�
∙ e

−Kn∙
fi
β�

+ Nb          (A10) 

where Nb is the minimum leaf N content (i.e., the amount of N that cannot be retranslocated), 
Kn is the coefficient of N distribution and NTF is the amount of N in the canopy that is free for 
redistribution 
NTF = NT − Nb ∙

Fi
β

          (A11) 

where NT is the total leaf N. 
 
A3.1.3 Photosynthesis 
The net photosynthesis of a leaf per unit ground area (Pnl) was calculated as the gross 
photosynthesis rate of a leaf per unit ground area (Pgl) minus the leaf respiration rate (Rl) 
(Farquhar, Von Caemmerer & Berry 1980) 
Pnl = Pgl ‒ Rl            (A12) 
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The gross photosynthesis rate of a leaf on a certain height in the canopy per unit ground area 
was the minimum of the carboxylation or Rubisco limited photosynthesis rate Pcl and the 
electron transport limited photosynthesis rate Pjl (Farquhar, Von Caemmerer & Berry 1980).  
Pcl = Vcmax ∙

Ci−Γ∗

Ci+Kcmm∙�1+
O

Komm
�
        (A13) 

Pjl =  Jmax
4
∙ Ci−Γ∗

Ci+2∙Γ∗
∙ φ          (A14) 

where Vcmax is the maximum rate of carboxylation; Ci is the internal CO2 concentration; Γ* is 
the CO2 compensation point in the absence of mitochondrial respiration; Kcmm and Komm are 
respectively the Michaelis-Menten constants for carboxylation and oxygenation and O is the 
oxygen pressure in the crown. Jmax is the maximum electron transport rate area and φ gives 
the effect of light on the electron transport path of the photosynthesis process 

φ = (1+ξ)−�(1+ξ)2−4∙θ∙ξ
2∙θ

         (A15) 

where θ is a curvature factor for a non-rectangular hyperbola and ξ is the ratio of the light 
absorption rate to the capacity for electron transport 
ξ = q∙Il

Jmax
           (A16) 

where q is the quantum yield and Il is either Ish (the PFD incident on a shaded leaf) or Isl (the 
PFD incident on a sunlit leaf). 
 
The values for Vcmax, Jmax, Rl, Kcmm, Komm and Γ* are dependent on temperature. For the 
temperature dependencies of Rl, Kcmm, Komm and Γ* the Arrhenius model was used (Farquhar, 
Von Caemmerer & Berry 1980) 

 f(T) = f(25℃) ∙ e
Ha∙(T−25)

298∙R∙(T+273)          (A17) 
where f could be either Kcmm, Komm, Γ* or Rl; f(25˚C) is the value of f at 25˚C; Ha is the 
activation energy of f; R is the universal gas constant and T is the temperature. 
 
Temperature dependency of Vcmax and Jmax are according to a peak model (Johnson, Eyring & 
Williams 1942) 

z (T) =
z(25°C)∙�e

Ha(T−25)
298∙R∙(T+273)��1+e

298∙∆S−Hd
298∙R �

1+e
∆S∙(T+273)−Hd

(T+273)∙R

       (A18) 

where z could either be Jmax or Vcmax; z(25˚C) is the value of z at 25˚C; ΔS is an entropy term 
and Hd is the energy of deactivation of z. 
 
Jmax, Vcmax and Rl are assumed to be linearly related to leaf nitrogen content per unit leaf area 
Nl (Harley et al. 1992) 
Vcmax(25˚C) = xc ∙ (Nl − Nb)        (A19) 
where xc is the slope of the Vcmax Nl-Nb relation. 
Jmax(25˚C) = xj ∙ (Nl − Nb)         (A20) 
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where xj is the slope of the Jmax Nl-Nb relation. 
Rl(25˚C) = xr ∙ (Nl − Nb) + crl        (A21) 
Where xr is the slope of the Rl Nl relation and crl the intercept of the Rl Nl relation. 
 
The leaf photosynthesis at a certain height (assuming that the leaf area is uniformly 
distributed, horizontally and vertically) depends on the photosynthesis rate of the shade leaves 
and the sunlit leaves and the fraction of both on that height [Eqn (A9)]. 
Pnl= fsl ∙ Pnl_sl + (1 − fsl) ∙ Pnl_sh        (A22) 
where Pnl_sl is the net photosynthesis rate of a sunlit leaf and Pnl_sh the net photosynthesis of a 
shaded leaf, obtained by substituting Eqns (A7) and (A8) respectively into Eqn (A16). 
 
Integration of the leaf net photosynthesis rate and the leaf gross photosynthesis rate over the 
cumulated LAI of the canopy and over the time of the day resulted in the total canopy net 
photosynthesis rate (PnT) and the total canopy gross photosynthesis rate (PgT) respectively.  
PnT = β∫ ∫ Pnl df dtfi=FT

fi=0
t=24
t=0          (A23) 

PgT = β∫ ∫ Pgl df dtfi=FT
fi=0

t=24
t=0          (A24) 

where t is the time (in hours). 
 
A3.1.4 Steady state flow of CO2 
We assume that there is a steady state of inflow of CO2 for the photosynthesis and 
consumption of CO2. Solving the steady state condition for the internal CO2 results in the total 
canopy gross photosynthesis rate. By applying Fick’s law of diffusion, we write the steady 
state for CO2 influx and CO2 consumption of the canopy 
GsT ∙

Ca−Ci
Pa

= PgT          (A25) 

where GsT is the stomatal conductance of the plant to CO2; Ca is the atmospheric CO2 
concentration, Pa is the atmospheric pressure (added to the equation, because Ci and Ca are 
expressed in pressure units) and PgT is the total canopy gross photosynthesis rate.  
In which GsT is described as (Tuzet, Perrier & Leuning 2003) 
GsT = Gs0 + a∙PgT

(Ci−Γ∗)
Pa�
∙ gΨ         (A26) 

where Gs0 is the residual stomatal conductance; a is a scaling parameter and gΨ is an empirical 
logistic function to describe the sensitivity of stomata to leaf water potential Ψl (Tuzet, Perrier 
& Leuning 2003)  
gΨ(Ψl) = 1+eaΨ∙Ψref

1+eaΨ∙�Ψref−Ψl�
         (A27) 

where aΨ is the slope parameter for the stomatal sensitivity function gΨ and Ψref is the crown 
water potential at which the stomatal sensitivity function is half its maximum. 
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The internal CO2 equation follows from substituting Eqn (A26) (stomatal conductance) into 
Eqn (A25) (steady state inflow and consumption of CO2). We assume that Gs0 = 0 and the 
result is therefore 
Ci = Ca∙gΨ∙a+Γ∗

1+gΨ∙a
           (A28) 

 
A3.1.5 Steady state water transport 
Assumed is that there is a steady state of plant transpiration ET and plant water transport 
through the stem WT (Sterck & Schieving 2011). Calculation of the water transport is done for 
the whole plant. This assumes that all leaves have the same leaf water potential, and therefore 
thus the same Ci. However this does not mean that all leaves have the same photosynthesis 
rate, this depends on the light level and leaf N content [Eqns (A7)-(A22)]. 
ET was calculated as 
ET = ∆V

Pa
∙ Gsw           (A29) 

where Gsw is the stomatal conductance for water vapour and is calculated as GsT times the rate 
of water diffusivity over CO2 diffusivity (1.6). ΔV is the vapour pressure difference between 
leaf and air. The vapour pressure in the leaf is assumed to be the same as the saturated vapour 
pressure vs, which depends on the temperature (Tetens 1930): 

vs = 611.25 ∙ e
17.502∙T
240.9+T          (A30) 

The vapour pressure of the air (va) depends on the saturated vapour pressure and the relative 
humidity (RH): 
va = vs ∙

RH
100

           (A31) 

 
Plant water transport through the stem (WT) 
WT = K ∙ �Ψb − Ψg − Ψl�         (A32) 
where Ψb is water potential at stem base (reflecting plant water availability; we assume for all 
simulations a fixed and relatively high Ψb, see Table A3.1); Ψg is the water potential loss at 
the focal point due to gravity and K is the stem conductance  
 
The steady state condition of water transport is then 
∆V
Pa
∙ Gsw = K ∙ �Ψb − Ψg − Ψl�        (A33) 

 
The steady state of water transport (Eqn A33) and CO2 inflow and consumption (Eqn A25) 
should both hold, we can solve these steady states for Ψl with the given parameters (Table 
A3.1) and for the given constraints (NT, Ψb, T, Ca, RH, Table A3.2), and with this Ψl we can 
calculate Ci of the plant and thus the net photosynthesis rate.  
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Appendix – A3.2 Tables  
 
Table A3.1 List of symbols for the model parameters mentioned in the main text, with their unit, 
description of the parameter, input value and the source of the input value. The parameters are given in 
alphabetic order. 

 

Symbol Unit Explanation Input 
value 

Source 

a Pa Scaling parameter for calculation of stomatal 
conductance 

2 7 

A m2 The area in which an individual plant has its 
leaf area 

1  

aΨ MPa-1 Slope parameter for the stomatal sensitivity 
function 

3.2 7 

crl µmol m-2 s-1 Intercept of the Rl Nl relation 0.388 1 
Gs0 µmol d-1 Residual stomatal conductance per unit ground 

area 
0 6 

Ha (of Jmax) J mol-1 Activation energy of Jmax 58936 3 
Ha (of Kcmm) J mol-1 Activation energy of Kcmm 59400 3 
Ha (of 
Komm) 

J mol-1 Activation energy of Komm 36000 3 

Ha (of Rl) J mol-1 Activation energy of Rl 48294 3 
Ha (of 
Vcmax) 

J mol-1 Activation energy of Vcmax 75794 3 

Ha (of Γ*) J mol-1 Activation energy of Γ* 20970 3 
Hd (of Jmax) J mol-1 Deactivation energy of Jmax 199233 3 
Hd (of 
Vcmax) 

J mol-1 Deactivation energy of Vcmax 202022 3 

K kg MPa-1 d-1 Stem conductance 1.1832 5 
Kcmm(25˚C) Pa Michaelis-Menten constant for carboxylation 

at 25˚C 
40.2 3 

Kdf - Extinction coefficient for diffuse PFD 0.747 1 
Kn - Coefficient of leaf N allocation in a canopy  0.298 1 
Komm(25˚C) Pa Michaelis-Menten constant for oxygenation at 

25˚C 
56090 3 

Nb mmol m-2 Leaf N concentration not associated with 
photosynthesis 

29 1 

NT mmol m-2 Total canopy leaf N 526.6 4 
O Pa Oxygen pressure in crown 20500  
Pa Pa Atmospheric pressure 1·105  
q µmol µmol-1 Quantum yield (µmol electrons per photon) 0.25  
R J K-1 mol-1 Universal gas constant 8.315  
RH % Relative humidity 70  
ΔS (of Jmax) J mol-1 Entropy term of Jmax 647 3 
ΔS (of 
Vcmax) 

J mol-1 Entropy term of Vcmax 657 3 

xc µmol CO2 mmol 
N-1 s-1 

Slope of the Vcmax Nl-Nb relation 0.74 2 

xj µmol CO2 mmol 
N-1 s-1 

Slope of the Jmax Nl-Nb relation 1.03 2 
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Table A3.1 Continued  
 

Literature sources: 
1) Anten, Schieving & Werger (1995) 
2) Anten et al. (1995) 
3) Cai & Dang (2002) 
4) Dermody, Long & DeLucia (2006) 
5) Maherali, Pockman & Jackson (2004) 
6) Sterck & Schieving (2011) 
7) Tuzet, Perrier & Leuning (2003)   
 
  

Symbol Unit Explanation Input 
value 

Source 

xr µmol CO2 mmol 
N-1 s-1 

Slope of the Rl Nl relation 0.0099 1 

γl o Leaf inclination angle 26  
Γ*(25˚C) Pa CO2 compensation point in absence of 

mitochondrial respiration at 25˚C 
5.1 3 

θ - Curvature factor 0.9 4 
λs m2 m-3 Stem area density in the crown cylinder 1.5·10-5  
σ - Leaf scattering coefficient 0.2  
Ψb MPa Water potential at stem base 0  
Ψref MPa Crown water potential at which the stomatal 

sensitivity function is half its maximum 
-1.9 7 
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Table A3.2 List of symbols for the model variables mentioned in the main text, with their unit, 
description of the variable and their equation number as mentioned in the main text. The variables are 
given in alphabetic order. 

 

Symbol Unit Explanation Equation 
Ca Pa Atmospheric CO2 concentration  
Ci Pa Internal CO2 A28 
ET µmol d-1 Transpiration rate A29 
fi - Cumulative leaf area index from the top of the individual  
Fn - Leaf area index of a neighbour plant  
Fi - Leaf area index of the individual  
fsl - Fraction of sunlit leaf area A9 
FT - Total leaf area index per unit of ground area of a stand 1 
ft - Total cumulative leaf area index from the top of a canopy  
GsT µmol d-1 Stomatal conductance of the plant to CO2 A26 
Gsw µmol d-1 Stomatal conductance of the plant to H2O  
gΨ - Describes stomatal sensitivity to water pressure at the focal 

point in the crown (-) 
A27 

Idf µmol m-2 s-1 Profile of diffuse irradiance in the canopy A4 
Idr µmol m-2 s-1 Profile of direct irradiance in the canopy A1 
Idrdf µmol m-2 s-1 Diffuse component of direct PFD A6 
Idrdr µmol m-2 s-1 Direct component of direct PFD A5 
Il µmol m-2 s-1 Total amount of light intercepted by a leaf A10 
Ish µmol m-2 s-1 PFD incident on the shaded leaf area A7 
Isl µmol m-2 s-1 PFD incident on the sunlit leaf area A8 
Jmax µmol m-2 s-1 Maximum electron transport rate A18, A20 
Kbl - Extinction coefficient for direct light A2 
Nl mmol m-2 Leaf N content A10 
NTF mmol m-2 Amount of N in the canopy that is free for redistribution A11 
o - Projection of leaves in the direction of the solar beam A3 
Pcl µmol m-2 d-1 Rubisco limited photosynthesis rate per unit ground area A13 
Pjl µmol m-2 d-1 Electron transport limited photosynthesis rate per unit ground 

area 
A14 

Pgl µmol m-2 d-1 Leaf gross photosynthesis rate per unit ground area  
PgT µmol d-1 Whole plant gross photosynthesis rate A24 
Pnl µmol m-2 d-1 Leaf net photosynthesis rate per unit ground area A12, A22 
PnT µmol d-1 Whole plant net photosynthesis rate A23 
Rl µmol m-2 d-1 Leaf respiration rate A17,A21 
T ˚C Temperature  
t h Time  
va Pa Vapour pressure of the air A31 
Vcmax µmol m-2 d-1 Maximum carboxylation rate A18, A19 
vs Pa Saturated vapour pressure A30 
WT µmol d-1 Plant water transport through stem A32 
β - The ratio of the leaf area index of an individual to the total leaf 

area 
 

ΔV Pa Vapour pressure difference between leaf and air  
ξ - Light absorption to electron transport capacity ratio A16 
Φ - Effect of light on the electron transport path of the 

photosynthesis process 
A15 
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Table A3.2 continued 

 
  

Symbol Unit Explanation Equation 
Ψb MPa Water potential at stem base  
Ψg MPa Water potential loss at the focal point due to gravity  
Ψl MPa Leaf water potential  
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Appendix – A3.3 Figures 

 
Fig A3.1 For different total canopy leaf N contents (a,b) and base water potentials (c,d) the LAI (a,c) 
and the net photosynthesis rate (b,d) for the baseline model (NoOpt, LAI is constant and no 
competition included) (black lines), the simple optimization model (SimOpt, optimal LAI for 
maximum photosynthesis, no competition included; β = 1) (dark grey lines) and the competitive 
optimization model (ComOpt, optimization of LAI in a competitive setting; β = 0.5) (light grey lines) 
for an atmospheric CO2 concentration of 37 Pa (continuous lines) and for 97 Pa (striped lines) 
(temperature is 24ºC) 
 

 
Fig A3.2 Predicted seasonal LAI by the simple optimization model (diamonds) and the competitive 
optimization model (squares) compared to the measurements of Dermody, Long & DeLucia (2006) 
(triangles), for ambient (a) and elevated CO2 (b) 
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Abstract 

The rising atmospheric CO2 concentration ([CO2]) is an ubiquitous selective force that may strongly 
impact species distribution and vegetation functioning. Plant-plant interactions could mediate the 
trajectory of vegetation responses to elevated [CO2], because some plants may benefit more from 
[CO2] elevation than others. We investigated the relative contribution of plastic (within lifetime) and 
genotypic (over several generations) responses to elevated [CO2] on plant performance and analysed 
how these patterns are modified by plant-plant interactions. We grew Plantago asiatica seeds 
originating from three independent natural [CO2] springs and from ambient [CO2] in mono stands of 
both origins as well as mixtures of both origins. In total 1944 plants were grown in [CO2] controlled 
walk-in climate rooms, under a [CO2] of 270, 450 and 750 ppm. A model was used for upscaling from 
leaf to whole-plant photosynthesis and for quantifying the influence of plastic and genotypic 
responses. We showed that changes in canopy photosynthesis, specific leaf area (SLA) and stomatal 
conductance in response to changes in growth [CO2] were mainly determined by plastic and not by 
genotypic responses. We further found that plants originating from high [CO2] habitats performed 
better in terms of whole-plant photosynthesis, biomass and leaf area, than those from ambient [CO2] 
habitats at elevated [CO2] only when both genotypes competed. Similarly, plants from ambient [CO2] 
habitats performed better at low [CO2], also only when both genotypes competed. No difference in 
performance was found in mono stands. Our results indicate that natural selection under increasing 
[CO2] will be mainly driven by competitive interactions. This supports the notion that plant-plant 
interactions have an important influence on future vegetation functioning and species distribution. 
Furthermore, plant performance was mainly driven by plastic and not by genotypic responses to 
changes in atmospheric [CO2]. 
 
Key words:  canopy functioning, climate change, competition, elevated CO2, evolutionary 

response, game theory, genotypic response, naturally high CO2, Plantago asiatica L., 
plant-plant interactions, plastic response, selection pressure 
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4.1 Introduction  
Since the industrial revolution there has been a rapid increase in atmospheric CO2 
concentration ([CO2]), and it is predicted to further increase in the future. Understanding how 
plants respond to elevated [CO2] is important, because of the central role of plants in 
ecological and production processes and because plants have a large influence on the local 
climate itself. The latter is, among others, because plants have a negative feedback on the 
atmospheric [CO2], as they take up [CO2] (Bonan 2008). Hence, changes in [CO2] entail a 
global selective force due to their ubiquitous nature and importance for plant responses. 
Furthermore, plant-plant interactions may influence plant responses to elevated [CO2] as some 
plants may benefit more from rising [CO2] than others and their traits therefore determine 
vegetation functioning. For example, C3 species may gain a competitive advantage over C4 
species at elevated [CO2] as C3 species benefit more from elevated [CO2] (Ziska 2011), and 
this could lead to shifts in plant distribution patterns. So, it is important to know how plants 
respond to changes in the climate, and how this is potentially modified by plant-plant 
interactions.  
 
When plants are placed in elevated [CO2] they respond immediately (instantaneous response 
hereafter, on the time scale of seconds to days), for example, through an increase in their 
assimilation rate (Ainsworth & Long 2005). On a time scale of days to weeks of exposure to 
elevated [CO2] plants will respond plastically (response within a plants lifetime), e.g. through 
reduction of leaf N content or changes in leaf area (Ainsworth & Long 2005). But it is still 
unclear what the magnitude of these responses is and how this impacts on whole-stand 
characteristics. For instance, leaf area responses to elevated [CO2] and their effect on whole-
stand Leaf Area Index (LAI, leaf area per unit ground area) were found to differ between 
plant functional types. Increases in LAI were reported for young trees (Norby & Zak 2011), 
while crops and grasses exhibited little change in LAI (Hirose et al. 1997; Anten et al. 2004; 
Ainsworth & Long 2005). Most of the experiments that investigated plant responses to 
elevated [CO2] ran for a maximum of 10 years, while only a few studies investigated this on a 
longer time scale. One study investigated plastic responses within the lifespan of ferns, 
broadleaved trees and conifers in Florida that were likely associated with the last 150 years 
increase in [CO2] (Lammertsma et al. 2011) and found altered stomatal densities and reduced 
maximum pore size of the stomatal opening to reduce stomatal conductance (De Boer et al. 
2011).  

Genotypic responses of plant populations to elevated [CO2], which take place over 
several generations, can be studied with plants from natural CO2 springs. In these natural 
elevated CO2 areas, the atmospheric [CO2] has likely been elevated for hundreds of years 
(Körner & Miglietta 1994; Onoda, Hirose & Hikosaka 2007). The functioning of plants from 
these areas can be compared with ones from ambient [CO2] (Cook et al. 1998; Vodnik et al. 
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2002; Onoda, Hirose & Hikosaka 2007). Some studies (e.g. Fordham et al. 1997; Nakamura 
et al. 2011) show that plants originating from natural CO2 springs have a higher relative 
growth rate compared to plants originating from ambient [CO2] when grown at elevated 
[CO2].  
 
However, the few experimental studies investigating plant genotypic responses to elevated 
[CO2], did not clearly investigate the potential mediating effect of plant-plant interactions. 
Plants often grow in dense communities where they share resources (e.g. light, water, 
nutrients) with their neighbouring plants, and therefore there is a high selective force on 
competition for those resources (Aerts 1999). Furthermore, it is likely that due to plant-plant 
interactions the species composition will change, because some plants may benefit more than 
others from the rise of [CO2] (Owensby et al. 1999). For example, species with a high level of 
plastic and genotypic response are thought to benefit most (Parmesan 2006), and therefore 
those plants will determine vegetation functioning. This indicates that plant-plant interactions 
may strongly mediate the trajectory of vegetation responses to elevated [CO2]. For instance, a 
study that included competition through natural selection (i.e. game theoretical principles) 
accurately predicted the LAI, net photosynthesis and stomatal conductance of soybean stands 
grown at elevated [CO2] obtained in Free Air Carbon dioxide Enrichment (FACE) 
experiments, and this prediction was much better than a model that did not consider these 
interactions (Van Loon et al. 2014). This further suggests that plant-plant interactions may 
indeed play an important role in driving plant responses to elevated [CO2]. However, the role 
of plant-plant interactions in mediated vegetation responses to elevated [CO2] is still poorly 
understood (Bazzaz & McConnaughay 1992). This is at least in part, because an increase in 
atmospheric [CO2] increases plant growth and thereby likely increases the competition for 
light and soil nutrients between plants.  
 
The main aim of our study is therefore to determine the relative contribution of plastic versus 
genotypic responses to elevated [CO2] on plant performance, and to determine the extent to 
which these patterns are modified by plant-plant interactions. To investigate this we use 
Plantago asiatica L., a perennial rosette herb. It was used in our experiment as it is known to 
adapt to a wide range of environments by genetic differentiation. This makes it particularly 
suitable for testing adaptation to increased [CO2] (Onoda, Hirose & Hikosaka 2009). The 
seeds originate from populations growing near natural CO2 springs where elevated [CO2] 
levels have existed for hundreds of years (Onoda, Hirose & Hikosaka 2007), and from 
populations in control areas with normal [CO2]. These are hereafter called spring and non-
spring plants respectively, the [CO2] of origin is called their ‘native [CO2] environment’. 
Mono stands and mixed stands of either or both spring and non-spring plants, respectively, 
were created, to test whether differences in responses also lead to a higher performance. 
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Plants were grown in walk-in growth chambers with low, intermediate and high [CO2] (270, 
450 and 750 ppm [CO2] respectively; this is their growth [CO2]) (Fig 4.1). During the 
experiment we measured leaf photosynthetic traits, plant dry weight, leaf area and total leaf N 
content. A model was used for scaling up from leaf to canopy photosynthetic traits to study 
the effect of the different treatments on canopy level and secondly to estimate the relative 
contribution of instantaneous responses, plastic responses within the lifetime of the plant and 
genotypic responses over several generations to elevated [CO2] independently from 
competition.  

We hypothesize that plants respond plastically to elevated growth [CO2] through 
partial closure of the stomata (Long et al. 2004), increase of photosynthesis rate (Ainsworth & 
Long 2005) and reduction of leaf N content per unit area (Ainsworth & Long 2005). 
Furthermore, we expect that the genotypic response of plants to elevated growth [CO2] will 
depend on the effect of plant-plant interactions. Here, we hypothesize two possible outcomes. 
The first one assumes that regardless of plant-plant interactions (between or within 
populations), plants would do best in their ‘native [CO2] environment’ (i.e. elevated [CO2] for 
spring and low [CO2] for the non-spring). So, for both mono and mixed stands, the best 
performer would be the genotype of its native [CO2] environment. The second possible 
outcome, with regard to the genotypic response of plants to elevated [CO2], is that plants that 
would succeed under changing [CO2] are not those that intrinsically perform best, but rather 
those that are the best competitors under those circumstances. This expectation is based on 
game theoretical principles, as according to this, selection under competition tends to result in 
being a better competitor rather than having the highest performance. So, this hypothesis  
predicts that the performance advantages of a given genotype in its native [CO2] environment 
will be apparent only in the mixed stands and not in the mono stands. 

 
4.2 Materials and Methods 
4.2.1 Plant material and growth conditions 
We used P. asiatica. This is a small (0.1-0.3m) perennial rosette plant, predominantly self-
pollinating species (Huh 2013) where pollen dispersal of these plants is thought to be very 
limited (0.1-0.4 m) (Onoda, Hirose & Hikosaka 2009). The seeds originate from three 
independent natural CO2 springs in Japan: Asahi (38.2° N, 140.0° E, 540 m asl, 2000 ppm in 
the elevated [CO2] area), Kosaka (40.4° N, 140.8° E, 450 m asl, 560 ppm in the elevated 
[CO2] area) and Yuno-Kawa (40.7° N, 140.9° E, 560 m asl, 530 ppm in the elevated [CO2] 
area). In these CO2 springs most of the CO2 is emitted from spring water and not from the 
soil. We choose for three springs instead of a single CO2 spring, to have more replications and 
to test if plant responses to elevated [CO2] occur independently of the environmental factors 
from their original habitats (Osada, Onoda & Hikosaka 2010). Furthermore, we did choose for 
these three springs, because these springs did not emit toxic gasses. The springs also did not 
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have a significant effect on the air temperature; and the [CO2] around these springs has been 
constantly high for hundreds of years (Onoda, Hirose & Hikosaka 2007). Seeds from normal 
[CO2] were collected from plants in nearby areas (non-spring populations). In each location 
spring and non-spring populations were shown to be genetically distinct (Nakamura et al. 
2011). In the present study, offspring of each population (i.e. from each elevated and ambient 
CO2 site) were used for experiments to avoid maternal effects (i.e., the effects of environment 
of parent generation). To obtain offspring of each population, seeds obtained from field 
populations were separately sown in a common garden of Tohoku University (38.4° N, 140.6° 
E, Japan) in May 2010, and cultivated for two years. From July to September 2010, 
individuals germinated from seeds of the same population were mated. From October to 
December 2010 and 2011, offspring seeds were harvested. 
 Seeds originating from these three CO2 springs (spring plants) and from their 
respective control areas (non-spring plants) were sown on 25 October 2013 on sandy soil. On 
4 November 2013 the seedlings were transplanted to square (0.1 by 0.1 m) 0.15 L pots filled 
with sandy soil and 0.7 g of slow release fertilizer (N-P-K 16:9:12). Two plants were grown 
in each pot. Plants were grown in walk-in growth chambers (Reftech custom made, 20°C, 
70% relative humidity, 10 hours light at 400 μmol m-2s-1) with three different CO2 levels: 270 
ppm (low [CO2]), 450 ppm (intermediate [CO2]) and 750 ppm (elevated [CO2]). The low 
[CO2] (270 ppm) chamber, was about equal to the pre-industrial levels that have more or less 
persisted for several thousand years until about the 1800s. The intermediate level indicates the 
[CO2] that can be expected within the next 1 – 2 decades, and the elevated [CO2] level is the 
level that is predicted for the end of this century. Plants were placed on an automatically 
watered irrigation mat. 
 Stands were established by putting three by three pots together for a total of nine pots 
and 18 plants (total stand size is 0.3 by 0.3 m, Fig 4.1a), the eight middle plants of each stand 
were used for measurements (total area for the measurements in a stand is 0.2 by 0.2 m, Fig 
4.1b). Stands could be a mono stand of either only spring plants (Fig 4.1a) or non-spring 
plants (Fig 4.1b), or a mixed stand with both spring and non-spring plants with one of both in 
each pot (Fig 4.1c). This set up was repeated for all three localities. For each combination 
there were four replicate stands (Fig 4.1d). So, in total 1944 plants were grown from which 
864 plants were used for measurements, as stands of 18 plants were established from which 
eight plants were used for measurements for a total of 27 different combinations of factors 
which were replicated four times. 
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Fig 4.1 Experimental set-up. Stands were established by putting three by three pots together, the total 
size of a stand is 30 by 30 cm. Stands could be a mono stand of either only spring plants (originating 
from CO2 spring) (a) or non-spring plants (originating from control area) (b), or a mixed stand with 
both spring and non-spring plants in one stand (c). The plants within the area of the dashed square (20 
by 20 cm) were used for measurements, these are the 8 middle plants of a stand. Plants were grown 
under different CO2 levels, this set-up was repeated for different localities. Photos (panels a-c) of the 
experiment were taken on 19 December 2013, 55 days after sowing. The different combinations of 
factors and their levels which were used in the experiment (d). * Low, intermediate and elevated 
growth [CO2] are respectively 270, 450 and 750 ppm 
 
4.2.2 Gas exchange measurements 
From 23 December 2013 (59 days after sowing) and onwards, photosynthetic CO2 response 
curves were made using a portable open gas exchange system (LI-6400, LiCor) on attached 
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fully expanded leaves. The system was equipped with an LED light source (LI-6400-02B, 
LiCor), which provided both red and blue light (the latter is important in controlling stomatal 
aperture). From every stand one young fully expanded leaf was measured and in case of a 
mixed stand two leaves were measured (one of a spring plant and one of a non-spring plant). 
Photon flux density during the measurements was 1500 μmol m-2s-1, vapour pressure deficit 
was <2 kPa and temperature was 25°C. For each leaf the photosynthesis was determined at a 
[CO2] of 50, 90, 150, 270, 500, 700, 900, 1100, 1500 ppm.  
 
The CO2 response curves were fitted with the biochemical model of Farquhar, Von 
Caemmerer & Berry (1980). Below an intercellular [CO2] (Ci) of 300 ppm the curve was 
fitted to the RuBP carboxylation limited photosynthesis rate (Pcl):  

𝑃𝑃cl = 𝑉𝑉cmax ∙
𝐶𝐶i − Γ∗

𝐶𝐶i + 𝐾𝐾c ∙ �1 + 𝑂𝑂
𝐾𝐾o
�
− 𝑅𝑅d 

where Vcmax is the maximum carboxylation rate; Γ* is the [CO2] compensation point in the 
absence of mitochondrial respiration; Kc and Ko are respectively the Michaelis-Menten 
constants for carboxylation and oxygenation and O is the oxygen concentration. For Kc, Ko 
and O we assume a value of 404.9 μmol mol-1, 278.4 mmol mol-1 and 205 mmol mol-1 
respectively (Ishikawa, Onoda & Hikosaka 2007; for P. asiatica). Rd is the respiration rate in 
light and was assumed to be 10% of Vcmax (Von Caemmerer 2000). 
 
Above an intercellular [CO2] of 300 ppm the CO2 response curve was fitted to RuBP 
regeneration limited photosynthesis rate (Pjl):  

𝑃𝑃jl = 𝐽𝐽max ∙
𝐶𝐶i − Γ∗

4 ∙ 𝐶𝐶i + 8 ∙ Γ∗
− 𝑅𝑅d 

where Jmax is the maximum electron transport rate.  
 
4.2.3 Canopy characteristics 
Measurements of canopy structure, leaf area and biomass were done from 27 until 29 January 
2014 (94-96 days after sowing). At this time the stands had formed a closed canopy and there 
was clear mutual shading among neighbouring plants (see also pictures of the stands in Fig 
4.1a-c taken on 19 December 2013, more than one month before harvest). The height of each 
plant was measured from ground surface to the apex of the topmost leaf of all plants in the 
centre of the blocks (eight per stand, see Fig 4.1a-c). Leaf vertical inclination angles were 
measured with a protractor and then categorized in three leaf angle classes (0-30º; 30-60º; 60-
90º), which were used as input in the model (see below and also Goudriaan (1988)). The 
shoots (i.e., in this rosette plant consisting of only leaves) were then cut at ground level and 
leaf area was determined with a LI3100 leaf area meter (LICOR, Lincoln NE, USA). The 
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Leaf Area Index (LAI, the leaf area of a plant divided by the ground area [in this case per 
plant half of the ground area of a pot]) was determined from the leaf area. We defined LAI of 
one individual to distinguish between the LAI of spring and non-spring plants in mixed 
stands. Leaves were dried at 70ºC for three days after which the dry weight per plant was 
determined. The leaf organic nitrogen content per plant was determined with a continuous 
flow analyser (SKALAR, the Netherlands) after Kjeldahl digestion.  
 
4.2.4 Statistical analysis 
Statistical analysis was performed using SPSS (version 21.0.0.1). A generalized linear model 
was applied to test the effects of growth [CO2] (270, 450 and 750 ppm [CO2]), origin (spring, 
non-spring) and stand type (mono stand, mixed stand), all as fixed factors. Location (Asahi, 
Kosaka and Yuno-Kawa) was treated as a random factor. A four-way ANOVA was used to 
test for significant differences. The average of a stand (average of eight spring or non-spring 
plants in a mono stand, the average of either the four spring or the non-spring plants in a 
mixed stand) was used for statistical analysis. For photosynthesis rate, stomatal conductance 
and leaf N, we measured one leaf in every mono stand and two leaves for every mixed stand 
(one of a spring plant and one of a non-spring plant).  
 
4.2.5 Model analysis 
Measured leaf photosynthetic traits were scaled up to canopy photosynthetic traits by using 
the canopy model of Van Loon et al. (2014). In short, this model calculates the light 
distribution within the canopy, following the approach of Spitters, Toussaint & Goudriaan 
(1986) that distinguishes between the distribution of direct solar beam and diffuse radiation. 
The canopy photosynthesis model (Farquhar, Von Caemmerer & Berry 1980) is a function of 
light (Spitters, Toussaint & Goudriaan 1986), nitrogen (logarithmic relationship for leaf 
nitrogen versus photosynthetic capacity), temperature (Johnson, Eyring & Williams 1942; 
Farquhar, Von Caemmerer & Berry 1980), [CO2] and water (Tuzet, Perrier & Leuning 2003). 
Further, this canopy model is based on steady state assumptions of water transport (Sterck & 
Schieving 2011) and of [CO2] inflow and consumption, and these were solved with plant-
specific parameters (Appendix, Table A4.1) and for the measured experimental constraints 
(total canopy leaf N content, water availability, incident light, temperature, atmospheric [CO2] 
[Table A4.1]). Details can be found in Van Loon et al. (2014).  
 
The canopy photosynthesis model was used for two purposes. First, the model was used for 
scaling up from leaf to canopy photosynthetic traits to study the effect of the different 
treatments at the canopy level. This allowed us to assess effects of [CO2], spring vs non-
spring and competition on whole-plant carbon gain. Second, the model was used to estimate 
the relative contribution of three different types of responses to elevated [CO2] on the canopy 
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photosynthesis rate independently from competition. For this objective, we therefore only 
conducted model calculations for the mono stands. The distinction between the three types of 
responses is based on the time scale: I) instantaneous – immediate, time scale of seconds to 
days, which assesses what the effect of [CO2] elevation would have been if plants would not 
have exhibited any trait changes, II) plastic – within lifetime plant, days to weeks, and III) 
genotypic – over several generations, evolutionary time scale (Table 4.1). We will further 
explain these responses and how they are modelled.  

I) Instantaneous response, was defined as the difference in canopy photosynthesis rate 
of plants that have been exposed to elevated [CO2] for a short time because they are 
transferred from low to elevated [CO2], and of plants that have never been exposed to 
elevated [CO2] and thus grew whole their lifetime at low [CO2]. In the model this is done by 
calculating the canopy photosynthesis rate of non-spring plants at elevated [CO2] with the 
plants being given the same traits as measured from the non-spring plants growing in low 
[CO2] (i.e., virtually transferring non-spring plants from low to elevated [CO2]) (Table 4.1, 
model run 2) and subtracting the calculated canopy photosynthesis rate of non-spring plants 
grown in low [CO2] (Table 4.1, model run 1).  

II) Plastic response, was defined as the difference in canopy photosynthesis rate of 
plants that grew their whole lifetime at elevated [CO2], and of plants that have been exposed 
to elevated [CO2] for a short time because they are transferred from low to elevated [CO2]. In 
the model this is done by calculating the canopy photosynthesis rate of non-spring plants at 
elevated [CO2] with their trait values as measured under those conditions (Table 4.1 model 
run 3) and subtracting the calculated canopy photosynthesis rate of the virtually transferred 
plants from low to elevated [CO2] (Table 4.1, model run 2).  

III) Genotypic response, was defined as the difference in canopy photosynthesis rate 
of plants that are for several generations under elevated [CO2], and of plants grew whole their 
lifetime at elevated [CO2]. In the model this is done by subtracting the canopy photosynthesis 
rate of spring and non-spring plants grown at elevated [CO2] with their trait values as 
measured under those conditions (Table 4.1 model run 4 and 3 respectively).  

The traits that are changed for the model simulations to make the distinctions between 
the three different responses to elevated [CO2] are plant height (see Appendix, Fig A4.1a), 
leaf angle determining the extinction coefficient (Fig A4.1b-d), LAI and plant leaf N content. 
Other parameter input values were kept constant for all simulations (Table A4.1, Figs A4.2, 
A4.3). The parameters that were changed were chosen, because we focus only on canopy 
photosynthesis. We used for those parameters the measured values from the three localities, 
i.e. Asahi, Kosaka and Yuno-Kawa, and from the four replicates in the model for one 
treatment separately for the model runs. So, the model outcome of one treatment is the 
average of twelve model runs.  
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4.3. Results  
4.3.1 Results of growth chamber experiment 
No significant difference was found among the three localities (Asahi, Kosaka and Yuno-
Kawa) for all measured traits, except for stomatal conductance (see further below). 
Lumped for locality, origin and stand type, LAI significantly increased with increase in 
growth [CO2]; this increase being stronger from low to intermediate than from intermediate to 
elevated [CO2] (13.6% and 3.3% respectively) (Fig 4.2a). Notably, there was a significant 
three-way interaction of growth [CO2] x origin x stand type. At low [CO2] spring plants had 
larger LAIs than non-spring plants in the mono stand, but this was not the case at intermediate 
and elevated [CO2]. Conversely, in the mixed stands non-spring plants had larger LAIs than 
spring plants under low [CO2], while for intermediate and elevated growth [CO2] spring 
plants had larger LAIs (Fig 4.2a). In other words, plants produced larger LAIs in their ‘native 
[CO2] environment’ (non-spring at low [CO2] and spring at intermediate and elevated [CO2]) 
only if there was competition between the different populations of origin.  

A similar pattern was observed for whole-plant dry weight (Fig 4.2b). Dry weight 
increased significantly with increasing growth [CO2] lumped for locality, origin and stand 
type; a stronger increase was observed if [CO2] increased from low to intermediate compared 
to intermediate to elevated (43.0% and 10.1% respectively) (Fig 4.2b). There was a significant 
three-way interaction of growth [CO2] x origin x stand type. The dry weight of spring and 
non-spring plants in mono stands did not differ significantly. On the other hand, in mixed 
stands non-spring plants had a significant greater dry weight under low [CO2]; while this held 
for spring plants at intermediate and elevated growth [CO2] (Fig 4.2b). 

Lumped for locality, origin and stand type there was a significant decrease in specific 
leaf area (SLA, leaf area divided by leaf dry weight) with increasing growth [CO2], with a 
larger difference between low and intermediate [CO2] than for intermediate and elevated 
levels (-19.6% and -6.7% respectively) (Fig 4.2c). A significant growth [CO2] x origin 
interactive effect was observed. Although not significant, spring plants tended to have higher 
SLA compared to non-spring plants at low growth [CO2]; while non-spring plants had 
significantly higher SLA compared to spring plants at intermediate [CO2], this trend was also 
found for elevated [CO2] (Fig 4.2c). In other words, the SLA reduction with [CO2] appeared 
to be stronger in the spring than in the non-spring plants.  

None of the effects (locality, growth [CO2], origin and stand type) was significant for 
total leaf N content (i.e., total amount of N in the canopy of a plant), but the general pattern 
resembled that of LAI and dry mass. That is, the spring and non-spring plants in mono stands 
had no significantly different total N, but in mixture spring plants had a significantly greater 
total N compared to the non-spring plants under intermediate and elevated growth [CO2] (Fig 
4.2d). Total leaf N of plants was strongly and positively correlated to leaf area (Fig A4.4). 
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The measured leaf photosynthesis rate at growth [CO2] (Agrowth) significantly increased 
with increasing [CO2] (lumped for locality, origin and stand type) (Fig 4.3a). There was a 
significant origin x stand type interactive effect. The non-spring plants tended to have a higher 
Agrowth in mono stands, while in a mixed stand they tended to have a lower Agrowth compared to 
spring plants a trend that appeared consistent across CO2 levels (Fig 4.3a). 
 Stomatal conductance significantly decreased with increasing [CO2] (lumped for 
locality, origin and stand type) (Fig 4.3b-d). There was a significant interaction of growth 
[CO2] x origin. Spring plants had a higher stomatal conductance at low growth [CO2] 
compared to non-spring plants for Kosaka and Yuno-Kawa, whereas this was the case for 
non-spring plants at intermediate [CO2] for Kosaka (Fig 4.3c,d). 
 

 
Fig 4.2 Leaf Area Index (LAI) (a), aboveground dry weight (b), Specific Leaf Area (SLA) (c) and 
total canopy leaf N content (d) of plants grown under low (270 ppm), intermediate (450 ppm) or high 
(750 ppm) [CO2] and originating from either spring areas (Spr) or non-spring areas (NSpr) and these 
are either grown in mono stand (mono) or in mixed stand (mix) (n=12). Values are mean ± standard 
error. Different letters indicate significant differences between the treatments (P<0.05). Results of the 
generalized linear model are shown: *** P<0.001, ** P<0.01, * P<0.05, + P<0.1 
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Fig 4.3 Photosynthesis at growth [CO2] (Agrowth) (n=12) (a) and stomatal conductance for the areas 
Asahi (b), Kosaka (c) and Yuno-Kawa (d) (n=4) of plants grown under low (270 ppm), intermediate 
(450 ppm) or high (750 ppm) [CO2] and originating from either spring areas (Spr) or non-spring areas 
(NSpr) and these are either grown in mono stand (mono) or in mixed stand (mix). Values are mean ± 
standard error. Different letters indicate significant differences between the treatments (P<0.05). 
Results of the generalized linear model are shown: *** P<0.001, ** P<0.01, * P<0.05, + P<0.1 
 
4.3.2 Results of canopy model 
A canopy model was used for two different purposes. First, to scale up from leaf 
photosynthetic traits to plant and canopy photosynthetic traits, to study the effects of the 
different treatments at the canopy level. Second, to investigate the contribution of phenotypic 
trait responses to elevated [CO2] and genotypic trait differences between spring and non-
spring plants to canopy photosynthesis (Table 4.1). For this latter objective, we only 
conducted model calculations for the mono stands. The four parameters that were changed for 
the different scenarios of both modelling executions are the measured values of the extinction 
coefficient (determined from the leaf angle), plant height, plant leaf N content and LAI. Other 
parameter input values were kept the same for all model runs (Table A4.1, Figs A4.2 and 
A4.3).  
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Fig 4.4a shows the outcomes for the first modelling execution: the simulated average total 
canopy photosynthesis rates (with standard error) of the four replications of spring and non-
spring plants in mono- or mixed stands per locality. For the total canopy net photosynthesis 
rate, a similar pattern was found as for LAI and whole plant aboveground dry weight. Canopy 
net photosynthesis rate increased significantly with increasing growth [CO2] lumped for 
locality, origin and stand type (Fig 4.4a). A significant three-way interaction of growth [CO2] 
x origin x stand type was found. There was no significant difference in canopy net 
photosynthesis rate of spring and non-spring plants in mono stands; while in mixed stands 
non-spring plants had a significant higher canopy photosynthetic rate under low [CO2] and 
this held for spring plants at intermediate and elevated growth [CO2] (Fig 4.4a).  
 

 
Fig 4.4 (a) Modelled canopy photosynthesis rate (PnT) of plants grown under low (270 ppm), 
intermediate (450 ppm) or high (750 ppm) [CO2] and originating from either spring areas (Spr) or non-
spring areas (NSpr) and these are either grown in mono stand (mono) or in mixed stand (mix) (n=12). 
Values are mean ± standard error. Different letters indicate significant differences between the 
treatments (P<0.05). Results of the generalized linear model are shown: *** P<0.001, ** P<0.01, * 
P<0.05, + P<0.1. (b) Modelled canopy photosynthesis rate of 1) non-spring plants grown at low 
[CO2], 2) non-spring plants grown at elevated [CO2] which have the traits of those grown at low [CO2] 
(transferred non-spring plants from low to elevated [CO2]), 3) non-spring plants grown at elevated 
[CO2], and 4) spring plants grown at elevated [CO2]. Difference 1 and 2: instantaneous response; 
difference 2 and 3: plastic response; difference 3 and 4: genotypic response (see also Table 4.1). 
Values are mean ± standard error 
 

Fig 4.4b shows the outcomes for the second modelling exercise: the relative 
contribution of the different type of responses to elevated [CO2] on the simulated canopy 
photosynthesis rate. Canopy photosynthesis rate was simulated to increase with 28% by an 
instantaneous response, i.e. plants that were grown in low [CO2] were virtually transferred to 
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elevated [CO2] (Fig 4.4b). Plastic response resulted in an additional 15% increase in 
photosynthesis at elevated [CO2] compared to transferred plants (Fig 4.4b). Conversely the 
simulation showed that non-spring plants had similar canopy photosynthesis rate as spring 
plants at elevated [CO2] indicating that in mono stands the genotypic differences contributed 
little to whole-stand photosynthesis (Fig 4.4b). So, both the direct effect of elevated [CO2] 
and the plastic response to this condition contributed to increased whole-plant photosynthesis, 
but effects of the genotypic response were negligible. 
 
4.4 Discussion 
In our study, we showed that changes in whole-stand photosynthetic rate, specific leaf area 
(SLA) and stomatal conductance of Plantago asiatica to changes in growth [CO2] were 
mainly driven by instantaneous responses and plastic responses within the lifetime of a plant 
and not by genotypic changes, which take place over several generations. We further found 
that plants native to high [CO2] habitats (spring plants) performed better in terms of whole-
stand photosynthesis, biomass and leaf area, than those from ambient [CO2] habitats (non-
spring plants) at elevated [CO2] only when plants of the two [CO2] habitats competed. 
Similarly, plants from ambient [CO2] habitats performed better at preindustrial [CO2] only 
when competing with plants from elevated [CO2] habitats. Our results build upon the work of 
Manea & Leishman (2011) who illustrated the large role of plant competition in determining 
community-level outcomes under elevated [CO2], by showing that the relative success of 
invasion by exotic species was increased under elevated [CO2]. Together, our findings suggest 
that selection under changing [CO2] is strongly mediated by competitive interactions between 
plants, as more competitive plants benefit more from elevated [CO2], and this may have 
important consequences for species distribution and vegetation functioning. 
 
Although we found an increase in whole-plant photosynthetic rate to elevated [CO2] by both 
the direct effect and the plastic response, this increase was small compared to the [CO2] 
increase. Yet, Free-Air CO2 Enrichment (FACE) studies found similar results of responses to 
elevated [CO2] (Ainsworth & Long 2005). An important cause could be the concave form of 
the photosynthesis-CO2 response curve, as photosynthesis tends to saturate at high [CO2] 
(Leakey & Lau 2012). In addition, light levels in growth chambers were around 400 μmol m-

2s-1 which is comparable to the light levels on moderately overcast day at our site, but which 
tends to be below the level that would saturate photosynthesis. So, the RuBP regeneration rate 
was probably limiting the photosynthesis rate resulting in a relatively moderate increase in 
photosynthesis by [CO2] elevation. Additionally, this low photosynthetic response to [CO2] 
elevation is also generally thought to be the result of photosynthetic down-regulation (e.g. 
Von Caemmerer et al. 2001). Poorter (1993) also found, by reviewing a large number of 
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studies, that on average an increase in [CO2] only leads to small increases in growth due 
photosynthetic down-regulation, but this response is highly species dependent.  
 A decrease in SLA with elevated [CO2] was found, and this might cause the induction 
of photosynthetic down-regulation. The decreased SLA was thought to be the result of the 
increase in leaf thickness (data not shown); which is often the result of the accumulation of 
non-structural carbohydrates at elevated [CO2], and this might cause induction of 
photosynthetic down-regulation (Roumet, Laurent & Roy 1999).  

A decrease in stomatal conductance with elevated [CO2] was found, this was mostly 
resulting from instantaneous closure of the stomatal apparatus and to a lesser extent to 
decreased stomatal density across the populations from the different [CO2] habitats (data not 
shown). No clear differences between spring and non-spring plants were observed, suggesting 
that there are no genotypic differences in stomatal response. This finding was contradictory to 
the results of Haworth, Elliott-Kingston & McElwain (2011), who found for the grass species 
Agrostis canina that spring plants had a higher stomatal conductance compared to non-spring 
plants when grown at ambient [CO2], and spring plants reduced their stomatal conductance 
much less compared to non-spring plants when grown at elevated [CO2] which increased the 
difference in stomatal conductance between spring plants and non-spring plants. The lack of  
genotypic differences in the stomatal responses to elevated [CO2] in our study, may be caused 
by the costs of stomatal control (Haworth, Elliott-Kingston & McElwain 2011). There is 
possibly a trade-off between physiological and morphological control of stomatal 
conductance to changes in [CO2] (De Boer et al. 2012; Haworth, Elliott-Kingston & 
McElwain 2013). Species with active control of stomatal apparatus generally show little 
reduction in stomatal density; while species with little or no active control of the stomatal 
apparatus are more likely to reduce their stomatal density (Haworth, Elliott-Kingston & 
McElwain 2013). Furthermore, many species show little or no response in stomatal density to 
[CO2] elevation (Haworth, Elliott-Kingston & McElwain 2013).  
 
Although the spring plants originated from three different localities in Japan (Asahi, Kosaka 
and Yuno-Kawa) with rather different natural CO2 levels (530 – 2000 ppm), there was no 
location effect found for most of the measured traits. This might be due to the nonlinear 
photosynthetic response of plants to CO2 and the concentration at which CO2 is saturating 
(Leakey & Lau 2012). That is, above a certain [CO2], photosynthesis only responds very little 
and thus variation in [CO2] probably no longer exerts a strong influence on plant performance. 
 
Our results confirm our second hypothesis regarding genotypic responses, that spring plants 
performed better under intermediate and elevated [CO2] than non-spring plants only when the 
two competed and not when each was grown alone. The reverse also held, non-spring plants 
performed better under low [CO2] only when they competed with spring plants and not when 
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grown alone. So, our findings clearly suggest that adaptation to changing [CO2] can be 
strongly mediated by plant-plant interactions at least for our species. The study of Bazzaz et 
al. (1995) also supports this, as plants with the highest growth response to elevated [CO2] in 
absence of competition did not have the highest growth response in competitive stands. Game 
theory could help to explain our findings, as it proposes that in vegetation stands where plants 
interact, natural selection would not favour plants with the highest performance (e.g. growth 
or reproduction) per se, but rather those that exhibit competitive advantages over neighbours 
(Anten & During 2011). For example, selection might favour plants with more leaf area or 
that grow taller than would be needed for maximized production (Anten 2002; Falster & 
Westoby 2003). Van Loon et al. (2014) showed that a game theoretical model, which 
assumed that the best competitors will prevail under elevated [CO2], gave better predictions of 
LAI and photosynthesis in elevated [CO2] experiments than models that assume that plants 
with the inherent highest photosynthesis will prevail. Together with the findings reported 
here, this also suggests that competition strongly mediates plant adaptations to elevated [CO2] 
and this may have important consequences for future species distribution and vegetation 
functioning.  

The higher performance of the competing plants in their native [CO2] environment is 
the result of a higher dry weight and leaf area, but not of higher leaf photosynthetic rates per 
unit leaf area. Differences in dry mass allocation might explain the differences in dry weight 
and leaf area while having a similar photosynthetic rate per unit leaf area for the spring and 
non-spring plants in mixture. Several studies (e.g. Polle, McKee & Blaschke 2001; Nakamura 
et al. 2011) show that spring plants allocate more biomass to leaves than to roots, resulting in 
higher growth rates for spring plants (Nakamura et al. 2011). In addition, it has been shown 
that a larger leaf area is an important trait in plants’ competitive ability under elevated [CO2] 
(Ziska, Faulkner & Lydon 2004; Ziska, Reeves & Blank 2005), as competition for light 
becomes more intense (Hikosaka et al. 2003). This could explain why spring plants had a 
competitive advantage when competition would be primarily for light. However, this would 
not explain why in our study non-spring plants were competitively superior under pre-
industrial [CO2]. In addition, as spring and non-spring plants shared pots in the mixed stands, 
belowground interactions could also have contributed to the observed competitive differences. 
The fact that leaf area and biomass were correlated with whole-plant nitrogen suggests that 
differences in nitrogen uptake and thus competition for that resource may have partly driven 
our results. However, as we did not measure roots we cannot confirm these conclusions. So, 
more research is needed to identify the traits that may explain the competitive interactions 
observed in this study.  
 
Due to its ubiquitous nature and importance for plant growth, changes in [CO2] entail a global 
selective force. Although the selection pressure is high, changes in plant performance were 
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mainly determined by plastic responses, with genotypic differences contributing very little. 
However, our results also suggest that genotypic selection under changing [CO2] is 
determined more strongly by differences in competitive ability, than by difference in 
performance per se. This is, because we found that P. asiatica plants originating from 
naturally high [CO2] areas and from ambient [CO2] areas responded the same to variations in 
[CO2] when grown separately, but when grown together they appeared to differ in their 
competitive ability. 
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Appendix – A4.1 Tables 
 
Table A4.1 Model parameters with input value and unit, which are the same for every treatment 
(mono stand or mixed stand, spring or non-spring plant). 

 
  

Parameter Input 
value 

Unit 

Scaling parameter for calculation of stomatal conductance 2 Pa 
The area in which an individual plant has its leaf area 1 m2 
Slope parameter for the stomatal sensitivity function 3.2 MPa-1 
Intercept of the leaf respiration rate – leaf N per unit leaf area 
relation 

0.5238 µmol m-2 s-1 

Residual stomatal conductance per unit ground area 0 µmol d-1 
Activation energy of the maximum electron transport rate (Jmax) 58936 J mol-1 
Activation energy of the Michaelis-Menten constant for 
oxygenation 

59400 J mol-1 

Activation energy of the Michaelis-Menten constant for 
carboxylation 

36000 J mol-1 

Activation energy of the leaf respiration rate 48294 J mol-1 
Activation energy of the maximum carboxylation rate (Vcmax) 75794 J mol-1 
Activation energy of the CO2 compensation point (Γ*) 20970 J mol-1 
Deactivation energy of Jmax 199233 J mol-1 
Deactivation energy of Vcmax 202022 J mol-1 
Petiole conductance 1.1832 kg MPa-1 d-1 
Michaelis-Menten constant for carboxylation at 25°C 40.49 Pa 
Michaelis-Menten constant for oxygenation at 25°C 27840 Pa 
Leaf N concentration not associated with photosynthesis 
(intercept of the Vcmax-Nl and of the Jmax-Nl relation) 

6.0 mmol m-2 

Oxygen pressure in crown 20500 Pa 
Atmospheric pressure 1·105 Pa 
Quantum yield (µmol electrons per photon) 0.25 µmol µmol-1 
Universal gas constant 8.315 J K-1 mol-1 
Relative humidity 70 % 
Temperature 20 °C 
Entropy term of Jmax 647 J mol-1 
Entropy term of Vcmax 657 J mol-1 
Slope of the Vcmax – leaf N per unit leaf area relation 33.026 µmol CO2 mmol N-1 s-1 
Slope of the Jmax – leaf N per unit leaf area relation 61.159 µmol CO2 mmol N-1 s-1 
Slope of the leaf respiration rate – leaf N per unit leaf area 
relation 

0.0015 µmol CO2 mmol N-1 s-1 

Γ* in absence of mitochondrial respiration at 25°C 2.7 Pa 
Curvature factor 0.821 - 
Petiole area density in the crown cylinder 1.5·10-5 m2 m-3 
Leaf scattering coefficient 0.2 - 
Water potential at petiole base 0 MPa 
Crown water potential at which the stomatal sensitivity function 
is half its maximum 

-1.9 MPa 
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Appendix – A4.1 Figures 
 

Fig A4.1 Canopy height (n=12) (a) and leaf angle for the areas Asahi (b), Kosaka (c) and Yuno-Kawa 
(d) (n=4) of plants grown under low (270 ppm), intermediate (450 ppm) or high (750 ppm) [CO2] and 
originating from either spring areas (Spr) or non-spring areas (NSpr) and these are either grown in 
mono stand (mono) or in mixed stand (mix). Values are mean ± standard error. Different letters 
indicate significant differences between the treatments (P<0.05). Results of the generalized linear 
model are shown: *** P<0.001, ** P<0.01, * P<0.05, + P<0.1 
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Fig A4.2 Maximum carboxylation capacity (Vcmax) versus leaf N content per unit leaf area. Black line 
indicates the logarithmic regression line of the leaf N-Vcmax relationship 
 

 
Fig A4.3 Maximum electron transport rate (Jmax) versus leaf N content per unit leaf area. Black line 
indicates the logarithmic regression line of the leaf N-Jmax relationship 
 

 
Fig A4.4 Total leaf area of a plant versus the N content of its leaves. Black line indicates the linear 
regression line of the leaf area-N relationship, R2=0.538 
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Abstract 
Competition between plants for resources is an important selective force. As a result competition 
through natural selection determines vegetation functioning and associated atmospheric interactions. 
However, currently most coupled vegetation-atmosphere models do not consider this. Our aim is to 
investigate how the coupling between vegetation and atmosphere is influenced by plant competition. 
We used a coupled vegetation-atmosphere model and included a new representation of plant 
competition. We compared the model results with diurnal data from Ameriflux Bondville site over a 
growing season, and showed that inclusion of competition improved LAI (Leaf Area Index) and net 
ecosystem exchange of CO2 (NEE) predictions; while if competition was not considered, there were 
strong deviations from observations. Remarkably, competition increased LAI while it reduced whole 
stand photosynthesis, resulting in a less negative NEE. Finally, independent of competition, our model 
results of latent heat flux, surface temperature, specific humidity and atmospheric CO2 are in good 
agreement with observations. Only the sensible heat flux was overestimated, due to the representation 
of the surface energy balance in our model and due to the closure error of the energy balance in the 
data. In a sensitivity study, we found that the importance of plant competition on model outcomes 
increases with more nitrogen and water availability and may differ between soil types. We were thus 
able to illustrate the potential effect of plant competition in a coupled vegetation and atmospheric 
system and showed that it strongly influences this system, and therefore, we propose that competition 
should be considered in more vegetation-atmosphere models. 
 
Key words:  atmosphere-vegetation feedbacks, Leaf Area Index, modelling, optimality principle, 

plant competition 
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5.1 Introduction  
Plants often grow in dense communities (e.g., forests or grasslands) where they share 
resources, such as light, water and nutrients, with neighbour plants and where competition for 
these resources is often an important selective force. As a result, through natural selection, 
vegetation stands have often become dominated by the best competitors, whose traits 
therefore strongly determine vegetation functioning (McNickle & Dybzinski 2013) and 
associated atmospheric interactions. However, even though inclusion of plant competition in 
atmospheric models has frequently been called for (Farrior 2014; Weng et al. 2015; Zhang et 
al. 2015), large atmospheric models usually do not include this (Sitch et al. 2003; Boussetta et 
al. 2013). Models that did include competition either used a Lotka-Volterra competition based 
approach (Zhang et al. 2015) or used a gap model (Moorcroft, Hurtt & Pacala 2001). In case 
of the Lotka-Volterra models, they assess whether competition between species is stronger 
than within species and then determine coexistence or exclusion. Gap models, on the other 
hand, predict the chance that an individual inhabits an empty area which was created by the 
death of others; thus, competition for light among individuals is considered. However, in 
contrast to those models we take an evolutionary game theoretical approach, by considering 
that natural selection favours plants that are the best competitors and not the ones that have 
the highest inherent performance. Plants asses the payoff of a given strategy (trait values) in 
relation to the characteristics of neighbouring plants (Riechert & Hammerstein 1983); the 
performance of one plant therefore depends on the characteristics of its neighbours.  

It was shown for a variety of vegetation types that inclusion of competition between 
plants in a vegetation model using evolutionary game theory resulted in larger predicted leaf 
areas that were closer to observed values than when competition was not considered (Anten 
2002; Lloyd et al. 2010). As leaves tend to have lower albedo than soil, such difference in 
estimates of leaf area may importantly impact estimates of the available radiative energy and 
its partitioning between evapotranspiration and sensible heat flux. Furthermore, inclusion of 
plant competition in a vegetation model also resulted in lower estimated photosynthetic CO2 
uptake and transpiration (Anten 2002; Van Loon et al. 2014) which in turn may impact 
carbon and water cycle projections, respectively. Here our aim is to investigate how the 
coupling between vegetation and the atmosphere is influenced by plant competition at diurnal 
scales during a whole growing season. That is, if plant traits and associated vegetation 
functioning evolved through natural selection on maximization of competitiveness rather than 
on maximization of inherent performance how would these affect vegetation-atmosphere 
interactions. Our hypothesis is that plant competition affects vegetation responses and thereby 
could strengthen or decrease certain feedback loops in the coupling of vegetation and 
atmosphere, resulting in changes in the atmospheric state variables. To study plant 
competition we use soybean (Glycine max). The choice for soybean is because this species is 
widely grown all over the world and might therefore have globally a large effect on 
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atmospheric processes. But we emphasize that we perform a simple and elementary analysis 
meant solely to assess the impact of competition on vegetation and atmospheric processes and 
not to develop a fully predictive climate model.  
 
5.2 Material and Methods 
Our methodology to quantify our hypothesis is based on a coupled vegetation-atmosphere 
model that includes explicitly a new representation of plant competition, which can be defined 
as an evolutionary game theoretical routine that models natural selection through competition. 
Our research strategy is to determine the impact of this new representation on surface and 
atmospheric processes, which include the LAI (Leaf Area Index, i.e., the leaf area per unit soil 
area), latent and sensible heat flux, net ecosystem exchange of CO2, surface temperature, 
specific humidity and atmospheric CO2. The coupled vegetation-atmosphere model we use 
was developed by Vilà-Guerau de Arellano et al. (2015), hereafter called CLASS-model. This 
model is a soil-water-atmosphere-plant model that predicts the energy, water and carbon 
balance on a daily time scale for the atmospheric boundary layer (ABL). This model explicitly 
includes the coupling of surface, heat and the exchange fluxes between the ABL and the 
troposphere. A short description of the CLASS-model is provided in paragraph 5.2.1. The 
vegetation part of the CLASS-model is replaced with the vegetation model of Van Loon et al. 
(2014). This vegetation model represents natural selection for canopy traits thereby relating 
photosynthesis to available nitrogen and has already been validated for soybean (Van Loon et 
al. 2014). A short description of the vegetation model is provided in paragraph 5.2.2, and in 
paragraph 5.2.3 it is explained how this model is coupled to the CLASS-model. We 
developed and explore two versions of this model: 1) CLASSSimOpt: competition between 
plants is omitted, which is called the simple optimization model; and 2) CLASSComOpt: 
competition between plants is taken into account, which is called competitive optimization 
model. Here we will shortly explain the two model versions, in paragraph 5.2.4 we give a 
more elaborate description and explain how these model versions are incorporated in the 
vegetation-atmosphere model. 

In the first model version, CLASSSimOpt it is assumed that plant traits are optimal 
simply when whole stand performance is maximized, meaning that the plants individual 
performance is optimized as long as it is in a monoculture without any invading strategies. 
The theory is based on the ecological concept that natural selection may have produced plants 
with optimal traits that maximize whole stand net photosynthesis independent of competition 
between plants (Dewar et al. 2009). We have chosen to optimize the LAI first because leaf 
area is an important trait driving photosynthesis, growth and competitive ability of plants and 
second, because LAI is a key vegetation parameter in many atmospheric models (Van den 
Hurk, Viterbo & Los 2003) and is generally thought to play an important role in vegetation-
atmosphere feedbacks (Bounoua et al. 2000) due to its influence on the radiation balance and 
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evapotranspiration. The optimal LAI has been defined as the value at which, for a given total 
canopy N and fixed water availability, whole canopy photosynthesis is maximized 
(Schieving, Werger & Hirose 1992; Anten et al. 1995). The second model version, 
CLASSComOpt, uses a game theoretical approach assuming that plants compete for light 
through leaf overlap and that due to this the photosynthetic performance of one plant depends 
on the characteristics of its neighbours (Riechert & Hammerstein 1983). With this method the 
evolutionary stable LAI of a vegetation stand can be determined, which is defined as the LAI 
whereby no individual plant can increase its performance by a unilateral change in its LAI 
(Riechert & Hammerstein 1983). Thus, this method considers that natural selection favours 
plants that have a competitive advantage over their neighbours rather than those with optimal 
trait values for maximum performance.  

Both CLASSSimOpt and CLASSComOpt are validated against seasonal half hourly data 
from soybean collected in the year 1998 at the Ameriflux tower site located in Bondville, 
Illinois (see paragraph 5.2.5 and 5.2.6). By doing so, we compare the ability of the two model 
versions to reproduce the diurnal evolution of the essential components of the soil-vegetation-
atmosphere system for soybean over a whole growing season, and we can determine the 
effects of inclusion of competition on surface and atmospheric processes. Finally, we 
complete the study by performing a sensitivity analysis on leaf nitrogen availability, soil type 
and soil water content in order to study the effect of competition on the coupling between 
surface and atmospheric processes under different environmental conditions, more 
explanation is provided in paragraph 5.2.7.  
 
5.2.1 The soil-water-atmosphere-plant model (CLASS-model) 
Here we briefly describe the CLASS-model, a full description of the CLASS-model can be 
found in Vilà-Guerau de Arellano et al. (2015). To ensure reproducibility, we list all 
parameter values, the variables mentioned in the main text, and of the initial conditions in 
Appendix Tables A5.1, A5.2 and A5.3 respectively. The model is a 0-dimension (in space) 
soil-water-atmosphere-plant system that can be used for studying the evolutions of the daily 
interactions between the main biophysical variables that control the surface, atmospheric 
boundary layer (ABL) and the carbon cycle. The main governing equations of the state 
variables, potential temperature, specific humidity, wind and carbon dioxide are according to 
the mixed layer theory. This theory assumes that these state variables are well mixed within 
the convective boundary layer (CBL) due to the intense convective turbulent motions. The 
interface between the top of the ABL - defined by the boundary layer height, h - and the free 
troposphere is characterized by a gradient (jump) in the state variables. The evolution of the 
ABL depends on the boundary layer growth, which is driven by surface fluxes of heat and 
moisture (buoyancy flux) and the entrainment flux of heat and moisture at the top of the CBL. 
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The general equation describing the diurnal evolution of an atmospheric state thermodynamic 
variable (potential temperature, specific humidity or wind) or atmospheric constituents (CO2) 
ψ  
𝜕𝜕<𝜓𝜓>
𝜕𝜕𝜕𝜕

= 𝑤𝑤′𝜓𝜓′
𝑠𝑠

���������−𝑤𝑤′𝜓𝜓′
𝑒𝑒

���������

ℎ
          (5.1) 

where 𝑤𝑤′𝜓𝜓′
𝑠𝑠

�������� is the surface flux (e.g., sensible heat flux, latent heat flux and net ecosystem 
exchange of CO2), 𝑤𝑤′𝜓𝜓′𝑒𝑒������� the entrainment flux and h the atmospheric boundary layer height, 
and ψ is parameterized as a function of the entrainment velocity (dh/dt) and the jump of the 
variable at the inversion. Note that the boundary layer height modifies the dilution capacity of 
the ABL. Eqn (5.1) thus describes the connection between the surface conditions (represented 
by surface flux) and the atmospheric entrainment fluxes. The result is a variation in time of 
the specific variables in the ABL. 
 
5.2.2 The vegetation model, CLASSOPT 
The vegetation part of the original CLASS-model is replaced by an optimality approach that 
allows to optimize LAI (Leaf Area Index) to maximize daily total canopy net photosynthesis 
rate (either at the individual plant or at vegetation level, see below) under the environmental 
constraints: total canopy leaf N content, incident light, temperature, atmospheric CO2 and 
soil- and atmospheric water content. Here we give a brief summary of the vegetation model 
emphasizing equations that influence the atmospheric part of the model most; a full 
description of the model can be found in Van Loon et al. (2014). 
 
From a whole stand a target plant is defined, whose leaves are within area, A. The ratio of the 
target plant’s leaf area to the total leaf area (β) in the area A describes the degree to which 
canopies of plants are mixed, which in turn determines the degree to which plants influence 
each other’s light climate (Fig 5.1).  
β = LAIi LAIT⁄          (5.2) 
where LAIi is the LAI of the target plant and LAIT the total LAI in area A. A β value of 1 
means that in the area A, there are only leaves of the target plant and there is no mixture with 
leaves of neighbouring plants; therefore, the target plant is only influenced by its own light 
climate. This value of β is used for the simple optimization version of the model 
(CLASSSimOpt). While a β value smaller than 1 means that in the area A, there is a mixture of 
leaves of the target plant with leaves of neighbouring plants, and this degree of mixture 
increases when β becomes smaller, indicating that the shading experienced by the target plant 
is mostly caused by leaves of neighbouring plants. The leaf area of the target plant and of its 
neighbours within the area A are assumed to be uniformly distributed, horizontally and 
vertically. Furthermore, all plants are assumed to be identical, in terms of height, LAI etc., but 
it is only the combined leaf area of the target plant and the neighbouring plants in the area A 
that matters. Thus competition between plants is taken into account in the competitive 
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optimization version of the model (CLASSComOpt). It is important to stress that β is fixed over 
the entire growing season, because the level of canopy mixing is the mean of the competitive 
environment a plant evolved in during natural selection. For example, trees with broad crowns 
would on average experience less overlap and thus have higher β values than herbaceous 
plants, and a similar distinction could be made for plants from sparse vs dense vegetation (see 
Discussion and also Anten & During (2011)). For further elaboration on the β values of the 
two model versions see paragraph 5.2.4. 

 

 
Fig 5.1. A value of β = 1 [Eqn (5.2)], leaves of the target plant in area A (black box) are not mixed 
with leaves of neighbouring plants, is the simple optimization model (CLASSSimOpt) (a). β = 0.5, this is 
the competitive optimization model (CLASSComOpt) (b). In case of the simple optimization model, the 
target plant has an optimal LAI to maximize its photosynthesis (c). The continuous line shows the 
maximal photosynthesis of the target plant over the cumulative LAI (ft). In case of the competitive 
optimization model, the stable LAI is determined. The target plant unilaterally increases its leaf area 
beyond the simple optimal LAI, therefore it captures a larger fraction of the available light at the cost 
of reducing its photosynthetic capacity per unit leaf area, because in the model we assume a constant 
canopy N content (d). The dashed line shows the photosynthesis of the target plant when only the 
target plant increases its LAI, the green area indicates the photosynthesis gain due to this increase in 
leaf area. When this resulted in an increase in the net photosynthesis of the target plant, the LAI of the 
neighbours was also increased (e). The dotted line shows the photosynthesis of the target plant when 
its neighbouring plants also increase their LAI, the red area indicates the photosynthesis loss due to 
this increase in leaf area, note that this red area is larger than the green area indicating that when all 
plants increase their leaf area photosynthesis is reduced. Panels a and b are redrawn from Van Loon et 
al. (2014) 
 
For calculation of light (i.e., photosynthetically active radiation, PAR) partitioning within the 
canopy we follow the approach of (Spitters, Toussaint & Goudriaan 1986) that distinguishes 
between the distribution of direct solar beam and diffuse radiation. The leaf photosynthesis 



 

107 
 

 Plant competition interacts with ABL 

(Farquhar, Von Caemmerer & Berry 1980) is a function of PAR (Spitters, Toussaint & 
Goudriaan 1986), nitrogen (Harley et al. 1992; Anten et al. 1995), temperature (Johnson, 
Eyring & Williams 1942; Farquhar, Von Caemmerer & Berry 1980), CO2 and soil- and 
atmospheric water content Tuzet, Perrier & Leuning (2003). In this model the gross 
photosynthesis rate of a leaf (Pgl) is the minimum of the carboxylation or Rubisco limited 
photosynthesis rate Pcl and the electron transport limited photosynthesis rate Pjl (Farquhar, 
Von Caemmerer & Berry 1980). Net leaf photosynthesis (Pnl) is calculated as the gross 
photosynthesis rate of a leaf per unit ground area (Pgl) minus the leaf respiration rate (Rl). 
Integration of the leaf gross- and net daily photosynthesis rates over the cumulated LAI of the 
canopy and subsequently multiplying the integrands by β yields the canopy net photosynthesis 
rate (PnT) and gross photosynthesis rate (PgT) respectively.  
 We assumed a fixed total amount of leaf N (NT), and because this is fixed results an 
increase in leaf area in a reduced leaf N content. As leaf photosynthetic capacity (i.e., the light 
saturated rate of photosynthesis) is strongly correlated with leaf N content an increase in LAI 
at fixed canopy N will thus entail a reduction in photosynthetic capacity per unit leaf area 
(Evans 1989). It is important though to note that roots are not represented in our model, but 
instead, we simply assume a given total N that plants can allocate to leaves. 
 
We assumed a steady state of inflow of CO2 into the plant and consumption of CO2 by the 
plant. Meaning that the stomatal conductance times the difference in atmospheric and internal 
CO2 is equal to the photosynthesis. The stomatal conductance of the canopy is described as 
(Tuzet, Perrier & Leuning 2003) 
𝐺𝐺sT = 𝐺𝐺s0 + 𝑐𝑐∙𝑃𝑃gT

(𝐶𝐶i−Γ∗)
𝑃𝑃𝑃𝑃�
∙ 𝑔𝑔Ψ        (5.3) 

where Gs0 is the residual stomatal conductance; c is a scaling parameter and gΨ is an empirical 
logistic water stress function to describe the sensitivity of stomata to leaf water potential Ψl, 
Ci the internal CO2, Γ* the CO2 compensation point and Pa the atmospheric pressure (Tuzet, 
Perrier & Leuning 2003). 
 Furthermore, we assumed a steady state of plant transpiration and plant water transport 
through the stem (Sterck & Schieving 2011). Meaning that the whole plant stomatal 
conductance times the vapour pressure difference between leaf and air is equal to the stem 
conductance times the difference between soil water potential and leaf water potential. The 
steady state assumptions of water transport and of CO2 inflow and consumption were solved 
with the given parameters and for the given constraints (total canopy leaf N content, soil- and 
atmospheric water content, incident light, temperature and atmospheric CO2).  
 
5.2.3 Coupling of the CLASS model with the vegetation model 
The ABL is influenced by vegetation in two ways: 1) vegetation determines the surface 
albedo, which influences how the net radiation available is partitioned between latent and 
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sensible heating (LE and SH respectively), and 2) vegetation controls the plant transpiration 
and therefore the moisture flux into the atmosphere. It is important to stress that the ABL 
hereby evolves over the day changing atmospheric moisture and potential temperature thereby 
feeding back on the net ecosystem exchange of CO2 (NEE = ˗ net photosynthesis rate + soil 
respiration rate), evapotranspiration and SH, and thus influencing the atmospheric processes 
[Eqn (5.1)]. Additionally, increase in vegetation coverage, reduces the surface albedo (except 
when the soil is very dark, as we will show), thereby influencing the energy balance, and this 
could increase the SH and in turn increase the temperature in the ABL. Finally, the 
photosynthesis is also calculated in a different way compared to the original CLASS model, 
now it relates to the available nitrogen, and this will thus affect NEE and thereby also 
atmospheric CO2.  
 
To study the vegetation-albedo feedback and in order to simulate seasonal changes in surface 
albedo, we calculated the overall albedo (α) combining the albedo’s of pure soil (αsoil) and 
pure canopy (αcanopy), the LAI and the extinction coefficient (k) (e.g., Oguntunde et al. 2007; 
Zeng & Yoon 2009).  

α = αsoil + �αcanopy − αsoil�e−𝑘𝑘
LAIi
β        (5.4) 

Note that our model explicitly addresses the target plant and its interaction with neighbours, 
calculated as the ratio between the target plants’ LAI (LAIi) and its fraction presence in the 
vegetation (β) [Eqn (5.2)].  
 
The soil vegetation coverage (cveg) is a function of the LAI and the extinction coefficient 
(Sitch et al. 2003).  

𝑐𝑐veg = 1 − e−𝑘𝑘
LAIi
β          (5.5) 

 
5.2.4 The optimization model versions, CLASSSimOpt and CLASSComOpt  
Our goal is to analyse two model versions of vegetation responses: 1) CLASSSimOpt: a simple 
optimization approach that assumes that plant communities respond optimally to atmospheric 
influences such that net photosynthesis of the whole community is maximized, without 
including competition between plants; and 2) CLASSComOpt: a competitive optimization 
approach which assumes that vegetation stands will evolve through natural selection whereby 
the plant type with the highest plant-level photosynthesis prevails. It is thus assumed that 
through natural selection vegetation stands are dominated by the best competitors rather than 
by the ones that have the best inherent performance. Below we briefly describe their 
implementation.  

CLASSSimOpt: the optimization procedure determined the optimal LAI that maximized 
whole stand net photosynthesis (PnT) for the given environmental constraints, and we thus 
assumed that there is no competition between plants [β = 1 Eqn (5.2), Fig 5.1a]. The 
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simulated photosynthesis is depending on the penetration of light within the canopy (Fig 
5.1c). At the top of the canopy (cumulative LAI, ft = 0) photosynthesis is highest while it 
decreases with increased cumulative LAI (ft). In the simulation, leaf area of all plants in the 
vegetation is increased simultaneously until maximum net photosynthesis was reached which 
is then the optimal LAI. Such an optimal LAI exists, as light interception increases with LAI 
but with decreasing marginal returns while at fixed N increasing LAI also entails a reduction 
in leaf N content and thus in leaf photosynthetic capacity (Anten et al. 1995). The underlying 
assumption of simple optimization is that trait acclimation to atmospheric conditions will be 
such that whole stand performance is maximized.  
  CLASSComOpt: with this model the stable LAI of the stand, i.e., the LAI at which no 
individual can increase its performance with a change of its leaf area, is determined. Thus, 
plant competition is taken into account to determine the optimal trait values of individuals. In 
CLASSComOpt, the degree of mixture between target and neighbour plants, β, was set to 0.5 
[Eqn (5.2), Fig 5.1b]; this values was chosen, because it has given satisfactory predictions of 
LAI of herbaceous stands in other studies (Anten 2002; Van Loon et al. 2014). After setting β 
to 0.5 the LAI of the target plant (LAIi) was unilaterally increased by 5%, while the LAI of 
the neighbours was kept constant (Fig 5.1d). By this increase in its leaf area, the target plant 
captures a larger fraction of the available light at the cost of reducing its photosynthetic 
capacity per unit leaf area. When this resulted in an increased net photosynthesis rate of the 
target plant, the LAI of the neighbours was also increased by 5%, and as such LAIT also 
increased by 5% (Fig 5.1e). This process was repeated until a value of LAIT was found at 
which a further change in LAIi did not increase the net photosynthesis rate of the target plant, 
which is the stable LAI for the given environmental constraints. This iteration process thus 
simulates the process of natural selection for evolutionary stable traits. In this calculation a 
lower β value means that a mutant plant has a relatively greater benefit of unilaterally 
increasing its leaf area, because it would get a greater fraction of the light that otherwise came 
available to neighbours; while if β = 1 the plant only shades itself. Thus, with declining β 
there is increased selection to produce larger leaf areas. As each day has different 
environmental constraints (e.g., atmospheric CO2, N availability and soil water content; see 
Table A5.3) we determined the stable LAI for each day separately. Additionally, we set the 
constraint that all leaves must have a daily net photosynthesis above zero (Reich et al. 2009), 
meaning that each of the leaf layers in the model is not allowed to have a negative average 
daily net photosynthesis rate which sets a limit to leaf area production. 
 
5.2.5 Vegetation and soil conditions 
The input values used in defining the total canopy N content are summarized in Appendix 
Table A5.4 and all other input values can be found in Table A5.1. Below a description is 
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given of the estimation of the parameters of the albedo function, the total canopy N content 
and the parameters of the soil respiration.  
 
For the albedo function [Eqn (5.4)] we estimated parameter values of the albedo of pure soil 
(αsoil) and pure canopy (αcanopy), from shortwave incoming and outgoing radiation data of 
soybean of the growing season 2002 of the Ameriflux tower in Bondville. The albedo is the 
average ratio of outgoing to incoming shortwave radiation during daytime, and if plotted 
against LAI we can obtain the parameter values. 

In our case we find that, the albedo is lower without vegetation cover than with 
vegetation cover (Fig 5.2); this is because the soil is a very dark silt loam soil that is typically 
found throughout much of the Midwestern United States. 
 

 
Fig 5.2. Measured LAI of soybean and albedo (average daily outgoing shortwave radiation/incoming 
shortwave radiation) during the growing season of the year 2002 (diamonds) and calculated LAI-
albedo function (continuous line) and the root mean square error (RMSE) and R2 
 
From the data of the Ameriflux tower site there were no data available on total canopy N 
content (Nt). In order to estimate this, we interpolated the data of Dermody, Long & DeLucia 
(2006) (Table A5.4). The N data from Dermody, Long & DeLucia (2006) were used, because 
soybean was grown in a field close by the Ameriflux tower site; therefore, similar 
environmental conditions could be expected. From this data the LAI and Nt are known, while 
for the data of the Ameriflux tower site only the LAI data are available per day of the year. 
We interpolated the LAI-Nt data of Dermody, Long & DeLucia (2006) to determine Nt values 
for every LAI value in their data set. Then we used this relationship to determine the Nt values 
of Ameriflux per day of the year and used these Nt values as input in both CLASSSimOpt and 
CLASSComOpt (Table A5.4).  
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The soil respiration rate (Resp) depends on a water stress function (fw); whereby the soil 
respiration rate decreases with increasing soil water content, as it is assumed that in this case 
diffusive oxygen is limiting. Furthermore, the soil respiration rates depend on temperature 
according to a Q-10 relationship.  

Resp = (1 − 𝑓𝑓w) 𝑅𝑅10 e
� 𝐸𝐸0
283.15 𝑅𝑅��1−

283.15
𝑇𝑇soil

�
      (5.6) 

where R10 is the respiration rate at 10°C, E0 the activation energy, R the universal gas constant 
and Tsoil the soil temperature. 

The parameter value R10 is estimated from data of CO2 fluxes to the atmosphere (net 
ecosystem exchange, NEE). This is estimated from days without vegetation present, so CO2 
flux comes only from soil surface and is thereby only influenced by top soil layer temperature 
and soil moisture.  
 
5.2.6 Data for model comparison 
The model results of both CLASSSimOpt and CLASSComOpt were compared with data of state 
variables and surface fluxes collected every half hour from soybean in the year 1998 at the 
Ameriflux tower site located in Bondville, Illinois (40o latitude, -88o longitude); in order to 
study if we get accurate predictions of the diurnal evolution of the main components, namely, 
LAI, LE, SH, NEE, surface temperature, specific humidity and atmospheric CO2, of the soil-
vegetation-atmosphere system for the soybean plot. These main components have been 
chosen to be adequate metrics to represent both vegetation responses as well as atmospheric 
responses. We selected 10 days during the whole growing season for this comparison. All 
input values per day can be found in Appendix Table A5.1. These 10 days have been chosen 
based upon the following criteria: cloudless days and with enough data available for use of 
input of initial and boundary conditions and for comparison with model results. The focus is 
on cloudless days, because the model assumptions are based on convective turbulent 
conditions [Eqn (5.1)] (Vilà-Guerau de Arellano et al. 2015). To provide some extra insight in 
the model results, we point out the results of three specific days of those ten days (one day in 
the beginning, middle and end of the growing season). To analyse how well the model 
predicts the observed values, we performed a linear regression and calculated the R2, Root 
Mean Square Error (RMSE, standard deviation of the data about the regression line) and the 
average deviation between the observed and predicted values (S%) 
𝑆𝑆% =  100

𝑛𝑛
 ∑ 𝑦𝑦pr−𝑦𝑦obs

𝑦𝑦obs
n
i=1         (5.7) 

where n is the number of observations, ypr the predicted value and yobs the observed value. 
 
5.2.7 Sensitivity analysis 
For the sensitivity analyses we studied in detail one representative day in the growing season, 
namely DOY 213, as on this day the canopy was fully grown. We show the most 
representative outcomes of the model runs: these include the LAI, NEE and the evaporative 
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fraction (EF). The evaporative fraction is the LE divided by LE plus SH and is to quantify the 
partitioning of the surface energy balance.  
 
With the coupled vegetation-atmosphere model we investigated the inclusion of plant 
competition on total canopy N content, because it is an important factor in regulating the total 
canopy photosynthesis rate and LAI and thus can have a large impact on the energy fluxes. 
Additionally, N input is also an anthropogenic forcing, with large spatial and temporal 
differences around the globe. 
 
We also performed a sensitivity analysis on other soil types than silt loam, which was found 
on the location we had chosen, namely, sand and clay. We chose to do this sensitivity 
analysis, because the soil albedo for the silt loam soil is lower (albedo = 0.18) than the albedo 
of full canopy closure (albedo = 0.25, see Material and Methods: Vegetation and soil 
conditions), which is rather unusual as most soils have a higher albedo than the vegetation and 
this might therefore have large influences on the energy fluxes. The input values for the 
different soil types are shown in Table A5.5. 

Next to this we also performed for each soil type a sensitivity analysis on the effect of 
changes in soil moisture index of the top and deeper soil layers. The soil moisture index is the 
water content of the soil (top or deeper soil layer) minus the water content at wilting point 
divided by the water content of at field capacity minus the water content at wilting point (soil 
moisture index, SMI = w2−wwilt

wfc−wwilt
). It reflects the ability of the soil to supply moisture to plants, 

a value of 0 means that there is no supply of water to plants while a value of 1 means that 
there is ample water available. This is simulated, because the water content of the soil in 
combination with the texture of the soil might also affect the energy fluxes. Additionally, the 
original experiment had relatively wet soils; therefore, it is also interesting to analyse how the 
effect of inclusion of competition will be on dryer soils.  
 
5.3 Results and Discussion 
5.3.1 Model validation with observations 
Figs 5.3 and 5.4 show soybean data, from the Ameriflux Bondville tower, during the growing 
season of 1998 in comparison with predictions of the competitive optimization model 
(CLASSComOpt) and the simple optimization model (CLASSSimOpt) for 10 selected days (see 
also Fig A5.1). This is shown to validate model outcomes and to investigate the influence of 
competition on the coupling between the vegetation and the atmosphere diurnal scales during 
a whole season. Fig 5.5 is a conceptual figure showing the effect of accounting for plant 
competition on modelled surface variables, by comparing the results obtained from the 
CLASSSimOpt with CLASSComOpt. 
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Fig 5.3. Soybean data on LAI from the Ameriflux Bondville tower site for the whole growing season 
(filled black squares) compared with the modelled LAI values of the competitive optimization model 
(CLASSComOpt, blue diamonds) and of the simple optimization model (CLASSSimOpt, orange triangles) 
for the 10 selected days (a), and for these 10 days also the predicted albedo (b) and vegetation fraction 
(c) 
 

 
Fig 5.4. For the whole soybean growing season the half hourly predicted latent heat flux (a), sensible 
heat flux (b), net ecosystem exchange (NEE) (c), specific humidity air (d), surface temperature (e) and 
atmospheric CO2 (f) for the competitive optimization model (CLASSComOpt) and the simple 
optimization model (CLASSSimOpt) versus the observed values from Ameriflux 1998 Bondville for 
DOY 170, 175, 185, 192, 197, 202, 210, 213, 223 and 231 and the Root Mean Square Error of both the 
competitive optimization model and the simple optimization model (RMSEComOpt and RMSESimOpt 
respectively). All the results of the linear regression can be found in Table 5.1 and all the results over 
the days can be found in Fig A5.1 
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The inclusion of competition between plants in a coupled vegetation-atmosphere model 
resulted in a better agreement of the calculations of LAI (Leaf Area Index, i.e., the leaf area 
per unit soil area) with the data. CLASSSimOpt strongly underestimated the LAI observations 
for the whole growing season (Fig 5.3a). After DOY 202 the LAI simulated by CLASSSimOpt 
declined, the reason is a decrease in light intensity after this day. In contrast, CLASSComOpt 
predictions are much more in line with the data observations (Fig 5.3a). The LAI increases 
during the beginning of the growing season and stabilizes after DOY 195 closely following 
the observed pattern (Fig 5.3a). The LAI values are 1.5, 3.6 and 4.4 m2 m-2 higher for 
CLASSComOpt compared to CLASSSimOpt on DOY 185, 197 and 213, respectively. Simulated 
albedo and vegetation fraction do also show clear differences between CLASSComOpt and 
CLASSSimOpt (Fig 5.3b,c, respectively). Data on albedo and on vegetation fraction was not 
available. 
 
The higher LAI for CLASSComOpt compared to CLASSSimOpt can be explained according to 
game theoretical principles. Because plants compete for light, a unilateral increase in LAI of a 
given plant above the optimal LAI results in a relatively smaller increase in self-shading for 
that plant while it is able to capture a larger fraction of the available light. As a result, this 
plant can increase its carbon gain by increasing its LAI (Fig 5.1d) even if this reduces 
photosynthesis of the stand as a whole (Anten 2002)(Fig 5.1e). In the model the canopy N 
content remains constant, and production of extra leaf area to shade competitors therefore 
results in reduction of the leaf photosynthetic capacity. Consequently, CLASSComOpt predicts a 
lower total canopy net photosynthesis rate than CLASSSimOpt while having a larger LAI. This 
suggests that natural selection under competition results in evolutionary stable communities 
that have a higher LAI than needed for maximization of whole stand photosynthesis (see also 
Anten 2002; Lloyd et al. 2010). 

Here we show that inclusion of game theory to account for competition between plants 
not only improves simulations at the canopy level but also at the ecosystem level; as the 
modelled net ecosystem exchange rates of CO2 (NEE = ˗ net photosynthesis rate + soil 
respiration rate) by CLASSComOpt are in clear agreement with the observations, while the NEE 
values from CLASSSimOpt are not (Fig 5.4c; Table 5.1). The NEE becomes 35%, 34% and 
28% less negative for DOY 185, 197 and 213, respectively, with inclusion of competition 
between plants (negative entailing CO2 being taken from the atmosphere). A less negative 
NEE is caused by a lower photosynthesis rate (Fig 5.5, arrow 2), as soil respiration only has a 
marginal influence. The soil respiration rate is only slightly reduced (Fig 5.5, arrow 14), 
which is due to lower soil temperature resulting from the higher albedo (Fig 5.5, arrow 10). In 
summary, including competition in a coupled vegetation-atmosphere model increases the LAI 
while it reduces whole stand photosynthesis, thus resulting in a less negative NEE.  
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Fig 5.5. Conceptual diagram connecting the effect of accounting for plant competition on modelled 
surface variables. This effect can either be positive (green arrow with plus sign), negative (red arrow 
with minus sign), or no effect (yellow arrow with zero sign). The size of the arrow gives an indication 
about the size of the effect. Inclusion of plant competition results in a higher leaf area index, LAI (1), 
and a lower photosynthesis rate, PnT (2). The lower photosynthesis rate increases the net ecosystem 
exchange of CO2, NEE (indicates the removal of CO2 from the atmosphere and it is a negative value, 
with a lower photosynthesis it becomes less negative) (3) and as a result the atmospheric CO2 
increases (4). The higher LAI also increases the fraction of vegetation, cveg (5); resulting in a higher 
latent heat flux of the vegetation, LEveg (6) while the soil heat flux, LEsoil, is reduced (7). These 
counterbalance each other and thereby the total latent heat flux, LE, is almost not changed (8) leading 
to also almost no change in specific humidity of the air, q (9). An increase in LAI also increases the 
albedo, α (10); and thereby reducing the total net radiation, Rn (11), sensible heat flux, SH (12) and 
temperature, T (13). The lower temperature reduces the soil respiration rate, Resp (14), but it only 
slightly reduces the NEE (15) 
 
Although CLASSComOpt predicted a higher LAI than CLASSSimOpt, it resulted in an almost 
similar latent heat flux (LE) (Fig 5.4a; Fig 5.5, arrow 8), though RMSE and S% (average 
deviation between estimated values and observed values) of CLASSComOpt are slightly lower 
than of CLASSSimOpt (Table 5.1). This is predicted, because of a high LAI, and thus, a high 
leaf coverage (the fraction of soil covered by vegetation is during most of the growing season 
above 0.9 for CLASSComOpt, see Figs 5.3c and 5.5, arrow 5) results in a high LE of the 
vegetation (Fig 5.5, arrow 6) but reduces soil LE (Fig 5.5, arrow 7), while it is the other way 
around for a low LAI. As a result, both the simple and the competitive optimization models 
estimate LE reasonably well compared to the observations (Fig 5.4a, Table 5.1). Thus, 
especially during the beginning of the growing season, when there is no full canopy closure, 
the LE is fully determined by the soil LE and at the end of the growing season by the LE of 
the vegetation (Figs 5.3c, A5.2). However, at the end of the growing season both model 
versions underestimate the maximum daily LE values obtained during noon (Fig A5.1b). On 
DOY 185, 197 and 213, the observed daily maximum LE values were 384, 410 and 525 W m-

2, respectively. Model predictions of daily maximum LE values for these days were 336, 294 
and 275 W m-2 for CLASSComOpt and 369, 271 and 297 W m-2 for CLASSSimOpt, respectively. 
To conclude, while the LAI was thought to have a large impact on the water cycle (Eltahir & 
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Bras 1996), here we show that on the particular soil type in our experiment changes in LAI 
have almost no effect on the total LE and thereby also not on the atmospheric moisture 
content; in contrast, the soil LE has a large impact on the total LE.  
 
Table 5.1 Results of the linear regression (slope, intercept, RMSE, R2) with the competitive 
optimization model (CLASSComOpt) and the simple optimization model (CLASSSimOpt) as a dependent 
variable and the observed values of Ameriflux 1998 Bondville for several days over the growing 
season (DOY 170, 175, 185, 192, 197, 202, 210, 213, 223 and 231) during daytime as the independent 
variables, and the average deviation between estimated values and observed values (S%).  

 
 
During the beginning of the season very high values of sensible heat flux (SH) were found 
(Fig A5.1c), as during this period there was little canopy coverage indicating that most of the 
SH was emitted by the soil (Bernacchi et al. 2007). Sensible heat fluxes were overestimated 
by both model versions with a factor of around 1.5 (Fig 5.4b). There could be several reasons 
for this. First, it could be that the representation of the surface energy balance in our model 
does not include all processes involved, such as heat storage within the canopy and horizontal 
advection of heat (Wilson et al. 2002). Second, the model underestimates the LE during the 
end of the growing season with around 5% (Fig A5.1b) leading to more energy available for 
SH and for the ground heat flux. The discrepancy between modelled and measured values 
could, however, also be related to uncertainty in observations as inaccuracies of 10-30% in 

 
Model Slope (S.E.) Intercept (S.E.) RMSE R2 S% 

Atmospheric CO2 (ppm) CLASSComOpt 0.923 (0.023) 26.720 (8.972) 8.95 0.87 1.7 
 CLASSSimOpt 0.935 (0.024) 19.667 (9.267) 9.25 0.86 4.5 
Ground heat flux (W m-2) CLASSComOpt 0.467 (0.029) 21.181 (1.297) 14.39 0.52 158.8 
 CLASSSimOpt 0.484 (0.030) 23.682 (1.346) 14.93 0.52 171.1 
LAI (-) CLASSComOpt 0.961 (0.103) -0.182 (0.507) 0.64 0.92 18.9 
 CLASSSimOpt 0.296 (0.076) -0.027 (0.374) 0.47 0.65 72.8 
Latent heat flux (W m-2) CLASSComOpt 0.575 (0.028) 76.444 (7.753) 52.92 0.64 27.4 
 CLASSSimOpt 0.545 (0.036) 73.120 (10.022) 68.40 0.49 32.0 
Net ecosystem CO2 
exchange (mg m-2 s-1) CLASSComOpt 0.724 (0.045) -0.296 (0.024) 0.25 0.52 225.4 
 CLASSSimOpt 0.986 (0.059) -0.427 (0.032) 0.33 0.54 326.6 
Net radiation (W m-2) CLASSComOpt 1.010 (0.015) 27.501 (6.194) 42.60 0.95 16.1 
 CLASSSimOpt 1.038 (0.017) 29.566 (6.731) 46.29 0.94 19.4 
Sensible heat flux (W m-2) CLASSComOpt 1.447 (0.082) 56.170 (6.272) 65.93 0.56 339.9 
 CLASSSimOpt 1.604 (0.086) 67.235 (6.569) 69.05 0.59 375.9 
Specific humidity  
(kg kg-1) CLASSComOpt 0.906 (0.023) 0.001 (0.000) 1.01E-03 0.87 6.0 
 CLASSSimOpt 0.907 (0.023) 0.001 (0.000) 1.03E-03 0.87 6.2 
Temperature air (°C) CLASSComOpt 1.066 (0.034) -1.250 (0.910) 1.75 0.80 5.0 
 CLASSSimOpt 1.085 (0.035) -1.591 (0.934) 1.80 0.80 5.3 
Temperature surface (°C) CLASSComOpt 1.102 (0.029) -0.492 (0.824) 1.77 0.85 8.8 
 CLASSSimOpt 1.165 (0.031) -1.630 (0.860) 1.85 0.86 10.6 
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measurements are common (e.g., Wilson et al. 2002; Brotzge & Crawford 2003). This is 
further corroborated by the unbalance in the surface energy budget, as there is a gap in energy 
balance of the data between the net observed radiation and the sum of the surface heat fluxes 
(latent, sensible and ground heat flux); we found that the observed radiation is on average 25 
W m-2 higher (16 W m-2 - 30 W m-2, 95% confidence interval) compared to the observed sum 
of the surface heat fluxes (Fig A5.3). However, these measurement inaccuracies could at best 
explain about 60% of the difference between the model and observations.  

 
Finally, both model versions (CLASSComOpt and CLASSSimOpt) calculate surface temperature, 
specific humidity and atmospheric CO2 reasonably well (Table 5.1, Fig 5.4d-f), where RMSE 
and S% of CLASSComOpt are always slightly better compared to CLASSSimOpt (Table 5.1). To 
conclude, for this location it was shown that inclusion of competition between plants 
(CLASSComOpt) greatly improves predictions of a number of key characteristics in the 
vegetation atmosphere system, especially LAI and NEE (Figs 5.3 and 5.4, Table 5.1). 
However, it is important to note that the value given to the degree to which plants are mixed 
and thus influence each other’s light climate [β value, Eqn (5.2)] has a strong influence on 
predicted vegetation responses (Van Loon et al. 2014). Here we chose a β value of 0.5 as it 
was shown that it was a good value for the prediction of vegetation processes for soybean 
(Van Loon et al. 2014) as well as other herbaceous stands (Anten 2002). But the degree of 
interaction between plants strongly depends on the type of plant. Trees for example have 
relatively broader canopies and thus higher β than herbaceous plants (Anten & During 2011). 
This could entail that the coupling between vegetation and the atmosphere would be less 
affected by plant competition for forests than for herbaceous stands. More research is needed 
to assess how competition may affect vegetation-atmosphere coupling in different vegetation 
types.  
 
5.3.2 Sensitivity analysis: total canopy N content 
Here we show that the canopy N content (Nt) has a large impact on the LAI (Fig 5.6a), which 
is consistent with general findings (e.g., Reich 2012; Dewar et al. 2012). As LAI affects the 
surface albedo [Eqn (5.4)] and the canopy stomatal conductance (via affecting the 
photosynthesis rate, Eqn (5.3)] and thus the available radiative energy and the partitioning 
between the latent and the sensible heat flux, Nt indirectly influences the evaporative fraction 
(EF = LE / (LE + SH)) (Fig 5.6b). Canopy N content also had a large effect on the NEE (Fig 
5.6c) due to its positive effect on photosynthesis and stomatal conductance; i.e., more 
nitrogen entails higher photosynthetic enzyme contents and associated photosynthetic activity 
in the canopy (Ollinger et al. 2008). 



 

118 
 

 Chapter 5 

 
Fig 5.6. The LAI (a), evaporative fraction (LE / (SH + LE)) (b), and the fluxes of carbon represented 
by the contribution of CO2 assimilation by photosynthesis (dashed lines), soil respiration (dotted lines) 
and net ecosystem exchange (continuous lines) (c) for different total canopy leaf N contents (Nt) for 
DOY 213 of the competitive optimization model (blue line; CLASSComOpt) and of the simple 
optimization model (orange line; CLASSSimOpt). The blue diamond and the orange triangle in the 
panels indicate respectively for CLASSComOpt and for CLASSSimOpt the original result corresponding to 
DOY 213 
 

The effects of including plant competition on vegetation and atmospheric variables 
also depended strongly on Nt. The difference in LAI simulated by CLASSComOpt and 
CLASSSimOpt increases with Nt (Fig 5.6a), because with more N availability, light becomes 
more limiting and there is a greater selective advantage of large leaf areas if light competition 
is considered (Fig 5.6a). This trend is consistent with the general consensus that light 
competition is weaker in habitats limited by nutrients as it limits growth (Grime 1973).  

We also found that the net canopy photosynthesis (not shown) is increased by more N 
availability and that this increase is larger for CLASSSimOpt than for CLASSComOpt. This 
reflects the competitive effect where selective advantage of overinvesting in leaf area to 
compete with neighbours increases with Nt. Furthermore, an increase in Nt leads also to a 
decrease in soil respiration. This is because on our soil type LAI increases entail increases in 
surface albedo and thus a slightly lower soil temperature. We do note, however, that this 
simulation does not consider potential direct effects of N availability in the soil on microbial 
activity and thus soil respiration. CLASSComOpt simulated a higher LAI than CLASSSimOpt, 
resulting therefore in a lower soil respiration for CLASSComOpt. As a result of the increased net 
photosynthesis and decreased soil respiration when Nt increases, the NEE will become lower 
(Fig 5.6c), i.e., more CO2 is extracted from the atmosphere. The photosynthesis increases 
more for CLASSSimOpt compared to CLASSComOpt while having similar soil respiration rates, 
resulting in a more negative NEE for CLASSSimOpt (Fig 5.6c).  

CLASSComOpt simulated a higher EF than CLASSSimOpt at low Nt, but the values 
converged as Nt increased (Fig 5.6b). The higher LAI of CLASSComOpt resulted in a larger 
surface albedo and thereby a lower SH and thus a higher EF at low Nt. With higher values of 
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Nt the predicted EF of CLASSComOpt and CLASSSimOpt converge, because of similar SH and 
LE values. The converging SH values between the two model versions are explained by the 
fact that the albedo is a saturating function of LAI [Eqn (5.4)], and thus, at high Nt and 
associated LAI values, differences in LAI predicted by the two model versions do not impact 
the albedo very much. LE values are similar, because although CLASSSimOpt has a lower 
vegetation coverage and therefore a lower LE of the vegetation, this is compensated by the 
higher LE of the soil (Fig 5.6b). Thus, the inclusion of plant competition has a larger impact 
on the predicted LAI and NEE when N availability is high, while it has the largest impact on 
the EF for medium values of N. These interactive effects of competition and N availability on 
model outcomes are important as an increase in N deposition rates is forecasted (Galloway et 
al. 2004; IPCC 2014). 
 
5.3.3 Sensitivity analysis: soil moisture index and soil types 
Here we show that the effect of inclusion of plant competition on model outcomes strongly 
depends on the soil water content of both the top and the deeper soil layer. We conducted a 
sensitivity analysis on the soil moisture index of both the deeper and top soil layer (SMI; 0 
means water level is at wilting point thus (almost) no water available, 1 means water level is 
at field capacity thus ample water available) and on the soil type. The original soil type is silt 
loam with a relatively high soil moisture content of both the top and deeper soil layer (SMI 
close to 1). Note that the water content of the deeper soil layer is constant over the day and 
that it determines plant water uptake and the drainage from top to the deeper soil layer. The 
effect of the SMI of the deeper soil layer is pointed out in Eqn (5.3), the stomatal conductance 
function, via a logistic water stress function. The water content of the top soil layer (first 2 
cm) influences the soil evaporation.  
 
Soil moisture index 
The general pattern of the effects of increasing the SMI on the LAI, EF and NEE was similar 
across the three soil types (Fig 5.7). First, we will explain these general patterns and followed 
by a discussion of the sensitivity on the differences between the soil types. Very low values of 
SMI of the deeper soil layer strongly limit plant water uptake and thus stomatal conductance 
and thereby photosynthesis is strongly reduced, and NEE even becomes positive (Fig 
5.7g,h,i). Therefore, the LAI is, for both CLASSComOpt and CLASSSimOpt, decreased (Fig 
5.7a,b,c), and transpiration rate is also strongly reduced. When the SMI of the deeper soil 
layer is increased, both models predict an increase in LAI (Fig 5.7a,b,c). But this increase is 
stronger for CLASSComOpt than for CLASSSimOpt, because as water availability increases, 
plants can increase their LAI and thus competition for light also increases. This is in 
agreement with the general notion that light competition is less important in habitats with soil 
water deficit, because plant growth is then limited by water stress rather than by light (Grime 
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1977). This larger LAI for CLASSComOpt than the optimal LAI simulated with CLASSSimOpt 
results in a lower photosynthesis, leading to less negative values of NEE (Fig 5.7g,h,i). The 
higher LAI for CLASSComOpt also results in a higher vegetation fraction, and thus in a higher 
EF (Fig 5.7d,e,f).  
 

 
Fig 5.7. On a silt loam (left panels: a,d,g), sandy (middle panels: b,e,h) and on clay soil (right panels: 
c,f,i) the LAI (a-c), evaporative fraction (LE/(SH+LE)) (d-f) and the net ecosystem exchange (NEE) 
(g-i) for different soil moisture index (SMI) of the top soil layer (wctop) and of the deeper soil layer 
(wcdeep) for DOY 213 of the simple optimization model (CLASSSimOpt, orange surface) and the 
competitive optimization model (CLASSComOpt, blue surface). The blue diamond and the orange 
triangle on the panels for silt loam soil (a, d, g) indicates respectively for the competitive optimization 
model and for the simple optimization model the original result of DOY 213, note that for the 
evaporative fraction these points are very close (d) 
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Difference between the soil types 
On a silt loam soil at low SMI of the deeper soil layer, both CLASSSimOpt and CLASSComOpt 
predict a decrease in EF when the SMI of the top soil layer was reduced (Fig 5.7d). Due to the 
low LAI (Fig 5.7a) and thus the low vegetation coverage, the total LE is almost completely 
determined by the LE of the soil. A reduction in SMI of the top soil layer leads thus to a 
reduction of the soil LE and thereby also in total LE and EF (Fig 5.7d). This results in a 
reduction of the specific humidity of the air and thus an increase in the vapour pressure 
difference between leaf and air (Ds). This increased Ds caused a reduction in the leaf water 
potential, as a high Ds corresponds in general to plant water stress (Drewry et al. 2010) and 
thereby also a reduction of the stomatal conductance, which is in line with literature (e.g., 
Oren et al. 1999; Dekker, Bouten & Bosveld 2001). For plants, a high Ds in general 
corresponds to plant water stress, because stomatal closure usually occurs when atmospheric 
demands for water vapour increases due to rapid depletion of soil water content around the 
roots when atmospheric demand is high and thereby the soil is not able to supply the water 
(Denmead & Shaw 1962). In our model results, this reduced stomatal conductance under low 
SMI of the top soil layer resulted in a decrease in photosynthesis. Additionally, the soil 
respiration rate also increased because of the lower SMI (diffusive oxygen is not limiting) and 
thus resulting in a less negative NEE (Fig 5.7g), though we do note that we did not consider 
potential negative effects of soil drying on microbial activity and respiration which could 
somewhat mitigate the reduction in NEE.  
 On a sandy soil, the increase in EF with SMI of the top soil layer was much smaller 
compared to the other two soil types (Fig 5.7d,e,f). This is because on sandy soils, increasing 
the SMI of the top soil layer leads only to minor increase in soil LE, as the water content of 
the top soil layer is still quite low compared to other soil types. Although the albedo of a 
sandy soil is higher compared to a silt loam and clay soil and therefore a lower SH was found, 
the EF was still lower due to the low total LE resulting from the low soil LE (Fig 5.7e). 
 On the clay soil there was a much stronger effect of reducing the SMI on LAI, EF and 
NEE compared to the other soil types. This is because at low SMI the matric potential of a 
clay soil drops more rapidly compared to a sandy and silt loam soil [Fig A5.4, Eqn (A5.1), 
Table A5.5; Tuzet, Perrier & Leuning (2003)]. The ensuing greater water retention of clay 
soils entails that a reduction in SMI causes a stronger reduction in water availability to the 
plant and thus a greater stomatal closure (Tuzet, Perrier & Leuning 2003). Therefore LAI and 
EF increase less rapidly and NEE decreases less rapidly with an increase in SMI of the deeper 
soil layer (Fig 5.7c,f,i). 
 
To summarize, independent of the type of soil the largest effect of including competition 
between plants on the EF and the NEE can be obtained on well-watered soils, top and deeper 
soil layer, and this also holds for changes in atmospheric state variables. However, there are 
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still some interesting and significant differences in atmospheric state variables between the 
soil types. The difference in LAI between CLASSSimOpt and CLASSComOpt on a well-watered 
silt loam and clay soils caused on both soil types an increase in albedo of 12% and thereby led 
to a decrease in air temperature of 0.7°C. In comparison, Bounoua et al. (2000) showed with a 
coupled vegetation-atmosphere model that 3% increase in albedo, when the LAI increased, 
reduces the annual air temperature with 0.8°C. In contrast on a well-watered sandy soil 
increase up to 0.2°C. Here we also show that the effects of including competition for well-
watered conditions were fairly similar across soil types, i.e. atmospheric CO2 increased with 
3, 2 and 2 ppm and specific humidity increased with 3.5E-4, 3.5E-4, and 3.9E-4 kg kg-1, 
respectively, for silt loam, clay and sandy soil. Thus, independent of the type of soil, inclusion 
of plant competition led to an increase of the atmospheric CO2.  

Though it is important to note that the degree to which plants are mixed, the parameter 
β, was held constant during both the sensitivity analysis on the total canopy N content as well 
as on the soil water content. However, under natural conditions high water or N availability 
likely allows for denser stands and thus lower β values (β = 1 indicates that leaves of plants 
are not overlapping, and decreasing values of β indicates that the degree of overlap increases). 
Selection for competitive traits in such habitats may thus be stronger than what we assumed 
suggesting that the increased competition effect could also be larger than what we predicted.  
 
5.4 Conclusions and Outlook 
Here we show that the inclusion of plant competition for light through canopy overlap in a 
coupled vegetation-atmosphere model led to an improvement of the daily predictions of both 
a number of atmospheric state variables and vegetation responses throughout the whole 
growing season. Remarkably, including competition, thus considering that natural selection 
favoured plants with the highest competitive ability, results in an increase in LAI while this 
causes a reduction in whole stand photosynthesis (i.e., due to the assumed fixed total canopy 
N results an increase in leaf area in a reduced photosynthetic capacity), a less negative NEE 
and increased atmospheric CO2 (+3 ppm). In addition, the increased LAI also caused a higher 
albedo for this site resulting in a slightly lower air temperature (-0.8°C). Our findings also 
indicate that the impact of competition on the coupling between vegetation and the 
atmosphere is sensitive to the available nitrogen content and the soil water content and to a 
lesser extent to the soil type. Regardless of the type of soil, we show that the largest effects of 
including plant competition on both vegetation as well as atmospheric processes can be 
obtained on well-watered soils with ample nitrogen available.  

Our results thus indicate that plant competition may strongly influence vegetation and 
atmospheric processes, and we therefore strongly recommend including it in more coupled 
vegetation-atmosphere models. However, it should be emphasized that we performed a simple 
and elementary comparison meant solely to understand the impact of plant competition on the 
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coupling between vegetation and the atmosphere, by using a relatively simple parameter to 
describe plant competition. Several aspects could be considered in future studies. First as 
already noted, other plant types have a different degree of interaction, and therefore, the 
influence on the coupling between the vegetation and atmosphere could be altered. Second, 
our model does not consider root competition, while recent studies (e.g., Farrior et al. 2013; 
Farrior et al. 2015) showed that water limited conditions may result in overinvestment in fine 
roots drawing resources away from leaf area production. 
 
5.5 Acknowledgements 
All of the meteorological and flux data used in this study are freely available at 
http://cdiac.ornl.gov/ftp/ameriflux/data/Level1/Sites_ByName/Bondville/. 
This work was financially supported by a Focus & Mass grant from Utrecht University 
awarded to N.P.R.A., M.R. and S.C.D.. 
  

http://cdiac.ornl.gov/ftp/ameriflux/data/Level1/Sites_ByName/Bondville/


 

124 
 

 Chapter 5 

Appendix 
To ensure reproducibility of our model simulations, we list all parameter values, the variables 
mentioned in the main text, and the initial conditions in Tables A5.1 to A5.5. Fig A5.1 shows 
the model outcomes and observed values of both vegetation and atmospheric responses 
throughout the whole growing season. Fig A5.2 shows the model outcomes of soil and 
vegetation latent heat flux throughout the whole growing season. Fig A5.3 shows the 
imbalance of the surface energy budget of the data. Fig A5.4 shows the effect of changes in 
soil moisture index of the deeper soil layer on the water potential of the soil, this relationship 
is according to Eqn (A5.1) and input values of Table A5.5 are used. 
 
Equation A5.1 
The base water potential (Ψb) as a function of the water content of the deeper soil layer (W2) 

ψb = wpair �
wsat
w2

�
b
         (A5.1) 

where wpair is the air entry water potential of the soil; Wsat the saturated volumetric water 
content; and b the Clapp and Hornberger retention curve parameter b 
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Fig A5.1 For the selected days within the growing season the half hourly observations from Ameriflux 
1998 Bondville (black squares) versus predictions of the competitive optimization model (blue lines) 
and the simple optimization model (orange lines) for the net radiation (a), latent heat flux (b), sensible 
heat flux (c), ground heat flux (d), net ecosystem exchange (e), atmospheric CO2 (f), surface 
temperature (g), air temperature (h) and specific humidity (i)  
 

 
Fig A5.2 For the selected days within the growing season the predicted soil (dotted lines) and 
vegetation (dashed lines) latent heat flux by the competitive optimization model (blue lines) and the 
simple optimization model (orange lines) 
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Fig A5.3 Sum of the observed sensible and latent heat flux (SH and LE respectively) versus the 
observed net radiation minus the ground heat flux (Rn and G respectively) (open squares) for DOY 
170, 175, 185, 192, 197, 202, 210, 213, 223 and 231 from Ameriflux 1998 Bondville and the 
regression (dashed line) and one-to-one line (continuous line) 
 

 
Fig A5.4 For silt loam, sand and clay soil type the relation between the soil moisture index (soil water 
content minus water content wilting point divided by water content field capacity minus water content 
field capacity) of the deeper soil layer with the soil water potential, as calculated with equation A5.1 
and with the parameter values from Table A5.5 
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 Table A5.1 List of symbols for the model parameters mentioned in the main text, with their unit, 
description of the parameter, input value and the source of the input value. The parameters are divided 
in three different categories: vegetation, soil, and other parameters. Within each category are the 
parameters given in alphabetic order. 

 

Vegetation 
Symbol Unit Explanation Input value Source 
A m2 The area in which an individual plant has its 

leaf area 
1  

aΨ MPa-1 Slope parameter for the stomatal sensitivity 
function 

3.2 11 

a Pa Scaling parameter for calculation of stomatal 
conductance 

2 11 

crl µmol m-2 s-1 Intercept of the Rl Nl relation 0.388 1 
Gs0 µmol d-1 Residual stomatal conductance per unit 

ground area 
0 10 

Ha (of 
Jmax) 

J mol-1 Activation energy of Jmax 58936 4 

Ha (of 
Kcmm) 

J mol-1 Activation energy of Kcmm 59400 4 

Ha (of 
Komm) 

J mol-1 Activation energy of Komm 36000 4 

Ha (of Rl) J mol-1 Activation energy of Rl 24147 4 
Ha (of 
Vcmax) 

J mol-1 Activation energy of Vcmax 75794 4 

Ha (of Γ*) J mol-1 Activation energy of Γ* 20970 4 
Hd (of 
Jmax) 

J mol-1 Deactivation energy of Jmax 199233 4 

Hd (of 
Vcmax) 

J mol-1 Deactivation energy of Vcmax 202022 4 

K kg MPa-1 d-1 Stem conductance 1.1832 8 
Kcmm(25˚C
) 

Pa Michaelis-Menten constant for carboxylation 
at 25˚C 

40.2 4 

Kdf - Extinction coefficient for diffuse PFD 0.747 1 
Kn - Coefficient of leaf N allocation in a canopy  0.298 1 
Komm(25˚
C) 

Pa Michaelis-Menten constant for oxygenation at 
25˚C 

56090 4 

Nb mmol m-2 Leaf N concentration not associated with 
photosynthesis 

29 1 

O Pa Oxygen pressure in crown 20500  
q µmol µmol-1 Quantum yield (µmol electrons per photon) 0.25  
ΔS (of 
Jmax) 

J mol-1 Entropy term of Jmax 647 4 

ΔS (of 
Vcmax) 

J mol-1 Entropy term of Vcmax 657 4 

Wl m Equivalent water layer depth for wet 
vegetation 

1.4e-4 12 

Wmax m Thickness of water layer on wet vegetation 2e-4 12 
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Vegetation – continued  
Symbol Unit Explanation Input value Source 
xc µmol CO2 

mmol N-1 s-1 
Slope of the Vcmax Nl-Nb relation 0.74 2 

xj µmol CO2 
mmol N-1 s-1 

Slope of the Jmax Nl-Nb relation 1.03 2 

xr µmol CO2 
mmol N-1 s-1 

Slope of the Rl Nl relation 9.9e-3 1 

αcanopy - Albedo of full grown canopy 0.25 12 
β - Degree of light interaction 0.5 3 
γl o Leaf inclination angle 26  
Γ*(25˚C) Pa CO2 compensation point in absence of 

mitochondrial respiration at 25˚C 
5.1 4 

θ - Curvature factor 0.9 6 
λs m2 m-3 Stem area density in the crown cylinder 1.5e-5  
Σ - Leaf scattering coefficient 0.2  
Ψref MPa Crown water potential at which the stomatal 

sensitivity function is half its maximum 
-1.9 11 

Soil 
Symbol Unit Explanation Input value Source 
a - Clapp and Hornberger retention curve 

parameter b, silt loam soil 
0.291 9 

b - Clapp and Hornberger retention curve 
parameter b, silt loam soil 

5.3 5 

CGsat K m-2 J-1 Saturated soil conductivity for heat 3.6e-6 12 
cp J kg-1 K-1 Specific heat of dry air  1005 12 
d1 m Thickness top soil layer 0.02   12 
E0 kJ kmol-1 Activation energy of soil respiration 53.3e3  12 
p - Clapp and Hornberger retention curve 

parameter c 
12 12 

R10 mg CO2 m-2 s-

1 
Soil respiration at 10°C 0.035  

rssoilmin s m-1 Minimum resistance soil evaporation  50 12 

wfc - 
Volumetric water content field capacity, silt 
loam soil 

0.36 7 

wpair MPa Air entry water potential of the soil -1.58e-3 11 
ws m s-1 Large scale vertical velocity  0 12 
wsat - Saturated volumetric water content, silt loam 

soil 
0.48 5 

wwilt - Volumetric water content wilting point, silt 
loam soil 

0.11 7 

αsoil - Albedo of pure soil 0.18  
Other parameters 
Symbol Unit Explanation Input value Source 
cp J kg-1 K-1 Specific heat of dry air  1005 12 
fc m s-1 Coriolis parameter  1e-4 12 
k - Von Karman constant  0.4  
Lat ° Latitude 40.01  
Lon ° Longitude -88.29  
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Literature sources: 
1) Anten et al. (1995)             
2) Anten, Schieving & Werger (1995) 
3) Anten, Werger & Medina (1998) 
4) Cai & Dang (2002) 
5) Clapp & Hornberger (1978) 
6) Dermody, Long & DeLucia (2006) 
7) Lambers, Chapin III & Pons (2008) 
8) Maherali, Pockman & Jackson (2004) 
9) Shao & Irannejad (1999) 
10) Sterck & Schieving (2011) 
11) Tuzet, Perrier & Leuning (2003) 
12) Vilà-Guerau de Arellano et al. (2015)   

Other parameters – continued  
Symbol Unit Explanation Input value Source 
Lv J kg-1 Heat of vaporization 2.45e6 12 
O Pa Oxygen pressure in crown 20500  
Pa Pa Atmospheric pressure 1e5  
R J K-1 mol-1 Universal gas constant 8.315  
Rd J kg-1 K-1 Gas constant for dry air  287  
Rv J kg-1 K-1 Gas constant for moist air  461.5 12 
S0 W m-2 Solar constant at the top of the atmosphere 1368  

ws m s-1 Large scale vertical velocity  0 12 
z0h m Roughness length for scalars 0.01 12 
z0m m Roughness length for momentum 0.05 12 
λ - thermal diffusivity skin layer 5.9  
ρ kg m-3 Density of air  1.2  
σsb - Bolzman constant 5.67e-8  
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Table A5.2 List of symbols for the model variables mentioned in the main text, with their unit, 
description of the variable and their equation number as mentioned in the main text. The variables are 
given in alphabetic order. 

 

Symbol Unit Explanation Equation 
Ci Pa Internal CO2  
cveg - Vegetation fraction (5.5) 
LAIi - Leaf area index of the target plant  
GsT µmol d-1 Stomatal conductance of the plant to CO2 (5.3) 
gΨ - Describes stomatal sensitivity to water pressure at the focal 

point in the crown (-) 
 

H W m-2 Sensible heat flux  
LAIi - Leaf area index of the individual  
LAIT - Total leaf area index per unit of ground area of a stand  
LE W m-2 Total latent heat flux  
NEE mg m-2 s-1 Net ecosystem CO2 exchange  
Pcl µmol m-2 d-1 Rubisco limited photosynthesis rate per unit ground area  
Pjl µmol m-2 d-1 Electron transport limited photosynthesis rate per unit ground 

area 
 

Pgl µmol m-2 d-1 Leaf gross photosynthesis rate per unit ground area  
PgT µmol d-1 Whole plant gross photosynthesis rate  
Pnl µmol m-2 d-1 Leaf net photosynthesis rate per unit ground area  
PnT µmol d-1 Whole plant net photosynthesis rate  
Resp mg m-2 s-1 Soil respiration rate (5.7) 
Rl µmol m-2 d-1 Leaf respiration rate  
α - Albedo (5.4) 
β - The ratio of the leaf area index of an individual to the total 

leaf area 
(5.2) 
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Table A5.3 Initial conditions that are the same at the start of every day in the season and that differ 
per simulated day within the season (DOY). 

 

Explanation Unit  All days    
Initial ABL height M  175    
Initial mixed-layer wind speed, 
horizontal component u-direction   

m s-1  5 
   

Initial mixed-layer wind speed, 
horizontal component v-direction 

m s-1  0 
   

Surface friction velocity m s-1  0.3    
  DOY 170 175 185 192 197 
Initial mixed-layer carbon dioxide ppm  345 383 400 350 385 
Total canopy N content  mmol N m-2  38.4 52.8 128.2 269.2 299.3 
Initial temperature deeper soil layer K  294.34 296.24 297.68 297.04 296.94 
Initial mixed-layer potential 
temperature 

K 
 292.35 296.05 296.35 291.05 292.95 

Initial surface temperature K  291.79 294.78 296.33 291.31 292.73 
Initial temperature top soil layer K  291.55 294.87 295.93 290.32 302.17 
Initial mixed-layer specific humidity kg kg-1  0.0135 0.0169 0.0172 0.0124 0.0140 
Initial volumetric water content top soil 
layer 

m3 m-3 
 0.41 0.41 0.4 0.36 0.29 

Volumetric water content deeper soil 
layer 

m3 m-3 
 0.4 0.41 0.41 0.41 0.41 

        
Explanation Unit DOY 202 210 213 223 231 
Initial mixed-layer carbon dioxide ppm  396 391 340 365 375 
Total canopy N content  mmol N m-2  358.9 408.0 430.0 452.0 482.0 
Initial temperature deeper soil layer K  297.9 294.57 293.54 294.93 294.51 
Initial mixed-layer potential 
temperature 

K 
 297.75 293.75 288.45 293.05 291.25 

Initial surface temperature K  296.51 292.45 287.71 291.91 291.21 
Initial temperature top soil layer K  305.26 295.64 292.09 294.6 293.02 
Initial mixed-layer specific humidity kg kg-1  0.0179 0.0147 0.0105 0.0141 0.0126 
Initial volumetric water content top soil 
layer 

m3 m-3 
 0.26 0.33 0.35 0.37 0.28 

Volumetric water content deeper soil 
layer 

m3 m-3 
 0.42 0.42 0.42 0.42 0.42 
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Table A5.4 Canopy leaf N content (Nt) and LAI as measured by Dermody, Long & DeLucia (2006) 
were used to estimate the canopy leaf N content over the growing season of the year 1998 of the 
Ameriflux tower site. LAI and canopy leaf N content of Dermody, Long & DeLucia (2006) were 
interpolated to estimate for several days within the growing season of the year 1998 (DOY) the canopy 
leaf N content from the measured values of LAI of that year. 

 
 
Table A5.5 Input values for different soil types.  
See Table A5.1 for meaning parameter values. 

 
 

Measured values by Dermody, Long & DeLucia (2006)  
Measured and interpolated data from 
Ameriflux tower site, 1998 

Measured Nt Measured LAI  DOY Measured LAI  Interpolated Nt 
21.2 0.89     

   170 1.19 38.4 
44.7 1.30     

   175 1.48 52.8 
80.2 2.09     

   185 2.72 128.2 
153.3 3.05     

   192 4.32 269.2 
   197 4.65 299.3 

306.6 4.73     
   202 5.40 359.0 

398.0 5.90     
   210 6.00 408.0 
   213 6.22 430.0 
   223 6.44 452.0 

480.0 6.72     
   231 6.74 482.0 

 

  Soil types 
Parameter Silt loam Sand Clay 
a 0.291 0.627 0.083 
b 5.3 4.1 11.4 
wsat 0.480 0.475 0.600 
wfc 0.36 0.15 0.44 
wwilt 0.11 0.04 0.28 
wpair -0.00158 -0.00025 -0.00397 
αsoil 0.18 0.35 0.2 
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The main aim of this thesis was to investigate how plant traits are altered by changes in the 
climate and how this is affected by plant competition, to identify how strong the associated 
feedbacks with the atmosphere are. First, I discuss the effects of competition on plant 
responses to climate change with regard to some model assumptions on competition. Then I 
discuss the choice of the objective function of an optimization model. This is followed by a 
discussion on the influence of the type and timing of plant responses to changes in 
environmental conditions. Finally, I discuss the consequences of including competition in a 
coupled vegetation-atmosphere model for the global carbon cycle. This chapter ends with 
some concluding remarks.  
 

6.1 Effect of competition on plant responses 

Plants often grow in dense communities, such as forests and grasslands; therefore, it has been 
thought that natural selection would favour plants that are good competitors (McNickle & 
Dybzinski 2013). As a consequence, it could be assumed that competition strongly influences 
plant responses and in doing so it determines vegetation functioning (Anten & Hirose 2001). 
The inclusion of competition, so considering that natural selection favours plants with the 
highest competitive ability, in a vegetation model was already shown to result in good 
predictions of LAI (Leaf Area Index, i.e., the leaf area per unit soil area) under current climate 
conditions (Anten 2002). In addition, we showed in Chapter 3 that inclusion of competition 
results also in accurately predicted effects of elevated CO2 on leaf photosynthesis, leaf N 
content and seasonal dynamics in LAI as observed in a large number of Free Air CO2 
Enrichment (FACE) experiments. Furthermore, we indicated that there is a strong influence of 
competition on plant responses to changes in environmental conditions. Namely, our model 
outcomes showed, when competition was considered the optimal response shifts to larger 
LAI, but with lower net photosynthesis, stomatal conductance and associated vegetation 
transpiration thereby leading to a lower water use efficiency (WUE, ratio of carbon gain to 
water loss) than when it was not considered.  
 The experimental results from Chapter 4 also showed the importance of accounting 
for competition. In an experiment with Plantago asiatica we showed that when grown at 
elevated CO2, plants originating from high CO2 habitats (i.e., from natural CO2 springs) only 
performed better than those originating from ambient CO2 habitats when both genotypes 
competed and not when each was grown in mono stands. The reverse also held, plants native 
to ambient CO2 habitats performed better at preindustrial CO2, only when they competed with 
those from high CO2 habitats and not when grown in mono stands. This indicates that changes 
in atmospheric CO2 favoured genotypes that were the best competitors, and not those with the 
highest inherent performance. From the results in my thesis I can therefore conclude that 
when attempting to predict vegetation responses to climate change it is very important to 
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consider competition between plants under future climate scenarios, as it strongly modifies 
these responses. 
 
6.1.1 Degree of interaction 
The results from the vegetation model did show that the influence of competition on plant 
responses was strongly modified by the assumed degree of interaction between plants. To 
study the effect of competition we compared two model versions, one without competition 
(simple optimization model), and one with competition (competitive optimization model). 
Both model versions are the same, except for one parameter value, β, which is the degree of 
mixture between the target plant and neighbouring plants and thus the extent to which they 
influence each other’s light climate. To be exact, β is defined as the ratio of the LAI of a 
target plant (LAIi) divided by the total LAI within the area in which a target plant has its 
leaves (LAIT).  
β = LAIi / LAIT         (6.1) 
For the simple optimization model the β values is 1, which entails canopies are not mixed and 
plants do not influence each other’s light climate; therefore, a plant is only influenced by its 
own light climate (so, LAI target plant is equal to total LAI in the area of the target plant). For 
the competitive optimization model, I assumed a fixed β equal to 0.5. This means that there is 
mixture of leaves of the target plant and its neighbouring plants, and leaves of the target plants 
and those of neighbours equally contribute to the shading experienced by the target plant. 
There are two things that need more clarification: first, the assumption of a fixed β value, and 
second, why the value of 0.5 was chosen. Regarding the fixed value of β, it is important to 
know that β is as it were a historical value that depicts the mean of the competitive 
environment in which a given plant type evolved during natural selection. About the chosen 
value of β = 0.5, this value was chosen as it has given satisfactory predictions of LAI of 
herbaceous vegetation stands similar in structure to the soybean stands analysed here; as there 
was a strong correlation between the predicted and observed LAI value (R2 = 0.8) and the 
slope of the regression line was not significantly different from 1 (Anten 2002). Yet, although 
we showed in Chapter 3 that with this value of β the model predicts soybean responses to 
elevated CO2 very well, we also showed that β has a large influence on the predicted LAI, net 
photosynthesis rate, stomatal conductance and transpiration rate.  
 
So, I assumed a fixed β value of 0.5, but quantitative measurements of β are needed as it was 
postulated that the degree of interaction depends on the plant type (Anten & During 2011), the 
distance between the individuals (Givnish 1982), the size of the individual (Hikosaka & 
Hirose 1997) and the degree of mixing of leaves in space (Hikosaka et al. 2001). However, 
except for the study of Hikosaka et al. (2001) no quantitative measurements of the degree of 
interaction have been reported. Hikosaka et al. (2001) did quantify the degree of interaction 
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for a Xanthium canadense Mill. stand by measuring light interception. Yet, they had a 
different definition of the degree of interaction as compared to ours (i.e., theirs was the 
fraction of the intercepted light that penetrated the foliage of neighbours, while ours refers to 
the degree of mixture of leaves between the target plant and neighbouring plants) and their 
values can thus not directly be compared to the β parameter. They found that there was a high 
degree of interaction as light interception of a plant was more strongly influenced by the 
leaves of neighbouring plants than by its own leaves, 30% of the shading on a plant was 
caused by self-shading and the remainder was caused by non-self shading. But Xanthium 
canadense plants generally have very long petioles, and therefore they argued that the degree 
of interaction of other species with a shorter petiole would likely be lower.  
 
6.1.2 Greenhouse experiment to quantify β 
We showed that β has a strong effect on vegetation responses, and that this degree of 
interaction depends on several aspects like the distance between the individuals, therefore 
more work is needed to quantify β. For that reason, a greenhouse experiment was set-up with 
soybean (Glycine max) growing in different densities. A full description of the experiment can 
be found in Penning (2014), here a brief description of the experiment is given.  
 
On 29 July 2013 we sow seeds in pots (0.21 by 0.21 m) filled with potting soil and placed 
them in a greenhouse (Wageningen, The Netherlands). Stands were established by putting 
four by four plants together, the middle four plants of each stand were used for measurements. 
Three different spacing’s in-between the plants were created: 46 cm (low density), 31 cm 
(medium density) and 21 cm (high density). For each density there were three replicate 
stands.  
 On 9 October 2013, 72 days after sowing, light interception measurements were made 
with a SunScan Canopy Analysing System (Delta T Devices, Cambridge, UK). The total light 
interception of an individual plant within the stand (i.e., the target plant) (Itot), and of only 
neighbours (without target plant) (Ins) was measured. Additionally, leaf area was measured 
with a LICOR leaf area meter (LI3100 device, Lincoln NE, USA). 
 The degree of self to non-self shading (s/ns) of the target plant (i.e., ratio of the light 
interception of the target plant only, by the light interception with only neighbours) was 
calculated as: 
𝑠𝑠 𝑛𝑛𝑠𝑠⁄ =  �1 − 𝐼𝐼ns

𝐼𝐼tot
� �𝐼𝐼ns

𝐼𝐼tot
��         (6.2) 

With the calculated degree of self to non-self shading and the measured total LAI of 
the stand, β could be calculated for each of the plants in the different stands. 
 
Fig 6.1a shows for the three different densities the calculated β values and the corresponding 
LAI. It shows that β decreases as the LAI and the density increase. This is consistent with 
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what was expected, if plants grow closer together their canopies more strongly interact (lower 
β values). However, the LAIs that correspond with the β values were lower in the experiment 
than the model predictions of Chapter 3. The model predicted on average 55% higher LAI 
values than were observed. This can partly be explained by the lower canopy leaf N contents 
found in the experiment (on average 234 mmol N m-2 compared to 527 mmol N m-2) (recall 
that canopy N is an important driver of LAI in my model). When we used the same canopy N 
content in the model as found in the experiment, then there was an improvement of the 
predicted LAI with the corresponding β values; namely, the average deviation between 
observed and predicted values [Eqn (5.7)] reduced with 59% compared to the higher canopy 
leaf N contents. On the other hand, the model is based on a number of simplified assumptions 
that can also partly explain the mismatch between observed and predicted LAIs for the 
corresponding β values. I will further discuss this in paragraph 6.2: Optimization, the 
objective function. 

The results from the experiment indicate that the density plays an important role in 
determining the β value. Additionally, it was also found that when β was measured along the 
length of the stem its value tended to increase from the plant base towards the tip (Fig 6.1b). 
In other words, the degree of mixing between leaves of plants appeared to be higher at the 
bottom of the canopy than at the top. In contrast to this finding, in the model it is assumed that 
there is a uniform mixing of leaf area through the whole canopy (horizontally and vertically). 
As the importance of leaves for light competition increases with their height above the soil, 
therefore it should be considered to use different values of β over the height in the canopy in 
the model. 
 

 
Fig 6.1 The degree of mixture between the target plant and neighbours, β, and its LAI (a) for different heights 
within the canopy (b) and for different sowing densities (high=21cm, medium=31cm and low=46 cm 
respectively) 

 

To conclude, it is very important to consider competition between plants, as it strongly 
modifies vegetation responses. However, the predicted effects of competition strongly depend 
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on the assumed degree of interaction, which is among other dependent on the plant type, the 
density and the available N. 
 
6.1.3 Competition for different resources 
In this thesis, it was shown both with a model and experimentally (Chapters 3 and 4 
respectively) that competition has a strong influence on plant responses to elevated CO2. It 
was also found that this influence of competition is less strong when nitrogen or water is 
limiting (Chapter 5), as competition for light is weaker because those factors are limiting 
growth. Furthermore, with the vegetation model it was shown that competition for light 
through natural selection (maximize competitiveness rather than maximization of inherent 
performance) leads to larger LAI, with lower net photosynthesis, stomatal conductance and 
transpiration compared to no competition. More studies suggest that plant responses are 
largely affected by selection acting through competition (e.g., Gersani et al. 2001; Beerling & 
Franks 2010). For example, experimental studies indicate that natural selection on competitive 
traits led to plants with a greater transpiration rate while having very high carbon construction 
costs for vein infrastructure (Beerling & Franks 2010). They indicate that although plants 
have a higher water loss they can support this, because in this way they can outcompete 
invading genotypes (Beerling & Franks 2010). 
 In my thesis the focus is on aboveground competition for light, while other studies 
indicate the importance of belowground competition. It has been suggested that plants 
respond to the presence of neighbours by increasing their root growth to acquire more 
resources, and that this results in greater root mass than would be optimal for vegetation level 
performance (Gersani et al. 2001), though this paper has been criticized (Hess & De Kroon 
2007; Chen, During & Anten 2012). However, it has also been suggested that competition 
results in shallower roots compared to the optimal root distribution in absence of competition 
(Van Wijk & Bouten 2001). As with leaf production (Anten 2002) and other aboveground 
traits (see Falster & Westoby 2003b), this was framed as a tragedy of the commons. So, plants 
compete for both belowground and aboveground resources, and investment in capture of 
belowground resources goes at the expense of aboveground resource capture and vice versa. 
Putting it in a game theoretical perspective, plants play different games simultaneously. 
Therefore it might be needed to simulate both above- and belowground competition and its 
trade-offs simultaneously. Several game theoretical modelling studies did consider both 
aboveground and belowground resources. For example, model results reveal that competition 
for light and for N leads under N limited conditions to more leaf area and less fine root 
production when the N availability increases (Dybzinski et al. 2011). In contrast, in N 
saturated areas the leaf area production is independent of competition for N and only depends 
on competition for light (Dybzinski et al. 2011). In addition, model results that take into 
account competition for light and water show under water limited conditions that plants 
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overinvest in roots at the expense of leaf area production (Farrior et al. 2013). However, 
under elevated CO2 it is predicted that woody plants increase their carbon storage as a result 
of competition for water (Farrior et al. 2015).  

To conclude, the importance of competition in driving plant responses to 
environmental changes has clearly been shown. In this thesis only aboveground competition 
for light was considered, although several soil-based factors were considered in our model 
(e.g. water, N) competition for them was not included. But competition for these soil-based 
factors is much less important when levels are high; in contrast, at low levels they are more 
important than competition for light as in this case they trade-off for leaf area production. 
Including competition for those factors might alter the effect of competition on the 
relationship between LAI, net photosynthesis rate, and stomatal conductance when resources 
are limiting. Therefore, I recommend to further focus on how competition for both 
belowground and aboveground resources affects the relationship between LAI, photosynthesis 
and stomatal conductance under different environmental conditions. 
 
6.2 Optimization, the objective function  
In this thesis optimization models were frequently used. Optimization models maximize a 
goal or objective function to optimize plant functional traits given certain (physiological or 
environmental) constraints (Dewar et al. 2009). Thereby, it is assumed that natural selection 
led to optimized plant functional traits for maximizing fitness (Franklin et al. 2012). But real 
fitness (i.e., the transferral of ones genes to the next generation) is hard to quantify, therefore 
most optimization models use a performance measure as a proxy for fitness. In Chapters 3 
and 5 we chose to maximize net whole-plant photosynthesis (i.e., gross photosynthesis minus 
the leaf respiration rate), because photosynthesis supplies the energy for growth and 
reproduction (Bowes, Ogren & Hageman 1972) and might therefore be a good proxy for 
fitness. In general, other studies also use substitutes for fitness that are related to the carbon 
balance (Franklin 2007; Makela, Valentine & Helmisaari 2008; McMurtrie et al. 2008), but 
those models differ in the costs incorporated into the objective function (Dewar et al. 2009). 
For example, some models include costs for maintenance and growth respiration (Franklin 
2007), while others also consider costs associated with foliage and fine root turnover (Makela, 
Valentine & Helmisaari 2008). On the other hand, our model does also not account for 
additional carbon construction costs of investment in leaves. Meaning that if this would be 
included, this could result in lower predictions of leaf area production for both the simple and 
the competitive optimization model, as the costs of (over)investing in leaf area would become 
higher.  

It is therefore clear that net photosynthesis rate as a goal to maximize is a highly 
simplified proxy for fitness. Taking another more direct proxy for fitness like the number of 
offspring produced per individual in its lifetime (Parker & Maynard-Smith 1990) could be 
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more appropriate, but in this case it is more difficult to test experimentally (Franklin et al. 
2012), as making a comparison between model predictions and real observations is more 
difficult (Schymanski et al. 2007). In general is the proper choice of the objective function 
debated (Dewar et al. 2009, 2012). In this debate it is mentioned that failure of optimization 
models in predicting observed values, is the result of incorrect specification of the objective 
function to be maximized and not that the optimality approach itself is invalid (Kull 2002; 
Dewar et al. 2012). 

To conclude, the choice of the objective function of optimization models is still highly 
debated. Some opt for the use of a more direct measure of fitness, but this is more difficult to 
use as in most cases the outcomes are hard to validate against experimental data. Therefore, 
others generally use an objective function related to the carbon balance; which was also done 
in this thesis, were the objective function was to maximize net photosynthesis. 

 

6.3 Type and timing of plant responses 

Plant responses to climate change could be plastic, meaning that changes in traits occur during 
the lifetime of a plant and thus take place on a relatively short timescale. How fast plants can 
make these plastic responses to short term changes in environmental conditions is limited by 
the time it takes to make adjustments. Therefore, plants do not respond immediately to an 
environmental change, but are instead thought to respond to longer term average conditions 
(Chen et al. 1993). However, optimization models generally do not consider this timescale of 
response (Chen et al. 1993); that is, they implicitly assume that plants can track 
environmental changes optimally without delay. In Chapter 2 we analysed optimal N 
allocation between ribulose-1,5-bisphosphate (RuBP) regeneration (process of transformation 
of light energy into the higher energy compounds ATP and NADPH) and RuBP carboxylation 
(the use of the higher energy compounds to bind CO2 into complex sugar compounds) and 
calculated the extent to which the time lag between environmental change and this 
optimization affects simulated rates of photosynthesis. Our simulations showed that this time 
lag strongly affects predicted leaf photosynthesis, as even small changes in time lag between 
environmental change and optimal partitioning of N had a large negative effect on the 
simulated leaf photosynthesis. So, our results suggest that it is very important to consider this 
timescale of response in vegetation models.  

Although the timescale of plant responses has such a large effect, we still did not take 
this into account when using the optimization approach in the other chapters; that is, we 
assumed in the other chapters that the LAI is optimized on a daily time scale. So, we 
optimized for a specific time interval, while plants are thought to respond to the average 
environmental conditions they evolved in, which might deviate from this daily time interval 
that we chose (Chen et al. 1993). For example, acclimation to changes in light through 
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changes in leaf anatomy require minimally a few days and in some cases several weeks 
(Pearcy & Sims 1994), as structural changes like changes in LAI are not reversible and thus 
take longer to realize. This indicates that our assumed daily optimization of the LAI might not 
be realistic. Therefore more research is needed to investigate the exact effect of the timescale 
of LAI optimization on predictions of whole-canopy level responses. 
 
Current increase in atmospheric CO2 is occurring on a relatively short time scale, therefore it 
is thought that if trait changes in response to elevated CO2 occur primarily through short term 
plastic responses then a community may be able to keep up with these changes. Nevertheless, 
plastic responses alone are thought to be insufficient to keep up with the current changes in 
the climate and therefore genotypic responses (i.e., changes that take place over several 
generations) are also occurring (Visser 2008). However, if changes are mostly genotypic then 
it will take several generations of natural selection, and it could thus be expected that in this 
case plants face more difficulty to keep up to the current rapid increase in CO2. As a result, it 
is likely that responses of many populations are inadequate to cope with the speed of climate 
change (Hoffmann & Sgrò 2011). For example, it is thought that species with long life cycles 
will not be able to adapt genotypically to climate change (Valladares 2008). Trees have a long 
life cycle and their trait adjustment to climate change will almost exclusively be through 
phenotypic plasticity. It is believed that the limitation on plasticity of trees will thus limit their 
ability to adequately cope with climate change (Valladares 2008). By contrast, annual plants 
have a short life cycle and therefore have more opportunities to adapt to climate change as in 
this case genotypic adaptation can go more rapidly (Jump & Penuelas 2005). Nevertheless, it 
has been shown that genotypic adaptations to climate change are frequently absent for several 
species (Hoffmann & Sgrò 2011). 
 The level of plastic and genotypic response thus determines how fast a species can 
adjust to climate change, while in optimization models this distinction is not considered. In 
Chapter 4 we showed experimentally that responses of Plantago asiatica in e.g., whole-plant 
photosynthesis, specific leaf area (ratio of leaf area to dry weight) and stomatal conductance, 
to elevated CO2 could mainly be attributed to plastic responses and not to genotypic 
adaptations. These findings imply that in short living plants the degree to which plants can 
cope with current climate change might be primarily depending on plastic responses. 
 
To conclude, the timing of plant responses to climate change is very important, while this is 
generally not considered in optimization models. We showed that the timing of the response 
has a large impact on the leaf level response, and more research is needed on the canopy level. 
In addition, the type of response is also important, we showed for Plantago asiatica that 
responses to climate change occur mostly on the short term time scale. 
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6.4 The global carbon cycle and the role of plant competition 

Plants may take up around 15% of the atmospheric carbon pool every year (Amthor 1995), 
and because this flux is so large any alterations of the plant’s CO2 exchange could 
significantly affect the global C cycle (Fig 6.2) (Amthor 1995). This is especially important 
under elevated CO2, as plants are thought to increase their CO2 uptake and thereby slowdown 
the rise in atmospheric CO2, which constitutes an important negative vegetation-atmosphere 
feedback. Moreover, any global changes in plants C uptake might affect atmospheric CO2 
during years or even decades (Amthor 1995). Plant competition might strongly influence 
plant responses to climate change (Ziska 2011), because it is an important selective force and 
strongly determines vegetation functioning (McNickle & Dybzinski 2013). In Chapter 5 we 
included plant competition, i.e., assuming that natural selection is on maximization of 
competiveness instead of inherent performance, in a coupled vegetation-atmosphere model. 
The inclusion of this new representation of competition in the model resulted in a reduction of 
the net photosynthesis rate, therefore a less negative net ecosystem exchange of CO2 was 
projected, and resulting in an increased atmospheric CO2 concentration compared to not 
taking competition into account. Whereas most coupled vegetation-atmosphere models do not 
take competition into account and thus might overestimate plants C uptake, this implies that 
with elevated CO2 the negative vegetation feedback of uptake of CO2 from the atmosphere by 
plants would be less strong than currently forecasted; which again would also play a role in 
final vegetation functioning. 
 

 
Fig 6.2 Conceptual diagram on the global carbon cycle, showing the fluxes of carbon between land, atmosphere 
and ocean (red arrows, size of the arrows indicates the size of the flux).  
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In line with our findings from Chapter 5, Weng et al. (2015) also suggests to include 
plant competition in atmospheric models. They incorporated height-structured competition for 
light and competition for water in a land model currently used in the earth system model. The 
height-structured formulation is based on the perfect plasticity approximation – i.e., each plant 
fills as much space as it can without growing into adjacent plants area, which is the result of 
plants individual plasticity. Meaning that, in contrast to the model used in this thesis, this 
model assumes that there is no mixture of leaves between plants. Furthermore, they assume 
that roots of competing plants are uniformly distributed in the horizontal plane. Their model 
did make reasonable predictions of diurnal and annual carbon and water fluxes, growth rates 
of trees when compared with data. This model predicts that due to competition plants will 
invest more in fine roots and less in wood when atmospheric CO2 concentration increases, 
which they suggest would reduce the carbon sink caused by CO2 fertilization.  

So, including competition could diminish the reduction of carbon uptake by plants and 
thereby influence the carbon balance, as the slowdown of the rise of atmospheric CO2 due to 
plants will be less. However, soil respiration rates can also have a large influence on the 
global C cycle (Fig 6.2) (Schlesinger & Andrews 2000). While current parameterizations for 
temperature and moisture dependencies of soil respiration rates are in general largely 
unknown (Moorcroft 2003). Although for our coupled vegetation-atmosphere model we used 
estimated temperature related parameters of the soil respiration rate based on data, the ability 
of these parameters to correctly characterize the response of below-ground ecosystems to long 
term environmental changes is still highly uncertain (Moorcroft, 2003). In addition, our 
coupled vegetation-atmosphere model was only applicable for local scales, and a next step 
would entail scaling this approach to the regional scales (e.g., including patches of different 
vegetation types each evolving a competitive scenario). But, take into consideration that 
vegetation feedbacks on atmospheric processes may function differently according to the 
regional characteristics of the climate (Levis, Foley & Pollard 2000). 
 

6.5 Concluding remarks 

It is important to stress that we used a canopy model that was based on a number of 
simplifications (e.g., no inclusion of: costs of leaf construction, limit to specific leaf area, 
growth-related processes for leaf area production) and is meant solely to understand the 
impact of plant competition on vegetation responses to climate change, and it was not our 
objective to produce a detailed model of vegetation functioning. So, although our model is 
based on a number of simplifications, our study on inclusion of trait acclimation in a 
competitive setting in vegetation (and coupled to atmosphere) models is ecologically realistic, 
as plants generally compete for resources, and can result in an improvement of the climate 
change predictions as also was suggested by Weng et al. (2015). 
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To conclude, the results presented in this thesis provided new insights in the type and timing 
of plant responses to changes in environmental conditions. We showed the importance of 
considering the time scale of leaf-level responses to environmental changes in optimization 
models. I therefore advocate to further explore the effect of the time scale of response on the 
level of the whole canopy. In addition, we showed that plants respond mostly on the short 
term time scale to elevated CO2 and not on the long term time scale. 

Lastly, the results presented in this thesis underline the importance of plant 
competition, i.e., considering that natural selection favours plants with the highest competitive 
ability, on vegetation functioning and its influence on atmospheric processes. We showed that 
the inclusion of competition in a vegetation model resulted in accurate predictions of the 
effect of elevated CO2 on several plant traits. Furthermore, we found that there is a strong 
influence of competition on plant responses to changes in environmental conditions, when 
competition was considered this resulted in larger leaf areas, but with lower photosynthesis. 
Besides, our experimental results also showed the importance of accounting for competition. 
As changes in CO2 favoured genotypes that were the best competitors and not those with the 
highest performance. Next to this, we showed with a coupled vegetation-atmosphere model 
that plant competition can also influence a number of atmospheric processes; namely, 
including competition resulted among others in reduced net ecosystem exchange of CO2 and 
thereby implying that the negative feedback of plants extra carbon uptake under elevated CO2 
would be less strong. However, we emphasize that the magnitude of this effect might differ 
between plant types. It is therefore needed to further explore the effects of competition, for 
several plant types under different environmental conditions, on global atmospheric processes 
to define the impact on the climate. 
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Summary  
The climate has changed drastically over the past century and is expected to continue to 
change in the future. The atmospheric CO2 concentration is predicted to rise in the future, and 
partly as a result of this, global temperature will increase. It is important to know how plants 
respond to these changes, as this determines future biodiversity and food production. Besides, 
plants have a large influence on atmospheric processes that influence the climate, so there are 
vegetation-atmospheric feedbacks. 

Responses of plants to climate change, and associated atmospheric feedbacks, will 
depend on overall environmental conditions in which plants grow. Notably, plants often grow 
in dense communities where they share resources with neighbouring plants, and competition 
for these resources is often an important selective force. Thereby, plant competition may also 
strongly influence plant responses to climate change. So, it is very important to know how 
plants respond to changes in the climate and how this is affected by plant competition to 
identify how strong the associated feedbacks with the climate are. 

To study the effect of plant responses to climate change and the potential effect on the 
coupling between vegetation and the atmosphere, two optimization approaches were used. 
The first is simple optimization, here natural selection leads to optimize plant functional traits 
(i.e. an attribute that has the potential to significantly influence plants performance; like leaf 
area, stomatal conductance) to maximize fitness. This approach implicitly assumes that 
optimal trait values of one plant are independent of the trait values of its neighbours, so 
ignoring that plants strongly compete for resources. Nevertheless, on the leaf scale simple 
optimality can still be a valid approach, as on this scale there is no influence of competition. 
The second approach is competitive optimization (or evolutionary game theory). This 
approach assumes that natural selection results in vegetation stands that are dominated by the 
best competitors and not necessarily by the best inherent performers. In this case it is assessed 
to which extent a plant playing a certain strategy (i.e. with a trait value) can be invaded by an 
individual, playing another strategy. By comparing the simple optimization approach with the 
competitive optimization approach the effect of competition can be determined.  

 
In Chapter 2 we start by focussing on optimal leaf level responses to environmental change. 
It is believed that plants optimize allocation of nitrogen, a key component of the 
photosynthetic machinery, between ribulose-1,5-bisphosphate (RuBP) regeneration (Pjl) and 
RuBP carboxylation (Pcl) to maximize photosynthesis, which occurs when Pcl and Pjl co-limit 
photosynthesis. An analytical solution for the optimal N distribution is provided.  

We showed that the simulated response of leaf photosynthesis to changes in 
atmospheric CO2 and temperature differ substantially when plants are allowed to distribute N 
optimally within the leaf, compared to the situation where allocation is assumed to be 
constant. Simulating increasing CO2 reduced the fraction of N allocated to Pcl, while 
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increasing temperature increased the N fraction allocated to Pcl. The simulated increase in leaf 
photosynthesis with CO2 elevation was considerably higher when N allocation responded 
optimally than when this allocation was fixed. A similar but weaker trend was found for 
warming.  

Our simulations also showed that the rate of acclimation – i.e., the time lag between 
environmental change and trait optimization – may strongly affect predicted photosynthesis, 
indicating that more research on this time lag and variation therein is needed.  
 

In Chapter 3 we scale up to the vegetation canopy level. We develop a canopy model with 
which we investigate how vegetation functioning and structure is influenced by climate 
change and to which extent competition may modify these effects. To study the effect of 
competition between plants in a canopy, a comparison of the simple optimality with the 
competitive optimality approach was made. So, considering different degrees of light 
competition between neighbouring plants through canopy mixing (simple optimization no 
mixing versus competitive optimization with mixing). Soybean (Glycine max) was used as a 
reference system. 

The model predicts increased net photosynthesis and reduced stomatal conductance 
and transpiration under atmospheric CO2 increase. When CO2 elevation is combined with 
warming, photosynthesis is increased more, but transpiration is reduced less. When 
competition is considered the optimal response shifts to produce a larger LAI (leaf area index, 
i.e. leaf area per unit ground area), but with lower canopy photosynthesis, stomatal 
conductance and associated vegetation transpiration than when competition was not 
considered. The evolutionary game theory can explain this, when plants compete for light, a 
unilateral increase in LAI of a given plant above the optimal LAI results in a relatively 
smaller increase in self-shading for that plant while it is able to capture a larger fraction of the 
available light. As a result, this plant can increase its carbon gain by increasing its LAI even if 
this reduces photosynthesis of the stand as a whole. In the model the canopy N content 
remains constant, and production of extra leaf area to shade competitors therefore results in 
reduction of the leaf photosynthetic capacity. Furthermore, inclusion of competition resulted 
in accurate predictions of the effects of elevated CO2 on LAI and the seasonal dynamics in 
LAI as observed in a large number of Free Air CO2 Enrichment (FACE) experiments. 
Together, our results illustrate how competition between plants may modify vegetation 
responses to climate change.  
 
Our experimental results from Chapter 4 further showed the importance of accounting for 
competition when considering climate change effects on plant communities. Here we 
determined the relative contribution of plastic versus genotypic responses to elevated CO2 on 
plant performance and define the extent to which these patterns are modified by competition. 
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To investigate this we grew Plantago asiatica seeds originating from three independent 
natural CO2 springs and from ambient CO2 in mono stands of plants origins as well as 
mixtures of both origins. These plants were grown in CO2 controlled walk-in climate rooms, 
under a CO2 of 270, 450 and 750 ppm. A model was used for upscaling from leaf to whole-
plant photosynthesis and for quantifying the influence of plastic and genotypic responses.  

We showed that plant performance was mainly determined by plastic and not by 
genotypic response to changes in growth CO2. We further found that when grown at elevated 
CO2, plants originating from high CO2 habitats only performed better than those originating 
from ambient CO2 habitats when both genotypes compete. Likewise, plants from ambient 
CO2 habitats performed better at low CO2, also only when both genotypes compete. No 
difference in performance was found in mono stands. So, our results indicate that natural 
selection in our species under increasing CO2 might be mainly driven by competitive 
interactions.  
 
In Chapter 5 we scale up to a higher aggregation level and study how the coupling between 
vegetation and the atmosphere is influenced by competition. We used a coupled vegetation-
atmosphere model and include a game theoretical procedure to incorporate plant competition 
and compare the model results against diurnal data from Ameriflux Bondville site over a 
growing season. We showed that inclusion of competition improved predictions of vegetation 
and atmospheric processes. A lower photosynthesis was predicted due to plant competition 
selecting for larger leaf areas, resulting in a less negative net ecosystem exchange of CO2. We 
further found that the importance of plant competition on vegetation and atmospheric 
processes increases with more nitrogen and water availability and may differ between soil 
types. So, we were able to illustrate the potential effect of plant competition in a coupled 
vegetation and atmospheric system and showed that it strongly influences this system. 
 
To conclude, the results presented in this thesis show the importance of considering the time 
scale of leaf-level responses to environmental changes in optimization models. I therefore 
advocate to further explore the effect of the time scale of response on the level of the whole 
canopy. In addition, we showed that plants respond mostly on the short term time scale to 
elevated CO2 and not on the long term time scale.  

More generally, the results presented in this thesis underline the importance of plant 
competition on vegetation functioning and its influence on atmospheric processes. However, 
it should be taken into account that the magnitude of this effect might differ between plant 
types. Furthermore, our results strongly imply that the negative feedback of plants extra 
carbon uptake under elevated CO2 would be less strong, and therefore I recommend to further 
explore the implications of competition on global atmospheric processes to define the effects 
on the climate. 



 



Samenvatting 
Het klimaat is de afgelopen decennia drastisch veranderd en de verwachting is dat deze 
veranderingen in de toekomst door zullen zetten. Zo wordt er verwacht dat de concentratie 
CO2 in de atmosfeer in de toekomst verder toeneemt, en deels als gevolg daarvan zal de 
temperatuur wereldwijd toenemen. Het is van groot belang om te bepalen hoe planten zullen 
reageren op deze klimaatveranderingen, dit vanwege de belangrijke rol die planten spelen in 
de voedselvoorziening en biodiversiteit. Verder hebben planten ook een erg grote invloed op 
atmosferische processen die het klimaat beïnvloeden. Dit komt door de invloed die ze hebben 
op de water-, stikstof-, koolstof- en energie stromingen. Er zijn dus tweeweg interacties tussen 
vegetatie en de atmosfeer, de vegetatie-atmosferische terugkoppelingen.  
 De reactie van planten op klimaatsverandering, en de terugkoppeling die ze daarbij op 
de atmosfeer zullen geven, hangt af van de omgeving waarin planten groeien. Meestal groeien 
planten in een dichte vegetatie, waar ze dus grondstoffen met hun buren moeten delen. In deze 
milieus oefent competitie voor grondstoffen dan ook een grote selectiedruk uit. Daarom wordt 
gedacht dat sommige eigenschappen die planten hebben (zoals de hoogte, het bladoppervlak, 
en de stomataire geleidbaarheid van planten) in hoge mate onder invloed van competitie 
geëvolueerd zijn, en deze eigenschappen bepalen op hun beurt weer het functioneren van 
vegetaties. Op deze manier heeft competitie tussen planten dus een grote invloed op hoe 
vegetaties gaan reageren op klimaatsverandering. Vandaar dat het erg belangrijk is om te 
weten hoe planten reageren op veranderingen in het klimaat, en hoe competitie tussen planten 
deze reactie beïnvloedt, om daarmee uiteindelijk vast te stellen hoe sterk de terugkoppeling 
van met elkaar concurrerende planten op het klimaat is.  
 In dit proefschrift worden twee optimalisatie methodes gebruikt om te onderzoeken 
hoe planten op klimaatsverandering reageren, en om het potentiele effect te bepalen van wat 
ze daarmee hebben op de koppeling tussen vegetatie en de atmosfeer. De eerste methode die 
gebruikt wordt is simpele optimalisatie, deze methode veronderstelt dat natuurlijke selectie 
leidt tot optimale eigenschappen van planten waarmee fitness gemaximaliseerd wordt. Hierbij 
wordt impliciet aangenomen dat de optimale eigenschappen die een plant heeft onafhankelijk 
zijn van de eigenschappen van de buurplanten, en er wordt dus niet meegenomen dat planten 
sterk met elkaar concurreren om de beschikbare grondstoffen. Maar als gekeken wordt naar 
het blad, dan kan simpele optimalisatie nog steeds een goede methode zijn, omdat er op dit 
schaalniveau minder invloed is van competitie. De tweede methode die in dit proefschrift 
gebruikt wordt is competitieve optimalisatie, dat een concept is uit de speltheorie. Het is een 
“spel” waarbij de strategie van een individuele plant afhangt van de strategie die door zijn 
concurrent “gespeeld” wordt. Het spel wordt gespeeld, omdat de fitness van een individu 
afhangt van de eigenschappen van het individu zelf, de eigenschappen van de concurrenten en 
van de omgevingsfactoren. Er wordt gekeken of een vegetatie opstand met planten die een 
bepaalde strategie spelen (dus met bepaalde specifieke planteneigenschappen) kan worden 
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geïnvadeerd door een plant die een andere strategie speelt (door andere planteneigenschappen 
te hebben). Een bepaalde strategie van een populatie die niet meer geïnvadeerd kan worden 
door een alternatieve strategie, omdat deze geen hogere fitness oplevert voor de concurrenten, 
is een (evolutionaire) stabiele strategie. Bij competitieve optimalisatie wordt, in tegenstelling 
tot de simpele optimalisatie, dus aangenomen dat natuurlijke selectie resulteert in een 
vegetatie opstand die wordt gedomineerd door degene die de het beste kunnen concurreren en 
dit is dus niet perse degene die de hoogste wezenlijke fitness hebben. Door het vergelijken 
van de simpele en de competitieve optimalisatie methodes is het mogelijk om het effect van 
competitie zichtbaar te maken. 
 
Hoofdstuk 2 richtte zich op het niveau van het blad, hierbij keken we naar optimale reacties 
op veranderende milieuomstandigheden. De grondgedachte is dat planten de allocatie van 
stikstof naar de verschillende onderdelen van het fotosynthese apparaat optimaliseren om zo 
de fotosynthese te kunnen maximaliseren. Dit wordt aangenomen, omdat stikstof een erg 
belangrijk onderdeel is van het fotosyntheseapparaat en omdat stikstof in veel gebieden een 
beperkende factor is. Het meest gebruikte fotosynthesemodel neemt aan dat de fotosynthese 
gelimiteerd wordt door één van twee processen. Het eerste is de elektronen transport, Pjl, 
waarbij lichtenergie wordt omgezet tot de hogere energiecomponenten ATP en NADPH, en 
dit proces is limiterend voor de ribulose-1,5-bisphosphate (RuBP) regeneratie. Het tweede 
proces is  RuBP carboxylatie, Pcl, en dit gebruikt deze hogere energiecomponenten om 
atmosferische koolstof te binden en het vervolgens om te zetten in meer complexere 
suikercomponenten. Wanneer beide processen de fotosynthese co-limiteren dan heeft de plant 
een maximale fotosynthese. In hoofdstuk 2 wordt een analytische oplossing voor de optimale 
stikstof allocatie naar deze beide processen gegeven. 

In dit hoofdstuk laten we ook zien dat de bladfotosynthese snelheid onder 
veranderende atmosferische CO2 en temperatuur heel anders is wanneer planten hun stikstof 
verdeling optimaal aapassen in vergelijking met een constante verdeling. Een toename van de 
CO2 concentratie in de atmosfeer zorgde ervoor dat de fractie stikstof die naar Pcl wordt 
gealloceerd afnam, terwijl met een toename van de temperatuur die fractie juist toenam. Door 
de toename in atmosferische CO2 concentratie nam de bladfotosynthese snelheid toe, en deze 
toename was een stuk groter wanneer de N verdeling optimaal was in vergelijking met een 
constante verdeling. Een vergelijkbare maar minder sterke trend werd gevonden voor 
temperatuurtoename.  

Naast de eerder genoemde optimale N verdeling, is ook de snelheid waarmee deze 
verdeling gerealiseerd kan worden van belang voor de uiteindelijke bladfotosynthese. Dat wil 
zeggen, er kan een bepaalde tijd zitten tussen een verandering in milieuomstandigheden en het 
moment dat een plant zijn eigenschappen weer optimaal heeft aangepast. Het is het meest 
voordelig wanneer planten zich net zo snel aanpassen zodat ze de verandering in 
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milieuomstandigheden precies kunnen bijhouden. Maar over het algemeen worden planten 
beperkt door de snelheid waarmee ze zich anatomisch aan kunnen passen, en daardoor passen 
planten zich waarschijnlijk aan langdurigere gemiddelde omstandigheden aan. Wij lieten in 
dit hoofdstuk zien dat dit vertragingseffect grote consequenties kan hebben voor de 
uiteindelijke voorspelde bladfotosynthesesnelheid, en daarom zou hier meer onderzoek naar 
gedaan moeten worden.   

 
In hoofdstuk 3 schaalden we op naar het vegetatie opstand niveau. We ontwikkelde een 
vegetatie opstand model en hiermee onderzochten we hoe het functioneren en de structuur van 
een vegetatie wordt beïnvloed door klimaatsverandering en in welke mate competitie deze 
effecten kan veranderen. Om het effect van competitie tussen planten in een opstand te 
bestuderen vergeleken we de simpele en de competitieve optimalisatie methodes. In het geval 
van simpele optimalisatie werd er aangenomen dat er geen menging is tussen verschillende 
planten, hier wordt het lichtklimaat van een plant alleen beïnvloed door zelfbeschaduwing en 
niet door beschaduwing van buren. Terwijl bij de competitieve optimalisatie er wel menging 
was tussen verschillende planten, waarbij het lichtklimaat van een plant dus zowel door 
zelfbeschaduwing als door niet-zelfbeschaduwing wordt bepaald. Voor het model gebruikten 
we sojaboon (Glycine max) als referentiesysteem. 
 Het model voorspelde dat met een toename van CO2 concentratie in de atmosfeer, de 
fotosynthese van de vegetatie zal toenemen en de stomataire geleidbaarheid en de transpiratie 
af zullen nemen. Wanneer zowel de CO2 concentratie als de temperatuur toenemen, dan 
voorspelde het model dat de fotosynthese meer zal toenemen, maar tegelijkertijd zal de 
transpiratie minder afnemen. Als we competitie in het model meenamen dan resulteerde dit in 
de productie van meer bladoppervlak, maar met daarnaast een lagere fotosynthesesnelheid, 
stomataire geleidbaarheid en daaraan gerelateerde lagere vegetatietranspiratie, in vergelijking 
met wanneer competitie niet werd meegenomen. De speltheorie kan verklaren waarom je met 
een groter bladoppervlak toch een lagere fotosynthese van de vegetatie kunt krijgen. Wanneer 
planten met elkaar concurreren om licht, dan resulteert voor een individuele plant een 
toename in bladoppervlak boven het optimale bladoppervlak in een kleinere toename in 
zelfbeschaduwing voor die plant, terwijl de plant een grotere fractie van het beschikbare licht 
ontvangt. Hierdoor kan een groter bladoppervlak resulteren in een hogere fotosynthese voor 
de individuele plant terwijl dit de fotosynthese van de hele vegetatie opstand juist vermindert. 
Dit komt omdat in het model de totale hoeveelheid stikstof van de vegetatie opstand constant 
blijft, productie van extra bladoppervlak om buren te beschaduwen resulteerde dus in een 
afname van het blad stikstof gehalte en daarmee van de bladfotosynthesecapaciteit. Met het 
model vonden we ook dat het meenemen van competitie ervoor zorgt dat je goede 
voorspellingen krijgt van de effecten van verhoogde CO2 op de hoeveelheid bladoppervlak en 
op de seizoendynamiek van het bladoppervlak zoals geobserveerd in een groot aantal 
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experimenten [Free Air CO2 Enrichment (FACE) experimenten]. Al deze resultaten laten dus 
zien dat competitie tussen planten de reactie van planten op klimaatsverandering kan 
beïnvloeden.  
 
De experimentele resultaten uit hoofdstuk 4 lieten ook het belang zien van het rekening 
houden met competitie wanneer we keken naar de effecten van klimaatsverandering op 
plantengemeenschappen. In dit hoofdstuk bepaalden we de relatieve bijdrage van plastische 
en genotypische reacties op verhoogde CO2 op het functioneren van planten, en we bepaalden 
ook de mate waarin dit wordt veranderd door competitie. Om dit te onderzoeken hebben we 
Plantago asiatica planten opgekweekt die afkomstig zijn  uit drie onafhankelijke natuurlijke 
CO2 bronnen (bron planten) en uit gebieden nabij die bronnen waarbij het CO2 gehalte de 
normale huidige waarde heeft (niet-bron planten). Met deze planten creëerden we 
experimentele opstanden waarin bron planten en niet-bron planten alleen groeiden in zgn. 
mono-opstanden of samen in mengteelt. Deze planten werden opgekweekt in klimaatkamers 
met CO2 niveaus van 270, 450, of 750 ppm. Ook werd een model gebruikt om op te schalen 
van bladfotosynthese naar de fotosynthese van de hele plant en om hiermee vervolgens de 
invloed van plastische en genotypische reacties te kwantificeren. 
 De resultaten lieten zien dat de groei en bladoppervlakte productie van planten vooral 
bepaald werd door plastische en niet door genotypische reacties op verandering in CO2 
concentratie. Daarnaast vonden we bij de midden-hoge en hoge CO2 behandelingen (450 en 
750 ppm) dat de bronplanten het alleen beter deden dan de niet-bron planten wanneer planten 
van beide herkomsten met elkaar concurreerden en niet wanneer ze apart opgekweekt werden. 
Overeenkomstig, deden niet-bron planten het beter onder lage CO2 alleen wanneer deze met 
bron planten concurreerden en niet wanneer ze apart werden opgegroeid. Onze resultaten 
suggereren dus dat natuurlijke selectie in onze soort onder verhoogde CO2 voornamelijk 
wordt gedreven door competitieve interacties. 
 
In hoofdstuk 5 schaalden we verder op, en bestudeerde we hoe de koppeling tussen vegetatie 
en de atmosfeer wordt beïnvloed door competitie. Hiervoor gebruikten we een gekoppeld 
vegetatie-atmosfeer model, en voegden hieraan een speltheoretische procedure toe die 
competitie tussen planten meeneemt. De resultaten van dit model vergeleken we met data van 
Amerixflux Bondville over een heel groeiseizoen.  
 We lieten zien dat de toevoeging van competitie voor een verbetering zorgt van de 
voorspelling van vegetatie en atmosferische processen. Een lagere fotosynthesesnelheid was 
voorspeld doordat competitie tussen planten resulteert in selectie op meer bladoppervlak, wat 
resulteerde in een minder negatieve netto ecosysteem uitwisseling van CO2 (minder CO2 
onttrokken van de atmosfeer, doordat de fotosynthese lager is). Daarnaast lieten we zien dat 
het belang van competitie op vegetatie en atmosferische processen toeneemt wanneer er meer 
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stikstof en water beschikbaar is, en dat dit ook afhangt van het type bodem. Hiermee hebben 
we dus het potentiele effect van competitie tussen planten in een gekoppelde vegetatie en 
atmosferisch systeem geïllustreerd en lieten daarnaast ook zien dat competitie dit systeem erg 
sterk beïnvloedt.  
 
Concluderend, de resultaten uit dit proefschrift laten het belang zien van het meenemen van 
de tijdschaal van acclimatiseren op bladniveau op veranderingen in milieuomstandigheden in 
optimalisatiemodellen. Het is daarom nodig om dit effect van deze tijdschaal verder te 
onderzoeken op het niveau van de gehele vegetatie opstand. Daarnaast lieten we ook zien dat 
planten meestal op de korte termijn reageren op verhoogde CO2 en niet op de lange termijn. 
 Daarnaast onderstrepen de resultaten uit dit proefschrift het belang van competitie 
tussen planten op het functioneren van de vegetatie en de invloed op atmosferische processen. 
Maar wat wel overwogen moet worden is dat de grootte van het effect anders kunnen zijn bij 
andere type planten dan de door ons onderzochte soorten. Onze resultaten suggereren sterk 
dat de negatieve terugkoppeling, waar planten voor zorgen door de extra koolstof opname, 
onder verhoogde CO2 minder sterk is dan wordt gedacht; daarom raad ik aan om verder 
onderzoek te doen naar de implicaties van competitie op globale atmosferische processen om 
zo het exacte effect op het klimaat beter te bepalen. 
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