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Summary

� How plants respond to climate change is of major concern, as plants will strongly impact

future ecosystem functioning, food production and climate. Here, we investigated how vege-

tation structure and functioning may be influenced by predicted increases in annual tempera-

tures and atmospheric CO2 concentration, and modeled 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 neighboring 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 warm-

ing, 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 leaf area index (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.

Introduction

Atmospheric CO2 concentration is predicted to rise in the future,
and, partly as a result of this, global temperature will increase
(IPCC, 2007). How plants respond to changing climate is of
major concern, 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 inclu-
sion of vegetation in climate models.

Currently, in many climate models, vegetation functioning is
directly linked to the leaf area index (LAI, 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 the exchange of CO2,
water vapor and energy between vegetation and atmosphere
(Running & Coughlan, 1988; Sellers et al., 1997; Van den Hurk
et al., 2003). However, LAI is highly variable and can differ as a

function of vegetation type and climatic and soil conditions
(Asner et al., 2003; Iio et al., 2014).

Climate models are often used for climate change predictions
and studying climate–vegetation feedbacks. However, these mod-
els generally ignore local interactions between plants. In fact,
there are frequent calls for the inclusion of the role of the interac-
tions 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 this has
rarely been done. Incorporating local interactions between plants
in 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–vegeta-
tion models, as it is a simple but elegant way to scale from indi-
vidual 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 et al.,
2012). Optimization models assume that plants optimize their
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traits to maximize performance (usually canopy photosynthesis
or net primary production) at the whole-stand level. Thus, they
implicitly quantify the maximum contribution of trait acclima-
tion to whole-stand performance (Anten & During, 2011). Sev-
eral 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 usu-
ally a strong positive correlation between predicted and observed
LAIs, quantitatively they often underestimate measured LAIs,
and overestimate canopy photosynthesis (Anten et al., 1998;
Anten, 2005).

By defining performance maximization at the level of vegeta-
tion stands rather than at the individual level, optimization mod-
els implicitly assume that the optimal trait values of one plant are
independent of the trait values of its neighbors. This in turn
ignores the fact that plants strongly compete for resources (Anten,
2002). Competitive optimization (also known as density-depen-
dent 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 neighbor plants (Reichert &
Hammerstein, 1983; Anten, 2002). Through this approach, sta-
ble strategies can be defined (also known as evolutionarily stable
strategies), whereby a population adopting such a strategy cannot
be invaded by individuals adopting any other strategy, because
this will not increase the payoff of the individual (Parker & May-
nard-Smith, 1990). This approach can for example be used to
predict the allocation of biomass to leaves, wood and roots (Dyb-
zinski et al., 2011; Farrior et al., 2013). In the current study, we
applied this approach to analyze the effects of climate change on
LAI and associated vegetation functioning, because, as noted
already, the LAI is a key trait in driving the exchange of CO2,
water vapor and energy between vegetation and atmosphere.
Application of the evolutionarily stable strategy approach to ana-
lyze vegetation structure and functioning under current climate
conditions resulted in a closer fit of predicted stable LAI to real
values compared with predictions from simple optimization, in
which only the total stand is optimized (Anten, 2002; Lloyd
et al., 2010). However, although adding competitive optimiza-
tion 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 et al., 1993, 1997; Medvigy
et al., 2010) have used it to investigate vegetation functioning
under future climate scenarios.

The aim of this study was therefore to analyze 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 have developed a canopy model in
which we used soybean (Glycine max) as a reference system. Soy-
bean was chosen because this species is widely grown all over the
world and is one of the most studied species for response to ele-
vated CO2 (Ainsworth et al., 2002) and therefore ample experi-
mental data are available. Here, the effect of CO2 on vegetation
structure and functioning predicted by the model was 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 validated against data from a detailed
study on this (Dermody et al., 2006). The canopy model we
developed calculates the canopy photosynthesis of soybean as a
function of light, nitrogen, temperature, CO2 and water. A water
balance was included in the model to enable calculation of 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 No-
Opt), assuming that 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 competi-
tion is not included). The last version uses competitive optimiza-
tion (hereafter called ComOpt), where plants optimize their LAI
in a competitive setting. SimOpt is included because comparison
of its results with those of the ComOpt version allows us to deter-
mine the effect of competition separately from that of acclima-
tion itself (included in the SimOpt version). With these model
versions, we studied the effects of the predicted gradual increases
in temperature and elevated CO2 on soybean, and how these
effects differ if competition is included.

Materials and Methods

Introduction of the canopy model

To answer our main research question, a canopy model is devel-
oped. 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 (Supporting Information
Table S1) and for the given constraints (for a given amount of
nitrogen (N) that plants allocate to leaves, water availability as
reflected by soil water potential, incident light, temperature, and
atmospheric CO2 concentration). The model uses parameter val-
ues obtained from experimental studies on soybean (Glycine max
(L.) Merr) from Anten et al. (1995a) and Dermody et al. (2006)
(Table 1). Parameter values given in Table S1 were used for all
simulation unless otherwise specified. All variables names with
units are supplied in Table S2. Here we present a short descrip-
tion of the canopy model; a full description can be found in
Methods S1. After the canopy model has been presented, a
description is given of the three different model versions, the cli-
mate change scenarios and how we compared the model out-
comes with experimental data.

Plant structure

From a whole stand (Fig. 1a), a target plant is defined (Fig. 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 LAI (Fi), as we
standardized A to 1 m2. Neighboring plants can also have leaves
within A, thereby influencing the light climate of the target plant
(Fig. 1f). Our competitive optimization criterion is defined as
maximization of an individual plant’s photosynthesis in the pres-
ence of neighbors, but does not consider the photosynthesis of
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those neighbors. The number of neighbor plants having part of
their leaves in A therefore does not affect the calculation; only
their combined total leaf area in A matters. The interaction
between the target and the neighboring plants through canopy
mixing was modeled 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 neighboring plants (Fn) in the same area A
(Fig. 1f). All plants are assumed to be identical (same height, LAI
etc.). The leaf areas of the target plant and neighbors are assumed
to be uniformly distributed, horizontally and vertically.

The ratio of the target plant’s leaf area to the total leaf area (b)
in the area A describes the degree to which canopies of plants are
mixed, which in turn determines the degree to which plants influ-
ence each other’s light climate.

b ¼ Fi
FT

Eqn1

A value of b = 1 means that the leaves of the target plant in
area A are not mixed with leaves of neighboring plants, and the
target plant only influences its own light climate through self-
shading (Fig. 1b). Conversely, decreasing values of b indicate an
increased degree of mixing and thus mutual shading between the
plants (Fig. 1f). It should be noted that b values approaching zero
are unrealistic as b = 0 entails that a target plant has no leaf area,
which is evidently impossible.

Light distribution

The light interception of the leaves was calculated with the model
of Spitters et al. (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).

Nitrogen distribution

The N 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) fol-
lowing Anten et al. (1995b). Plants are assumed to have a fixed
total amount of leaf N (Nentry>/sub>); thus, increasing the leaf
area results in a reduced leaf N content.

Photosynthesis

The net photosynthesis of a leaf per unit area (Pnl) was calcu-
lated with the Farquhar photosynthesis model (Farquhar et al.,
1980), where the net photosynthesis is calculated as the gross
photosynthetic 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 photosynthetic rate Pcl and
the electron transport-limited photosynthetic rate Pjl (Farquhar
et al., 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 can-
opy (thus taking account of variation in light and N between
leaves) and over the time of the day (yielding a whole-vegetation
value with area A) and subsequently multiplying the integrands
by b.

PnT ¼ b
Z t ¼ 24

t ¼ 0

Z fi ¼ FT

fi ¼ 0

Pnl df dt Eqn 2

PgT ¼ b
Z t ¼ 24

t ¼ 0

Z fi ¼ FT

fi ¼ 0

Pgl df dt Eqn 3

(t, time (in h).)
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 et al., 1942); for
all other photosynthetic parameters we used an Arrhenius model
(Farquhar et al., 1980).

Jmax, Vcmax and Rl are assumed to be linearly related to leaf N
content per unit leaf area Nl (Harley et al., 1992). Thus, because
of the fixed total amount of leaf N (Nentry>/sub>), increasing
the leaf area results in a reduced leaf N content and an associated
lower photosynthetic capacity per leaf.

Table 1 Parameters used in the model which were obtained from
experimental studies on soybean, with their units, a description of the
parameter and the input value

Symbol Units Explanation Input value

crl lmol m�2 s�1 Intercept of the Rl Nl

relation1
0.3882

FT – Leaf area index 6.583,4

ht m Top height of the
canopy

0.662

Kdf – Extinction coefficient
for diffuse PFD

0.7472

Kn – Extinction coefficient
for nitrogen

0.2982

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

29.02

NT mmol m�2 Total canopy leaf N 526.63

xc lmol CO2mmol N�1 s�1 Slope of the Vcmax

Nl–Nb relation
1

0.172

xj lmol CO2mmol N�1 s�1 Slope of the Jmax

Nl–Nb relation
1

1.032

xr lmol CO2mmol N�1 s�1 Slope of the Rl Nl

relation1
0.00992

h – Curvature factor 0.93

1Jmax, Vcmax and Rl are assumed to be linearly related to leaf nitrogen con-
tent per unit leaf area.
2Source: Anten et al. (1995a).
3Source: Dermody et al. (2006).
4This value was only used for the NoOpt version of the model. For SimOpt
and CompOpt, leaf area index is an emerging property.
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Steady-state flow of CO2 and water transport

We assume that there is a steady state of inflow of CO2 for pho-
tosynthesis and consumption of CO2. Solving the steady-state
condition for the internal CO2 results in the net photosynthetic
rate. The inflow of CO2 is determined by the stomatal conduc-
tance (GsT) and the difference between the atmospheric and
internal CO2 concentrations (Ca and Ci, respectively), in which
both GsT and Ci are calculated according to Tuzet et al. (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 Eentry>/sub> and plant water transport through the
stem Wentry>/sub>, that is, Eentry>/sub> =Wentry>/sub>
(Sterck & Schieving, 2011). Water transport is calculated for the

whole plant. This assumes that all leaves have the same leaf water
potential. Transpiration depends on the canopy stomatal conduc-
tance of the plant (GsT) and on the vapor pressure difference
between leaf and air (VPD). The VPD depends on the relative
humidity (RH) and on the temperature (Tetens, 1930). We
assume that 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 S1) and for the given constraints (constant total
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Fig. 1 Overview of the determination of
optimal leaf area index (LAI) and stable LAI.
(a) From a whole stand, a target plant is
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 neighbors in the
area A, then the simple optimization is
performed (b = 1; b is the ratio of the target’s
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 neighbors next to the target
plant in the area A (0 < b < 1), then
competitive optimization is performed (f).
The stable LAI is defined by maximization of
the plant’s net photosynthetic rate relative to
that of its neighbors. 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 the net photosynthetic rate of the
target plant. (Step II) The neighbor also
increases its LAI by 5%, and so the LAI of the
whole stand is 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 is repeated (Steps III and IV), until a
value of the LAI of the stand is found at
which a further change in the LAI of the
target plant does not increase the net
photosynthetic rate of the target plant (Step
V), which is then the stable LAI (h).
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canopy N, base water potential, temperature, atmospheric CO2

concentration, and RH; we assume for all simulations a fixed and
relatively high base water potential; see Fig. S1 for results of a
wide range water availabilities and total canopy N contents).
With this Ψl, we can calculate the Ci of the plant and thus the net
photosynthesis.

Model versions: baseline model, simple optimization
model, and competitive optimization model

Three model versions are developed to show the effects of compe-
tition on vegetation functioning. All model versions use the same
canopy model; the only difference is the way in which LAI is cal-
culated (Fig. 1). The first model version is the baseline version
(NoOpt) where we show responses of plants with a fixed LAI
(Fig. 1c). For the LAI, a measured value for soybean was used of
6.58 (Table 1); this value was obtained for atmospheric CO2 of
37 Pa and a temperature of 24°C (Dermody et al., 2006), that is,
the ‘current climate’ treatment (representing the year 2000). The
LAI was kept constant if simulations were performed for different
climate conditions.

The second model version is the simple optimization model
(SimOpt). Here the optimization procedure determines the opti-
mal LAI that maximizes the whole-stand net photosynthesis
(PnT), and it assumes that plants do not compete for light (b = 1;
leaves of the target plant are not mixed with those of neighbors;
Fig. 1d). An optimal LAI at which net photosynthesis is maxi-
mized exists, as light interception increases with LAI but with
decreasing marginal returns (i.e. for LAI = 1, c. 50% of available
light is captured; for LAI = 2, 75% is captured, etc.), while
increasing LAI also entails a reduction in leaf N content and thus
in leaf photosynthetic capacity (Anten et al., 1995b) (Fig. 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. 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 neighboring plants
(b < 1; leaves of the target plant are mixed with those of neigh-
bors; Fig. 1f). With this model, the stable LAI of the stand, that
is, 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. 1g).
Thus, plant–plant interactions are taken into account to deter-
mine the optimal trait values of individual plants (Fig. 1g).

In order to find the stable LAI of a stand, we followed the same
approach as Anten (2002), which is briefly described here. We
defined a certain degree of mixture between a target plant and
other plants in the same area (b; Eqn 1; b = 1 is no mixture, and
the closer b is to zero, the higher the degree of mixture; Fig. 1f).
Then the LAI of the target plant (Fi) was increased by 5%, while
the LAI of the neighbors (Fn) was kept constant (Fig. 1g, step I).
This 5% increase in Fi increased not only the total LAI of the
stand (Fentry>/sub>), but also b. 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 the net photosynthetic

rate of the target plant (Fig. 1g), the LAI of neighbors was also
increased by 5% (all plants have the same leaf area and b was thus
restored to its original value), and as such the LAI of the whole
stand (Fentry>/sub>) was also increased by 5% (Fig. 1g, step II).
This process was repeated (Fig. 1h, steps III and IV) until a value
of Fentry>/sub> was found at which a further change in Fi did
not increase the net photosynthetic rate of the target plant
(Fig. 1h, step V), which is then the stable LAI for a certain value
of b (Fig. 1h). In all simulations with the ComOpt model, we
used a value of b of 0.5. This value was based on the results from
an independent study (Anten, 2002) which found that this
b = 0.5 gave good predictions of real LAIs for a variety of herba-
ceous species grown under ambient conditions (Anten, 2002);
that is, for a wide range of LAI values there was a strong correla-
tion between predicted and observed LAI values (r2 = 0.8) and
the slope of the regression line (1.09� 0.178) was not signifi-
cantly different from 1.

Note that neither SimOpt and ComOpt specify whether
changes in trait values occur through plasticity, genotypic adapta-
tion or the replacement of less optimal genotypes by more opti-
mal 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
vegetation structure and functioning.

Climate change scenarios

For the climate change scenarios, we assume an increase in atmo-
spheric CO2 concentration from 37 Pa to 97 Pa (IPCC, 2007)
between the years 2000 and 2100. In the first climate change sce-
nario, we assume that the temperature stays constant (24°C; aver-
age 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 maintain the same rate of transpiration. Thus, an
increase in temperature causes a certain degree of water stress.

Model validation against experimental data

First, we tested the extent to which SimOpt and ComOpt could
predict the seasonal dynamics in LAI using data from Dermody
et al. (2006). Dermody et al. (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 used the total canopy leaf N content as an input value
and compared the resulting LAI obtained under ambient and ele-
vated CO2 concentrations with those of Dermody et al. (2006).

Secondly, we tested the extent to which the three model ver-
sions (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
FACE experiments. The data were taken from Rogers et al.
(2004), Bernacchi et al. (2005, 2006), Dermody et al. (2006),
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Leakey et al. (2006), Ainsworth et al. (2007), A. D. B. Leakey
(unpublished), and J. M. McGrath (unpublished). These experi-
ments compare plants grown under an atmospheric CO2 concen-
tration of c. 37.5 Pa with plants grown under an atmospheric
CO2 concentration of c. 55.0 Pa. We specifically compared the
relative changes of simulated and measured LAIs (107 measure-
ments), 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 compared 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 Nm�2).

Results

The effect of b on the competitive optimization model
version

First we analyzed the degree to which the predicted plant traits
depended on the assumed plant–plant interaction (indicated by

the parameter b; b = 1, simple optimization model SimOpt,
Fig. 1d; reduction in b from 1 towards zero, competitive optimi-
zation model ComOpt, Fig. 1f) under current climate conditions
(year 2000: temperature of 24°C, atmospheric CO2 concentra-
tion of 37 Pa). The stable LAIs were found to be clearly larger
than the optimal LAI (b = 1) and the predicted stable LAIs
increased as b values decreased (Fig. 2a). Predicted canopy photo-
synthesis in turn showed the opposite trend, becoming lower
with decreasing values of b (Fig. 2b). Both canopy-level stomatal
conductance (Fig. 2c) and transpiration rate (Fig. 2d) decreased
with increasing b. As with a fixed canopy N, LAI is increased
beyond the optimum for maximizing whole-stand net photosyn-
thesis, so leaf photosynthesis and associated conductance
decrease. The nonlinear responses to b (Fig. 2) are the result of
the nonlinearity of the empirical logistic function (Eqn S27; this
function determines the stomatal conductance which influences
the rate of transpiration and therefore the leaf water potential and
the internal CO2 concentration). 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. 2d), the reduction in photosynthesis is even stronger such
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b = 1 is no mixture; the closer b is to zero, the
higher the degree of mixture).
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that water use efficiency (WUE) is reduced (Fig. 2e). As the
amount of N in the canopy is the same for the two model ver-
sions, predicted whole-plant photosynthetic N use efficiency also
decreases with increasing mixture (data not shown). However,
model results are highly sensitive to b (Eqn 1), indicating that
this is a key parameter in the model (Fig. 2).

Climate change

By the year 2100, SimOpt (b = 1) and ComOpt (constant
b = 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. 3a). For
ComOpt the LAI increases because, as a consequence of the
increase in CO2 concentration, 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 a
smaller increase in LAI when the temperature is also increased,
because an increase in temperature results in an increase in the
vapor pressure difference between leaf and air (VPD; Eqn S30;
we assumed constant relative humidity) which causes a certain
degree of water stress, causing lower LAI. However, for SimOpt,
an increase in temperature resulted in more leaf area as the nega-
tive effects of water stress are much smaller as a result of the lower
initial leaf area, and therefore increasing LAI will result in higher
photosynthesis. Given the fact that total canopy N was assumed
to be constant, the model predicts a small reduction in leaf N
content per unit leaf area (see Fig. S1 for results for a wide range
of total canopy N contents and water availabilities).

All three models predict an increase in the net photosynthetic
rate from 2000 to 2100 (Fig. 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 increases over time, as a result of the increase in
the efficiency of photosynthesis (64%, 68% and 58% for NoOpt,
SimOpt and ComOpt, respectively; Fig. 3b).

All three models predict a reduction in stomatal conductance
with increasing CO2 concentration over the simulation period
(2000–2100), but this reduction 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 an increase in temperature. The CompOpt version pre-
dicts a larger reduction (41% and 48% with and without warm-
ing, respectively) than the NoOpt version (41% and 45%,
respectively) and SimOpt (33% and 31%, respectively; Fig. 3c).

The transpiration rate decreases with increasing CO2 accord-
ing to all model versions, with the largest reduction in ComOpt
(Fig. 3d). With a constant temperature, NoOpt predicts a reduc-
tion of 45%, SimOpt a reduction of 31% and ComOpt a reduc-
tion of 48%. These reductions mirror the reductions in stomatal
conductance because there is no change in VPD. If the

temperature also increases, the reduction in the transpiration rate
is smaller than the reduction in stomatal conductance; NoOpt
predicts a reduction of 25%, SimOpt a reduction of 15% and
ComOpt a reduction of 25% (Fig. 3d). The smaller reduction in
transpiration rate with an increase in temperature is because
VPD increases (we assumed constant relative humidity), and
because of the mentioned positive effect of temperature on sto-
matal conductance.

The WUE (i.e. the net photosynthetic rate divided by the tran-
spiration 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. 3e). The temperature
rise increases the VPD, which increases the transpiration rate.
This increase in transpiration rate with an increase in temperature
is greater than the increase in net photosynthesis, so WUE
increases less if temperature also increases.

Model validation against experimental studies

The seasonal pattern in LAI development of the crop under both
ambient and elevated CO2 concentrations (Dermody et al.,
2006) corresponded well with the predictions of the ComOpt
model version (Fig. S2). This was illustrated by the fact that pre-
dicted and measured values clustered around the 1 : 1 correspon-
dence line, when plotted against all points. Conversely, the
simple optimization model (SimOpt: no competition, b = 1;
optimal LAI) greatly underestimated the LAI values throughout
the season under both ambient and elevated CO2 concentrations
(Figs 4a,b, S2).

Secondly, ComOpt predicted the relative change in LAI attrib-
utable to an increase in CO2 concentration from 37.5 to 55.0 Pa
well within the wide range of data (107 observed values) obtained
from a set of FACE experiments (Fig. 5). The average increase in
LAI across all these observations was 11% (95% confidence inter-
val ranging from 2 to 19%). For the same increase in atmospheric
CO2, ComOpt predicted an 8% increase (0.5% lower bound
and 17% higher bound, as a result of variation in observed can-
opy leaf N values obtained by Dermody et al., 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 was included (lower bound 0.15%; higher bound 0.30%);
and for NoOpt there was no change in LAI by definition (Fig. 5).
The FACE experiments showed a mean increase in the net pho-
tosynthetic 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. 5). The experiments showed a mean
reduction in stomatal conductance of 11% (lower bound �16%;
higher bound �5%); NoOpt, SimOpt and ComOpt predicted a
decrease of 17%, 9% and 14%, respectively (Fig. 5). Across all
simulations, higher values of total canopy N content resulted in
more positive relative responses to elevated CO2; that is, larger
relative increases in LAI and photosynthesis and lower relative
reductions in stomatal conductance (Fig. 5; higher bounds; Fig.
S1). Thus, all three model versions gave good predictions of the
relative effects of CO2 elevation on leaf fluxes. However, the
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absolute values of the fluxes for both ambient and elevated CO2

concentrations were greatly overestimated by SimOpt (not
shown). Similarly, SimOpt greatly underestimated the absolute
LAI values (Figs 4, 5). Thus, ComOpt was the only model version
of the three that gave good predictions of the effects of CO2 on
both LAI and leaf fluxes.

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 interac-
tion, b < 1) results in predicted vegetation stands with higher
LAIs, but with lower transpiration rates and lower photosynthetic
rates compared with simple optimization (SimOpt; b = 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 modelers (e.g. Van den Hurk
et al., 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 photo-
synthesis, while transpiration rates decreased. This CO2 fertiliza-
tion mechanism is known from many studies (e.g. Cao &
Woodward, 1998) and, in turn, entails a considerable increase in
photosynthetic WUE. However, with the predicted increase in
temperature, transpiration is reduced less but photosynthesis is
increased more, while LAI is increased less. The result is that
plants are predicted to become more efficient with elevated CO2,
but because of the 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 that it also accurately predicts the effects of ele-
vated CO2 on this trait observed in a large number of FACE
experiments (Fig. 5) as well as the seasonal dynamic in LAI over
the season (Fig. 4), at least in soybean. LAI is a key trait in driving
vegetation climate feedbacks through its effects on CO2 and
water vapor exchange between vegetation and the atmosphere
and its effect on surface albedo.

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 et al., 1999; Falster & Westoby, 2003; Niinemets, 2010)
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but, to our knowledge, the degree to which competition may
mediate plant responses to climate change has not been quantita-
tively studied. Here we show that the degree to which canopies of
neighboring 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 veg-
etation responses to climate change and that more work is there-
fore needed to quantify this interaction. In this respect it is
important to note that this degree of self to nonself interaction
(b) in plant canopies probably differs between plant types. For
example, trees have relatively broad canopies and probably a
higher degree of self-interaction (larger b) than herbaceous plants
with much narrower canopies (Anten & During, 2011). Clonal
plants may also differ markedly in the degree of self/nonself inter-
action, depending on the spatial pattern in which they produce
their vegetative offspring. If placed close together, such plants
may produce large monoclonal patches and competition between
genetically different individuals is very limited, which would be
reflected in b values close to 1. Thus, we emphasize that, if our
approach were to be extended to more plant types, careful consid-
eration should be given to the assumptions of self/nonself interac-
tions.

Our model predicts that, with increasing interaction among
plants in vegetation (decreasing b), the leaf area of plants
increases while their stomatal conductance declines, resulting in
both a larger LAI and lower transpiration at the vegetation level.
The pattern observed in our simulations can be explained as fol-
lows. If a plant is competing, increasing its LAI to more than the
optimal LAI (determined for a given canopy N and water avail-
ability) will result in a 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 increas-
ing the LAI even if this reduces the 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. As canopy N
remains unchanged, this implies that plants reduce N use effi-
ciency 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.
As a consequence of the decreased consumption of CO2 of the
stand, this will decrease the stomatal conductance of the stand
which results in a lower transpiration rate compared with plants
that are not mixed.

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

concentrations from Dermody et al. (2006) and the average rela-
tive effect of CO2 elevation on LAI as determined by 107 FACE
experiments. By contrast, SimOpt greatly underestimated

absolute LAIs and the relative effects of elevated CO2 on LAI.
This indicates that inclusion of competition in vegetation models
may greatly improve predictions of LAI and effects of climate
change thereupon. For stomatal conductance and net photosyn-
thetic rate, all three model versions simulated the relative changes
with increasing CO2 well within the range of observed effects
obtained by FACE experiments. However, in absolute terms
SimOpt considerably overestimated net photosynthesis and sto-
matal conductance.

All three models showed amplified responses to elevated CO2

with higher N contents, which is consistent with the general find-
ing that growth stimulation by CO2 is larger 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 increase with N
availability and thus plants benefit more from the CO2 stimula-
tion of quantum yield (Anten et al., 2004). In addition, inhibi-
tion of photosynthesis by carbohydrate accumulation at high
CO2 tends to be weaker at high than at low N (Rogers et al.,
1996).

Vegetation responses to climate change

Plants were predicted to respond to climate change (i.e. warming
and CO2 elevation) by increasing LAI, and decreasing leaf N, sto-
matal conductance and transpiration rate. Plants decrease their
stomatal conductance when the atmospheric CO2 concentration
increases, in order to maintain the ratio of internal CO2 to atmo-
spheric CO2 (Goudriaan & Unsworth, 1990), resulting in a
decrease in the transpiration rate. An increase in temperature
resulted in a lower LAI for ComOpt compared with the situation
where only CO2 was increased. This can be explained by the
optimality hypothesis of gas exchange. According to the optimal-
ity 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 transpi-
ration constant, LAI is reduced but photosynthesis is increased as
a result of 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 (as 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 will 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.

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 pro-
vide a tailor-made predictive tool. We therefore used a canopy
model that was based on a number of simplifications that more
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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 sup-
port leaves were not taken into account. We also did not set an
upper limit to the specific leaf area. These factors were likely to
impose limitations on LAI, particularly where LAI was predicted
to be very high, for example at very low values of b.

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 as well as a warming of the canopy itself (as a conse-
quence of less evaporative cooling), which subsequently increases
the vapor pressure difference between leaf and air. Depending on
soil water availability, this can lead to further stomatal closure or,
if stomatal opening remains unchanged, higher transpiration
(Friend & Cox, 1995; Bernacchi et al., 2007). The latter feedback
probably occurred in the SoyFACE experiments as plants were
well watered, but this was not considered in our model. Thus,
while our predicted effects of CO2 elevation on stomatal conduc-
tance were consistent with results from FACE experiments
(Fig. 5), it is possible that we overestimated the reduction in tran-
spiration. 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 of 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. Interestingly, while game theoretical models exist ana-
lyzing either aboveground traits (e.g. Hikosaka & Hirose, 1997;
Anten, 2002; Falster & Westoby, 2003) or belowground traits
(Gersani et al., 2001) separately, combined analyses of both com-
ponents have not been performed. Such analyses would consti-
tute 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 modeled
fairly realistically (e.g. Franklin, 2007), ComOpt can provide
fairly accurate estimates of LAI.

In our approach of defining a stable LAI, we assumed that
there is a stand of identical plants and assessed 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, result-
ing in a new situation in which all individuals have this different
LAI. However, it has not been shown whether these changes in
LAI occur through plasticity, genotypic adaptation or replace-
ment 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 yr). Thus, the

patterns as predicted by us could be the result of phenotypic plas-
ticity 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 tempera-
ture has 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 habitats (e.g. Dukes & Mooney, 1999; Parmesan &
Yohe, 2003). For CO2 this seems to be an unlikely scenario, as
the CO2 concentration is rather constant across the globe. Thus,
within this time-span it is most likely that plants show acclima-
tion to elevated CO2. So, although our model is relatively simple,
as it was not our objective to produce a detailed model of vegeta-
tion functioning, our study does strongly imply that inclusion of
trait acclimation in a competitive setting in vegetation models is
ecologically more realistic and may improve predictions of cli-
mate change effects on vegetation structure and functioning.
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