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Abstract

Recently, a biogenic isoprene emission model with improved CO, dependency was developed for
global change applications (Morfopoulos et al., 2013). The model is based on the mechanistic
linkage between isoprene emission and the availability of reducing power. Here, we advance the
model formulation by introducing an explicit link between the electron transport (supply-
constraint) and enzyme activity (capacity-constraint). We furthermore investigate the sensitivity of
the model to variations in photosynthetic and emission-specific parameters. By comparing
species-specific simulations with experimental data, we demonstrate that differences in
photosynthetic characteristics can well explain inter-species differences in emissions.
Interestingly, also the seasonal development emissions could be explained to some degree by the
change of energy supply from photosynthesis throughout the season. In addition, we show that the
principal responses are not limited to isoprene but can be formulated to describe the emission of
all light-dependent volatile species. Thus, the model is a good candidate to be implemented in
regional and global models that already provide species-specific photosynthesis estimates.
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Introduction

Volatile organic compounds (VOCs) constitute an important component of air chemistry at
all spatial and temporal scales. They encompass a rather large group of compounds, almost
all of which contribute to air chemistry, for example through radical removal or ozone
formation. Due to their effect on the concentration of ozone, the lifetime of methane, and the
formation of secondary aerosols they also have a considerable indirect impact on climate
(Aksoyoglu et al., 2012; Atkinson, 2000; Kulmala et al., 2013; Pike and Young, 2009).

Globally, it is estimated that about 90 % of VOC emission is attributed to vegetation
(biogenic VOCs or BVOCs) (Guenther et al., 2012; Piccot et al., 1992). The components
and emission pathways are diverse but they are dominated by isoprenoids that are either
emitted from specific storage structures or from production sites in the leaf cells. The latter
group includes constitutively produced molecules (i.e. products of the methyl-erythritol
phosphate (MEP) pathway such as isoprene, monoterpenes, and methyl-butenol) as well as
those that are only apparent under stress (i.e. sesquiterpenes and lipoxygenase (LOX)
products, but also several stress-induced monoterpenes and homoterpenes (Li and Sharkey,
2013b; Niinemets et al., 2013)). However, some of these apparently induced molecules are
likely to be produced at low level also during periods intervening stress events (Niinemets et
al., 2013).

The amount of BVOCs emitted under future climate changes is of major concern (Arneth et
al., 2010; Fowler et al., 2009; Laothawornkitkul et al., 2009; Park et al., 2013). BVOC
emissions not only affect climate but they depend on climate and atmospheric chemistry
conditions that are likely to change in the future: 1) BVOC emissions are exponentially
linked to temperature over the physiological temperature range although at least isoprene
has been found to be negatively correlated to CO, concentration (Grote et al., 2013; Li and
Sharkey, 2013b). Thus, the impact of climate warming on BVOC emissions is potentially
large but rather uncertain (Arneth et al., 2011; Keenan et al., 2009b; Monson et al., 2007); 2)
Land-use change is supposed to shift species composition to higher emitters (Hardacre et al.,
2013; Niinemets and Monson, 2013; Owen et al., 2013), in particularly many plant species
used for bioenergy production are known to be high BVOC emitters (Ashworth et al.,
2013b; Owen et al., 2013; Porter et al., 2012); 3) Emission control strategies will probably
lead to a complex change in air chemical composition that may modify the impact of
BVOCs on climate but may also directly affect plant physiology and thus BVOC emissions
(Calfapietra et al., 2013; Hogrefe et al., 2011).

Despite the importance of the issue, current models simulating BVOC emission, in
particular those BVOCs emitted directly after production (e.g. isoprene), still suffer
deficiencies that bring into question their suitability for application in integrated climate-
atmosphere models. What are these deficiencies?

One striking issue is that the many environmental controls on BVOCs emission
(temperature, light, CO,, drought, etc.) are assumed to act separately and independently.
However, it is well known that light-dependent BVOC emissions are closely connected to
photosynthesis (Grote et al., 2013; Grote and Niinemets, 2008; Monson et al., 2012;
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Niinemets et al., 2002a; Niinemets et al., 1999), and an interdependency between CO, and
light control (Sun et al., 2012), as well as CO, and temperature control (Rasulov et al., 2010;
Sun et al., 2013) has been demonstrated. Thus it is apparent that BVOC emissions reflect to
some degree environmental responses of the photosynthesis apparatus in addition to specific
properties of the biochemical pathway involved, i.e. the MEP pathway (Li and Sharkey,
2013a; Li and Sharkey, 2013b; Magel et al., 2006; Rasulov et al., 2009; Velikova et al.,
2011). Importantly, the relation between those two controls may change with changing
environmental conditions, requiring the inclusion of an explicit mechanistic description of
both process chains in BVOCs models.

Some models provide such an explicit description (Martin et al., 2000; Niinemets et al.,
2002b; Niinemets et al., 1999; Zimmer et al., 2000). However, in coupled climate/chemistry
simulations, BVOC emissions are mostly calculated with empirical relations linking
emissions to a multitude of environmental conditions, but are independent of photosynthetic
performance (Ashworth et al., 2013a; Guenther, 2013; Guenther et al., 2012; Kulmala et al.,
2013; Poupkou et al., 2010; Simpson et al., 2012). There are two exceptions known to the
authors (Pacifico et al., 2012; Unger et al., 2013) that use a modified version of the
Niinemets model (Niinemets et al., 1999) linking isoprene emissions to photosynthesis by
energy supply but nevertheless applying additional empirical functions, i.e. to account for
CO», drought, and seasonal variation. Using such modifiers, however, may cause responses
inconsistent with those of photosynthesis, in particular under unprecedented combinations of
environmental conditions.

Given these important limitations, we argue that a generally applicable combined
photosynthesis — emission model that consistently responds to various environmental
conditions without the use of additional empirical response functions is needed. An outline
for this approach has already been proposed (Harrison et al., 2013) and a model that
calculates isoprene emissions based on a consistent linkage between photosynthesis and
emission has been developed (Morfopoulos et al., 2013). Here, we advance this model in
order to incorporate it into large-scale coupled climate / chemistry models, providing the
first mechanistic isoprene emission model for global application based on the photosynthetic
dependency of emissions.

Model Description

The model of Morfopolous et al. (2013) is based on energy-limited photosynthesis and
energetic status. It particularly considers the available energy for secondary metabolism
processes, i.e. the difference between the amount of energy that is provided by photosystem
Il (the protein complex in leaves that captures photons of light to provide the chemical
energy needed for further synthesis) and that is used for carbon fixation. This information is
provided by Farquhar-type photosynthesis models (Farquhar et al., 1980) although not all
variants calculate all the necessary components explicitly. Here we use the simplified
photosynthesis model of Collatz et al. (Collatz et al., 1991; Collatz et al., 1992) that is
described in the appendix and is widely used in dynamic global vegetation models, for
example in CLM (Dai et al., 2004), JULES (Clark et al., 2011), BETHY (also JSBACH)
(Knorr and Heimann, 2001) and CTEM (Arora, 2003).
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This model differs from the one suggested in Morfopoulos et al. (2013) in the way it
considers the fraction of electron engaged in the MEP pathway due to photosynthesis (ypn)
and enzyme activity (yen) Which are calculated separately from the electron transport rate
and temperature responses. These parameters are further normalized to standard conditions
(of 30 °C and 1000 pmol m=2 s~ photosynthetically active quantum flux density) to be
scaled with the standard emission factor (emission under standard conditions) available for
many species and plant functional types. The model can be formally stated as:

emission=RER x EF (Eq.1la)
RER:'Vph/prh_ norm X ’Yen/'Yen_ norm (Eq. 1b)

Yph_norm  Photosynthetic emission potential normalized to standard conditions

Yen_norm  €nzymatic emission potential normalized to standard conditions

EF emission under standard conditions (30 °C and 1000 pmol m=2 s light, 365 ppm
CO, air concentration) (ug g™ DW h1)

RER relative emission response (=)

Yph= [c1Hc2 X max (—AJy,,J — Jv)] X J x min (1,Ci/T™)  (Eq. 2)

J electron transport rate (umol m=2s™%)

v electron flux required to support Rubisco-limited carbon assimilation (umol m=2s1)
C; intracellular CO, (Pa) (see Equation Al for derivation)

r™* CO, compensation point (Pa)

Apax =30 maximum amount of electrons that can be supplied from other sources (umol m=2s71)
¢, =0.1765  share of energy used from excess electron transport (nmol isoprene pmol electron=1)

c,=0.0028 basic fraction of energy supply from photosynthesis (nmol isoprene umol electron=12

Yen=€xp (co — AH,_ en/ (R, *tc)) [ (14exp ((ASen, xtc — AHy_ o) / (R, * tc))) (Eq).
3

Te temperature at the leaf surface (K)

Co=32.86 scaling constant (J mol™1)

AH, o, =83129  activation energy of emission enzyme (J mol™t)
AHg ¢, = 284600  deactivation energy of emission enzyme (J mol™t)
AS, = 887.5 entropy term of emission enzyme (J mol~ K™%)
Rg =8.314 (3 mol"1.K™2)

Parameters Cg, AHa_en, AHg_en, and ASg, are taken from Niinemets et al. (1999). The values
for ¢4 and c, were determined from observations of isoprene emission and photosynthesis of
Populus tremula x tremuloides saplings (Sun et al., 2012). These data were used to:

1) evaluate the photosynthesis model with the species-specific parameters (see Table 2)
except Keos, and Koos which were measured directly and Vemaxes Which is estimated
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iteratively to approach a simulation/ measurement relationship of 1 for the rubisco limited
photosynthesis capacity Ac (see appendix). The resulting relationship between measured
and simulated photosynthesis using the Collatz model is shown in Figure 1A;

2) derive emission model parameters from the relation between J-J, and emission/J. The
variables J and J, have been calculated using the photosynthesis model described in the
appendix with given environmental conditions as well as measured internal CO,
concentration (C;) and isoprene emission. The latter relationship gives the share of energy
used from excess electron transport (parameter ¢y, slope in Figure 1B) as well as the basic
energy supply (parameter cq, Y-axis interception in Figure 1B). Due to its dependency on J
and Jv we refer to the new model JJv emission model.

More information about the measurements is available in Sun et al. (2012). It should be
noted that the regression between emission and [J-J,] depend on the photosynthetic
parameters and model formulation to derive J (including the formulation of Jyax and the
parameters E,j, 6, AHp and ASp).

The sensitivity of the simulated emission to environmental variables is shown in Figure 2.
Note that the indication of the ‘original’ Niinemets differs from the formulation in
Niinemets et al. (1999) in neglecting the C; depending term that leads to a continuous rise of
emission with increasing CO, concentration (Morfopoulos et al., 2013).

Additionally, we assumed that drought stress reduces the saturated rate of carboxylation
(Vemax) according to literature (Flexas and Medrano, 2002; Niinemets and Keenan, 2013;
StPaul et al., 2012). This is important as Vmax IS an intermediate variable calculated to
estimate energetic status (see appendix, Equation A9) and energy usage by photosynthesis
(Equation B4). As a result of this drought stress dependent decrease in V¢mayx, the light-
dependent emission rate also declines under severe drought stress. A possible
implementation of this mechanism has been proposed by (Keenan et al., 2009c; Keenan et
al., 2010). This formulation (Equation 4) has been used for the current investigation of
emission model sensitivity to environmental conditions. We note that the drought impact on
Vemax intentionally includes a parallel reduction of Jya¢ (Equation B1), which has been
reported on Mediterranean drought adapted species (Limousin et al., 2010; Vaz et al., 2010).
However, since these two parameters may not always decrease in parallel, we introduced a
specific parameterization for each process. We have also considered that drought affects
stomatal conductivity and thus C; according to the dependence of stomatal conductance on
net assimilation rate, leading to an iterative loop between stomatal conductance, net
assimilation rate and C; (Ball et al., 1987). However, the effect of this process on the energy
production is minor and is not discussed further. In addition, there may be a further
reduction in photosynthesis due to photoinhibition (Werner et al., 2001) that is not
considered.

caraxe = Vouax X min (1.0,rswe/R;) "Eq  (Eq. 4a)

J =J

MAX  YMAX

x min (1.0,7swe/R;) “Eq;  (Eq. 4b)
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Vemax” and Jyax”  altered Vemax and Jmax under water stress conditions

Rswc relative available soil water holding capacity (=)

R.=0.6 limit value of relative soil water content below which V¢yax is affected
(-), average of the range indicated by (Keenan et al., 2009a)

Eqv =04 parameter to account for non-linear decline of Vpmax With drought increase,
average of the range indicated by (Keenan et al., 2009a)

Eq;=<04 parameter to account for non-linear decline of Jyax with drought increase

Simulations

Model sensitivity to photosynthesis parameters

The proposed emission model is directly derived from foliage photosynthetic characteristics,
and therefore, we expect the variations in the emission rate to reflect variations in
photosynthetic parameters. Overall 13 parameters are used in the photosynthesis model and
all of these are potentially species-dependent (Table 1, for equations see appendix). In many
cases, only few investigations have determined these parameters experimentally, implying
that the actual uncertainty range cannot be currently determined. However, the sensitivity of
the electron transport chain — and thus BVOC emission — to variations of these parameters
can be assessed by varying them across the observed range.

We analyzed simulated emissions under a range of values for 10 of these parameters with
ranges defined by literature values (see Table 1). The remaining parameters (three Q10
dependencies of carboxylation, oxygenation and electron transport on temperature) are
specific for the Collatz-model and assumed to be fixed. The analysis revealed that the most
influential parameters on temperature, light and CO, sensitivity of emission are: Rubisco
activity at 25 °C (V¢maxes) and the ratio between deactivation energy (AHp), and entropy
(AS) (Fig. 3). In addition temperature, light and CO, responses were also sensitive to
activation energy (Eg;), to the curvature parameter used to define the light dependency of
electron production g, and to the ratio between the potential rate of electron transport Jyaxos
and V¢maxzs at standard temperature (Qy) respectively.

It should be noted that the parameters affect the shape of the response curves in different
ways. While the magnitude of the temperature response is determined by Vemaxes and Eaj,
optimum temperature shifts with AHR/AS. The slope of the light response curve is affected
by all the parameters mentioned above, but the start of emissions based on electron excess —
which is apparent by the onset of a steeper slope — particularly depends on Vemax2s-
Regarding the CO, response of emission, all parameters affect the steepness of the decline
although in different directions. For example a small V¢max25 might be counterbalanced by a
high Jmaxas.

Model sensitivity to emission parameters

The current parameterization of the parameters c; and ¢, is based on one dataset. As we
cannot say how general or species-specific these parameters actually are, it is necessary to
explore the sensitivity of the emission model to variations in these parameters. It should be
noted that in Equation 1, the parameters c1 and c2 are used in fixed relation to each other,
as:

Plant Cell Environ. Author manuscript; available in PMC 2015 April 30.
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{lertee x (J=Jy)] x I} /{lestez (T30 — Jvs0)] X T30}
= {[14re x (J = IV)] x T} / {[1+1e (Jao = Juo)] x Jao} 49

rc =cylcy
J3g electron transport rate for standard conditions (umol m=2s71)
Jvzo fraction of Jj used for photosynthesis for standard conditions (umol m=2 s7%)

Thus, we test the sensitivity of the model to this relation, rather than varying the absolute
values.

From the very few datasets available in the literature, we analyzed a preliminary dataset
from Morfopoulos et al. (submitted) examining emissions from Populus nigra seedlings and
other from Acacia nigrescens (Possell and Hewitt, 2009). This resulted in ¢, ranging
between 0.000004 and 0.003 and ¢4 ranging between 0.003 and 0.18. Thus, values of rc
ranging between 0.001 and approximately 0.02 were included in the sensitivity analysis.

Within the range of values tested, responses to light and temperature are not very sensitive
to the selected parameters (Fig. 4). However, a wider range between the two parameters
delays the light response of emissions similarly to high V¢maxos values, but retains the steep
slope of the response. This indicates that a wider range than that tested should not be
selected. In contrast, the response to increased atmospheric CO, concentration is quite
sensitive to the shift in parameters, making it a suitable candidate for fine-tuning CO»
responses when coordinated measurements of photosynthesis and emission are missing.

Model evaluation

Species specific emission responses

We evaluated the model using isoprene emission data from various sources collected by
(Pacifico et al., 2009) for the tree species Eucalyptus globulus (eucalypt), Liquidambar
styraciflua (sweetgum), Populus tremula x P. tremuloides (hybrid aspen), Quercus rubra
(red oak) and Q. robur (pedunculate oak). Simulations are performed using specific
photosynthesis parameters for each of these species with parameter values collected from
the literature (Table 2). Note that specific photosynthetic parameters for each individual
study as reported in Pacifico et al. (2009) were not available.

In Figure 5, species-specific environmental dependencies are presented together with
measurement data of four tree species. Despite the large intra-species variation in the
observations, which come from different sources, some basic differences between the
species could clearly be explained by photosynthetic characteristics. The higher Vgmaxos of
sweetgum for example results in a steeper temperature response while its slightly higher
temperature optimum can be attributed to its higher AHR/ASp relation compared to other
species. The relatively small V¢naxos and high @assumed for poplar is the reason for its
higher emission sensitivity to radiation. A steeper decline of emission with increased CO, as
observed in eucalypt and oak can be traced back to their higher Vmaxos and smaller Qjy
parameters.

Plant Cell Environ. Author manuscript; available in PMC 2015 April 30.
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Emission in different parts of the canopy

In order to investigate how leaf properties that change within the canopy profile affect the
light dependent emission rate, we have additionally simulated photosynthesis and emission
for the species Quercus ilex (holm oak) with two separate parameterizations for sun- and
shade leaves. Therefore, we modified the standard parameters first (Table 1) to meet the
general photosynthesis response as demonstrated in (Staudt et al., 2003). We used the lower
end of values indicated in Table 1 for E,j, AHp and ASp and then sun and shade values for
the parameters Vemaxzs (sun: 90, shade: 60) and & (sun: 0.5, shade: 0.7), which are known to
vary with canopy depth (Niinemets et al., 2010b).

The comparison of measurements and simulation in Figure 6 shows that despite some
deficiencies of the Farquhar/ Collatz model to capture the differences in photosynthetic
temperature response for sun leaves (bottom left), the emission responses to temperature and
light under sun- and shade conditions are quite well reflected (top panels). Again, the higher
Vemaxzs in sun leaves results in the shift to higher temperature optimum of emissions while
the larger light curvature parameter @in shade leaves is the reason for the steeper light
response.

Seasonal emission changes

In addition to the immediate emission responses, the JJv model implicitly also accounts for
seasonal dynamics because the amount of energy available for emissions depends on
radiation and temperature and thus varies during the year. To demonstrate this, we have
calculated monoterpene emissions using the sun-leaf parameters for Holm oak (see previous
paragraph) and a constant scaling factor. The weather input is that of the year 2006 on an
hourly basis from the EuroFlux eddy-covariance station at Puechabon, South France (Figure
7). At this site, the soil water supply gets very limited in summer. The simulation was run
with (natural drought) and without (well watered) considering water limitation as calculated
with a soil model specifically developed for this same site (Rambal, 1993). The simulations
for the year 2006 have been evaluated with measurements. They decrease to 20 % of
maximum soil water storage during summer (Grote et al., 2009). The drought impact on
emission was calculated with Eq. 4 using an Eqy value of 0.7 for both Vcmax and Jyax
modifications.

We compared the outcome with previous estimates of emission dynamics at the site in order
to show the potential impact of seasonality and soil drought (Grote et al., 2009). These
simulations were done with the SIM-BIM model for monoterpenes emissions which
calculates seasonality dynamics considering synthesis and degradation of emission enzymes
(Grote et al., 2006). Since it has been evaluated at the site we consider the simulation results
of this model as standard here.

Figure 7 demonstrates that the seasonality of emissions is generally well met and the
drought impact can be reflected by the proposed impact on photosynthesis. This is due to the
cumulative response of electron transport rate (J) increasing in summer due to higher
radiation and the immediate temperature response of enzyme activity. Nevertheless, the
SIM-BIM model results are still somewhat higher than those obtained by the JJv model
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during very warm summer conditions. Under realistic drought conditions, the differences
between the two models became negligible.

Discussion

General responses

We presented a modification of a previously suggested emission model that is explicitly
linked to photosynthesis by energy supply with a specific emphasis on excess energy. The
new model formulation is limited by either the photosynthetic energy supply or by the
enzymatic processing capacity. With the enzymatic temperature dependence empirically set,
the temperature optimum of the whole emission response is well within the range of
observations. The limitation by energy supply ensures a light-limited response under low-
light condition and a saturation of emission levels under higher radiation regimes similar to
the original Niinemets model (Niinemets et al., 1999). In addition, the newly introduced
consideration of electron excess calculated from the supply rate by photosynthesis system Il
and the energy requirement of carbon assimilation in the Calvin cycle leads to a decreasing
emission with increasing carbon assimilation relative to energy supply. Therefore,
increasing CO, concentration leads to decreasing emission rates as has been frequently
observed.

This way, environmental differences that affect photosynthesis also affect emissions in a
consistent manner. For example, shade leaves have been shown to have smaller emission
capacities that sun leaves which can be seen as a direct result of the photosynthetic
adaptation (i.e. smaller Vmax2s). Our test with a dataset of (Staudt et al., 2003) indicated
that this is the case and that further specification of emission parameters may not be
necessary. This is particularly remarkable since this also shows that light-dependent
emissions might be treated similarly, independent of the emitted chemical species (i.e.
isoprene or monoterpenes).

Similarly, insufficient nutrient or water supply has been shown to affect photosynthesis as
well as BVOC emission. However, the relationships are not easily determined. Fertilization
and nitrogen supply state has mostly been reported as positively correlated with emission
(Funk et al., 2006; Lerdau et al., 1997; Litvak et al., 1996) but also negative impacts have
been observed (Ormeno et al., 2007; VVan Wassenhove et al., 1990). This might be explained
by the positive response of Vmaxzs to nitrogen, leading to a higher electron supply (positive
impact on emission) as well as to a higher electron consumption rate (negative impact on
emission). The net impact on emission thus may depend on other species-specific or
environmental boundary conditions.

A seasonal development of photosynthesis in the temperature regions is generally connected
to the increase and decrease of radiation that determines the electron transport rate. Using
this as a major determinant for isoprenoid emissions thus provides a mediating factor that is
similar to the shape of empirical curves used to describe emissions empirically (Monson et
al., 2012). This mechanism principally offers the possibility of a regionally adapted seasonal
emission modification without the need of an additional empirical mechanism. However, it
has to be shown, if this mechanism is generally capable to account for the full seasonal

Plant Cell Environ. Author manuscript; available in PMC 2015 April 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Grote et al.

Page 10

effect. Comparison with other simulations presented here indicate that internal seasonality of
enzyme capacity may still be important to consider.

Drought impacts have been observed to increase emission at least for mild drought
conditions (Llusia et al., 2010; Simpraga et al., 2011) and decrease them under more severe
conditions (Grote et al., 2009; Wang et al., 2003). The decrease can be described
considering a direct drought impact on V¢maxes and Jmaxes (Keenan et al., 2010), assuming
that both are reduced in parallel. However, if on Vopmax and Jyax are differently affected (in
other words Qjy changes with drought) the JJv model offers an explanation for an emission
increase with a temporarily increased electron supply. This may happen in the case where
Vemax 1S temporarily more affected than Jyax So that assimilation is reduced to higher
degree than electron transport, leading to higher ‘excess’ energy in the plant cell (Figure 8).

Parameter sensitivity

We have shown that species-specific differences in emission response pattern are explained
to a large degree by considering species-specific parameterization of photosynthesis.
Particularly, a difference in Vemax2s, Which is a parameter available for many species and is
generally defined in most land-use models, directly influences the shape of the emission
response curve for different light and CO, conditions. In addition, a species-specific set up
of Egj, AHp, AS, and 6— parameters that are often fixed for many if not all species or plant
functional types — might have to be considered as species-specific. The suggested
mechanism also emphasizes the need to investigate emission and photosynthesis together in
order to test the hypothesis that both processes are linked together.

Besides a rigorous test of the linkage between photosynthesis and emission, we hope that the
presented model assumptions are spurring research on the allocation of energy within the
plant cell — and that this research can lead to further model improvements. The most urgent
question in this respect is the generality of the ¢4, ¢,, and AJpax parameters. From the
investigation of another data set from Populus nigra (Morfopoulos et al., submitted) we
have derived similar parameters but the species is also a similarly high isoprene emitter. In
contrast, the parameters ¢4 and ¢, were much lower for the low emitting species Acacia
nigrescens (Possell and Hewitt, 2011). This may imply that mean that the parameters are
linked to the emission capacity or to other species traits such as evergreen vs. deciduous. We
have also to admit that the share of electron supply for emission is not described fully
mechanistically but is directly derived from the data we used. From a physiological
perspective the proposed mechanism might reflect the changes in the share of the pathway
control between DMADP pool size and isoprene synthase activity, although evidence
suggests that this is mainly a DMADP pool-size effect for CO, (Rasulov et al., 2010;
Rasulov et al., 2011; Rasulov et al., 2009; Sun et al., 2012). From a modeling perspective, it
would be more desirable to have a continuous decrease of electron supply when the J-Jv
balance gets negative rather than a fixed threshold value. In this way, abrupt changes in the
response pattern (i.e. light and CO, responses) could be avoided. However, current data do
not support any further assumptions.
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Further developments and test are needed to assess the extent to which the model is effective
for spatial and temporal upscaling. Depending on within-canopy responses and the response
of whole leaf area growth to elevated [CO,] whole-canopy response can significantly differ
from single leaf responses (Sun et al., 2013). Applying the model results to the canopy scale
requires evaluating whether the “canopy-response” function of isoprene emission can be
reproduced (Grote et al., 2013; Niinemets et al., 2010a). Despite a certain degree of inherent
seasonality that is linked to the difference in temperature and radiation development,
additional consideration of seasonal enzymatic changes will be needed and possible seasonal
adjustments of specific time periods such as flowering or senescence (Baghi et al., 2012), as
well as induced emissions for example by air pollution (Vitale et al., 2008), are not at all
covered. However, having established a physiological linkage between photosynthesis and
emission paves the path for further development to implement a possible feedback loop that
accounts for air pollution (i.e. ozone) damage and detoxification (Possell and Loreto, 2013;
Rasulov et al., 2010).

With this outlook, the JJv model contributes to the discussion about the cause or function of
(light dependent) BVOC emissions. It offers an explanation of how the intensively disputed
emergency-valve theory (Owen and Pefiuelas, 2005), which notes that excess energy is
directed to the production of BVOCs, could be linked to evolutionary theories that state
BVOCs are produced to detoxify dangerous reactive oxygen species formed under high light
and temperature conditions.

Conclusion

We argue that emission models that are expected to explore future conditions need to
consider both the adaptation of isoprene emission capacity to elevated atmospheric [CO3]
and the modification in precursor availability (Sun et al., 2012). It is further important to
account for the decrease in [CO,]-sensitivity of isoprene emission at higher temperatures (Li
and Sharkey, 2013b; Rasulov et al., 2010; Sun et al., 2013). In this regards, the model
applied here provides a very useful basis for linking emissions to photosynthesis that already
considers the interactive influences of environmental drivers. However, the sensitivity of
isoprene emissions to environmental drivers outside of “typical” range requires further
exploration. Especially challenging would be to gain insight into isoprene emission
responses under heat stress. Under these conditions, the electron transport rate collapses
(Huve et al., 2011), but isoprene is emitted at a high rate, at least over a short term of a few
minutes (Niinemets et al., 2010b; Singsaas et al., 1999; Singsaas and Sharkey, 1998; Sun et
al., 2013). It is also important to note that heat stress responses of isoprene emission can be
considerably altered by acclimation to elevated growth [CO,] (Sun et al., 2013).

We suggest implementing the presented model into the land-surface models of regional and
global models. As our preliminary analysis implies, this could be done on the basis of the
implemented photosynthesis models without the need of additional parameters except
emission scaling factors that are already used for specific vegetation types. The advantages
would be that photosynthesis and emission would be consistently computed and that
environmental responses would no longer depend on a multitude of empirical adjustments. It

Plant Cell Environ. Author manuscript; available in PMC 2015 April 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Grote et al.

Page 12

can also be expected that emission responses would automatically benefit from a more
pronounced differentiation of plant functional types. As BVOC emission capacity can vary
more than an order of magnitude within a canopy, i.e. even more than the capacity of
photosynthesis (Niinemets et al., 2010b) separate consideration of this variation might be
warranted (Grote et al., 2013; Niinemets et al., 2010b). The introduction into Earth System
Models of this new, mechanistic approach for the calculation of BVOC emissions can be
expected to lead to more realistic simulations of the response of BVOC emissions to
changing conditions of temperature, CO, concentration, and other environmental stresses
expected under multiple future scenarios, and thus to a better representation of Earth System
feedback processes involving these emissions.
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A) Collatz et al. 1991 photosynthesis model (as implemented in the land-

use model CLM, (Oleson et al., 2010), for all species-specific parameter

values see Tables 1 and 2

Ci=c02 x 0.7 (Eq. AL)

I.=par x a; (Eq.A2)

Ko=Kqps x Q104" ((te = Tp5) /10)  (Eq. A3)

Ko :Kozs X Q]‘OKOA ((tc - T25) /10) (Eq.A4)

R, =0.015 X Vo ax #@10,, " ((te — Tas) /10) / (14exp (1.3 x (tc — 308.15))  (Eq. AS)

ft=1/ (1+exp ((wAH,+AS, x tc) / (R, X tc))) (Eq.A6)

VCMAXZVC’"'WJ% * Qloch ((tc - T25) /10) x ft (Eq. A7)

I"=0.5 x K, x 02 x 0.21/K_, (Eq.A8)

AC:VCMAX X (Ci - F*) / (Ci+Kc X (1+02/Ko)) (Eg. A9)
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A =T, xax (C—T")/(Ci+2 xI'™) (Eq.A10)

As =0.5 X Vyax (Eq.A11)

Ay=min (Ag, Ay, Ag) =Ry (Eq A12)
tc = temperature at the leaf surface (K)
par = photosynthetic active radiation (umol m=2s71)
co2 = carbon dioxide concentration (umol mol™1)
02 = oxygen concentration (mmol mol-1)
aL = radiation absorbance efficiency (see Tab.1)
a = quantum efficiency of photosystems (see Tab.1)

Q10kc =2.1 Q10 factor for Rubisco carboxylation reaction (=)
Q10kpo =1.2 Q10 factor for Rubisco oxygenation reaction (-)
Q10kc =2.4 Q10 factor for electron transport response (-)
Q10 =2.0 Q10 factor for photorespiration response (=)
Ty5=298.15 standard reference temperature (K)

R =8.314 general gas constant (J mol~1-K™1)

Ci intracellular CO, (umol mol™)

Ic absorbed photosynthetic active radiation (umol m=2s71)

Kc Michaelis-Menten constant for carboxylation (umol mol=! ubar1)
Ko Michaelis-Menten constant for oxygenation (mmol mol~! pbar~1)
Ft temperature modification term (=)

Vemax Rubisco capacity (umol mg= min-1)

r* CO, compensation point (umol mol1)

Rp photorespiration (umol m=2s71)

Ac Rubisco limited photosynthesis capacity (umol m=2 s1)

Ag Rubisco limited photosynthesis capacity (umol m=2s1)

Ag export limited photosynthesis capacity (umol m™2s71)

An net photosynthesis (umol m=2s71)

Page 13

B) Electron transport and energy usage by photosynthesis (after von von

Caemmerer et al. (2009) and Morfopolous et al. (2013))

JMAX:QJV X VCMAX25 x ft x exp (EaJ+ (tc - T25) / (RG X Ih5 X tc))
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—0. (Eq.
J:max (07 (IC+JMAX - ((IC+JMAX) X (IC+JMAX) - 40 X 0 X IC X JMAX) 05) / (20 X 6)) BZ)

K=K x (1.0+Ci/K,)  (Eq.B3)
Jy=4.0 X Vyux X (Ci42.0 x T¥) / (Ci+K,,) (Eq. B4)

Juax Maximum electron transport rate (umol m=2s1)
J electron transport rate (umol m=2s71)
Jv fraction of J used for photosynthesis (umol m=2 s71)

Km Michaelis-Menten coefficient
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Tab. 1

Page 28

Parameters of photosynthesis model and uncertainty range that has been explored regarding its impact on the
proposed emission model (‘Ref” indicates the reference number for the values in the preceding columns as

listed below the table)

Parameter Abbreviation | Units Standard value | Ref | Rangein literature | Ref

Rubisco capacity at 25 °C Vemax2s umol m=2s71 60 1) ~25 - 100 5), 6)

Michaelis-Menten constant for Keos umol mol=1 pbar~t | 300 2) 180 - 590 7),8)

carboxylation at 25°C

Michaelis-Menten constant for Kozs mmol mol~! ubar~ | 300000 2) 160 - 420 9), 10)

oxygenation at 25°C

Radiation absorbance efficiency a. - 0.86 2) 0.86 - 0.895 2), 11)

Quantum efficiency of photosystems a mol mol~?! 0.08 2) 0.06 - 0.525 1), 12)

Deactivation energy of electron transport | AHp Jmol™? 220000 2) 200000 - 220000 3),2)

chain

Enthropy parameter AS JK 1 mol? 703 2) 645 - 710 3), 13)

Relation between maximum electron Quv - 2 2) ~1.5-3.0 14), 15)

transport rate and Rubisco saturated rate

of carboxylation at 25°C

Activation energy for electron transport Eag Jmol! 49884 3) 28000 - 79500 16), 13)

Curvature parameter 0 - 0.7 4) 0.5-0.95 17), 2)
1)

(Oleson et al., 2010);
2)
(Collatz et al., 1991);
3)
(Kattge and Knorr, 2007);

4)(Evans, 1989)

5)(Grassi and Bagnaresi, 2001);

6)(Silim etal., 2010);

7)(Eichelmann etal., 2004);

8)tRey, 1097 #12148}:

9)(Wang et al., 2003);

10)(Harley and Baldocchi, 1995);

11)(Medlyn et al., 2005);

12)(Harley et al., 1985);

13)(Farquhar et al., 1980);

14)(Harley etal., 1992);

15)(Urban et al., 2007);

16)(Martin et al., 2000);

17)(Hirose etal., 1997)
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Tab. 2

Page 29

Species specific use of photosynthesis parameter for emission modeling (‘Ref’ denotes the reference column).

Parameter | Units Eucalypt | Ref | Sweetgum | Ref | Aspen Ref | Red oak | Ref | Pedunculateoak | Ref
Vemaxes pmol m2 571 56.4 1) |30 4) | 246 5 |51 1) |62 2)
Keos pmol mol~t pbart | 300 ST 300 ST 325 5%) | 300 ST 300 ST
Kozs mmol mol~! pbar~ | 300000 ST 300000 ST 416000 | 5*) | 300000 ST 300000 ST
Keos/Koos 1) 1) 0.8 1) 1)

AHp Jmol™?! 200000 2) 220000 ST 203000 | 6) 200000 2*) | 200000 2)
ASp JK1mol? 647 2) 703 ST 651 6) 641 2%) | 641 2)
AHp/ASH 309 313 312 312 312

Qv - 1.73 3) | 212 4) | 222 7 |24 1) | 156 7)
Ea Jmol?! 43790 2) 49884 ST 49884 ST 35870 2*) | 35870 2)
1% - 0.7 ST 0.7 ST 7) ST 0.7 ST 0.7 ST

1)(Turnbull etal., 2002),

2 (Kattge and Knorr, 2007),

2%)

for Q. robur,

3)(Warren, 2004),

4)(DeLucia and Thomas, 2000),

5)(Sun etal., 2012),

5%)

6)

derived from Sun et al. (2012) data,

(Niinemets et al., 1999) for P. tremula,

7)(Garcia—Quijamo etal., 2008), ST: standard assumptions (see Table 1)
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