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Abstract. Canopy emissions of volatile hydrocarbons such mately 33% on average over a 10 year period. Although this
as isoprene and monoterpenes play an important role in aioverall reduction was similar in all models, the sensitivity to
chemistry. They depend on various environmental condi-weather conditions in specific years was different. We con-
tions, are highly species-specific and are expected to be aflude that the proposed implementations of drought stress
fected by global change. In order to estimate future emis-and internal seasonality strongly reduce estimated emissions
sions of these isoprenoids, differently complex models areand indicate the measurements that are needed to further
available. However, seasonal dynamics driven by phenologyevaluate the models.
enzymatic activity, or drought stress strongly modify annual
ecosystem emissions. Although these impacts depend them-
selves on environmental conditions, they have yet received )
little attention in mechanistic modelling. 1 Introduction

In this paper we propose the application of a mechanistic .
method for considering the seasonal dynamics of emissiohSOPrenoids represent a heterogeneous compound class con-
potential using the “Seasonal Isoprenoid synthase ModelSiSting of a wide range of reactive volatile hydrocarbons
(Lehning et al., 2001). We test this approach with three(i-€: iSoprene, monoterpenes, and sesquiterpenes) which are
different models (GUENTHER, Guenther et al., 1993; NI- emitted by most plant species. These emissions are highly
INEMETS, Niinemets et al., 2002a: BIM2, Grote et al., important for air chemistry and air pollution (e.g. Fuentes et
2006) that are developed for simulating light-dependent@l-» 2000; Kanakidou et al., 2005; Szidat et al., 2006; Ge-
monoterpene emission. We also suggest specific droungncser et 'aI., 2007), and are likely to |nd|r'ectly affect the
stress representations for each model. Additionally, the prooncentration of greenhouse gases (e.g. Pierce et al., 1998;
posed model developments are compared with the approach!ofsson et al., 2005). Air pollution impacts depend on the
realized in the MEGAN (Guenther et al., 2006) emission availability qf reaction partr_ners, ie. rea.c_tlve nitrogen com-
model. Models are applied to a Mediterranean Holm oakPounds, which have a regionally specific seasonal pattern
(Quercus ilex site with measured weather data. _that is drlve.n by anthropogenic as well as bIO|OgIC§I| activ-

The simulation results demonstrate that the consideratioffi€S (€-9- Pierce et al., 1998; Fiore et al., 2005; Tie et al.,
of a dynamic emission potential has a strong effect on an2006). Thus, itis not only the total amount but also the tim-
nual monoterpene emission estimates. The investigated mod?9 Of eémissions that is important.
els, however, show different sensitivities to the procedure for Plant physiological processes are largely affected by sea-
determining this seasonality impact. Considering a droughgonal cycles of environmental conditions such as tempera-
impact reduced the differences between the app“ed mode|§,|re, radiation, and water a.Va.||ab|||ty It haS been I’ecognized

and decreased emissions at the investigation site by approxihat climate change already affects seasonal cycles in terres-
trial ecosystems, most notably in phenology (e.g. Walther et

al., 2002; Menzel et al., 2006), and will continue to do so
Correspondence tdR. Grote in the future (Gitay et al., 2001). Temperature is expected
BY (ruediger.grote@imk.fzk.de) to increase while water availability will probably decrease in
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many regions, one of them being the Mediterranean basin Fuentes and Wang (1999) used a function fitted to cu-
(Giorgi et al., 2004; Giorgi 2006; Beniston et al., 2007; mulated temperature or growing degree days, respectively,
IPCC, 2007). It is thus expected that temperature is af-He et al. (2000) correlated emission potential to the num-
fecting short-term isoprenoid emission directly by enhancingber of monthly sunshine hours, and Geron et al. (2000) ap-
biosynthesis and evaporation, but also indirectly by chang-plied the integrated temperature of the previous 18 h instead
ing boundary conditions on medium and longer time scalesof instantaneous temperature. However, there are only two
These are particularly the dynamics of foliage developmentmodels known to the authors that explicitly account for the
and enzymatic activities that are related to cumulative tem-cumulative effect of both impacts temperature and radiation,
perature (and others) and are known to affect emission (Maythroughout longer time periods. One is the respective routine
erhofer et al., 2005; Pio et al., 2005). Seasonal changes iof the MEGAN model (Guenther et al., 2006;iNer et al.,
emissions due to these two factors are termed as season&608), which applies an empirical adjustment based on the
ity throughout the following text. Seasonality effects are re- past 10 days of light and temperature to calculate emissions,
ported for deciduous as well as coniferous species. Addi-and the other is the SIM model that derives the seasonal
tionally, environmental stresses, which also often follow acourse of the isoprenoid forming enzyme activity, which is
seasonal dynamic, such as drought, can alter the physiolog:losely related to potential emission, explicitly from the pre-
ical pre-conditions for plant emission (Monson et al., 2007; vious days climatic conditions (Lehning et al., 2001). Only
Grote et al., 2009a). A better understanding of these seasongte latter model reflects the finding that seasonal changes in
dynamics is therefore also necessary for reliable projectiongnzyme activity result from physiological production and de-
of both current and projected future isoprenoid emissions. struction processes (Lehning et al., 1999; Loreto et al., 2001;
The short-term emission of isoprenoids is a function of Fischbach et al., 2002; Mayrhofer et al., 2005).
temperature and radiation and has been described as such byThe second seasonal emissions driver is drought stress.
several models (see reviews in Arneth et al., 2007; Grote and/lild drought stress does not affect the light dependent emis-
Niinemets, 2008), which have been applied on local, regionakion of isoprene and monoterpenes or reduces it only mod-
and global scales. These models, however, have a develogrately (e.g. Bertin and Staudt, 1996; Brilli et al., 2007;
mental bias towards short term responses — partly due to &taudt et al., 2008). Strong, long-lasting drought, however,
lack of long term seasonal measurement data. Other prodecreases isoprenoid emissions considerably (Hansen et al.,
cesses, operating over longer time scales, such as the effet®99; Pegoraro et al., 2004, Lavoir et al., 2009). Overall,
of seasonality, the effect of seasonal cycles of water availabilan impact of summer drought on annual isoprenoid emission
ity, and potential effects of COfertilisation have received has frequently been observed (Geron et al., 1997; Staudt et
little attention. Projected future atmospheric £€bncen-  al., 2002; Plaza et al., 2005). A mechanistic understanding of
tration changes have been suggested to modify the emissiosoprenoid responses to drought stress, however, has not yet
response on the decadal or longer time scale (Possell et abeen established. Due to this limited understanding as well
2005; Arneth et al., 2007, 2008a). The determination of seaas the strong dependence on species and site, drought effects
sonality and drought effects, however, has not as yet beehave not yet been consistently represented in emission mod-
systematically investigated, and still represents a major unelling.
certainty of biogenic emission simulations (Funk et al., 2005; In this paper, we investigate the sensitivity to drought
Monson et al., 2007; Arneth et al., 2008b; Keenan et al.,stress and seasonality of three isoprenoid models commonly
2009c). used in regional/global applications (GUENTHER, Guen-
The potential (or basal) emission is a species specific facther et al., 1993; MEGAN, Guenther et al., 2006; and NI-
tor (hereafter referred to as emission factor (EF)) that dedNEMETS, Niinemets et al., 2002a), and one model of higher
scribes emission rates under standard conditions (e-30 detail that has only been applied to specific sites and species
1000 umol PARm?s™1). The isoprenoid emissions from (BIM2, Grote et al., 2006). We concentrate on the inves-
most models scale linearly with this factor which is known tigation of light-dependent monoterpene emissions, whose
to change considerably during the year (e.g. Monson etmission behaviour is generally similar to that of isoprene
al., 1994; Hanson and Sharkey, 2001; Hakola et al., 2006(Ciccioli et al., 1997). Emissions from storages are assumed
Holzinger et al., 2006). The change in potential emissionnot to be relevant in the investigated ecosystem and are thus
throughout the year is either neglected (particularly whennot accounted for. The models are compared on the basis of
only short periods are investigated) or empirically derivedthe same canopy model which is constrained through Eddy-
correction factors/equations are introduced (e.g. Staudt et alflux data (Baldocchi et al., 2001; Misson et al., 2007) and
2000, 2002; Schaab et al., 2003; Keenan et al., 2009c). Althe boundary conditions of a Mediterranean Holm oak stand
though it is known that emission potential depends on pre{Quercus ilex Emissions measurements, gathered on site,
vailing temperature and light conditions (e.g. Staudt et al.,are used to calibrate the models.
2003), only a few approaches have been developed to derive Based on these boundary conditions, we propose the im-
seasonality dynamically from environmental influences: plementation of the SIM model as the seasonal driver for all
emission models except MEGAN, which comes with its own
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seasonality procedure. Additionally, we suggest relations bethe trees originate from acorn samples from the same site
tween monoterpene emission and relative soil water avail{Puéchabon State Forest). Since only measurements of new
ability that are specifically adapted to each of the emissionleaves are used for fitting the emission potential of the mod-
models. els, stand structural aspects are not important. Due to the
close vicinity of both sites that are only app. 30km apatrt,
we assume no difference with respect to their atmospheric

2 Materials and methods climate conditions.
Measurements of leaf scale emissions are taken from
2.1 Site description and data availability Grote et al. (2009a) and Lavoir et al. (2009). They had been

conducted from May to October (12 occasions in 2005, 9 oc-

Data and simulations refer to a study site located 35 km NWcasions in 2006) on the field site &habon at current year
of Montpellier (Southern France) in the@habon State For-  |eaves of adult trees about every second week under sun-
est (33545'E, 434429'N, 270m a.s.l). Vegetation is it conditions (mostly between 10 and 12am). Three trees
largely dominated by a dense over-storey of Holm &@idr-  per occasion had been sampled. Identical measurements had
cus iley trees (mean canopy height: 5.5m, rooting depthbeen carried out in 2006 at the irrigated plot in Montpellier
down to 4.5m). The climate is typical Mediterranean with during the weeks in between (9 occasions). All measured
cool and wet winters and warm and dry summers. The meaneaves (3 per occasion) from 2006 had also been used for the
annual temperature is 136 and the mean annual precipita- enzyme analyses.
tion is 872 mm. Soil texture is homogeneous down to 0.5m  Enzyme activity has been determined in 2006 according to
depth and can be denoted as silty clay loam (referring tostandard protocols described in Fischbach et al. (2000) using
the textural triangle, United States Department of Agricul- the same leaves as used for emission measurements. Enzy-
ture), with a limestone rock base. For more details on thematic data provide calibration information for the seasonal
site seenttp://www.cefe.cnrs.fr/fe/puechaborddy covari-  dynamics model SIM. The emission measurements from the
ance fluxes were measured at a half hourly time step at @rigated plot (only 2006) are used to calibrate the combined
height of 11 m. The eddy covariance facility included a 3- SIM/ emission models (without drought stress). The emis-
dimensional sonic anemometer (Solent R2 during the 1998-sion data from the natural field site (2005 and 2006) are then
1999 periods and R3 since 2000, Gill Instruments Instru-ysed to evaluate the results from simulations that included
ments, Lymington, UK) and a closed path infrared gas an-drought stress (= relative soil water depletion). Although
alyzer (IRGA, model LI 6262, Li-Cor Inc.), both sampling at drought stress acts differently on the GUENTHER and NI-
a rate of 21 Hz. Flux data were processed following Aubi- INEMETS models, no model-specific fitting has been carried
net et al. (2000). An overview of the technical facilities can out. BIM2 relies on previous calibration based on a smaller
be obtained from the CarboEuroFlux network siteh#p: data set (Grote et al., 2009a). For both years half-hourly
/Iwww.bgc-jena.mpg.de/public/carboeur/sites/puechab.htmlweather input data was available. Long term comparisons

Due to the Mediterranean-type climate and the low wa-are based on hourly weather data from 1998 to 2007. In or-
ter holding capacity, the water content in summer falls reg-der to investigate the sensitivity of the models to drought and
ularly below the value at which drought stress limitations to seasonality, we ran different simulation experiments which
photosynthesis are expected (Rambal et al., 2003; Keenatonsidered:
et al., 2009b). The timing and extent of drought conditions ] o )
varies from year to year, but water content values close to the 1- @ fixed emission factor with no drought stress,
wilting point are observed almost every year. For the years
of measurements, 2005 was slightly cooler (annual average
temperature 13.9C) and 2006 warmer and dryer than the 3. a seasonally dynamic emission factor with no drought
long-term average (total precipitation 773 mm, annual aver- stress and,
age temperature of 14°C, see Allard et al., 2008). The _ o ) _
period 1998 to 2007 that we used to compare the different 4. a seasonally dynamic emission factor including drought
emission models was slightly warmer and wetter than the ~ SUress.

long-term average (13°C, 913 mm). The standard devia- £, 4 jong term simulations, the initial set of forest struc-

tions |n_th|s p_erlqd are 0.8 and 228 mm, respectively. . tural boundary conditions was re-set in the model framework
The investigation of well-watered trees has been carried,; e beginning of each year to avoid confounding effects of

out at a 10-year old Holm oak plantation which was irmi- ghift in structural components such as leaf area, etc.
gated regularly during 2006. This plantation is located in

Montpellier close to the CEFE-CNRS institute in southern
France (4336 N, 5°53 E) on a deep clay soil with good
water availability. Genetic similarity of the trees to those

of the eddy-covariance measurement site is ensured because

2. a fixed emission factor with drought stress,
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2.2 Model description

Daily weatherdata

2.2.1 Modelling framework ¥ :
Generated sub-daily s

weather

Initials

For all simulations, a modelling framework has been used Sub-dally output "7
which is designed to couple one-dimensional biosphere mod :
els to describe different processes within the ecosystem. The &
framework provides climate data and initial variables for ev- ‘
ery (below- and aboveground) layer of the ecosystem based
on initial site information and climate input data. This en- ,
sures the same initial conditions and dynamic boundary con- 5 m
ditions for all emissions models in the investigation. Short- M ‘
timestep model results are aggregated in order to be used as ;
input for models with larger time steps. The models imple- ‘ Daily sums or means
mented can be applied alternatively or in addition to each : ;
other (for more information see Grote, 2007; Grote et aI.,| Daily output |‘7 7 Y Y O ——
2009a, b; Holst et al., 2010). loop !

In the current context the short-term isoprenoid emis-
sion models MEGAN (Guenther et al., 2006), GUENTHER
(Guenther et al., 1993), NIINEMETS (Niinemets et al.,

2002a), a.n(.j BIM2 (Grote et a!., 200.6) are cqupled with mOd'Fig. 1. Model framework. The three modules BIM2, GUENTHER,
els describing the canopy micro-climate W'th'n the €anopy ang NIINEMETS are alternatively called together with the other
(ECM, Grote et al., 2009a) and the soil (DNDC, Li et mqqyes that describe the boundary conditions for isoprenoid emis-
al., 1992), photosynthesis (FARQUHAR, Farquhar and Vonsijon, i.e. microclimate, physiology (photosynthesis and foliage de-
Caemmerer, 1982), phenology (SIM, Lehning et al., 2001;velopment), and soil water content. The MEGAN model is in the
Grote, 2007), and soil hydrological conditions (QUERCUS, same module as the GUENTHER model but with additional options
Rambal et al., 1993, 2003) (see Fig. 1 and model descripto account for the integrated temperature and radiation effects.
tions below). The seasonal development of enzyme activ-

ity and basal emission factors for all emission models but

MEGAN are calculated as an addition of the SIM model ap-fance is calculated with the approach suggested by Ball et
proach (Lehning etal., 2001)' The photosynthesis and emisal. (1987) PhotosyntheSiS is calculated Separately for sunlit
sion models are run on a half hourly time step, correspond@nd shaded foliage but pooled over each layer for emission
ing to the available weather data. The boundary conditiondnput. This is in accordance with the determination of emis-
for emissions, i.e. enzyme activities or basal emission fac-Sion activity which is also layer specific.

tors, leaf development states, and the state of relative water Drought stress is accounted for by the stomata conduc-

S)BWIP0IOIN

ABojoisAudg

|| weQUERCUS

TRV tIE1=TYY

supply are updated daily. tance calculations i_nhe_rent in the model and additionally by
means of a reduction in the rate of electron transport and
2.2.2 Biosphere models maximum carboxylation capacity (M@x) (Keenan et al.,

2009b). Here we apply a simple linear relation to relative soil

ECM (empirical canopy model) calculates radiation, tem-Wwater content (RWC), parameterised from measurements of
perature, vapour pressure, and wind profiles for a giverstomata conductance (Rambal et al., 2003):
canopy. The radiation regime is determined using a simple WC
one-dimensional light extinction scheme based on canopPS:min<1.0, RWG, )
layers with fixed extension and empirical foliage distribution m
(Grote, 2007). The sunlit and shaded fractions of the foliagewith DS denoting the drought stress scaling factor. The limit
are differentiated for each layer (Spitters et al., 1986). Tem-value of relative soil water content at which drought stress
perature development in the canopy is given by an empiricaktarts to effect a process (RW&) has been set to 0.7 (Ram-
function for each layer between the canopy upper boundaryal et al., 2003; Keenan et al., 2009b).
and at the soil surface. Soil surface temperature is calculated QUERCUS (Rambal et al., 1993, 2003) uses a lumped ap-
by the DNDC (DeN:itrification-DeComposition) module (Li proach on soil water conditions considering the whole soil as
etal., 1992) on the basis of heat capacity and conductance afne layer. Water exceeding the infiltration capacity of the
the soil components in each soil layer. soil is treated as deep drainage that is released over time

FARQUHAR: The common Farquhar approach (Farquharusing an empirical exponential equation. Potential evapo-
and Von Caemmerer, 1982) is used along with the parametranspiration is estimated with a modified Priestley-Taylor
terization provided by Long et al. (1991). Stomata conduc-approach (Priestley and Taylor, 1972; with parameter alpha

)
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fixed to a value of 1.1) that accounts for a variable propor- Emission rates are calculated from the fraction of total
tion of ground heat flux in dependence on leaf area indexelectron flow that is used for isoprenoid synthesis, the rate of
(LAI) and vegetation density. Transpiration is determined photosynthetic electron transport, and the cost of isoprenoid
from potential evapotranspiration and foliage conductance irsynthesis in terms of electrons. Thus, emissions are closely
half hourly time steps using air temperature and solar irradi-linked to photosynthetic activity of leaves using only one
ation as input. The model has already accurately representesingle leaf dependent parametgrthe fractional allocation

the soil water content throughout the years 1993 to 2006 abf electron transport to synthase activity. Emission rates are

the Piechabon site (see Grote et al., 2009a). given by the equation (Niinemets et al., 1999; Niinemets et
al., 2002a):
2.2.3 Emission models e Ci—T* o
=& T
Three commonly used emission models of varying complex- S (4C; +8I'") +2(C; =T*) (¥ — 2¢)

ity were coupled to the biosphere modelling framework.  where J; is the total rate of photosynthetic electron trans-
GUENTHER/MEGAN: By far the most widely used port, C; is the internal C@ concentration, and™ is
model for simulation of natural isoprenoid emissions is de-the hypothetical C@ compensation point of photosynthesis
veloped by Guenther et al. (1991, 1993). This approachthat depends on photorespiration (Farquhar and Von Caem-
describes the emission rates using potential emission faamerer, 1982). ¢ is the carbon cost of specific isoprenoid
tors for isoprene (EP and monoterpenes (BB, and ad- (6 molmol! for isoprene and 12 molmotl for monoter-
justing these potentials by two empirical factors, one de-penes) andy is the NADPH cost of specific isoprenoids
scribing the response to light intensity and the other to leafimol mol~1). For monoterpenes} is found as a weighted
temperature. The correlation between short term fluctuaaverage of the costs of all terpene species emitted. In
tions, light intensity and leaf temperature is widely studied practice,» = 28 molmol1, with small variability because
and much work has gone into validating the GUENTHER the contribution of oxygenated monoterpenes that may have
model under different environmental conditions (e.g. Mon- lower electron cost or reduced monoterpenes that may have
son et al.,, 1994; Petron et al., 2001). The emission fachigher electron cost is generally small (Niinemets et al.,
tors used in the model are emission rates normalized to 2002a, 2004).¢, the fractional allocation of electron trans-
leaf temperature?() of 30°C and quantum flux density)) port to isoprenoid synthesis, is given by:
of 1000 umol T2 s~1 photosynthetic active radiation (PAR)

(Guenther, 1991; Guenther et al., 1993, 1995, 1997). Fog = Fy—S 3)
more information, we refer to the detailed descriptions in Jmax
these papers. where Ss is the specific activity of isoprenoid synthase (ei-

In the original Guenther model, several coefficients thatther isoprene or monoterpene synthase) in mol isoprenoid (g
describe the dependency to light and temperature are fixedoprenoid synthase} s—1 that depends on temperature ac-
parameters. In the MEGAN emission model, these values areording to an Arrhenius type equation that has a temperature
dynamic in time and depend on short term (24 h) and longoptimum, and/max is the light saturated rate of total electron
term (10 days) fluctuations in temperature and light inten-transport that scales with temperature in a similar manner
sity (see Guenther et al., 2006). Additionally, the sunlit and (Niinemets and Tenhunen, 1997F4 (g m~2mol electrons
shaded parts of the foliage within one canopy layer are pamol isoprenoid—1) is the scaling constant that depends on
rameterised differently, representing their sensitivity to light. isoprenoid synthase content (gA) and also converts from
These algorithms are applied for all simulations indicated adsoprenoid units to electron transport units (mol isoprenoids
the MEGAN model, whereas SIM is not used. Other speci-mol electrons 1) (Niinemets et al., 1999, 2002a). Thus, light
fications of the MEGAN model are not considered which is dependence of isoprenoid emission entirely results from the
possible because we apply the model to an evergreen canopight effects on photosynthetic electron transport, while tem-
(in this case no leaf age factor is considered in MEGAN). perature dependence is a combined temperature response of

NIINEMETS: This model (Niinemets et al., 2002a) for isoprenoid synthase and electron transport activities.
isoprene and monoterpene emissions takes a more process-BIM2: The BIM2 model (Grote et al., 2006, 2009a) calcu-
based approach. It links the emission rates to synthase etates pool changes of isoprene, monoterpene, and a number
zyme activity Ss) to predict the capacity of isoprenoid syn- of precursors representing the methylerythritol-phosphate
thesis as well as to foliar photosynthetic metabolism via the(MEP) pathway (Rohmer, 1999). The model basically con-
photosynthetic electron transport rafe to predict substrate sists of a sequence of first-order Michaelis-Menten equations
(Niinemets et al., 1999; Niinemets et al., 2002a). The supplythat depend on instantaneous temperature. Assuming the ab-
of dimethylallyl-pyrophosphate (DMAP) and nicotinamid- sence of specific storage structures and neglecting the effect
dinucleotid-phosphate (NADPH), which both depend on theof unspecific storages, the isoprene and monoterpene produc-
rate of photosynthetic electron transport, are considered to bon is set equal to the emission of these substances. Potential
the main controlling factors. production rates are determined by activities of isoprenoid

www.biogeosciences.net/7/257/2010/ Biogeosciences, 727472010
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biosynthesis-related enzymes (i.e. isoprene and monoterpene Monoterpene emission (well watered)
synthases). Primary substrates for the emission model are 24
provided by photosynthesis (Grote et al., 2009a). The emis-
sion model uses a fixed internal time step of seven seconds. _, 20 -
To mitigate the impact of the different time steps between W
photosynthetic supply and usage, the supply rate is adjusted £ 16 1
to continuously increase or decrease between two consecu- 5
tively following assimilation rates. é 12 1

The immediate substrates for isoprenoid formation PEP = 8 |
(phosphoenolpyruvate) and PGA (phosphoglycerate) are as- % ABIM2
sumed to be smaller than the photosynthetic production of 2 4- ONIIN
triose phosphatestp), considering exchange equilibrium ' ©GUEN
caused by import and export from the plastids and trans- 0 : : : : :
formation of .triose—phosphate. into larger moIeCl_JI.es. such as 0 4 8 12 16 20 24
starch. The integrated effect is seen as an equilibrium rela- P
. . . measured [nmol m? s]
tion to photosynthetic production:

tp2 Fig. 2. Simulated and measured leaf scale monoterpene emissions
PGA=FPGA - —— +tp (4) at selected dates in 2006 from sunlit leaves of the well watered
KM p Holm oak site. Three models (BIM2, NIINEMETS, GUENTHER)
2 are applied using SIM based seasonality. Each data point repre-
PEP=(1—FPGA)- p (5) sents three leaf-measurements from a separate tree each. The error
KM, +1tp bars represent the standard deviation of measurements and simula-

) ) _ tions for three measurements (one per tree) that were carried out per
KM;, (Michaelis-Menten constant for triose-phosphate re-measurement day.

moval) and FPGA (fraction pga of whole available triose-

phosphates) are empirical determined parameters (units

inpmol L~1). The relation had been set a priori to 0.375 emissions of the well watered plants (Grote et al., 2009a; see

based on unpublished measurements (Schnitzler, person&ig. 2). The approximation has been carried out by changing

communication, 2006). The value is difficult to find in lit- the value in steps of 0.0005 pmol p mbk ! with the aim to

erature for tree species. For crops it has been reported to hebtain concentrations of GDP that are similar to those mea-

between app. 0.5 and 0.9 (e.g. Labate et al 1990; Henkes sured by Nogues et al. (2006) @. ilex chloroplasts. The

al, 2001). However, sensitivity tests show that emission resesulting value is 0.0035 pmolumdis—. The loss rates

sults are hardly sensitive to this ratio (results not presented)of ATP and NADPH molecules are set 10-fold the value of

KM,, is estimated to be 100 (see also Grote et al., 2009a). other molecules to obtain realistic concentrations (Loreto and
The concentration of intermediates declines because of us8harkey, 1993; Nogues et al., 2006).

for transformation into higher molecules and transport into

other plant compartments. These processes may have nume-2-4  Drought impacts in emission models

ous environmental dependencies which are not well known _ . _ _ .
and thus are not explicitly considered here. Instead we makc?rought Impacts on emissions are realized either directly by

the reasonable assumption that the “leaching” of assimilateisducing the emission process itself, or indirectly by the ef-
depends on its concentration and is not directly dependeniECt Of @ reduced photosynthesis. Further indirect impacts,
on production rate. Thus the concentration declines wherf9: due to changes in leaf temperature when transpiration is
the “outflow” is larger than the “inflow”, provided by pho- reduced are currently not considered. L
tosynthesis. This is the case during conditions where photo- 1€ MEGAN model includes a direct effect of limiting

synthesis is severely reduced, i.e. during the night or extreméon water availability that has originally been applied for iso-
drought. This is simply described by: prene emissions only (Guenther et al., 2006). In the current

approach, both the GUENTHER and MEGAN emission cal-

c;=ci—LR; ts-¢; (6) culations are reduced by drought stress directly in parallel
) _ with photosynthesis by applying Eq. 1. We admit that this

wherets denotes the time step (7 s) and c is substrate congjirect consideration can hardly be termed “process-based” —

centration (umol,L7).  Subscripti denote the substrates it serves however as a comparison to the more mechanistic
(PGA, PEP, NADPH, and adenosine-triphosphate [ATP]) aSapproaches described below.

well as the intermediates of the MEP pathway to isoprene
and monoterpene production. LR is the loss rate set to the
same value for PGA, PEP, and all intermediates. Loss rate
has been derived iteratively by fitting BIM2 to the measured
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The same drought stress formulation determines the re- 180
sponse of the NIINEMETS model, but the effect is indirect 160 1
because not emission itself but the rate of electron transpor
(Jr) and Vagnax are reduced by Eqg. 1. Since both photo-
synthetic variables determine the emission capacity, drough
stress leads to reduced emissions.

In the BIM2 model, the effect is also indirect because none
of the variables used to describe the emission process itse
are affected by soil water availability. The impact is solely
due to a lack of precursor availability, which is controlled by
photosynthetic production and depletion of emission precur-
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2.2.5 Emission enzyme activity and emissions potentials Day of the year
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All other factors being equal, simulated emissions scale lin-_ 3 s | devel ¢ of ; vt
. . s . ig. 3. Seasonal development of monoterpene activity measure-
early with the species specific emission, represented by th ments (from both dry and well-watered (ww) trees) and estimated

emission factor EF. EF has been found to exhibit strong Seay . cion factors (for MEGAN and SIM) for the year 2006 (repro-

sonal variation, though this variation has not yet been €X-duced from Grote et al. 2009a) together with the effective emission

plained in a process based manner. The SIM model providegycior for the MEGAN model presented on the left y-axis (see text
a mechanistic description of this seasonal variation, relatingor further information).

the emission potential to temperature and radiation driven en-
zyme dynamics.

The SIM model is a simple algorithm that derives daily boundary to 100gm? at the bottom of the canopy (Ni-
enzyme activity from the previous day’s value, an increas-inemets et al., 2002b). For the GUENTHER approach, EF
ing and a decreasing term. The increase is defined by théug g dry weight 1) is given by:
daily radiation sunt (J cm~2), an Arrhenius term based on act ®
daily average temperaturg, (°K), and the relative develop- EF= ———— 9)
ment state of the leaves, pstat, whilst the decrease is a con- LSW- Fsc
stant fraction of the previous days enzyme activity. Thus theThe transformation term® is 120 x 3.6, which is the mo-
change in enzyme activity for a particular day and canopylar mass of carbon atoms within one monoterpene molecule

layer can be written as: times the transformation from nmot5into pmol L. Fsc
is a factor that accounts for the fact that the enzyme activity
Aact . Lo
—— =qg-pstat I -arrh— . -act @) reflects a state that is substrate saturated which is never the
dt case and thus has to be reduced to reflect the emission factor.
Eact It is adjusted based on the measurements from well watered
arrh=A~e( RT ) (8) plants (see below). Similarly, Eg. 7 is also used to derive

the basal emission factor for the NIINEMETS approaEhs

where act is the enzyme activity of the previous day (umolg ! dry weight s1). The value of® here is 0.01, cor-
(umol L=ts™1), R the general gas constant (8.3143 J o] responding to the unit conversion from nmol to umol C con-
oo the enzyme formation term(8), 1« the enzyme decay sidering 10 carbon atoms in one monoterpene molecule.
term (0.175s%) (Lehning et al., 2001)A a unitless factor For the GUENTHER and NIINEMETS models we cali-
for normalizing the Arrhenius term to 1 at 3G (660.1E6), brated the scaling factorF§c) to the same data (obtained
and E5¢t, the activation energy for a doubling of the reac- under well watered conditions) in order to approach the 1:1
tion velocity (51164.8Jmott). Emission activity is cal- line for each model separately (see Fig. 2). This resulted in
culated for each canopy layer separately (nmofrfoliage an Fsc value of 5.2 for the GUENTHER and 7.7 for the NI-
s™1). The leaf development term pstat indicates the phenodNEMETS model (regression? values are 0.74 for BIM2
logical state of the leaf according to Lehning et al. (2001) andand GUENTHER, and 0.62 for NIINEMETS; standard er-
Grote (2007). It increases from O to 1 during the period of rors are 2.08, 2.86, and 2.26 for BIM2, GUENTHER and
flushing and decreases with age after senescence has start®lINEMETS, respectively).
The monoterpene synthase formation tewg),is adjusted to In order to compare the effect of the seasonality in the
measurements taken on site (see Fig. 3). three model approaches, simulations are additionally run

Enzyme activity is transformed to the emission factor us-with a fixed emission factor of 28 ug gDWh=1 (Seufert
ing the specific leaf weight (LSW), which changes linearly et al., 1997) which is in good accordance with the mea-
with canopy depth from 233gn? at the upper canopy sured maximum factor at the site in &ihabon reported by

www.biogeosciences.net/7/257/2010/ Biogeosciences, 727472010



264 R. Grote et al.: Process-based simulation of seasonality and drought stress
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Fig. 4. Simulated and measured gross primary production (GPP) during the year 2006.

Staudt et al. (2002) and Lavoir et al. (2009). The value hasThis tower is part of the CarboEurope network (see Bal-
been transformed into enzyme activity using the reciprocal ofdocchi et al., 2001; Baldocchi, 2003). The correlation be-
Eq. 7. Additionally, the MEGAN model is run for compari- tween simulations and measurements is reasonably good de-
son using the fixed emission factor and the internal modifica-spite occasional mismatches that are caused by mechanisms
tion of variables (see above). The representation of seasomot covered in the modelling approach, e.g. there was prob-
ality in the MEGAN model is derived from emission result- ably and insect induced foliage loss in spring 2006. The
comparisons of MEGAN and GUENTHER models. This is smaller amount of foliage decreased GPP and is a likely rea-
demonstrated in Fig. 3 showing the relation of MEGAN and son for an over-estimation of GPP during this time and an

SIM algorithm output. over-estimation of drought stress (under-estimation of GPP)
during early summer (Fig. 4).
2.2.6 Simulated boundary conditions and other model The soil water content calculated daily by the QUERCUS
constraints model has been successfully evaluated for thecRabon site

(Rambal et al., 2003; Grote et al., 2009a) for the period from
For scaling from leaf to canopy we used assumptions om99s to 2006.

foliage distribution as outlined in Grote (2007). These are

based on measurements of Sala et al. (1994) that show g Results

highly skewed foliage distribution with more than 90% of

the total leaf weight concentrated in the upper 30% of thez 1 Monoterpene emission at leaf scale

canopy. Also, phenological development has been accounted

for as described in Grote (2007) considering a variation ofFirst, we compare the measured leaf scale emissions from

leaf area index between 2 and 3.5 with the minimum in springthe drought stressed Bchabon site with simulation results

and the maximum in early summer. from the same time periods (Fig. 5). This is done similarly as
The ECM model calculations of microclimate are dis- described for calibrating thEsc factor of the NIINEMETS

cussed in Grote et al. (2009a). They show distinct radiatiorand GUENTHER models, but considering a dynamically

absorption averaging to 80% light reduction within the uppercalculated drought stress impact (Eq. 1). Highvalues

half of the canopy but only small variation in temperature (BIM2: 0.82, GUENTHER: 0.69, NIINEMETS: 0.83) and

(app.+/—1 degree between upper and lower canopy layerssmall standard errors (BIM2: 1.65, GUENTHER: 1.65, NI-

during typical summer days). INEMETS: 1.45) are obtained for simulating monoterpene
To evaluate simulated photosynthesis at the canopy scalemission under these natural conditions (Fig. 5). The slopes

we used data of a continuously measuring flux tower at theof the GUENTHER and NIINEMETS models are less than

Puwechabon site that also provided climatic boundary datal% different from one. Only the BIM2 model slightly over-

(averages 1998-2006 are presented in Allard et al., 2008)estimates the emissions under drought stress by 16%.
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Monoterpen e emission (natural condl.) enable higher emission rates in the afternoon, particularly in
22 the shaded canopy part, when the decreasing light availability
already leads to a steep decrease in emissions simulated by
— 18 1 the GUENTHER model (Fig. 6c). It should also be noted that
b in very occasional cases (hot, no clouds, no drought stress)
E 141 emission simulation in NIINEMETS and BIM2 (but not in
g 10 4 < GUENTHER) can be slightly affected by a photosynthetic
% ; decline due to stomatal midday depression (days 180, 181).
3 4
= ABIM2 3.2.2 Seasonality effect
% 2 A =ININ
0 GUEN The differences in seasonality between the models are
-2 w . . . . demonstrated in Fig. 7 and Table 1. Without drought all
-2 2 6 0 14 18 22 models simulate highest emissions in the summer (35-50%
measured[nmolm?s'] of the annual emission, Fig. 7c). However, summer drought
strongly reduces emissions in all models leading to overall
Fig. 5. see Fig. 2 but for drought stressed site and including similar total emissions in spring and summer despite the tem-
measurement occasions in 2005 and 2006. perature differences (Table 1).

The most obvious difference between models is apparent
between MEGAN and the models driven by the SIM algo-
rithm: MEGAN produces higher spring emissions due to its
higher EF during this period (Fig. 3). However, the model is
3.2.1 Diurnal effect more sensitive to high temperature periods despite a similar

EF, leading to faster in- and decreases.
Seasonal and annual model differences originate from the Comparing the models that use the SIM algorithm, the NI-
sum of daily emissions which are characterized by their peakNEMETS model simulates relatively high emissions under
amount (usually during midday), the development of emis-|ow light and temperature conditions while it is less sensitive
sion during the day, and the distribution within the canopy. to environmental changes when these conditions are already
While it could be shown that the midday emission rate of good. Thus, emission rates are generally higher than those
sunlit leaves is more or less well represented, particularlycalculated by GUENTHER and BIM2 in winter, spring and
under well watered conditions (FlgS 2 and 3, Grote et al.,autumn but smaller in summer as |ong as the drought im-
2009), no data are available to evaluate emission from Ieaveﬁact is neglected (Fig. 7a and c). However, as discussed in
within the canopy or during morning and afternoon periods.the next paragraph, the NINEMETS model (in its presented
Thus, it is important to show why models that are evaluatedimplementation) is also the least sensitive to drought stress,
with the same short-term data may produce different emisieading to higher (less decreased) emissions than those cal-
sion sums when longer time periods and the whole canopy.ylated with the other two models in summer under natural
are considered. conditions (Fig. 7b and d).

While differences between models in the sunlit part of the  These different sensitivities between models that can be
canopy are small (Fig. 6a and b), they are particularly ob-pest observed on a daily time step resolution also result in
vious during the drought stress period in the shaded part o§pecific model responses in different years. This has been
the canopy (Fig. 6d). Here, the NIINEMETS model simu- demonstrated by simulating a period of 10years (1998 to
lates approximately 2-fold higher emissions than the GUEN-2007). First, it is apparent that the NIINEMETS model pro-
THER model and 5-fold higher emissions than BIM2. This duces the highest emission under idealized conditions which
reflects that the indirect drought response implemented foreflects the former finding of higher spring and autumn emis-
the NIINEMETS approach is less sensitive to severely lim-sjons (Fig. 8a and b). However, the differences between
ited water supply than the direct response function used fothe models are smaller in years with very warm summers,
the GUENTHER model. It also shows the particular sensi-pecause the BIM2 and GUENTHER models produce more
tivity of BIM2 to carbon supply which is decreased by the emissions during this period when no drought is considered.
combined shading and drought impacts. Second, the incorporation of seasonality homogenizes the

Other differences are less clear or might cancel out dur-annual emission results but the smaller differences between
ing the day. For example the NIINEMETS model generally years produced by the NIINEMETS model are still appar-
simulates a steeper increase of emission in the early hours bent (Fig. 8c). The MEGAN model shows a similar year-
cause only small photosynthetic activities are needed to supto-year dynamic than the SIM-based models but produces
port monoterpene production. Furthermore, the dependencgomewhat higher emissions due to higher spring and autumn
on photosynthesis in the NIINEMETS and BIM2 approachesemissions (Table 2). Third, seasonal differences between

3.2 Stand scale monoterpene emissions
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Fig. 7. Simulated daily emissions of the year 2006 based drcRabon site information wit{A) a fixed emission potential factor (EF) and

no drought effect(B) a fixed EF and drought effect§C) a seasonally dynamic EF and no drought effe(iy;a seasonally dynamic EF

and drought effects. The seasonally dynamic EF with the NIINEMETS (NIIN), BIM2 and GUENTHER (GUEN) model is estimated using
the SIM enzyme dynamics. The MEGAN model explicitly includes an empirically seasonal EF. The period where relative water content fell
below 40% is indicated by the horizontal lines.
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Table 1. Emissions totals (mmol ii?) for the periods JFM (January, February, March), AMJ (April, May, June), JAS (July, August,
September), and OND (October, November, December) for the four experimental set ups, for each model, at the Puechabon site in 2006
“Average emissions (mmol ﬁ?yrfl)” refers to the average annual emissions from the three models for a particular experimental setup. EF
refers to the basal emissions factor. Values correspond to Fig. 7.

Fixed EF, No Drought (Fig. 7a) Fixed EF, Drought (Fig. 7b)

Period NIIN  BIM2 GUEN Average NIIN BIM2 GUEN Average

JFM 8.5 1.2 3.3 4.3 8.5 0.9 3.3 4.2

AMJ 48.7 32.8 42.4 41.3 37.6 15.6 24.9 26.0

JAS 64.1 59.4 69.4 64.3 29.2 9.2 16.6 18.3

OND 15.4 5.4 6.6 9.1 14.8 5.2 6.4 8.8

Total: 136.8 98.8 121.7 90.1 31.0 511

Average Emissions

(mmolm—2 yr—1): 119.1 57.4

Table 1. Continued.
Dynamic EF, No Drought (Fig. 7c) Dynamic EF, Drought (Fig. 7d)

Period NIIN  BIM2 GUEN MEGAN Average NIIN BIM2 GUEN MEGAN Average
JFM 0.6 0.1 0.3 11 0.5 0.6 0.1 0.3 11 0.5
AMJ 16.6 19.9 15.9 26.3 19.7 11.5 8.7 8.1 14.4 10.7
JAS 342 495 40.7 50.5 43.7 14.6 6.8 9.5 11.9 10.7
OND 2.0 1.7 1.0 2.4 1.8 2.0 1.6 1.0 2.3 17
Total: 535 71.2 57.9 80.2 28.7 17.3 18.9 29.7
Average Emissions
(mmol m2 yr—1y: 65.7 23.7

different models but also between different years are furtheiof that calculated for unstressed conditions. On average over
reduced by drought stress (Fig. 8d). The negative droughthe 10 year period, simulated annual emissions are reduced
impact on emission compensates (year 2003) or overcombetween 28 and 36% (Table 2). Monoterpene emissions un-
pensates (year 2006) the higher emissions due to the warmer Mediterranean conditions are more closely correlated to
temperatures in these years. water availability than to primary production or average tem-
The correlation of annual total emissions to annual max-perature in all models. The sensitivity, however, is largest in
imum temperatures is better than that to annual mean temBIM2, leading to particular low simulated emissions in 2006
peratures. It is also slightly negative to GPP (data notdespite producing otherwise similar results as those of the
shown) which indicates that temperatures in summer are unNIINEMETS model (-5%) and moderately smaller values
favourable for production even if drought stress is not con-than the GUENTHER modeH29%). The MEGAN model

sidered. produces higher emission estimates than the other models
(+34%). This reflects the fact that MEGAN contains an em-
3.2.3 Drought stress effect pirical measure of seasonality that is not as strong as that rep-

resented by the SIM calculations (see Fig. 2) and thus leads to
higher emissions particularly outside the dry period in spring

In 2006, in which th tint d ht of all i tigated .
n in which the most intense drought of all investigated _ =, > - = (Fig. 7c and d).

years occurred, photosynthesis as well as simulated emission"
starts to decline at day 156 when relative water content de- Overall, the application of both a seasonally dynamic
creases below a value of 40% (Fig. 7b and d) and recoveremission factor and drought stress dramatically reduces
only in late summer (day 256). The additional drop in emis- emissions for all models when compared to the original
sions around day 220 is associated with a temperature declinmodel formulations with fixed potential emission factors and
from app. 24 to 18 degrees (daily average). This has not beeno drought stress. The combined effect of a seasonally dy-
accompanied with a lot of rainfall so that drought stress is nothamic emission factor and drought stress reduces the total
mitigated. Scaled across the whole canopy, annual emissioamissions budget of the unstressed GUENTHER and NI-
in 2006 is only between 24 (BIM2) and 45 (NIINEMETS) % INEMETS simulations by an average of 74%.
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Table 2. Average and standard deviation (shown in brackets) of annual emissions (nTfgi™t) for each model for the four experimental
setups at the Puechabon site over the period 1998—2007. “Average emissions (ifrgot)” refers to the average annual emissions from
all models for a particular experimental setup. EF refers to the basal emissions factor. Values correspond to Fig. 8.

Fixed EF, Fixed EF, Dynamic EF, Dynamic EF,
Period No Drought Drought No Drought Drought
1998-2007 (Fig. 8a) (Fig. 8b) (Fig. 8c) (Fig. 8d)
NIIN 140.01 (8.83) 110.29(11.11) 54.01(10.72) 37.75(4.90)
BIM2 85.83 (12.03) 56.45 (10.49) 58.13(12.57) 35.77(7.42)
GUEN 107.95 (13.58) 74.19 (9.90) 45.50 (12.01) 27.62 (4.50)
MEGAN - - 67.19 (12.84) 44.35(6.35)
Average Emissions
(mmol m~2 yr—1y; 111.26 80.31 56.21 36.37
200 200
A) fixed EF, well watered B) fixed EF, natural _ZIMEZN
160 L /,_5//,\\’,/\\ 160 - ——'\NAIII;\IGAN
‘7:1207 . ,'”“ Lo 1204 == ——~_ ,
e ) - e ’ 4 N4
Q 80 804 L.o-senntToes )
o e .
£ Lt
E 40 | 40 /\/\/
0 0
200 200
C) dynamic EF, well watered D) dynamic EF, natural
160 - 160
" 120 120
E
Q
o
£
E

Fig. 8. see Fig. 7 but simulated annual emissions for the period of 1998 to 2007.

4 Discussion The different models show different sensitivity to the tem-
perature and light driven seasonal dynamic impact factor
4.1 Seasonal and within canopy variations due to the fact that their primary emission algorithms re-

spond differently to these two environmental factors. The
The results demonstrate the potential importance of considyINEMETS model already has a strong relation to light
ering the seasonality of emission dynamics. This corrobo-regime and energy production (see description above and
rates the findings of many authors before (e.g. Monson etal.gq. 3). Thus, with a uniform emission factor, emission can
1994; Tarvainen et al., 2005; Holzinger et al., 2006; Hakolape sustained even in winter because light availability is still
et al., 2006; Dominguez-Taylor et al., 2007). We have pre-gyfficient to supply photosynthesis and electron transport at
sented a general process-based solution that computes thige study site. In the GUENTHER model, the strong and
seasonality from temperature and light conditions which isgjrect response of emissions to both temperature and light
applicable to at least the most common emission models useghsyits in a stronger seasonality by itself and thus gives a
today in regional to global applications, be they empirical or sjightly smaller effect of dynamic basal emission. Surpris-
more process-based. However, it remains to be investigateghgly, the smallest effect of an explicitly calculated season-
to which degree the approach can be applied with regard tQyity is obtained with the BIM2 model although the instan-

species-dependent or plant-functional type related paraméaneous emission response has a similarly strong link to
ters.
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temperature development as the GUENTHER model. This Due to the dependence of enzyme activity on the temper-
is attributed to the fact that emissions additionally depend orature and radiation regime, long-term dynamics in depen-
photosynthetic substrate supply which is sometimes limitingdence on environment also leads to a spatial differentiation
even under non-stressed conditions, particularly in deepeof emission factors within the canopy. This corresponds to
canopy layers. results from Geron et al. (1994) and Harley et al. (1996)
Unfortunately, measurement availability is very limited which indicate that the emission capacity varies with canopy
(see Pacifico et al., 2009). It should be considered thatepth. In Western Hemlock emission potentials in different
past model studies on biogenic emissions have reported toanopy heights were significantly different although this was
be most sensitive at high temperatures and radiation valuesot found in Douglas fir forests (Pressley et al., 2004).
(Arneth et al., 2007, Keenan et al., 2009a). This suggests
that model differences will probably be larger at more south-
ern locations. Our results therefore represent something of-2 Drought stress effect
an upper range of model differences due to temperature and
light with respect to the time scale included in the study. Strong and long-lasting drought stress has been observed
The comparison with the MEGAN model shows that sea-to significantly reduce BVOC emissions (Bertin and Staudt,
sonality is less expressed than with the SIM approach. Duet996; Biiggemann and Schnitzler, 2002; Pegoraro et al,
to limited evaluation data, we cannot judge which model is 2004, 2006; Grote et al., 2009a). The quick recovery of the
“better”. Also the absolute emission values obtained shouldemissions after re-watering suggests that the drought stress
be interpreted with care because the leaf-scale emission fagelated emission decrease is due either to the reduction of
tor used in this study is determined on sun-lit leaves andsynthase activity, or due to reduced substrate availability
is not the same as the “canopy emission factor” used in(Grote and Niinemets, 2008; Grote et al., 2009a). Given
MEGAN that already takes into account a variation through-the high uncertainty about the role of different processes in-
out the canopy. It is however assumed that introducing avolved, the resulting magnitude of the reduction of emissions
leaf age factor also to evergreen canopies would bring thelue to drought, and interspecific differences in responses to
MEGAN approach closer to the one applied in SIM. In any this stress, modelling emissions during dry periods is still
case, the finding should encourage further investigations intdargely a hypothetical exercise (Arneth et al., 2008b; Mon-
the matter and indicates that seasonality settings may not eason et al., 2007). Here we apply a simple linear reduction
ily be transferred between species and regions. function (Eq. 1), but more work is necessary to understand
Overall, the application of the SIM algorithm for the cal- drought stress responses of emissions mechanistically.
culation of emissions potentials provides a method through No major difference has been observed in the ability of
which seasonal variation of the basal emission factor (or aceach model to represent the measurements of monoterpene
tivity) can be accounted for. Higher temperatures in the fu-emissions on the leaf scale. The overestimation of 16% with
ture could alter the seasonal cycle of enzyme activity, whichthe BIM2 model indicates that the resource limitation is pos-
may increase the emissions potential, in particular duringsibly not the only mechanism responsible for the emission
spring and autumn, where temperature is currently a limit-decrease under drought. This is in accordance with the dis-
ing factor. Increased enzyme activity could lead to increasedussion results in Grote et al. (2009a). However, the uncer-
emissions in the future, a fact that is currently not includedtainties in the measurements are relatively large and need
with mechanistic detail in any large scale emissions modelkorroboration with additional data, particularly at the stand
estimates. The advantage of an activity-based description i8cale. We thus cannot yet conclude that the models do re-
comparison to an empirical one is in particular that it canproduce the decline in emissions under a natural seasonal
be more easily evaluated. Our example simulations indicatelrought cycle. The stand scale calculations have shown con-
that the SIM mechanism results in smaller and less variablaiderable differences despite very similar results obtained at
spring and autumn emissions in the Mediterranean area thathe leaf scale, which highlights the uncertainty related to
the standard-MEGAN procedure. This dependence of entemporal and spatial scaling. The BIM2 model shows the
zyme activity on the temperature and radiation regime alsdargest sensitivity to drought. It is demonstrated that this ef-
implies a differentiation of species emission potentials overfect originates from the resource limitation due to drought
a climatic gradient, which may explain the reported regionalstress which is increased by the fact that less favourable pho-
variation in emissions potentials (Guenther et al., 2006) andosynthetic conditions occur in deeper canopy layers. De-
the generally large variability in reported emission potentialsspite its relation to photosynthesis the NIINEMETS model
in the literature. The implication of the SIM model may thus has been shown to be the least sensitive to drought stress of
provide a mechanistic means of describing regional changethe studied models.
in emissions potentials, but more data is required to reach a
conclusive decision.
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5 Conclusions We conclude that the consideration of seasonality and
droughtimpacts are highly important elements for isoprenoid
The presented results that show the effect of seasonalitgmission for many regions, in particular in areas that exhibit
are expected to be generally applicable, for both monoterseasonal drought stress today or in the future and host iso-
penes and isoprene. This is likely to have large ramifica-prenoid emitting plants (e.g. Lathiere et al., 2005; Wang et
tions for regional and global emissions estimates (Keenan e4l., 2007). Our results suggest that many studies involving
al., 2009c), potentially reducing previous emission invento-modelled BVOC emissions (e.g. regional inventories, effects
ries considerably, in particular in regions characterised by ef emissions on tropospheric ozone concentrations and air
strong seasonal changes in water availability. The imporquality, etc.) may need to be revised to take into account the
tance for drought exposed systems is due to the fact thagffect of seasonal cycles on emission estimates.
dry periods generally converge with times when basal emis-
sion activity is high. In such cases the reduction of emis-AcknowledgementsThanks to the CarboEurope project for the
sion occurs particularly in the potentially most “productive” GPP-data and Serge Rambal for helpful comments. A. V. Lavoir
times whereas in other periods the basal emission potentia¥as financially supported by the French environmental agency
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