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Abstract. Biogenic volatile organic compounds (BVOC), but regionally the effect of changes in species distribution
such as isoprene and monoterpenes, play an important rolend the related changes in emission capacities resulted in
in atmospheric processes. BVOC species are oxidized in thehanges of emissions that can dominate over the physiol-
atmosphere and influence levels of ozone. The less volatil®gy effects. This may have consequences for regional atmo-
amongst the BVOC and their oxidation products are im-spheric chemistry simulations for the past, that have to rely
portant for the formation and growth of secondary biogenicon suitable geographic patterns of forest emissions.
aerosol. In this way, the Earth’s radiation balance is affected
Geographic distribution and temporal changes in BVOC
emissions are highly uncertain. Here we assessed changes in ]
emission patterns across Europe since the Last Glacial Maxt Introduction
imum (LGM) with a dynamic vegetation model. This model . )
reproduces European tree species distribution and includes@ince the Last Glacial Maximum, 21000 years before
process-based algorithm for terpenoid production. In a set oPrésent, the European land surface and vegetation have
simulations the model was driven with paleoclimate anoma-changed considerably. Due to the retreat of the large ice
lies and reconstructed GQroncentrations. We quantified Sheets and the rise of temperatures, forests expanded from
three main driving factors for the changes in emissions oftheir refugia and replaced glacial tundrduptley, 1988.
isoprene and monoterpenes since the LGM: (1) the changg¥oreover, due to the geographic expansion in response to
in climate, with temperature changes as the most importanvarming, vegetated areas experienced a change in species
factor affecting plant physiology and terpenoid production in composition. 'The shifting vegetation patterns did not.only
all plant species, (2) a change in species distribution related€SPond to climate change, they also fed back to climate
to the changes in climate, causing local shifts in emissionPY changing biogeophysical characteristics and biogeochem-
characteristics of the vegetation, and (3) a change in cOic@l cycles (seeClaussen2009 for an overview). Mod-
concentration, causing opposing effects on the availability®!ling studies on glacial-interglacial changes of the biogeo-
of different substrates for terpenoid production. The effectchemical impact have been focussing mainly on global emis-
of atmospheric C@concentration is particularly uncertain, Sions and concentrations of G@seeRuddiman 2008 for
but sensitivity simulations showed an increase in Europearn Overview), which has a long lifetime and is atmospheri-
BVOC emissions in all sensitivity experiments irrespective ally well mixed. Changes in terrestrial methane emissions,
of the use of a direct inhibition of terpenoid production by affecting the concentrations of methane in the atmosphere
CO,. The effects of climate change on physiology and ter-"’}”d thereby its climatic effect, have been studied on these
penoid production resulted in an overall relatively uniform fimescales as welMaldes et al.2005 Kaplan et al.200.
increase of emissions in Europe over the simulation period, !n addition to these major greenhouse gases of terrestrial
origin, plants emit a large amount of reactive carbon com-
pounds, typically grouped as non-methane hydrocarbons or
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isoprene (GHg), with oxidation pathways in the atmosphere  In this study, we apply a vegetation model to simulate
that either produce or consume ozone depending on the lewehanges in the distribution of 17 of the dominant tree species
els of NQ. In this way isoprene affects the concentrationsand 3 generic shrub and herb types in Europe in order to
of oxidizing compounds (OH, §) from the atmosphere and obtain estimates of emissions of isoprene and monoterpenes
influences lifetimes of e.g. methane and nitrous oxide. Apartand their changes over the last 21000 years. The simula-
from that, @ affects plant physiology because of its toxic na- tions are performed with a consistent model framework that
ture, thereby causing local feedbacks to photosynthesis (e.gs based on mechanistic representations of terrestrial biogeo-
Sitch et al, 2007 and thus emissions, as well as to fluxes chemical cycles and plant growth. The vegetation model is
of BVOC by reactions within the plant and the canopy (e.g.driven by changes in climate and atmosphericoc@0ncen-
Loreto et al, 2001). Monoterpenes, a group of compounds tration since the Last Glacial Maximum (LGM).
with the chemical formula §H1e, enter oxidation reactions Our objective is to present an estimate of the effects of cli-
as well. Due to their lower volatility they are considered mate change and migration of species on the emissions of
important as precursor for secondary organic aerosol (SOAjeactive hydrocarbons over a transition from glacial to inter-
(Hoffmann et al. 1997, although oxidation products of the glacial. Since the effect of C{concentration on terpenoid
more volatile isoprene have been shown to form SOA as welproduction is one of the largest uncertainties in predicting
(Claeys et al.2004 Kroll et al., 2005. past (and future) changes, it is assessed here with a set of
BVOC in the atmosphere can affect greenhouse gas lifesensitivity experiments.
times by reacting with oxidizing compound&aplan et al.
(2006 argued that the long-term trend in atmospheric,CH
observed in ice cores could not be explained solely by2 Method
changes in wetland emissions, but requires also consideration
of changes in the atmospheric sink. Such changes could re2.1 Model description
sult from glacial-interglacial changes in BVOC, which com-
pete with methane for the hydroxyl radical. However, in con- The process-based dynamic vegetation model LPJ-GUESS
trast to the main greenhouse gases, the effects of isoprene af@mith et al, 200]) simulates successional vegetation devel-
monoterpenes on atmospheric composition and aerosol forepment and biogeochemical processes. Tree population dy-
mation can have a much more regional impact due to theinamics are simulated as in so-called forest “gap models”, es-
much shorter lifetimes (up to some houk&sselmeier and tablishment, growth and mortality of trees, as well as distur-
Staudf 1999 in the atmosphere. The importance of BVOC bance events, are simulated for a number of replicate patches.
emissions for atmospheric chemistry, combined with the factEcophysiological processes, such as photosynthesis, respira-
that emission characteristics vary considerably between plarfion and transpiration are derived from the dynamic global
species, make the geographic BVOC source attribution necvegetation model LPJSftch et al, 2003. The description
essary but difficult as it requires both process understandingf the model is provided iSmith et al.(2001), with up-
and detailed information on the distribution of plant species.dates of the hydrological processesGerten et al(2004),
Country-wide or regional estimates of isoprene or and changes in establishmentickler et al.(20093.
monoterpene emissions in the literature are often based on The model has been shown to reproduce forest dynam-
an inventory of the main plant species (eTmllsten and ics in north-eastern USHickler et al, 2004, Sweden Koca
Muller (1996 for Switzerland), in most cases combined with et al, 200§ and selected sites across Eurofen(th et al,
modelling to account for temperature and radiation effects2001 Miller et al., 2008. We used the parametrization of
(e.g.Kellomaki et al.(200]) for Finland,Smiatek and Stein- the model for the most common tree species in Europe, as
brecher(2006 for Germany). Such inventories were per- described inMiller et al. (2008 and Hickler et al.(2009a
formed for Europe as a whole as well (e.g.®impson eta).  Appendix 1),Populus tremulavas added to the set of species
1995 1999 Karl et al, 2009 Steinbrecher et al2009. In because of its potential importance for the European isoprene
these studies, the geographic species distribution is fixed, andudget Arneth et al, 2008. The parameterization of the
such emission inventories are not applicable to past or fubioclimatic limits for the different species is provided in the
ture conditions because of the lack of dynamically changing Appendix A, TableAl.
interactive effects of climate, atmospheric £€oncentra- Emissions of isoprene and monoterpenes were simu-
tion and the terrestrial carbon and water balance on vegetdated with a process-based model coupled to the photo-
tion productivity, canopy structure and terpenoid emissions.synthetic electron transport raté&iinemets et al. 1999
Globally, BVOC emission models have been integrated into2002, of which a fraction is used for terpenoid produc-
dynamic vegetation models (séeneth et al, 2008a for tion. This fraction is parameterized for standard environ-
an overview), accounting for the effects of past or future mental conditions (a temperature of °8 and radiation
changes in ecosystem physiology, and in some cases for baf 1000xmol PAR nT2s™1) using species-specific standard
sic changes in global plant functional type distributions asemission capacities as obtained from measurements. Pro-
well. duced monoterpenes can be either emitted directly or are
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stored in storage organs. A detailed description and evalutands were prescribed accordingRamankutty et a2008).
ation is given inArneth et al.(2007h, Arneth et al.(2008H Pastures and crops were all simulated applying the same pa-
andSchurgers et a(2009. rameter settings as used fog Grasses in LPJ-GUESS, ex-

Existing compilations of emission capacities from a large cept for their characteristics with regard to terpenoid emis-
number of plant speciesiéwitt et al, 1997 Kesselmeierand  sions.

Staudf 1999 Wiedinmyer et al. 2004 do not provide in-

formation on the geographical location of the observations.2.2.2 Paleoclimate simulations

Moreover, observed emission capacities depend on the cli-

matic circumstances in which the plant is growindeiitt ~ Changes in physiology and species composition were stud-
and Street1992 or even on the genetic characteristics of ied by applying data from climate simulations for the current
the population $imon et al, 2005. To reduce the possibil- interglacial as well as for the last glacial-to-interglacial tran-
ity of biases due to such effects, we consider here primarilysition. Two sets of simulations were performed: a transient
emission capacities obtained from measurements in the Eusimulation for the current interglacial (the Holocene, 9 ka be-
ropean model domain, synthesising the original publicationgore present (BP)-present), and a set of disjunct time periods
and extending the data set with greenhouse studies or studi@¥ time slices covering the glacial-to-interglacial transition
outside Europe in cases where the amount of data was lim21 ka BP-present, with slices covering most of the 1000-year
ited (TableB1). Following Schurgers et a(2009, published  intervals). In both cases, a detrended set of CRU data for
monoterpene emission capacities for those plant species tha®01-2000 was used repetitively as forcing. Superimposed
store monoterpenes (i.e. conifers) with temperature-driverPn this 100-year data set were anomalies from paleoclimate
release Guenther et a).1999 were doubled to reflect the simulations with general circulation models. The transient
higher production capacity that is required to maintain theSimulations were integrated for 9000 years, preceded by a
storage pool with a production that takes place only during300 year long spinup. The time slice simulations were inte-
daytime. grated for 100 years, again with a spinup of 300 years.

Table B1 provides the emission capacities used in this The transient simulation between 9kaBP and present ap-
study as well as the literature sources that these are based dplied climate data from simulations with the MPI/UW Earth
Single studies often provided a range of estimates that aris8ystem model Nlikolajewicz et al, 2007. The model
from the experimental setup (e.g. different times of observa-comprises a coupled atmosphere-ocean general circulation
tion, different branches or individuals, or different method- model, and includes ocean biogeochemistry and terrestrial
ologies to standardize the emissions). Due to the wide rang&¥€getation.  Data from a transient Holocene simulation
of sources of uncertainty, the listed numbers and ranges prosSchurgers et 812006 were summarized into 100-year aver-
vided in the table should thus be understood as an illustratio@ges. For the simulation, linear interpolation between these

rather than as a quantification of uncertainty. 100-year averages was applied. The continental boundaries
and the ice sheet extent were assumed not to change over the

2.2 Experiment setup course of the simulation and were set to present-day condi-
tions (Schurgers et gl2006.

2.2.1 Present-day estimate The glacial-to-interglacial transition was simulated with

18 time slices between 21 ka BP and 1 ka BP, which was ex-
The species composition and terpenoid emissions were simtended with a pre-industrial simulation. For each of these
ulated for the European domain west o 8D(35-75 N; time slices, anomalies from simulations with the Hadley
15° W=30 E) with a horizontal resolution of 025 A 20th Centre Unified Model (HadSM3ope et al.2000 were ap-
century estimate of terpenoid emissions was derived by drivplied and the pre-industrial simulation was driven with de-
ing LPJ-GUESS with data from the Climatic Research Unittrended CRU data without anomalies. The simulations were
of the University of East Anglia (CRU TS 2.1, hereafter re- performed for time slices every 1000 years (Bristol Research
ferred to as CRU data) for 1901-200Rew et al, 200Q Initiative for the Dynamic Global Environment, BRIDGE,
Mitchell and Jones2005. The data set is based on weather http://www.bridge.bristol.ac.yk Changes in the extent of
station data, which are assembled onto a regular grid. As ghe land surface due to changes in land ice cover and expo-
spinup, the model was forced by repeating 100 years of desure of the shelf region$geltier, 1994 were taken into ac-
trended data from the same data set for a total of 300 yearsount, the CRU data were extrapolated into the shelf regions
Atmospheric CQ@ concentrations from ice corektheridge  to cover these with climate data.

et al, 1996 and direct observation¥Kéeling et al, 1995 The climate anomalies applied for both the interglacial
were prescribed. Results from this simulation are averagednd the glacial-to-interglacial simulation series are shown in
for the period 1981-2000. Fig. 1. In general, the temperatures simulated with HadSM3

In the present-day simulation, land use was not explicitlyincreased from the LGM onwards to the early Holocene for
represented. To compare simulated emissions with other estall regions, with a larger warming at higher latitudes. From
mates for present-day, the relative areas of pastures and crofiie early Holocene onwards, both the time slice simulations
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Fig. 1. Average climate data used to force the vegetation simulations for three zonal bands (land surfade)esuydmer (JJA, red) and

winter (DJF, blue) temperaturéh) annual total precipitation. Solid lines are as applied for the transient interglacial simulations, with the
grey band showing the year-to-year changes (originating from MPI/UW-ESM), circles are as applied for the glacial-to-interglacial time slice
series (originating from HadSM3).

(HadSM3) and the transient simulation (MPI/UW Earth sys- Changes in atmospheric GQoncentration can have a
tem model) showed either a decreasing or a stabilizing trenchumber of different, partially opposing, effects on terpenoid
in temperature, again with a more pronounced effect for theemissions: lower C® concentrations in the past resulted
higher latitudes (Figl). The initial increase and subsequent in lower photosynthesis rates and thereby a lower leaf area,
decrease were simulated for both summer and winter, withwhich reduces emissions compared to present. Reduced pho-
slightly larger changes in winter. Precipitation trends weretosynthesis rates lower the availability of glyceraldehyde-3-
comparable, with an initial increase during deglaciation fol- phosphate (GA-3-P) as well, which is a substrate for ter-
lowed by a slight decrease during the Holocene, particularlypenoid production. However, greenhouse studies have shown
in the transient simulation, although the trend is less pro-a partial decoupling between photosynthesis and isoprene
nounced and deviations from this pattern can be found inemission at a range of G@oncentrations. In plants grown at
the time slices for northern Europe (showing a continuous in-below-ambient C@concentrations isoprene production may
crease in precipitation) and southern Europe (showing a morée substantially enhance®dssell et a).2005. Although
stable precipitation regime for the deglaciation period). this effect has not yet been fully understood, one hypothesis
CO, concentrations for the simulations were prescribed:relates it to the availability of phosphoenolpyruvate (PEP)
for the time slices, the concentrations as applied in the(Rosenstiel et 812003, a second key substrate for terpenoid
paleoclimate simulations with HadSM3 were used, with production, that is used for many other cellular processes
the OkaBP time slice representing a pre-industrial caseas well. This inhibition was incorporated in the isoprene
(280 ppm). For the transient simulation we used a reconimodel by relating production to the inverse of atmospheric
struction of CQ concentrations based on ice core ddta ( CO, concentration Arneth et al, 2007). The model was
dermihle et al, 1999 Friedli et al, 1986 Etheridge et aJ.  parametrized to have no effect on production at an atmo-
1996, extended with observations from Mauna Loa (Hawaii) spheric CQ concentration of 370 ppm. This inhibition was
and Jubany (Antarctica) for the post-1950 perié@éling adopted here as well for monoterpene production, because
et al, 1995. Orbital parameters were varied for all simula- the cellular pathways for isoprene and monoterpene produc-
tions according t@erger(1978. Land use has been omitted tion are near-identical. Cellular processes that lead to the
throughout the paleoclimate simulations, the simulated veg-CO»-isoprene inhibition should therefore in principle also
etation represents a potential natural case. apply for monoterpene production. However, the number of
studies on the effect of GQOconcentration on monoterpene
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production is limited, and the emerging picture is not uni- The present-day European land cover is dominated
form (e.g. Constable et 311999 Staudt et al.2001; Snow by cropland and pastures (e.Bamankutty et al.2008
et al, 2003 Baraldi et al, 2004 Llorens et al.2009. Fig. A2). Only remote regions (e.g. northern Scandinavia)
To assess the uncertainty related to the response to CCQare still largely untouched by anthropogenic land cover
concentration separately, three sets of simulations were pechange. In total, about 32% of the calculated total European
formed: (1) a simulation in which the inhibition according to leaf area was formed by crops, and another 16% by pastures.
Arneth et al.(2007h is taken into account, (2) one in which The largest contributions to total leaf area from natural veg-
this inhibition is ignored, and (3) one in which both the £0 etation come from conifers &icea abies(9%) andPinus
fertilization effect on photosynthesis and the inhibition are sylvestrig(4%), as well as from a few dominant broadleaved
ignored. In the latter case, the simulations were performedree speciesguercus robuy 8%, Fagus sylvatica8%, Quer-
prescribing an atmospheric G@oncentration of 280 ppm cus ilex 3%) and herbs (3%). Forest management, which
to demonstrate the effect of climate change only. is not implemented here, will likely change these numbers
to some degree, as management decisions tend towards the
use of conifers (for Europe mainBinus sylvestrisndPicea

3 Results abieg rather than broadleaf species in many places.

3.1 Present-day species distribution 3.2 Present-day budget of isoprene and monoterpene

The present-day potential natural vegetation distribution sim- ~ €MISSIONS

ulated by LPJ-GUESS is shown in the Appendix (FAd.). .
For an estimate of “real” present-day vegetation patterns anJ _he annual total Isoprene and monofcer_pene f"”?es for the
emissions, this natural vegetation pattern was corrected witﬁ"‘nu""‘ted European domain were of similar magnitude. Iso-
land use obtained frolrRamankutty et ali2008. The distri-

prene emissions summed up to 1.2 Tg&,amonoterpene
bution of natural and man-made vegetation types is displaye missions to 2.0 TgC#. Both the biogenic isoprene and

in Fig. A2. the monoterpene emissions originated primarily from the

For a present-day climate, the simulated potential natu_natural vegetation, since most crops and grasslands tend

ral vegetation in northern Europe is dominated by coniferst© be nelthler I.arge |dsosprer:; ggor I'?ll_rr?e m(;mo?erp_en;a emit-
Picea abiesandPinus sylvestriss well as by birchBetula ters Kesselmeier and Stay 9. e reduction in for-

pubescens In northern mountain areas evergreen shrubsESt cover due to anthropogenic land use reduced the Euro-

are prominent. For Central Europe, a broad mixture of treeggoa/n em|53|0n§ of bOth |spprer;e and monqt?rpeneslby almost
species is present, dominatedEagus sylvatic{Germany) 6 compared to emissions from potential natural vegeta-

andQuercus robur In the southern part of Europe, around tion. Summer emissions dominate the annual budget, with

. 0, i i i 0,
the Mediterranean, drought and warm temperature toIeranZ2 /° 9f the ISoprene .em;]ssu:r)]ns and 53% of thehmo\;]oterp\;ar}e
species likeQuercus ilexandPinus halepensisecome com- emissions occurring in the three summer months (June, July

petitive, with understorey vegetation formed by raingreenand A,“g?JSt)- , ,
shrubs and gherbs. Emissions of isoprene were largest in Central Europe

The tree species distribution on European scale simulated9- 22, €) where several broadleaved tree species that are
with LPJ-GUESS was evaluated Ijickler et al. (20099, ~ Known to be relatively high isoprene emitters (eQ@uer-
who found good agreement with observed species compoSUS robup are dominant. Since these tend to be deciduous

sition and vegetation structure at ten pristine forests acrosd€€S, wintertime emissions for isoprene were low (Ba.
Europe and with an expert reconstruction of potential nat-Monoterpene emissions dominated the northern and Mediter-

ranean part of Europe (Figb, d), but western Europe has

high emissions as well. In the northern forests, monoter-
nPenes were primarily emitted from coniferous treBm@s

sylvestris Picea abie} whereas the mediterrane&uer-

ural vegetation, classified into vegetation typBsin and
Neuhaus| 2003. A comparison of the simulated distri-
bution of single tree species with the observed distributio
given in the Atlas Flora Europealt{p://www.fmnh.helsinki. i ’ e X
filenglish/botany/afe/index.hijmshowed also reasonable to CUS ilexdominates the emission pattern in the south, to-
good agreement on actual species level. Species were four@fther with relatively large emissions froQuercus coc-

in the correct region, although in some cases the boundarie€/féra and mediterranean shrubs. In Germany and France

of the domain were not well-represented. Several tree specid€!atively high monoterpene emissions were simulated orig-

were simulated to occur throughout large parts of Spain, furinating fromFagus sylvaticaOverall, the isoprene-emitting

ther south than their actual range (eQiercus roburFagus oaks were the most important species for the total isoprene
sylvatica Quercus ilexPinus halepenesjsbut LAl forthese ~ Pudget:Quercus roburis responsible for more than 60% of
species was in general low. Some mediterranean species e§1® European isoprene emissions, followed in importance by

tended too far northward along the Atlantic coa@ugrcus ~ FoPulus tremulaQuercus pubescenMediterranean shrubs
coccifera Juniperus oxycedrds andPicea abieqall between 6 and 8% of the total budget).

For monoterpenes, the main emitters &sgus sylvatica

www.biogeosciences.net/6/2779/2009/ Biogeosciences, 6, 27992009
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(34% of the total budgetRPicea abieq24%) andQuercus
ilex (13%).

These total European emissions are comparable to previ-
ously published estimates for Europe. Because the different|
studies hardly ever use the same definition of Europe when it
comes to the actual area studied, we express emissions on
an area basis for cross-study comparison. Average emis-
sions for 1981-2000 are 0.20g CAa 1! for isoprene and
0.33gCnt2a"! for monoterpenes from our simulations.
Using a slightly older version of the vegetation mod&!; c
neth et al.(2008h simulated average isoprene emissions of
0.34gCnr?a?! for the 15 pre-enlargement EU countries,
Switzerland and Norway, averaged over the same time pe-
riod. Simpson et al(1999 calculated values between 0.19
and 0.45gCm2a 1 for a much larger area (including part
of the former Soviet Union). The range of estimates from
Simpson et al(1995 originates from the application of dif-
ferent algorithms (with dependencies on temperature and/or
light) that were published at that time. Fig. 2. Simulated monthly emissions (mg Cﬁ%month*l) of (a, ¢)

Karl et al. (2009 used the commonly applied algo- isoprene angb, d) monot_erp_enes averaged for (a, b) January and _(c,
rithms by Guenther et al(1995 combined with a de- d) July 1981-2000. Emissions are corrected for land use applying

. A . . land use data frorRamankutty et al(2008).
tailed distribution of plant species and functional types to
calculate estimates, resulting in 0.19gC%a ! for iso-

prene. Finally, Steinbrecher et al(2009 recently pro-  15kaBP onwards (Figda2). Over the time sliceQuer-
vided detailed estimates for July 2003, with average iso-cys jlexextended gradually from the southern mediterranean
prene emissions of 0.23g Crhmonth™* and monoterpene  coasts to the north, covering large parts of Spain, Italy and
emissions of 0.16 gCnfmonti*. Our averages for July  Greece, and some parts of France. For the shorter transient

H . 1 H . .
are considerably lower: 0.057 g CthmontiT * for isoprene  Hojocene simulations, results were comparable to those from
and 0.066 g C m? month ! for monoterpenes (averaged for the time slices (not shown).

1981-2000). This difference is likely caused by the differ-
ence in the algorithm, by a smaller reduction due to land use8.4 Changes in isoprene and monoterpene emissions

in the study bySteinbrecher et a{2009, as well as by the since the Last Glacial Maximum
focus on July 2003, which is particularly warm as compared
to our 1981-2000 average. Lower temperatures at the Last Glacial Maximum were

an important driver for lower canopy photosynthesis and
3.3 \Vegetation changes since the Last Glacial Maximum terpenoid production compared to the interglacial period

(Fig. 5b, c). About half of the overall increase in gross pri-
Early in the simulation period, during the glacial, forest cover mary production (GPP) since the Last Glacial Maximum can
was scarce in most parts of Europe. Though western Europbe attributed to changes in climate, the other half is caused
was covered by coniferous forests, forest LAl does not ex-by the increase in atmospheric g@oncentration (Fig5a).
ceed 2.5 in most regions. Herbaceous vegetation is importanidditionally, notable changes in the regional patterns of GPP
in southern Europe, and LAl is generally low (F8). East-  resulted also from changes in the extent of the land surface:
ern and southern Europe were primarily covered by herbaThe increase of GPP in Northern Europe due to the retreat of
ceous vegetation. Since the Last Glacial Maximum, LAl in- ice sheets and the establishment of vegetation was largely
creased substantially in central and northern Europe as theompensated by a loss of land and thus vegetation in the
ice cover retreated and the climate warmed. With the disapshallow North Sea, between France and England, and along
pearance of the ice sheet LAl reached values well above 2he Mediterranean coast (not shown). GPP decreased in the
for most of the European area (FR). Mediterranean once warmer climate and decreased precipi-

In addition to the general increase in LAI, the simula- tation caused soil water deficits to occur regularly (Rig.

tions indicated substantial zonal shifts of the main species, The relative increase in isoprene and monoterpene emis-
as summarized in Figla. With the warming climateRinus  sions was larger than the increase in GPP during the glacial-
sylvestrisshifts north- and eastward, broadleaf trees becomeo-interglacial transition, despite the counteracting effect of
competitive across Central Europe. In the Central Europear©O; inhibition (Fig. 5). This reflects the higher tempera-
band (45-55), temperate broadleaf trees such @ger-  ture optimum as well as the higher temperature sensitivity
cus roburand Fagus sylvaticashow a rapid increase from of terpenoid production compared to photosynthesis. The
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a. 21 ka B.P. b. 16 ka B.P. c. 11 ka B.P. d. 6 ka B.P. e. O ka B.P.

0.5

55° - 75°N

== Picea abies
Pinus sylvestris

== Quercus robur

= Boreal evergreen shrub
C, herbs
Other species

45° - 55°N

= Fagus sylvatica

=~ Picea abies
Pinus sylvestris

m—— Quercus robur
C, herbs

LAI (m* m?)

Other species

isoprene emission (Tg C a‘l)

monoterpene emission (Tg C a‘l)

35°-45°N
= Fagus sylvatica
Pinus sylvestris
== Quercus coccifera
m— Quercus ilex
= Quercus robur
C, herbs

Other species

20 15 10 5 0 20 15 10 5 0 20 15 10 5 0
time (ka B.P.) time (ka B.P.) time (ka B.P.)

Fig. 4. Simulated changes if@) LAI, (b) isoprene andc) monoterpene emissions for the glacial-to-interglacial time slices, separated for the
most abundant species in the three zonal bands: (H7AB N; (2) 45°-55° N; (3) 35°—-45° N. Please note that the LAI for each time slice

is given relative to the land area of that slice, changes in the extent of the continents due to glacier cover and sea level rise cause substanti
changes in the absolute amount of leaf area.

strongest relative increase in isoprene emissions was locatedhince of coniferous trees decreased considerably in central
in Northern and Central Europe (Fidb), where emissions and southern Europe. However, due to the simultaneous ex-
overall were relatively small for the LGM. From 15 ka BP on- pansion of monoterpene-emitting broadleaf trees, su€h-as
wards, isoprene emissions in northern and central Europe anglus sylvatican central Europe an@Quercus ilexand Quer-
monoterpene emissions in southern Europe increased gradeus cocciferan southern Europe, monoterpene emissions re-
ally (Fig. 4b, c), related to the expansion of oak trees (themained constant in central Europe and increased in southern
isoprene-emittingQuercus robuiin northern and central Eu- Europe.

rope and the monoterpene-emittiQgiercus ilexand Quer- After 11 ka BP, total emissions in Europe had largely sta-
cus cocciferain southern Europe). At the same time, en- pjlized (Fig. 5b, c) both in the time slices and in the tran-
hanced temperatures and the retreat of the ice sheet arourgent simulation, although pronounced shifts still occurred
the Baltic Sea caused the monoterpene emissions from conifn the regional patterns (not shown). Isoprene emissions in-
erous treesRicea abiesandPinus sylvestristo increase as  creased in France as well as in large parts of eastern Eu-
well (Fig. 4c1). Between 15 and 10kaBP, the relative abun-yope, related to emissions fro@uercus robur Monoterpene
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!
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constant CO, concentration
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with photosynthesis effect,
no terpenoid inhibition
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and terpenoid inhibition
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monoterpene rate
(relative to O ka B.P.)

20 15 10 5 0
time (ka B.P.)

Fig. 5. Sensitivity of annual total Europeda) GPP,(b) isoprene andc) monoterpene emissions to the simulated influence of atmospheric
CO, concentration. Shown are sets of simulations with a constant €@centration of 280 ppm, with a varying G@oncentration
affecting photosynthesis, but without a direct inhibition of VOC production, and with a varyingoBficentration affecting photosynthesis
and inhibiting VOC production. All results are shown relative to the value for O ka BP, see text for absolute values.

emissions decreased in these areas, mainly related to retreats well (Fig.5b, ¢). Compared to the simulation with GO
ing conifers. Anincrease in monoterpene emissions was simeffects on both photosynthesis and terpenoid production, the
ulated for Germany (related to expansiorFafjus sylvatica  set of experiments without the application of the direct in-
and some regions around the mediterranean (related to exibition of terpenoid production by COhas an enhanced

pansion ofQuercus ilex increase for both isoprene and monoterpenes, because it
o . . lacks the stimulating effect of (low) glacial G@oncentra-
3.5 Sensitivity to changes in CQ concentration tions. For the simulations with a constant £&ncentration

o ) there are two opposing effects: the enhanced photosynthesis

The three sets of sensitivity experiments to the effect of kg 53 provides more substrates for terpenoid production,
CO; changes on terpenoid emissions resultin different emisy, ¢ the 'stimulating effect of glacial GOconcentrations is
sions for the OkaBP time slice. Because all 0kaBP sim-5ciing. For isoprene the former effect dominates, whereas
ulations were forced with an atmospheric £€oncentra- ¢4, monoterpenes it is the latter effect that has the largest
tion of 280 ppm, the only difference between the simula-iyqyence. This difference between the two terpenoids is
tions is whether or not the direct Ganhibition effect is  4inly determined by changes in the species distribution: the
taken into account (in the model, the €@ffect is ex- e industrial C@ level results in more trees as compared to
pressed as a multiplier that becomes unity for present-dayy|acial G, concentrations, which is particularly important
defined as 370 ppm). Total European isoprene emissions atg central Europe, where isoprene-emitti@giercus robur
1.6 TgCa for the OkaBP simulations without GQnhi- replaces herbaceous vegetation.
bition, and 2.1 Tg C3al for the simulation with C® inhi-
bition. For monoterpenes these totals are 3.0 Tgand
4.0TgCal, respectively. The below-ambient (e.g. pre- 4 Discussion
industrial) CQ concentrations enhance the emissions of ter-
penoids. Although simulated forest cover was considerably reduced

The different ways of accounting for GCeffects affect at the LGM compared to present-day, some regions were
not only the absolute value for 0 ka BP, but it influences thepossibly still overestimated.Huntley (1988 described a
relative increase in emissions between the LGM and 0 ka BPtundra-like” vegetation north of the Alps for the glacial.
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The simulated changes in species distribution since the LGMhe opposite can be observed: monoterpene emission capac-
show in many regions reasonable agreement with patterngies found for many European trees exceed the emission ca-
reconstructed based on pollen recortisiritley, 1989. A pacities used in global models (0.8-24g 1DWh~! for
rapid spread of forests, particularly the broadleaved speciegemperate or boreal broadleaf deciduous or evergreen trees,
has been reconstructed from pollen data for the post-glacialevis et al, 2003 Naik et al, 2004 Lathiere et al. 2006
period (10-7 ka BPHuntley, 1988. The expansion oFa- considerably.
gus sylvatican mid latitudes, which was simulated to start  The effects of CQ concentration on terpenoid emissions
around 12 kaBP (Figda2), occurred too fast compared to are a large source of uncertainty for simulating past emis-
pollen-based reconstructionkintley, 1988 Lang 1994). sions, and there is no obvious explanation for a physiological
The expansion oPicea abieswhich was simulated to start advantage of emitting more isoprene (or terpenoids in gen-
extending its presence northward along the Norwegian coastral) during glacial periodsPpssell et al.2009. Recently,
and in southern Finland from 9 ka BP onwards, is too earlyWilkinson et al.(2009 argued that the short-term and long-
compared to reconstructions as welliesecke and Bennett term response of isoprene emissions to changes in the CO
(2009 predict the largest expansion some 2000-5000 yeargrowth environment are similar, varying both the growth en-
later. The processes underlying these late spreaécehr  vironment CQ concentration and the cuvette g@oncen-
abiesandFagus sylvaticare not well understood3jesecke tration in their experiments. For monoterpene emissions,
and Bennetft2004 Giesecke et al.2007). For the Iberian the number of studies on Gffects is smaller and shows
peninsula, the expansion of some tree species, in partica less uniform pictureonstable et a/.1999 Staudt et al.
ular Quercus ilexand Q. coccifera occurred too early as 2001, Snow et al. 2003 Baraldi et al, 2004 Llorens et al.
compared to reconstructions based on pollen observation2009, and there is a strong need for measurements at below-
(Fletcher and 8nchez-Gii, 2008. ambient CQ concentrations in order to judge the similarity
Despite the fact that certain drivers that could play a role inwith the isoprene-C@relation. On a global scale, the stim-
the determination of expansion rates or species compositionylating effect of low atmospheric CGxoncentrations for the
such as seed dispersal or human activity, are missing in outGM might largely offset the decrease in emissions by lower
modelling approach, the general trends in European vegetaemperaturesArneth et al, 20073. By contrastHeald et al.
tion changes were captured by the model. With a gradual bu2009 found only minor effects of changes in G@oncen-
steady change in the climate as has occurred since the Lagtation as compared to the effect of temperature changes, us-
Glacial Maximum, many of the observed vegetation changesng the relationship derived bwilkinson et al.(2009. In
can be attributed to this climate change. However, the factor®ur European simulations the climate effect is clearly domi-
mentioned above that are not accounted for in the simulationsiating over a possible stimulating effect from low £€bn-
could affect e.g. the timing of these changes on centennial t@entrations, which is caused by the large temperature change
millennial timescales. Although the two data sets of paleo-that took place in Europe as compared to the global average,
climate simulations with GCMs that were used to derive cli- and by the fact that the mid- and high-latitudes were in the
mate anomalies have relatively similar trends in temperatureslimatic range where the existence of vegetation (and forest
and precipitation in Europe, this input data is nevertheless an particular) is critically affected by climate. The latter ef-

source of uncertainty as well. fect was even enhanced by the presence of a large ice cover
In contrast to global total BVOC emissions that are by far during the LGM.
dominated by isoprene in terms of carbon mass (eegis As in all previous studies, the estimated isoprene and

et al, 2003 Lathiere et al. 2006 Arneth et al, 20083, in monoterpene budgets rely heavily on observations of leaf-
Europe the amounts of carbon emitted as isoprene and ascale emission capacities. The amount and applicability
monoterpenes are of similar magnitude. This difference re-of leaf emission data differs considerably between species:
flects — at least partly — a strong contribution of coniferouswhereas certain species appear well-studied, with measure-
forest emissions to the total European budget, with coniferanents done at several locations within Europe (e.gPfoea
being much more characterised by monoterpene than by iscabies or Pinus sylvestrissee TableB1 and Fig.Al), we
prene emissions, which was also found in previous studies ohave to rely on one or two observations for other species.
country-wide or European total BVOC estimates, &mi- Likewise, certain regions are well-covered by observations
atek and SteinbrechgP006 for Germany, orKellomaki (e.g. Scandinavia or the Mediterranean), whereas for other
et al. (200)) for Finland. In addition to these differences in regions few published data are available. With few excep-
tree species composition, it becomes apparent that the emisions, the emission capacities in Talidé were determined
sion capacities for isoprene that were found in the literatureduring the summer season only, when leaves are fully de-
survey for European species (Talidé) are generally lower veloped. A seasonality of terpenoid activity, as observed in
than the isoprene emission capacities assigned to PFTs ifield studies, has been implemented in the model for isoprene
global models (8—4kg g~ DW h~! for temperate or boreal emissions from deciduous trees (an adjusted version of the
broadleaf deciduous or evergreen trelesyis et al, 2003 seasonality proposed #rneth et al, 20071.

Naik et al, 2004 Lathiere et al.2006§. For monoterpenes
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Comparison of simulation results with pollen reconstruc- The summed European budgets are driven by these two di-
tions Miller et al., 2008 allows the evaluation of simulated rect factors, that have a reasonably uniform effect over most
vegetation distribution over long timescales. Together withof Europe. The regional emission patterns, however, depend
the benchmarking of LPJ and LPJ-GUESS against presentvery much on changes in species composition, which gives a
day carbon and water cycles on ecosystem and global scalmuch less uniform indirect effect. Because of the asymmet-
(Sitch et al, 2003 Gerten et al.2004 Morales et al.2005, ric distribution of emission capacities over plant species as-
this gives confidence in the general performance of the vegsociated with certain vegetation or climate zones, the trends
etation model. In contrast, the absence of reliable proxyin regional BVOC emissions are highly variable, and esti-
data for isoprene or monoterpene concentrations in the atmated trends are hard to generalise for the whole European
mosphere presents a severe problem for the evaluation afomain. Modelling studies that resolve emissions based on
regional or even global changes in their emissions. Somespecies are necessary to make quantitative or even qualitative
oxidated compounds, such as formate and acetate, were opredictions and descriptions of the changes.
served fromice cores.égrand and De Angelid 995 Fuhrer On a European scale, the rise in emissions of isoprene and
and Legrand1997 Savarino and Legrand 998, but these  monoterpenes since the Last Glacial Maximum will have had
compounds are thought to be primarily emitted directly from a reducing impact on oxidizing compounds and an increas-
decomposing material rather than resulting from atmospheriéng impact on lifetimes of reduced compounds such as the
oxidation of terpenoids. Howevdregrand et al(2003 at- greenhouse gases methane and nitrous oxide. However, for
tribute part of the formate and acetate from an ice core fromassessing the net changes of these properties, as well as a
the Alps to oxidation of isoprene ang@-pinene. A gen- more quantitative evaluation of the atmospheric chemistry,
eral problem with atmospheric oxidation products related toand the regional impact in particular, simulations with atmo-
BVOC in ice cores lies in the many unknown factors in terms spheric chemistry models are required. The simulation of
of emissions, reaction mechanisms and atmospheric tran®8VOC emissions presented here could function as an input
port, as well as in their high reactivity. As long as the changesto such model simulations.
in their concentrations cannot be reliably assigned to changes
in source or sink strengths, they will not be suitable as proxy
data for this purpose.

5 Conclusions

Since the Last Glacial Maximum, total emissions of isoprene
and monoterpenes over Europe have been simulated to rise.
This is partly caused by higher temperatures, affecting plant
physiology directly, and partly by a rise in vegetation abun-
dance in Europe. Changes in atmospherie €@nhcentration

can have opposing effects, but the climate effect dominates
over a possible C@inhibition of terpenoid production for
most regions and for Europe as a whole.
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Appendix A

Abies alba Betula pendula Betula pubescens Carpinus betulus

Quercus robur

Fig. A1l. Simulated leaf area index for a potential natural vegetation (averaged for 1981-2000) for the 17 tree species, two generic shrub
types and herbs. Crosses indicate the locations of observations for emission capacities frddd, Tratebers refer to references therein.
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Table Al. Bioclimatic limits applied for the simulation of species:
minimum coldest month temperatu®. min; maximum coldest
month temperaturd. max, minimum growing degree-day sum
GDDs; minimum soil water content for establishmenyp,.

Predominantly natural

[ coniferous forest

Tc,min Te, max GDDs  wmin

[ broadieat forest (°C) (°C) (°Cd) =)

— grassland/shrubland

Abies alba -2 2 1600 0.40

Betula pendula -30 7 700 0.42

sty mon_mode Betula pubescens 3 350 0.50

Carpinus betulus -8 1200 0.33

oo Corylus avellana -11 800 0.30

Fagus sylvatica -5 1500 0.30

[ pestures Fraxinus excelsior -15 1100 0.40

Juniperus oxycedrus 1 2200 0.01

Fig. A2. Land cover types as constructed for present-day from Picea abies -30 -15 600 0.43

the simulation of natural vegetation and the man-made land cover Pinus halepensis 4 3000 0.05

by Ramankutty et al(2008: predominantly natural cover types Pinus sylvestris -30 -1 500 0.25

(in blue colours) and predominantly man-made cover types (in red Populus tremula -30 6 500 0.40

colours). The classification was based on LAI. Quercus coccifera 2 2700 0.10

Quercus ilex 3 1800 0.15

Quercus pubescens —6 2300 0.35

Appendix A Quercus robur -9 900 0.32

Tilia cordata -11 1100 0.33

Vegetation model details Boreal evergreen shrubs -1 200 0.25
Mediterranean raingreen 1 2200 0.01

The bioclimatic limits for the different species as used in the low shrubs

model are reported in Tabkl. Cs herbaceous 0 001
The resulting present-potential distribution of species is

given in Fig.Al, together with the locations for which ob-

servations of emission capacities are available (see Bible )

for an overview of the observations). The classification of APPendix B

the land surface for the present-day estimates is provided in N
Fig. A2. Emission capacities

Emission capacities for isoprene and monoterpenes were as-
signed based on an inventory of measurements that have
taken place primarily within the model domain. The mea-
surements as well as the derived emission capacities are
given in TableB1.
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Table B1. Emission capacities for isopreng ) and monoterpened;) applied in the simulation (printed in bold), and the studies these

averages are based on. For studies in which multiple values are reported (e.g. for different months, different plants, or different algorithms)
the range of values in the publication is given as an indicator of the variability. Measurements were done using branch enclosures, unless
otherwise stated, and standardization was done using a temperature and light dependency for isoprene and a temperature dependency f

monoterpenes, unless otherwise stated.

species and location I Mg source
(ngg tbwh™)  (uggtbwhl

Abies alba 0.05 0.9

France, Vosges <0.1 0.89 24
Betula pendula 0.2 3.0

Austria, Lobau 0.19 20T+

Finland, Finnish Forest Research Institute  0.18 (0.-1.5) 5.7 (0.-11.5) 6+t

Finland, Finnish Forest Research Institute 0.7-7.7 7

UK 0. 0. e
Betula pubescens 0. 0.5

Finland, Finnish Forest Research Institute 0.3-5.5 7

UK 0. 0. e
Carpinus betulus 0. 0.04

Austria, Lobau 0. 0.04 20
Corylus avellana 0. 0.

UK 0. 0. L1HHE*
Fagus sylvatica 0. 10.06

Austria, hgerwiese 0.24-0.47 20t

France, Vosges 0. 43.5 (42.4-44.2) 23

Germany, dlich 2.9-12.9 4

Germany, Ulich 0.7-20.8 12

Switzerland, Mibendorf 0. 35++

UK 0. 0. L1HE*
Fraxinus excelsior 0. 0.

UK 0. 0. e
Juniperus oxycedrus 0. 1.0

France, Montpellier 0. 05 M <20 26

Italy, Castelporziano 0.09 0.96 25

Italy, Castelporziano 0. 05M; <20 26

Spain, Burriana 0. 05 M <20 26
Picea abies 0.5 3.0

Denmark, Ulfborg 0.73(0.12-1.37) 3**

Germany, Fichtelgebirge 0.32/1.7 0.50 5

Sweden, Asa 0.38 0.27 17

Sweden, @llivare 3.8 15%+*

Sweden, NOPEX site 1.631.22 2.31-8.30 16

Sweden, Sinéingsdalen 0.3 15%+*

Sweden, Vindeln 0.08 15%+*

UK 0. 11
Pinus halepensis 0. 5.0

France, La Barben 14.76 32

Spain, Burriana 0. 05 M, <20 26

Spain, Collserola 3-11.0 22

Spain, Collserola 2-23 28

greenhouse 0. 0.41 27
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Table B1. Continued.
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species and location I Mg source
(rggtDWh™) (uggtDWh™)

Pinus sylvestris 0. 2.0
Finland, Huhus 1.20/2.70 31
Finland, Hyyt&la 0.45-1.97 174
Finland, Hyytala 1.84 1
Finland, Hyytala 1.02-5.18 34
Finland, Hyyt&la 0.29-1.59 8
Finland, Mekriarvi 0.68 17+
Finland, Sodanky 1.47-14.95 34
Germany, Hartheimer Wald 0.1-578 19
Sweden, Asa 0.37 17+
Sweden, @llivare 3.0 150k
Sweden, ddras 1.0 159+
Sweden, NOPEX site 0.86 0.41 16
Sweden, Sinéingsdalen 1.8 15%0%*
Sweden, Vindeln 2.3 150k
UK 0. i o

Populus tremula 20.0 2.0

Finland, Finnish Forest Research Institute  21.7 (0.-57.4) 1.7 (0.-11.3) 6t
Quercus coccifera 0.1 10.06

Spain, Burriana 0. 05 M, <20 26

Spain, Collserola 1-5% 22

greenhouse 0.15 187 9
Quercus ilex 0.05 16.0

France, Montpellier 11.5-17.7 18

France, Montpellier >20. 26

Italy, Castelporziano <0.1 0.5< M5 <20 26

Italy, Castelporziano 0.09 (0.01-0.67) 22.76 (12.0-38.5p5

Italy, Castelporziano 2.3-36.4 2

Spain, Collserola 2.5-110 22

Spain, Madrid 14.0 29
Quercus pubescens 50.0 0.

France, Montpellier 42.0-58.4 18

France, Montpellier 78.0 26

Italy, Castelporziano 90.73 (52.6-123.6) 33
Quercus robur 40.0 0.

UK 0. ek

greenhouse (originating from UK) 60.0 30

greenhouse (originating from Austria) 23.9-31.6 21

greenhouse (originating from Austria) 27.5-43.6 36
Tilia cordata 0. 0.

USA, Wisconsin Tilia americang™++ <1 <0.2 13
Boreal evergreen shrubs 2.0 2.0
Several evergreen and deciduous shrubs

greenhouse >0. >0. 14T+++

Biogeosciences, 6, 2772797, 2009
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Table B1. Continued.

species and location I Mg source
(nggtDWh™1)  (ugg tDWhY)

Mediterranean raingreen low shrubs 2.0 2.0
Cistus albidus

Spain, Collserola 2-32.8 22
Cistus incanus

greenhouse 0. 3.55 27
Cistus monspeliensis

greenhouse 0. 17.05 27
Cistus salvifolius

greenhouse 0. 3.50 27
Erica arborea

Italy, Castelporziano 20.347.05 25

Italy, Castelporziano 6.36 10

Spain, Collserola 3-17*5 22
Lavandula stoechas

Spain, Burriana 0. 05 Mg <20 26

greenhouse 0. 18.16 27
Myrtus communis

Italy, Castelporziano 13647104 0.294+0.28 25
Rosmarinus officinalis

Italy, Castelporziano 2.190.29 10

greenhouse 0. 6.58 27
Thymus vulgaris

France, Montpellier 0. 04 Mg <0.5 26

greenhouse 0. 4.98 27
C3 herbaceous / pastures 0. 0.5

Austria, Silberwald 0.02 20+

Austria, Strasshof 0.01-0.20 20+t
Crops 0. 0.10
RapeseedBrassica napus

Austria, Essling 0. 0.07-0.20 20
Rye (Secale cerea)e

Austria, Essling 0. 0.05-0.15 20
Wheat {Triticum aestivum

Austria, Laxenburg 0. 0. 20

1 Back et al.(2009; 2 Bertin et al.(1997); 3 Christensen et a{2000; 4 Dindorf et al.(2006; 5 Grabmer et al(2006); 6 Hakola et al.
(1998; 7 Hakola et al(2001); 8 Hakola et al(2006; 9 Hansen and Seufeft996; 10 Hansen et a1997); 11 Hewitt and Stree1992); 12
Holzke et al(2006); 13 Isebrands et a(1999; 14 Isidorov et al(1985; 15 Jansor(1993; 16 Janson et a[1999; 17 Janson and de Serves
(2001); 18 Kesselmeier et a[1998; 19 Komenda and Koppman{2002; 20 Konig et al.(1995; 21 Lehning et al(1999; 22 Llusia and
Penuelag2000; 23 Moukhtar et al(2009; 24 Moukhtar et al(2006); 25 Owen et al(1997); 26 Owen et al(1998; 27 Owen et al(2002);

28 Pdiuelas and Llusi(1999; 29 Plaza et al(2005; 30 Possell et al(2004); 31 Rinne et al(2000; 32 Simon et al(2005; 33 Steinbrecher

et al.(1997; 34 Tarvainen et al(2009; 35 Tollsten and Mulle(1996; 36 Zimmer et al.(2000 * monoterpene emissions calculated with
temperature and light dependentéderived from fluxes measured at canopy scét&;recalculated to standard temperature cfGfrom
20°C or 25°C standardized valug®** leaves were harvested before enclosdreverage and range as calculated from non-standardized
data; T+ VOCs detected, but radiation and/or temperature data are missing for standardizatio@bservations fofilia cordatawere

not found in the literature, so applying values Tilia americanafrom USA; t+++ Quantitative observations from European boreal shrubs
were not found.
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