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Dear Editor and Reviewers,

We appreciate your time and efforts for commenting on this manus8gpboth the reviewers have
correctly pointed out, the comparison between model and observations wiasi@an the best possible
way. We have solved this issue in the revision with a recailonlaif emissions with the actual
conditions at the time of sampling.

The other points brought up by the reviewers were also addressed, and egdpotige individual
comments can be found below (with grey background). The page and line humb&onhedein the
replies refer to the ones in the revised manuscript (withoukedaup changes). We hope to have
addressed your comments satisfactorily.

Thanks again for your great contributions.

Best regards, on behalf of all co-authors,

Jing Tang
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Replies to the ' reviewer:
Although many comments and suggestions have been acknowledged and considessry torsay
that | am not quite convinced about the argumentation not to change altimngnoon-calculations

and LAl representation. This now refers to the following parts tbe manuscript:

P6, L11: The seasonality function only applies to isoprene production altHhdgh the model
assumes that both isoprene and monoterpenes are produced in the tbavag pad respond in the
same way to CO2. This is an inconsistent approach. Either the dégsshauld apply on
monoterpenes too or the CO2 response cannot be applied on (light dependent) monoterpenes.
Reply: Thanks for pointing out this inconsistency. We have now revised oull amadl@pplied the
same seasonality function to monoterpene production. The Matandlsnethods section has been
edited correspondingly (P6, L9-10). The impact of this change on daily and amounaterpene
emissions appeared to be very small. It plays a role only at thenbegiand the end of the growing
season, when emissions are generally low. The seasonality functioatesgemnissions of deciduous
plants only, as is the case for isoprene.

It is not clear from the description but do coniferous and herbad&6Us light-dependent and light-
independent fractions at the same time? | guess not becausé wuend like to know how the
epsilon_s parameter is derived from measurements (Had teereadm a-priori assumption about the
differentiation? Have | missed this piece of information?). agde clarify in the text.
Emissions from storages should depend on average daily temperatum daytime temperature.
Therefore, the T values in Eq. 3 and 4 should not be the same. Has this been considered?

Reply: In the model, BVOC synthesis uses a fraction of the photosynéietitron flux (J in Eq. 1),
and synthesized terpenoids are either entirely emitted directlyigepgene), or part of the production
is stored. The latter is the case for coniferous and herbacediss WRere 50% of the produced
monoterpenes are put into the storage pool, from which emissmre®mputed based on the pool size
and a temperature dependence (Eg. 4). Simulated monoterpeneomesnissginate hence from a

combination of light-dependent and light-independent sources.
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The use of 50% to distribute between emission and storage orggfmate Schurgers et al. (2009), and
similar values were obtained frotfiCO, labelling by Ghirardo et al. (2010) for coniferous trees. We
have not made an attempt to distinguish between light-dependent anadigpbémndent emissions from
the samples taken in this study; the strong correlation betweenrtgorpeand light would require a
different setup (e.g. measurements in darkness) to do this corfHudyremains a weakness of the
current study, which has been addressed in the discussion (P14, L16-20).

The reviewer is correct that daily mean temperatures shouldebefarsemissions from storage. In the
model, this has actually been done correctly. We have now corrected iththeaelevant text to show
that daily temperature is used (P6, L6 and L16-18, Eqg. 4).

P9, L4: | am not convinced from the response regarding using only aviersgefor calculating
emissions because ‘the Haxeltine and Prentice approach only desdailbe photosynthesis’. Why
should it not be possible ‘to compute an instantaneous flux at noon’ atidieewhy can an artificially
calculated flux (that might be empirically increased to aaorable degree if not calculated) not be fed
into the photosynthesis model to check its response? If this wouddréason, the use of maximum
temperature to calculate an upper limit for emission would also not be valid.

Reply: We agree with the reviewer that our previous attemptoiigpare model and observations
contained unrealistic assumptions, and that the use of daily maxamuimwas not good enough. We
have revised our model-data comparison now, and have come up withrsbletien using measured
T inside the enclosure and ambient PAR values at the timangblg, rather than using the daily
climate data. In the model, the measured canopy air T and PAd&Ronty used for re-estimating the
photosynthesis fluxes and BVOC emissions at the time of samplingli(Bat comparison with the
observations), and these computations did not have any impact on the longhtaufation of
vegetation dynamics and daily/annual BVOC emission rates. Thenpeitsiand methods have been
described on P7, L7-8 and P9, L8-12. The old Figures 4 and 5 have now betd @dhintegrated
into one (Fig. 4, P27) with the re-estimated emission rates andiWéRresult section has been changed
accordingly with the new estimation of daily emission rates andudifRy the measured T and PAR
(P11, L1-23).
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In this process of revision of the model-data comparison, we thad#ecision to exclude the observed
monoterpene emissions in 2010 from the current paper. This was bdmaeise of gaps in the
monoterpene, enclosure temperature and ambient PAR data for treeseeneents. In 2010, technical
problems had prevented analysis of isoprene (Valolahti et al., 2015), ahdwyedecided to take a
conservative approach and not use the corresponding monoterpene datd leghemables integration
of Figs 4 and 5 into one, and similar sets of observational data for both isoprene and momsoterpene
P10, L13/14: |1 don’t see any valid response, explanation or considerationfattleat the modelled
and measured LAI values are far off for most of the vegetatios.typdigure 3, the forbs/lichens type
(CLM) LAl is about 0.5 measured and 0.25 modelled, the evergreen sh&bsEDPS) are presented
with a measured LAI of almost 0.4 while the model gives 0.2 (notditfegent axis). So how can this
be called ‘captured by the model'?? Or was there a kind of mix up with the axis?

Reply: We can see that the large difference in measured vs. abséiveras still poorly explained in
the manuscript, and we have taken several measures to clarify ardabkttowledge the issue. We can
identify several reasons for the large discrepancy, which are eag@laelow. The choice of different
axis scales was not a mixed up, but a deliberate choice. Theychasen to allow for comparison of
the effects of warming on the coverage of the different PFTreinlserved and modelled data. We can
see that the reason was not clearly articulated, so thibdes done now both where the figure is
explained and in the figure legend (also see below).

In the Materials and methods, we explain the basic differamdeAl and the point-intercept-based
coverage, i.e. that they “are not comparable one-to-one throughout gree@spns, since the
measurement includes pin hits on different plant parts, wher@aohly explains leaf coverage.
However, the point-intercept-based coverage approaches leaf cowehem the deciduous leaves
become fully developed during the growing season.”

We have now edited the text in the Results (P10, L13-17) to clealgyowledge the large
underestimation of the PFT coverage by the modelled LAI compared tubfegved point-intercept-
based coverage. We have also added a reason for using the diffesestades “note different left and
right axis scales in Fig. 3 to allow comparison of relative chengeesponse to warming” (P10, L14-
15). This has also been amended in the legend of Fig. 3 to explain the use of different scales.
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We also clearly acknowledge the mismatch in the discussion, alredayfirst sentence: “...in spite of

the poor representation of the observed vegetation composition”. We htae theéi second sentence
(P12, L26-29) to explain the most probable reason to the mismatch: “.ahlklincludes the areal

coverage by leaves, whereas the point intercepted-based vegetaticegeoaiso includes coverage
detected of other aboveground plant parts, like stems.” The other reaswniuting to the difference

(underestimation of the allocation of assimilated carbon tagelin LPJ-GUESS and/or too low SLA
values plus methodological issues in the point-intercept techrageedxplained on P12, L29-31, P13,
L1-5 and P13, L13-15, respectively.

In addition, you might consider to modify the following:
P7, L32: Since evaluation and validation are different terms, and lvelsabeen done here is clearly
‘evaluation’, this should not be mixed up in the headline (in slebange validation into evaluation).
(Check also throughout the manuscript.)

Reply: Thanks for pointing this out. We agree and have now replaced rai tealidation” with

“evaluation”.
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Replies to the 2% reviewer:

| appreciate the many changes the authors have made to improvarthgcnpt in response to the two
reviewers’ comments, but | still have two major concerns. Thwese both concerns that | raised during
my original review which | feel have not been adequately addressed.

First, and more importantly, I am still unsatisfied with the coimsparof modelled daily means and
maxes with the spot measurements. | see that my concerns s@shated by the other reviewer. | do
appreciate that the authors have moved past the very qualitativersmmpghat was employed in the
first version of the manuscript. But, the authors are using a ntloateproduces only one estimate of
BVOC emissions per day, and it's difficult to compare this to latively small number of
measurements. My view is given the difficulty of acquiring the fiddda, these measurements are
useful and | understand | can’t demand the perfect dataset withcomoggete coverage. On the other
hand, modeling is much more flexible, and more sophisticated modeling approaches careteTdy@pl
authors can run a series of different simulations using differesherinputs. For example, they could
apply a Monte Carlo approach that can give information about both mgmmses and variance. This
is a much more appropriate response than simply doing two runs witheilie and max values. |
would be more satisfied in the authors could site a previous studyseédionly daily means and maxes
in a similar comparison.

Reply: Thanks for the suggestions. We have now revised the comparis@eibehedel and data and
have come up with a solution using observed air T in the enclosure anehamBiR at the time of
sampling to re-compute the emission at the time of samplinghésealescriptions in Methods section,
P7, L7-8 and P9, L8-12 and new figure 4 on P27)., which is the most acoepadsentation of
expected emissions. In the model, the measured air T inside tbswacand PAR were only used for
re-estimating the photosynthesis fluxes and BVOC emissions atintleeof sampling, and these
computations did not have any impact on the long-term simulation of vegetdynamics and
daily/annual BVOC emission rates.

Second, and | understand this is a more minor and somewhat picky poittite lauithors should more
carefully read Monson et al 2012, which they cite on page 3 of the new mphuscparticular, see
section XI (Conclusions) in that reference. The main point isstiv@alled ‘mechanistic’ models, based
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on the Niinemets approach, have an empirical gap due to the lack of dgewdéout a number of
critical processes. Again, | encourage the authors to add more nutsatiesir comparison of the
modelling approaches. Since the authors are not bringing anything new #bldent terms of the

comparison of mechanistic vs empirical models, | don’t understancheéhbessity of disparaging
empirical models. The authors can simply state what they are using, and move.forwa

Reply: Thanks for pointing this out. We have now clarified whatrtfodel can simulate in a more
mechanistic way (vegetation dynamics and long-term response) and vghatehins for simulating

BVOC emission). We also took away the unnecessary comparisoredretdifferent modeling

approaches, see P3, L12-14.
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Challenges in modelling isoprene and monoterpene eassion
dynamics of arctic plants: a case study from a sulpetic tundra heath
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Riikka Rinnar
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Abstract. The Arctic is warming at twice the global averapeed, and the warming-induced increases in biogeaatile
organic compounds (BVOC) emissions from arctic fdare expected to be drastic. The current gloloalais’ estimations
of minimal BVOC emissions from the Arctic are basedvery few observations and have been challebgédcreasingy
by field data. This study applied a dynamic ecosystemdel, LPJ-GUESS, as a platform to investigatetsieom and long-
term BVOC emission responses to arctic climate viregnfield observations in a subarctic tundra heath long-term (13
years) warming treatments were extensively use@dommeterizing and evaluating BVOC related praee§shotosynthesis,
emission responses to temperature and vegetatiopasition). We propose an adjusted temperaturegdponse curve for
arctic plants with much stronger T sensitivity thhe commonly-used algorithms for large-scale modgl The simulated
emission responses to 2 °C warming between thestaedijuand original T response curves were evaluatgdhst the
observed warming responses (WR) at short-term scillereover, the model responses to warming by 4rf€8 °C were
also investigated as a sensitivity test. The metielved reasonable agreement to the observed viege®ad, fluxes in the
main growing season as well as day-to-day vartgloli isoprene and monoterpene emissions. The wbdeaelatively high
emission-rates-of BVOC-as-well-as-isopr@vR were better captured by the adjusted T respomse than by the common
one. During 1999-2012, the modelled annual meaprés® and monoterpene emissions were 20 and 8 mg§ @, with
an increase by 55 % and 57 % for 2 °C summertintenng, respectively. Warming by 4 °C and 8 °C foe same period
further elevated isoprene emission for all yeaus tive impacts on monoterpene emissions levelledtdhe last few years.
At hour-day scale, the WR seem to be strongly ingshdy canopy air Feaf-Twhile at day-year scale, the WR are a
combined effect of plant functional type (PFT) dynes and instantaneous BVOC responses to warmihg.identified

challenges in estimating arctic BVOC emissions étgrorrect leaf T estimation; (2) PFT parametgion accounting for
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plant emission features as well as physiologicapoases to warming; and (3) representation of teng- vegetation

changes in the past and the future.

1 Introduction

Biogenic volatile organic compounds (BVOC) are te&chydrocarbons mainly emitted by plants. Emissiof these
secondary metabolites are involved in plant growthnt defence against biotic and abiotic streqdast communication as
well as reproduction (Laothawornkitkul et al., 20@@fiuelas and Staudt, 2010; Possell and Lorei®)28VOC synthesis
is regulated by enzyme activity, and many compouarégsemitted in a temperature (T)- and lighhsity(Q)-dependent
manner (Li and Sharkey, 2013). BVOC released inéoatmosphere react with hydroxyl radicals (OH)iclwltould reduce
the atmospheric oxidative capacity and therefongtleen the lifetime of methane (QHas a potent greenhouse gas (Di
Carlo et al., 2004; Pefiuelas and Staudt, 2010)nénease in BVOC emission could also elevate thgaspheric ozone (P
concentration when the ratio of BVOC to N@BVOC/NOy) is high (Hauglustaine et al., 2005), and incresesgondary
organic aerosol (SOA) formation (Paasonen et all32 BVOC could also limit ozone formation where tBVOC/NG,
ratio is low, a situation in which the regeneratiiNO, can be mainly achieved by NO reacting with(@auglustaine et al.,
2005). Global estimates of non-methane BVOC emissire in the range of 700-1000 Tg C,yof which isoprene and
monoterpenes contribute most of the emissions ¢s78nd 11 %, respectively, Sindelarova et al. (20IBhe modelled
emission rates for isoprene are of similar magmitad for CH (Arneth et al., 2008). However, the current estenadf
regional emission distributions are highly uncertér both isoprene and monoterpenes for two reasbnthe current
emission estimates are based on field studies ynadering tropical, temperate and boreal ecosystéBuenther et al.,
2006), lacking observational data for the Subaretiel Arctic; 2) the uncertainties in driving valiedb (vegetation
distribution and seasonality, climate and environtakdata, including soil water availability and the spectrum of the
incoming light, abiotic and biotic stress) and migsion responses to these drivers (Guenther ,e2@06; Arneth et al.,
2008). For instance, plants adapted to the coldr@mwient of the Arctic appear to respond to warmilifferently than
plants from low latitudes (Rinnan et al., 2014)ll fiow, the emissions from high latitudes (incluglithe Arctic and the
Subarctic) have been assumed to be minimal duewiddliar coverage, T and plant productivity (Guesrtt et al., 2006;
Sindelarova et al., 2014). However, recent obsemstfrom the Arctic have indicated the need forisiag the current
assumption, as higher emissions from both plants smils than anticipated in large-scale models Hasen measured
(Ekberg et al., 2009; Holst et al., 2010; Potosetkl., 2013; Rinnan et al., 2014; Schollert et 2014; Kramshgj et al.,
2016). Furthermore, field experiments focusing be effects of climate warming on BVOC emissions endound
unexpectedly high responses of BVOC release towadegrees of warming (Tiiva et al., 2008; Faubergle 2010;
Valolahti et al., 2015; Kramshgj et al., 2016; hiradl et al., 2016a), which has underlined the piigdyg significant role of
arctic BVOC emissions under changing climate. Thetid is warming at approximately twice the globate (IPCC, 2013)
and the warming-induced drastic vegetation cha(ges\P, 2012) could impose substantial changes irOB/emission.
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Both isoprene and monoterpenes are produced thrtugt?-C-methyl-D-erythritol 4-phosphate/1-deoxydulose-5-
phosphate (MEP-DOXP) pathway and are reaction mtscef their chief precursors, glyceraldehyde-3gpiate (G3P) and
pyruvate. G3P is produced along the chloroplastitvi@ Cycle. Mechanistic models have often linkkd biosynthesis of
isoprene and monoterpenes with photosynthesis ggesgNiinemets et al., 1999; Martin et al., 2QGmer et al., 2003;
Grote et al., 2014). In the short-term (hours-daifsd responses to Q and T of isoprene and moresterproduction are
very similar to those of photosynthesis, but withigher T optimum for BVOC production than photosgsis (Guenther et
al., 1995; Arneth et al., 2007). Furthermore, sanmenoterpenes can be emitted from storage pooldaint prgans e.g.
glands or resin ducts (Franceschi et al., 2005nélwith the short-term responses, the long-teraygcr longer) BVOC
dynamics is affected by vegetation composition geanFaubert et al., 2011; Valolahti et al., 20¥8&petation phenology
(Staudt et al., 2000; Hakola et al., 2006), pasither conditions (Ekberg et al., 2009; Guenthal.et2012) and growing
conditions, e.g., soil water and nutrient avaiifpilPossell and Loreto, 2013), atmospheric,@@ilkinson et al., 2009) and
ozone levels (Loreto et al., 2004; Calfapietralet2®07).Here, we use-ln-comparison-with-empiricalbmodeladi@her-et
- : - : - aprocess-based ecosystem mareab-explicithrrepresenthg BVOC
synthesisactivitiesand emissions. The mode&n simulates-vary-with-speciesdynamically simulaggetation composition
dynamically and representsas-welllasg-term growing environment effectnd-could-thus-be-mere and is thuseful in
terms of predicting long-term emission responsestgronmental changegMonsen-et-al—2012)
Usually, estimates of BVOC responses to Q and Thased on the Guenther algorithm (referred to her&93, (Guenther

et al., 1993)) and observed emission rates are sfndardized to emission capacity at standarditons (T of 30 °C and
photosynthetically active radiation (PAR) of 100®0l m? s*) using the G93 algorithm to allow for comparisoithwother
observations. Potosnak et al. (2013) fitted leaélésoprene emission rates to T and dmoist acidic tundra and found
thatthe G93 algorithm characterizedhissionswell with the T response, but not Q response. Hanevkberg et al. (2009)
found that the T response of the G93 algorithmais sensitive enough to capture the observed highsponses of wet
tundra sedges, which was further supported by atheties in the high latitudes (Faubert et al.,®20olst et al., 2010).
Furthermore, species-specific emission profilenf@n et al., 2011; Rinnan et al., 2014; Schollerale 2015; Vedel-
Petersen et al., 2015) have not yet been integiatedthe modelling of arctic BVOC emissions (Armedt al., 2011;
Guenther et al., 2012; Sindelarova et al., 2014es€ need to be included as a trait of plant fanati types (PFTSs),
especially when studying the drastic impacts ghate change on vegetation composition as well 8®®¥missions in the
Arctic. In addition, tundra plants with relativetiark surfaces and low growth forms (commonly léent5 cm tall) may
experience much higher leaf T than the air T at2eight provided by weather stations (Kérner, 20&errer and Kérner,
2010; Lindwall et al., 2016a), which could leadamer emissions than anticipated in current models

The aim of this work was to integrate the obsemetssion features of arctic plants into a processetl ecosystem model
in order to improve the current model estimatiohargtic BVOC emissions, and to advance our undadihg regarding
emission dynamics for arctic ecosystems in a wagnfinure. The process-based dynamic ecosystem ndtEGUESS
(Lund-Potsdam-Jena General Ecosystem Simulator)t{Set al., 2001; Smith et al., 2014) was used gda#form to

10
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simulate short-term and long-term responses of B\&D@ssions to changes in climate for arctic plamte model links

isoprene and monoterpene production with photoggigh(Arneth et al., 2007; Schurgers et al., 2008).the application to
a subarctic heath tundra, the process parameteriaatlized field observations of long-term (13ays) warming treatment
effects on vegetation composition and BVOC emissi@riva et al., 2008; Faubert et al., 2010; Vahtlat al., 2015). The
specific objectives of this study were: (1) To ecmptthe observed T response of BVOC emissions $oibarctic ecosystem;
(2) To address the importance of short-term ang-tenm impacts of warming on ecosystem as well\4®8 emissions; (3)

To diagnose key model developments needed to ptteent BVOC dynamics for the arctic region.

2 Materials and methods
2.1 Study area and observational data

The data used in this modelling study were colkeea dwarf shrugraminoid heath tundra located in Abisko, northern
Sweden (681'N, 1849"E). The vegetation consists of a mixture ofrgveen and deciduous dwarf shrubs, graminoids and
forbs. A long-term field experiment was establistadhis site in 1999 to investigate the effectclohate warming and
increasing litter fall, resulting from the expanglitundra vegetation, on the functioning of the gstesm. The experiment
included control (C), warming (W), litter additigh) and combined warming and litter addition (Wt&dtments (Rinnan et
al., 2008). In the current study, we only focusediwe observations from the C and W treatmentsh Baatment, covering

an area of 120 x 120 cm, was replicated in sixkdo@he W treatments used open-top chambers (OTWDs)h passively
increased air T by around@, and also caused around 10 % reduction in PAdtofghti et al., 2015).

During the years 2006, 20920618-and 2012, BVOC emission rates were measured foplals by sampling air from
transparent polycarbonate chambers into adsorlatridges using a push-pull enclosure technique aralysis by gas
chromatography-mass spectrometry. The enclosureredva 20 x 20 cm area in each pldte air T inside the enclosure
and PAR in ambient conditions were measured dutiegsamplingFhe-isoprene-emission-datasetorF2006-2007 the
datasets for isoprene emissican be found in Tiiva et al. (2008nhd those for monoterpenes in Faubert et al. (2048d

for 2012 in-Valolahti-et-al{2015kor the year 2(H9, i ISSi
Plalelahti-et-al—2015)—TFhe-moneoterpene—emissiopiene and monoterpene emissions—datdsats been published by
Faubertet-al{(2010)-for-2006-2007-and\Iglolahti et al. (2015for2010-and-2012Notably, BVOC in this study only

refers to isoprene and monoterpenes. Closed chamalsed CQ fluxes were measured in the same dmea2006, 2007,
2010 and 2012 -during-the-same-years (data from 2060&007 were published Tiiva et al. (2008) whilst data from 2010
and 2012 have not been published)(Fiva-etak320@loclahti-etak,—2015)Species composition and coverage in the plots
in the same years were estimated by point inteficapéd method, in which a hit is recorded each @inpdant species is
touched by a pin lowered through 100 holes covetiegplot area of 20 x 20 cm (Tiiva et al., 200&jdfahti et al., 2015).
Species composition was measured in June for 206 and 2012, and in June, July and August foyéae 2007.

11
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2.2 LPJ-GUESS
2.2.1 LPJ-GUESS general framework

LPJ-GUESS is a climate-driven dynamic ecosystem ahaedth mechanistic representations of plant egshbient,
mortality, disturbance and growth as well as sdadgbochemical processes (Smith et al.,, 2001; Sitchal., 2003).
Vegetation in the model is defined and grouped BY? which are based on plant phenological andiphgemic features,
combined with bioclimatic limits (Sitch et al., 2B80Wolf et al., 2008). The model has been widelgt anccessfully applied
for simulating vegetation and soil carbon fluxesnadl as vegetation dynamics at different spatiales (Wolf et al., 2008;
Hickler et al., 2012; Smith et al., 2014; Tanglet2015). In the model, individuals of each PFThe same patch (replicate
unit in the modelrepresentative of vegetation stands with diffetegtories of disturbance and succession) can ctaipe
light and soil resources. Plant establishment andatlity are represented as stochastic processesnftuenced by life-
history, resource status and demography (Smith.eP@14). For summergreen plants, an explicit plhagical cycle is
implemented, which is based on the accumulatediggdegree day (GDD) sum for leaf onset and fulf leover.

In LPJ-GUESS, a generalized Farquhar photosynthmsiiel (Farquhar et al., 1980; Collatz et al., 9@t large-scale
modelling is used to simulate canopy-level carbssirailation-and the generalized model is built on the assumptio
optimal nitrogen (N) allocation in the vegetaticanopy (Haxeltine and Prentice, 1996a; Haxeltine Rrehtice, 1996b).
Daily net photosynthesis is estimated using a stahdonrectangular hyperbola formulation, whichegiva gradual
transition between the PAR-limitedgf and the Rubisco-limitedl{) rates of assimilation (Haxeltine and Prentice96ls).
For G plants,Je is a function of the canopy absorbed PAR, thensit quantum efficiency for CQuptake §.3), the CQ
compensation point{) and the internal partial pressure of @) (Collatz et al., 1991; Haxeltine and Prentice9@l$). Jc

is related to the maximum catalytic capacity of Rab per unit leaf ared/tn), ", p; and the Michaelis-Menten constant for

CGO, and Q. Stomatal conductance influences the intercelldlds, p, as well as canopy transpiration.

2.2.2 BVOC modelling

In LPJ-GUESS, isoprene (Arneth et al., 2007) andhaterpene (Schurgers et al., 2009) emissions analated as a

function of the photosynthetic electron flux. Theguctions of isoprends() and monoterpenegy) are computed as:

p, -
6% (467p, + 9.33|_*)

whereJ is the rate of photosynthetic electron transpod @ converts photon fluxes into terpenoid units. Tietlsesis of

E =ade, wherea = (1)

both compounds is linked tb (Niinemets et al., 1999; Niinemets et al., 2002) anfraction £) of the electron transport
contributing to terpenoid production (Eq. 2) is atetined from a plant-specific fraction under staddeonditions £s,
usually at a T of 30 °C and a PAR of 10080l m? s*) which is adjusted for leaf T, seasonali#y, @and atmospheric GO

concentration:
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£=f(T)f(0)f (CO,)es )

The standard fractionsis computed from the often reported standard eomseite (emission capacity) together with the
simultaneously estimated photosynthetic electrar finder these standard conditions (standard TP&) in the model.
The choice of different T and PAR as standard dam will influence the value fars, and then the estimated emission rate
at different conditions. The T response correctstiie@ T optimum for terpenoid synthesis, which ighler than that for
photosynthesis:

f(T) =™ 3)

The parametes, represents the T sensitivity and the standard testyre {s) is often 30 °C (adjusted to 20 °C in this
study). In the model, daily mean Ty(model input) has been adjusted to daylight houtsa3ed on daylength as well as
daily T range (Arneth et al., 2007) and the daytimé used for calculating daily emission ratesr fe study in the
Subarctic, the often-used referericeof 30 °C as well as the T response3 (vere adjusted based on the observation data

and will be discussed below. The seasonality foncti(c), enly-was-applies applieth both isopreneand monoterpene

production and is based on a degreesdayhod_sunin Spring—F andadaylength thresholds in Autumn (Arneth et al., 2007
Schurgers et al., 2009yhe atmospheric CQconcentration enhances terpenoid synthesis whedhcentration is lower
than ambient, and vice versa, which is represemyettie functiorf(CO,) (Arneth et al., 2007). The model assumes that both
isoprene and monoterpenes are produced in the gatiimeay and that they respond to £Oncentration in the same way.
For monoterpenes, a storage poo) {s assigned to represent the specific (long-testmjage of monoterpenes within a leaf
(Schurgers et al., 2009). The storage pool is anjylemented for coniferous and herbaceous PFTsTabte S1). The
emission of monoterpenes from the stordgg)(is a function of T4 andm with an average residence timg. ¢s is the
residence time at the standard T of@Q(adjusted to 20 °C in this study, consistenhulite modification on the T responses

of terpenoid synthesis). The residence tifmis adjusted based on the standard conditioior T, responses with a @

relationship.
Ews =M/T
. I 4)

- Q(Td —Ts)/10
10

In LPJ-GUESS, the BVOC response to light resideshia photosynthesis processes (light-dependenckinfEq. 1).
Additionally, considering the high sensitivity o®C production to leaf T, the model applies a cotapan of leaf T based
on air T and energy balance constraints (Arnetll.eP007; Schurgers et al., 2009)he calculation of leaf T in the model
was based on solvingje leaf energy balance, where the incoming shortwankl@ngwave radiatiors-arebalanced by the
outgoing longwave radiation and sensible heat e well as latent heat loss. The existing leafggnbalance equations
appeared to underestimate the incoming longwavéatrad under overcast conditions, which has beedatgd by

specifically considering the cloud emission of lafaye radiation relative to clear-sky condition (Bednd Hock, 2009).
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The estimated leaf T, rather than air T, was usethdth photosynthesis and BVOC synthesis. Wassr (latent heat fluxes)
is regulated by stomatal conductance and soil veaetent, which is also linked to leaf T estimatinrthe model.

2.3 Simulation setup
2.3.1 Input data

The daily climate data of air T, air T range anddqipitation for the period 1984-2012 (Callagharalet2013; Tang et al.,
2014) were provided by the Abisko scientific resbastation (Abisko Naturvetenskapliga Station, ANS)ur gaps in daily
radiation data from ANS (during the periods of A18D/06/1984, 09/06-16/06/2016, 13/02-15/02/20@702-17/08/2011)
were filled with the Princeton reanalysis data&ieffield et al., 2006) for the grid cell nearedtigko. The annual CO
concentrations for the whole study period (19842)0%ere obtained from McGuire et al. (2001) and NRES
(http://cdiac.esd.ornl.gov/trends/co2/contents)htiine air T inside the enclosure and ambient PARaabpy level were
also used as the model inputs for each measurindTiava et al., 2008; Faubert et al., 2010; Valoiattal., 2015)

2.3.2 Plant functional types

The dominant plant species from the observatioraofshti et al., 2015) were divided into 7 PFTsKEal). The PFT
parameters (see Table S1) were mainly derived fsmwious studies for the arctic region using LPJESS (Wolf et al.,
2008; Miller and Smith, 2012; Tang et al., 2015)t khe arctic PFT lists were extended to consideOB emission
characteristics. The low summergreen shrubs (LS8 wivided into &alix-type (SLSS; high isoprene emitter) and a non-
Salix-type (NSLSS; e.gBetula nana-dominance predominantly monoterpenes rather than isoprenéess)i (Schollert et
al., 2014; Vedel-Petersen et al., 2015). Furtheemndue to the abundance of prostrate dwarf shigbS) in the study area,
distinguishing PDS (canopy height lower than 20 &moin low shrubs (canopy height lower than 50 cragwmplemented
through adjusting parameters controlling vegetaltieight. The PDS-type was further divided into fAl6Ts with evergreen
and deciduous phenology. Moss, widely appearintpénstudy area, was not distinguished from forld lahens, due to
limited data for parameterizing moss physiognoreattires and their preferable growing conditions.

In LPJ-GUESS, the crown of each tree is divided ithin layers (original value is 1.0 m in a foreahopy) in order to
integrate PAR received by each tree. The thickinéghis layer was reduced to 10 cm in this studyétter capture the
vertical profile of low and prostrate shrubs. Indiidn, the original specific leaf area (SLA2rkg C?) values in LPJ-
GUESS were estimated based on a fixed dependentmabiongevity (Reich et al., 1997). In our studyfixed SLA was
assigned to each PFT (Oberbauer and Oechel, 188@)rove the simulated leaf area index (LAI) facte plants.
Emission capacities for the PFTs were determineah favailable leaf-level measurement data from thea&:tic and Arctic.
The details about the data sources for parametgrizimission capacity at 3C (E;so) and 20°C (E;s0) can be found in
Table S2 and the averaged emission capacities @rabnliterature data in Table S2) for each PFTwadl as the

representative plant species can be found in Tabl€he emission rates from the literature are gdlyeprovided as
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standardized emission capacities at@0using G93 algorithm and these values were funtbscaled to 20C using the
adjusted T response curve from this study (Fig. 1).

2.3.3 Model calibration andvalidationevaluation

The modelled C@fluxes, LAl as well as the BVOC T response werstfcalibrated before evaluating the modelled daily
BVOC emission rates. Two out of four years’ (2006 £2007) measured net ecosystem production (NE®gystem
respiration (ER) and estimated gross primary prodndGPP) as well as point intercept-based spemesposition were
used for calibrating. The data for the other twarge(2010 and 2012) were used évaluating-valdatinghe simulated
carbon cycle processes. Previous studies focusirigylot responses of NEP for arctic plants (Shaateal., 2013; Mbufong
et al., 2014) have reported relatively low quaneffitiencies &) caused by overall low sun angle conditions and lEaf
area. A thorough sensitivity study of parametersduis LPJ-GUESS (Pappas et al., 2013) has fourtdathads the most
influential parameter in terms of the simulated atatjon carbon fluxes. Also, a pegaluationvalidatiorof the modelled
CO, fluxes with the observations in this study using tlefaultz; value (0.08) has found a large overestimation ¢ &PP
and ER (not shown). Therefore, a samplinggf(using the range of 0.02 to 0.125 umolG@nol photons, proposed by
Pappas et al. (2013)) was conducted to find themdse to depict the observed GPP, ER and LAhefyears 2006 and
2007 for the subarctic ecosystem (Fig. S1). Afeibcation, the model was evaluated with the sinadaCQ fluxes and
vegetation composition using the observed, @xes and the point intercept-based plant covedaga from 2010 and 2012,
respectively.

The daytime air T in the study area is often beR®C (Ekberg et al., 2009), and standardizatioteqfenoid emissions to
20°C, instead of 30C, has been suggested for modelling in borealaaotic ecosystems (Holst et al., 2011, Ekberg .et al
2009) due to plant adaptation to low T environménmtthe model, the photosynthetic electron fluxeslar standardized
conditions are simulated in order to convert thrutremission capacity to the standard fractigndee Eq. 2). The choice of
the standardized T (used in Eq. 3 as well as imatihg photosynthesis rates at this T) will infhige the estimated fraction
of electron fluxes for BVOC synthesis. In this stud data fitting to the suggested standard T 6C@as conducted using
the observed ecosystem-level isoprene emissios iratkily together with measurement chamber aipmtthe C plots. The
observations were mostly conducted during daytinith welatively high PAR values, and therefore tesponse of the
emission rates to light was not specifically corsidl in the current data fitting. Potential feedisaitom the variations in
the atmospheric CQconcentrationwere ignored for the three years with isoprene sagga rough model estimation of ~3%
reduction in emissions between 2006 and 2012).d&lt& collected from different blocks were separébdedhe curve fitting
and the parameters controlling T responsdan Eq. 3) were determined (Fig. 1). An adjustedialue of 0.23 was chosen
after fitting all the data from July over three s&@aneasurements. Apart from the lovf Rilue for block 1, the data were
well captured by the exponential shapé ¢R0.8) of the T response curve. The calibrated paeses were used for

standardizing leaf-level emission rates (¥kgo, Table 1) as well as estimating emission ratekénmodel.This adjusted T
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response was also evaluated with the observed smel@ir T and monoterpene emission rates in Ry 0.66 for all

blocks).
The abundance of each PFT was evaluated using atedulL Al against the point interceptbasedspecies vegetation

composition. The species were grouped into theesponding PFTs for compasninagand the point intercept-based hits
within the same PFT group were summed. The sumritedvire divided with 100 pin hits to compare witie modelled

LAI. AstThe point-intercept-based species abundanat$ Ahcannotare not comparable one-to-one througlgoowing

seasons—be—compared—one-to-one—comparison siecendasurement could include pin hits on differelaintp parts,
butwhereas LAI only explains leaf coverage. Howevtre point-intercept-based-measured coveragaeldmiome-close
toapproaches leafve coverage when the deciduousddaecome fully developed during the growing sedesorelative

After calibrating the modelled GOluxes and LAI, the modelled isoprene and monamepemission rates were compared
with the observations. The simulatedytime averag@emissionsrepresented-as—daytime-average—valjugs C m? h?,
daytime emission rates divided by day lengtigydonot allowan accurate comparison with tletual observeeémission
rates which were typicallyconducted obtainenh the middle of the day (between 9 am — 5 pm).ré&toee,an additional

estimate othe emission rateseen-{maximum-hourly-emissions)-were-also-estichfde the conditions prevailing during
the sampling was made. This was dbyecomputingan-additional-computation thie emissionthroughapplying the-leaf
the measured aff inside the enclosure and PAR during the samplimeg {tomputed-from-the-daily-maximum—ai-for
photosynthesis and BVOC emissiom$is computation was performed twice:-Additionallye-modelled-emission-rates for
each-measuring-dayonce using the original T respbns 0.1,Ts= 30 °C,E 3 andEwvso, EQ. 3) and once with the adjusted
T responsed, = 0.23,Tg = 20°C, E ;g andEwz, EQ. 3 and Fig. H-were-compared.

The model's performance in modelling BVOC emissiaras evaluated by Willmott's index of agreement (BY. 5) and

mean bias error (B) (Eq. 6). The ind&describes the agreement between the modelledsfligdewith the observedd)
and a value close to 1 indicates a good agreeriiéetindexB estimates the mean deviation between the modafed

observed values (Willmott et al., 1985) and valklese to 0 indicates models’ good agreement torghsens.

N
Z:l]Ei _Oi|

A=l- —
> (& -0/+[o,-0)
i=1

(Eg. 5)
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B=i% Eq. 6
N (Eq. 6)

whereO is the observed mean valiéjs total number of data records.

2.3.4 Effect of warming

To simulate the observed warming responses fronOth@s, a warming of 2 °C was imposed in the modette growing
season (the period with OTC warming) (Tiiva et 2008; Valolahti et al., 2015). The modelled wargnesponses (WR,
difference between C and W treatments) using tignal T responsée.—0-1,Fs=30°C;E;;andEy—Eg—3)and the
adjusted T responge,—=0-23;F5=20°C;-E,;-andEyEq—3-and-Fig—tjvere alsocompared with the observed WR.
Furthermore, additional simulations with a warmimg4 °C and 8C, reflecting the range of climatic projectionsthis

region (IPCC, 2013), were also conducted to testhie anticipated ecosystem-scale responses treliff levels of warming.

3 Results
3.1 Modelled CG fluxes and vegetation composition

The simulated ecosystem g@uxes and LAl were sensitive to the parameteugathosen fors, which describes the
efficiency in converting solar radiation to carbdigtes, and whichvas varied between 0.02 to 0.128nol CO, pmol
photong" following Pappas et al. (2013Fig. S1). For CQ fluxes, the lowest root mean square error (RMS&Eyes
occurred at 0.03fmol CO, umol photons' for GPP and ER, while the lowest RMSE value forl was 0.051umol CO,
umol photons' when comparing with the observations for 2006 2667. A value of 0.04 consistent with the study by
Shaver et al. (2013) was selecteddgrto limit the RMSE values of the modelled €fuxes and LAI. Using this value for
o3, the model captured the observed day-to-day vansas well as the magnitude of the chamber-b@sde, ER and NEP
for 2010 and 2012, with an overestimation of Gl0xes (particularly for the early growing seasoRiy. 2), and dargen
underestimation of LAI (Fig. 3). For the year 20 model showed large overestimations of therobdeGPP and ER for
the limited number of measurements in this groveegson.

For the 5 PFT groups, the modelled growing seagdrvalues for 2010 and 2012 wegenerally muchower than the point
intercept-based coverage estimations from the bélkrvations (note different left and right axdalss in Fig. 3o allow

comparison of relative changes in response to we)mexcept for theSalix-type summergreen shrubs addciduous

prostrate dwarf shrubs (SLSS+SPDS). Eae-dominarce of twotvegetation groups in the C plots, forbs/lichend an
evergreen shrubsserewas consistent between the modelled and therdsbcaptured-by-the-modelHeowever-the-coverage

'a N a N A Nnaere m anilialaalaYa Fal
S . 2" ExHO od .
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In response to ZC warming, the modelled LAI for the shrub PFTs §8+SPDS, NSLSS, LSE+EPDS) showed an increase,
while the modelled LAI for graminoids and forbsflens largely decreaséHig. 3) For the two groups of shrubs (NSLSS
and LSE+EPDS), the modelled increase is in agreemigim the observations. However, the observeddangrease of the
coverage of forbs/lichens as well as a decreasegtage of graminoids in the W treatments for ther @910 and 2012 were

not captured by the model.

3.2 Modelled BVOC emissions

BVOC emissions are closely linked to leaf as welkaosystem development. Simulating seasonal iaarigt leaf area and
vegetation composition enables us to assess thelmpedormance in representing short-term emissitanges in response
to T and PAR, as well as long-term changes in &iget development and distribution. The seasonsehtians of the

modelleddaily BVOC emissions as well as the span of all BVOC dmgp overfour-threeyears are presented in Fig. S2.
3.2.1 Daily emissions

» Emission rates in the control (ambient) conditions

The observed air T and PAR showed day-to-day vaniatthrough the sampling periods (Fig. 4e), whigsulted in strong
daily variations in the observed BVOC emissiong(Bia and 4c)These observed—eobserved-dailgriations in isoprenand
monoterpenemissios were generally captured by the modelg—4) for 2006 and 2007.. For the year 20h2, rnodel

overestimated both isoprene and monoterpene emissies over the three sampling days—Fhe-obséseptene-emission

emissions-wellNoticeably, the model used air T at 2 m height fitbn ANS station to extrapolate the leafoF estimating
daily BVOC emissions (Fig. S2yvhile the-measured-TFis-the the obseraédT -and PAR during the sampling hours were
used for modelling emissions to directly comparthwthe observed. The modelled high emission ratesa few days (e.g.,
10/07/2007, 14/06/2012) were directly linked to diserved high T and PAR (Fig. 4é\eraging over all measuring days

in 2006 and 2007, the modelled and observed isepgatission rates were 46.6 and 3497C mi* h!, and the modelled and

observed monoterpene emission rates were 8.5 8ndy5C mi® h, respectively. For the year 2012, the modelledssimin

rates (80.4 and 1418y C ni® h! for isoprene and monoterpenes, respectively) wereh higher than the observed (9.1 and

0.5 ug C m? h, for isoprene and monoterpenes, respectively
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» Emission responses to 2 °C warming

In response t@>C-warmingby the OTCsthe-modelled-leaf Tincreased-on-average B9 2vhilethe observedhamber
enclosureair T in the W plotsnereased-bywag.11.8°C relative-to-thehigher than that in t@eplots averagedf-overthe
four-threegrowing seasons with observations. For isoprene sthdelled observed magnitudes WR (Fig. 4b) were

generally—quite—close-to-lower-than-the-observedc#WiRired reasonably well by the model, except fakugust 2007

especially-for-afew-days-with-strong-observed \WB this day, the air T in the W was higher thanhie C plots, but the
PAR value was lower in the W than in the C plotig)(Be). Averaging over three years, thesdelled simulated-daytime

average—noorand the-observedisopreneWR were 19.65.7-15.2and 28.4 ug C m? h, respectively and—w\\arming

increased thebserved isoprene emissions-by 1195%: but onleased the-medel modelled emissions by 37%simukation

ovare m e th a A mina-effe a 06 ladimas a ala
C i s = c s O C d i a

and-the-observed-emissions-by-116%%ing the averaged WR divi

the days on which measurements were m

For monoterpenes, the modellddytime—average—noeand the-observed WR wer@.0.6.06.1and 42.05 pg C m? h™,

respectively Fhe
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observed monoterpene emissions by 93%, andniddelleddaily-average-monoterpemmission byd81-% the-dailynoon
emission-by76-%-and-the-observed-emission-by 9% 68ll numbers averaged for the days on which mease
made)..

These modelleddailnoonWR using obtained witlthe adjusted BVOC T response € 0.23,Ts= 20 °C, Eq. 3) were
further compared with the simulation using the ioid) T responseof = 0.1,Ts= 30 °C, Eq. 3). For isoprene (Figg53, the

emnts were

simulation using the adjusted T response showedbstantial increasef-in the modelled WR as well as a better agreement
to-with the observations (A = 1624 B = -811.85) than the simulation using the original T resg (A = 1.47, B = -
275.2699. The modelled WR using the original T respomrgmerally largelyunderestimated the observed high WR.
Averagingthrough overthree years, theredelledisoprene WRmodelledusing the original T respongased at a global
scale)only gavell-4% of the observed WR, while timeodelledWR modelledusing the new T response captuied69%

of the observed WRusing the modelled average WR to divide with tiiserved average WRor monoterpeneshe
modelled WR modelled using the adjusted T respdAse 0.80 and B = 2.13) showed a moderate improvenas

compared to using the original T response (A = Bi8% B = -2.83)- the modelled WR using the original T respofisged
at a global scale)-shewed-closervaluesunderestihthe observed WR by 72%, but the modelled WRgusia adjusted T

response overestimated the observed WR by

and-2012). Fér the year 2007, the observed high monoterpenew&&rebetter captured by the simulated WR with the

new adjusted responseAs for the modelled emission rates, the overesignaif the observed WR also mainly occurred in

3.2.2 Annual emissions

A comparison of the simulated annual BVOC emissioos the C and W treatments demonstrated tha figewarming
during the growing seasons increased both isopamge monoterpene annual emissions. Averaging oveyehss, this
warming increased annual isoprene and monoterpmissiens by 55 % and 57 %, respectively (p < OMann-Whitney
test). The modelled emissions showed strong imeual variations in response to warming (FEg). For the warmest year
(2011), the W treatment increased annual isopradengonoterpene emissions by 99 % and 94 %, respBctiThe mean
annual isoprene and monoterpene emissions in floe £999-2012 were 20 and 8 mg Ciyr’, respectively. For thesur
threeyears with BVOC sampling, the modelled average W&ews8 % and 70 % for annual isoprene and monaterpe
emissions, respectively. The modelled annual WRewéthesimilar magnitude as the modelled daily average (déka not
shown) for the days with BVOC samplings (63 % Boyrene and 81 % for monoterpenes).

The simulations imposing the warming by@ or 8 °C during the same period as th&8C2warming increased annual
isoprene emissions by 120 % and 247 %, respect{pety0.01, Mann-Whitney test) and annual monoteepemissions by
87 % and 167 %, respectively (p < 0.01, Mann-Whjittest). For isoprene, the strongest WR of all lewd warming

appeared in 2011. High&vels of warming further elevated isoprene emissior all years, but the impact on monoterpene
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emissions levelled off due to a decreasing coverdgevergreen prostrate dwarf shrubs (EPDS) witle &arming. The
decrease in coverage of EPDS only occurred folakefew years with 4C warming. The different levels of warming
generally increased shrub growth, but largely deszd the coverage of forbs/lichens and gramin@ti#/(and GRT) (data
not presented). At annual scale, the long-term tadige changes associated with warming B 4r 8 °C showed strong
impacts on BVOC emissions.

4 Discussion
4.1 Emission rates

The modelled day-to-day variations of ecosystem @@es (Fig. 2) and BVOC emissiofigig. 4) generally followed the
observations, in spite ddeficiencies—inthe poor representation of the observed vegetation coniposifig. 3). The

mismatch between the modelled LAl and frent-intercepted-based obserwshetation coverageray-beis likelypartly
due to that LAl only includes the areal coverageldayes, whereas the point intercepted-based emeoverage also

includes coverage detected of other abovegrouna plarts, like stems. Further, the mismatch mag hkscaused by an
underestimation of the allocation of assimilatethoa to foliage in LPJ-GUESS and/or too low SLAued (Table S1). In
LPJ-GUESS, the carbon allocation among differerindj tissues follows four allometric equations tmtrol the structural
development of each modelled plant individual (Ege. 1-4 in Sitch et al. (2003)). The allometricgraeters for some of
the arctic PFTs used in this study were validatetMolf et al. (2008) derived for a model applyingeantum efficiency

of 0.08 at the regional scale, which may requiréhter justification after the reduction é; that was applied here to match
the observed daily CCfluxes. The reduced quantum efficiencies reflaet growth environment with low T and low sun
angle in high latitudes (Shaver et al., 2013), hote observations are still needed to better diyalight use efficiency of
arctic plants (Dietze et al., 2014). FurthermoranWVijk et al. (2005) found a close linkage betwéatal foliar N content
and LAl for arctic plants, which was further supjeor by Campioli et al. (2009) for an arctic ecosystdominated by
Cassiope tetragona. However, the current simulations neither incl@@l interactions nor consider potential impactdNof
limitation on plant development (Smith et al., 2)Mthich need to be improved in future model sirtiales in this region
(Michelsen et al., 2012). The subdivision of arcRETs into smaller groups to specifically considssprene and
monoterpene emission features was shown to be tergofor capturing the emission dynamics in thisthetundra
ecosystem. The development of parameterizationsafotic PFTs also requires considering the phemncdbgand
physiognomic features of mosses (currently aggeehat the CLM-type PFT, Table S1), which may briagdditional
uncertainties to the modelled LAI. The current easibn of the modelled LAl with the point intercdmsed measurements
of plant coverage cannot disregard uncertainties fthe field method itself, such as subjective grdgnt of species from
each hit, angbetentiabnfluencesfrom-hits-en-stems-as-wekampling inclining angles (Wilson, 2011). Also, $easonal
variation in leaf development as well as the rangoselected blocks from the heterogeneous landscage further

complicate the comparison of the simulated LAl wilib local observations. Capturing the start ofgimving season in the
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model is also crucial for depicting the dynamicsseésonal COfluxes (Tang et al., 2015). The overestimated GPte
beginning of growing seasons (Fig. 2a) suggestenaiaties in modelling the time of its start. Thw@rent algorithm for
detecting start of growing season in large scafdieations (Sykes et al., 1996) may not be seresiérmough for prediction
of budburst of arctic plants (Pop et al., 2000).

The modelled annual isoprene and monoterpene emiss20 and 8 mg C fryr” for 1999-2012, correspond to less than
0.1 % of the modelled GPP. The modelled emissitesrare not only linked to the modelled photosysithéuxes, but also
determined by the emission capacity assigned tbh B&J (see Tables 1 and S2). For some PFTs (eefsalix-type and
prostrate summergreen shrubs, SLSS and SPDS)issien capacities in Table 1 are of similar magiet as observed
values that are applied in large-scale models doedl forests (see Table 2 in Rinne et al. (2008)g observed relatively
low emissions in comparison with lower latitudesr{éth et al., 2011; Sindelarova et al., 2014) aaiiy caused by low T
and plant biomass, and not by low emission cagacftiiolst et al., 2010).

The numbers for the estimated annual emissionstéirbighly uncertain, considering the dissimitas to the observations

in the modelled LAl -as-well-asarly season C{fluxesas well as the overestimation of daily isoprené amnoterpene

emissions of a few day$he observed low values of G@uxes (GPP and ER) and BVOC emissions in 2012dcba due
to harmful effects of an insect outbreak in therbedirch forest (Hanna Valolahti, personal obstorg. However-tThe

potential impacts from insect outbreaks have nenbexplicitly included in the model. When both TdaPAR were high

(e.g., on 06/07/2007), the model tended to overnedd the emission rates, which could suggest tmatstronger T

sensitivity that was obtained in this study does exiend to these high temperature vallgsthermorethe estimated

emission rates-the-Tresponse-in-this-study-{Bigndy be more robust for isoprene tHan monoterpenesbecause 1) the

adjusted T response curve was only applied for newpene production, and there is a lack of dataef@luating T

responses of monoterpene emissions from storade (16g. 4);—which-may-alse-contribute-to-the-utaietiesin-annval
emissiehs—Alse, 2there are more studiedout suggortlngjoz inhibition on isoprene emissions (Arneth et anoa sl

lesstharon monoterpenes

petenﬂal—eﬁusaens—trenkstemge—ped%nuelas and Staudt, 2010). Therefore, more ladgraxperiments in controlled

conditions testing BVOC responses (especially mempenes) of arctic plants to different environmertiables could

largely reduce the abovementioned uncertaintiese®@an the current estimation, the relative mageitaf isoprene and
monoterpene emissions from this site may not doutiei significantly to the global number. Howevérre highly reactive
compounds emitted by plants could undergo chemezgdtions in the local/regional atmosphere and igeofeedbacks to
the climate. Furthermore, the warming-induced gjrimtrease of emissions could indicate an incrgasite of BVOC in

the local atmospheric chemistry and also globaksimin magnitudes for future conditions.

Relative to isoprene emission, the magnitude ofotenpene emissions was much lower since the spiectbe study area
were mostly considered to be isoprene emittersvgTet al., 2008; Faubert et al., 2010). The obskmw®noterpene
emissions were generally low for the sampling d@ee Fig. S2)-which could bias the evaluation—and-the-vaiksfa
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observations in the higher T range would enhance comfidence in the new T response function, spediy for

monoterpenes. Furthermore

ttFie current observations of BVOC emissions only
covered the main growing season. Sampling overngelo seasortHelst—et—al—2010) wauld help to improve the
parameterization of the partitioning over directigsion and storage, as well as the T response &fsem rates from
storage pools. Furthermore, ongoiti labeling experiment focusing on arctic mesocoghindwall, Ghirardo et al.,
unpublished data) could also help to identify treefion of monoterpene emissions from productiostorageFinatly—the

The push-pull enclosure technique used for BVOC emissieasurements can-also bring uncertainties tondasurement
data: the choice of sampling time and flow ratéki@ncess temperature and humidity inside the enclosuretlais Il
agn addition topotential gas concentration changes within thdosnece, may impact the plant physiological stailise
impacts also depend on the ecosystem emission(bitgemets et al., 2011xs—well-asand sampling time of a day,

considering the strong diurnal dynamics of BVOC ssitins in the Arctic (Lindwall et al., 20157he model evaluation

using these half-hour-long samplings cannot avbél ibfluence of changed conditions inside the eno® and of plant

adaption to these conditions.

4.2 Responses to warming

The modelled increase of shrub coverage in respndee W treatment mostly followed the observai@valolahti et al.,
2015) and is consistent with the general trencha Arctic (Wahren et al., 2005; Elmendorf et aD12). However, the
observed increase of bryophytes is rather sitedépeand was not captured by the model. In comtrdee modelled W-
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induced decreased coverage of graminoids and fiofiEexis agrees well with the large-scale trendtifled by EImendorf et
al. (2012) who conducted a global synthesis of @idta warming experiments. The decreasing soil ton@sin W

treatments (excluding wet ecosystems) is one ofrthi@ constraints on bryophyte coverage (Lang.e2al 2).

Along with vegetation community alterations, theohierm T responses of the vegetation are ceffitralaccurately
depicting daily BVOC emission responses to the &dttnent. Through adjusting the BVOC T sensitivitgrt o, = 0.1, Tg

=30 °C toa, = 0.23,Ts= 20 °C in Fig. 1), the simulated BVOC WRX6ug C m? h' 63 %for isoprene an8+% 6.1ug C

m? h™ for monoterpenes) became comparable to the obseespdnses?@.4ug C m? 415 %for isoprene an@8-%4.0

ug C m? h* for monoterpeneslhe adjusted T response curve represents subatatits’ isoprene emission responses to

warming better than the original curve which hasrbparameterized for global simulations (F56). It further supports the

earlier suggested stronger T sensitivity of BVOQssinns from arctic plants compared to plants faiher regiongEkberg

et al., 2009; Holst et al., 2010; Rinnan et al120Kramshgj et al., 2016Yhe commonly-used T response in Guenther’s

algorithm (Guenther et al., 1993) is based on thrfeeéhius—type dependence of enzyme activities antioptimum T around
40 °C, and the shape of the Guenther's respongarysclose to the exponential curve withvalue of 0.13 (using standard
T of 30 °C) when leaf T is lower than 30 degredse higho, value found in this study indicates that a slihhcrease
during summertime could cause a large increassagréne and monoterpene emissions from the studieldsubarctic

ecosystem (Faubert et al., 2010; Holst et al., P0AOrthermore, the adjusted T response is basdhbeodata fitting of the

observed canopy air T with hourly isoprene emissains, and this response is used to estilmaite the emission rates at

sampling hour and alstaytime emissions in the model. The-inconsislidfetrenttemporal resolutiofor estimating daytime

emissiongcalls for further adjustmentfof this T response for arctic plants.
The underestimation ob-few-days'strong isoprene WRn 5 Aug 2007157.8ug C m? h™*) cannot be directly linked to
the T and PAR differences between the C and W glatiig the sampling time. The modelled emissiothatC plot was 24%

lower than the observed, caused by slightly diffemaeteorological conditions during the samplingt the modelled WR

was 73-94% lower than the observed on this date.dldserved strong WR could be linked to strongatiem of leaf T.

The low-statured plants in dry to mesic tundra
ecosystemss are efficient in absorbing heat and thus proneateeha higheaf
€anoepyT on a sunny daySchollert et al., 2014; Lindwall et al., 2016Ghis can directly elevate BVOC emissiaswell
asandWR (Lindwall et al., 2016axnd—-—TFhe-oebserved-strong decouplesing of lefabim 2 m air T-forlow-statured-plants
(Korner, 2003; Lindwall et al., 2016aurther-indicates-the-currentalgorithms usedefstimating-leaf T-inthe-model-needs
to-adjust-for-arctic plantsFurthermore, foptherregions with underlying permafrost (not the caséhia study site) in the

Arctic, the potentially low ecosystem evapotrarsfidn can increase both ground asdnepy- leafT. Also, plants

acclimated to cold environment may drive larger ssioin responses once they are exposed to warmBinfigh et al.,
2014). The observed strong WR can also be paritytdithe potential side effects of the OTCs in\Widreatment, e.g.,

reduced wind speed (De Boeck et al., 2012), drgihthe surface soil and increased frequency of-téghperature events
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(Bokhorst et al., 2013). At annual to decadal ticadss, the warming in the experimental plots caubeshges in total plant
biomass and species coverage which were found mdrilsote to the increase in BVOC emissions aftery&ars of
treatments (Valolahti et al., 2015). These indireffects on BVOC emissions were not yet identifadter 7-8 years of
warming in 2006 and 2007 (Tiiva et al., 2008; Fatulet al., 2010), which highlights the importanck azcurately
representing the temporal dynamics of vegetatiora alsiver of BVOC emissions. The modelled annualssions in
response to different degrees of warming (Fig.l&nty elucidated the combined effects of the diresponses to summer
warming with the indirect responses from vegetatibanges, although the model still has limitatiomsepresenting the
observed vegetation composition in detail (Fig.RR)xthermore, these combined effects also suggeshdinear response of
BVOC emissions to different levels of warming j : i

4.3 Suggestions for further work

For extrapolating the current model developmentarge-scale (regional) applications, we suggedtessing the following
issues: 1) The emission responses to T of arcictplcould be further tested based on laboratgrgranents in controlled
conditions; 2) The strong decoupling of leaf T framT and the strong dependence of BVOC emissiorigaf T (Lindwall

et al., 2016a) point to a need for accurately aamyueaf T in models. Long-term parallel obsergat of both leaf and air T
will be useful for the algorithm development foagsion arctic vegetation (Rinnan et al., 2014); Bg Bubdivision of the
existing PFTs into groups featuring isoprene andeoterpene emissions are encouraged for other rélevadelling studies
(Grote et al., 2014), and additional data may hauired for characterizing the new subgroups, sughbiaclimatic

limitations; 4) The potential impacts of seasonalaimics of vegetation as well as phenology on earissapacities should
be further identified with whole-season BVOC samgl{Staudt et al., 2000); 5) The responses andfdinaation of arctic

PFTs to warmer climate should be better parameigriiz the model to improve the representation ngiterm vegetation

effects on BVOC emissions.
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5 Conclusions

This study has demonstrated the model’s abilitgepict the observed isoprene and monoterpene emissies as well as
daily variations in the BVOC emission of a subarttindra ecosystem. The modelled warming respamsieg a response
curve adjusted for a stronger T response showed ggeeements with the observations, especiallitfferdays with the

observed strong emission responses to warming.t-8fran underestimatienof the observed peak of VMRaseremost

likely linked to the underestimated leaf T duritg tdaytime. In the long-term (days-years), a mismat the modelled
vegetation composition could also bring uncertaiimythe simulation of emission responses to warmifige model
estimated the mean annual isoprene and monotegeissions to be 20 and 8 mg C iyr™, with around 55 % and 57 %
increase in annual emissions in response to°’@ &arming for the period 1999-2012. For the wantmesar, the 2C
warming during the growing season resulted in 9288 94 % increase of isoprene and monoterpene ienssslhese
strong warming responses of arctic BVOC emissiawetitherto not been specifically described igdéascale models and

are therefore suggested to be included, espeaiadigtimating regional emissions from the pan-Astcti
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Tables and figures

Table 1 Plant functional types (PFTs) and representativepgcies in the study area. The emission capacity of isa@re Es, ug C

gdw® h™) and monoterpenes s, pug C gdw h) at 20°C (in bold and italics) using the adjusted temperature reponse curve are

presented ad s, Whilst the averaged literature values based on the Guerghs algorithms with 30°C as the standard temperature.

The values are based on the available growing season leaf-laweasurements from the Arctic.

PFT Eisso Eiszo Emsso Ewmso Representative species names

Low Shrubs Evergreen 1.751 1.737 0.089 0.088  Empetrum hermaphroditum; Juniperus communis; Vaccinium

(LSE) vitis-idaea

Salix, Low Shrubs Summergreen 11.305 11.213 0.300 0.297  Salix phylicifolia; Salix glauca; Salix hastata; Salix myrsinites

(SLsS

Non-Salix, Low Shrubs Summergreen 2.512 2.492 1.208 1.199  Vaccinium uliginosum; Betula nana

(NSLSS

Evergreen Prostrate Dwarf Shrubs 1.411 1.400 1.312 1301  Vaccinium oxycoccus; Cassiope tetragona; Dryas octopetala;

(EPDS Saxifraga oppositifolia; Andromeda polifolia

Summergreen Prostrate Dwarf Shrubs 14.117 14.003 0.428 0.425  Salix arctica, Arctostaphylos alpinus, Salix reticulata

(SPDS

Graminoid Tundra 9.898 9.818 0.000 0.000 Calamagrostis lapponica, Carex parallela, Carex rupestris,

(GRT) Carex vaginata, Eriophorum vaginatum, Festuca ovina, Poa
alpigena

Cushion forbs, Lichens and Moss tundra 1.198 1.188 0.030 0.029  Astragalus alpinus, Astragalus frigidus, Bartsia alpina,

(CLM)

Cerastium alpinum, Charmorchis alpina, Gymnadenia
conopsea, Leucorchis albida, Pedicularis lapponica, Pinguicula
vulgaris, Bistorta vivipara, Rubus chamaemorus, Saussurea
alpina, Slena acaulis, Tofieldia pusilla, Hylocomium splendens
Tomentypnum  nitens, Pleurozium schreberi, Sphagnum
warnstorfii, Peltigera aphtosa, Cetraria nivalis, Cladonia spp.
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Supplementary material
S1 PFTs simulated for the study area

Table S1 Detailed description of the PFT parameters for # study area (Abisko, tundra heath). LSE: low shrubs evgreen; SLSS:Salix, low shrubs
summergreen; NSLSS: norSalix, low shrubs summergreen; EPDS: evergreen prostrate dwashrubs; SPDS: summergreen prostrate dwarf shrubs;
GRT: graminoid tundra; CLM: cushion forbs, lichens and mos®s tundra; S: shrub; G: grass; NL: needleleaf; BL: broadeaf; Max.: maximum; Min.:
minimum; EG: evergreen; SG: summergreen; GDD5: growing eégree days above 5C; GDDO: growing degree days above fC;
Maximum.

Parameters LSE SLSS NSLSS EPDS SPDS GRT CLM
Growth form S S S S S G G
Leaf physiognomy NL BL BL NL BL BL BL
Fraction of roots in the uppgf.5 m)/lower (1 m) soil 0.8/0.2 0.8/0.2 0.8/0.2 0.8/0.2 0.8/0.2 0.9/0.1 0.9/0.1
layer
Max. leaf:root carbon mass ratio 1 1 1 0.5 0.5 0.2 0.2
Min. canopy conductance (mm/s) 0.3 0.5 0.5 0.5 0.5 0.5 0.5
Phenology types EG SG SG EG SG any any
Longevity of leavegyears) 3 0.5 0.5 3 0.5 1 1
Leaf turnover rate (yeay 0.33 1 1 0.5 1 1 0.6
Root turnover rate (yedy 0.7 0.7 0.7 0.7 0.7 0.5
Sapwood turnover rate (year 0.01 0.01 0.01 0.01 0.01 - -

Fire resistancén-1) 0.12 0.12 0.12 0.12 0.12 0.5 0.5
Min. forest floor PAR establishment (Kadv*/day?) 1000 1000 1000 1250 1250 1250 1250
Interception coefficiefit 0.06 0.02 0.02 0.04 0.02 0.01 0.01
Parameter for relationship between crown area temd s 10 10 10 10 10 - -
diameter

Allometry parameter (k_allom?2) related vegetatieight 4 4 4 1 1 - -

and stem diameter

Allometry parameter (k_allom3) related vegetati@ight 0.67 0.67 0.67 0.67 0.67 - -

and stem diameter

Constant in crown area and stem diameter relatipnsh 1.6 1.6 1.6 1.6 1.6 - -

Max. tree crown area @n 1 1 1 1 1 - -

Tree leaf to sapwood area ratio 125 125 125 100 100 - -
Sapwood and heartwood density (kg ¢)m 200 200 200 200 200 - -
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Growth efficiency threshold (kg C fieaf yrt) 0.012
Max. establishment rate (samplingg gr?)’ 0.6
Recruitment shape paraméter 10
Mean non-stress longevity (yr) 25
GDDS5 required to obtain full leave cover 0
Photosynthesis min. temperatut€) -4

Approximate lower range of temperature optimum fotO
photosynthesis
Approximate upper range of temperature optimum f@&0
photosynthesis

Photosynthesis max temperatui€)( 38
Min. temperature of coldest month for survival 82.
Min. temperature of coldest month for establishment  -32.5
Max. temperature of coldest month for establishment 1000
Min. temperature of warmest month for establishment -1000
Min. GDDS5 for establishment 100
Min. GDDO for reproduction 300
Max. GDDO for reproduction -

Min. snow cover (mm) -
Maintenance respiration coefficient 1

Min. fraction of available soil water in upper stayer 0.1
during growing season

Max. evapotranspiration rate 5
Litter moisture flammability threshold (fraction of0.3

available water holding capacity)

Sapwood C:N mass ratio 330
Fine root C:N mass ratio 29
Maximum nitrogen uptake per fine root (kg N kg @ay  0.0028

Y

Half-saturation concentration for N uptake (kg | 1.477E-06

Fraction of sapwood or root for N long-term storage 0.3

Specific leaf area (frkg C?) 12.56
Isoprene emission capacity (ug Ch') Eiso
Isoprene emissions show a seasonality (1) ofGjot 0

1.751/1.737
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Monoterpene emission capacity (1 €g) Evso 0.089/0.088 0.300/0.297 1.208/1.199  1.312/1.301 428)0.425 0.000/0.000 _ 0.030/0.029

Fraction of monoterpene production that go intadage 0.5 0.5 0.5 0.5 0.5 0.5 0
pool
Aerodynamic conductance ()s 0.04 0.04 0.04 0.03 0.03 0.03 0.03

*, & the values were adjusted based on the point intercepted dizssatations to increase/decrease relative abundance;
€ a dimensionless biome-dependent proxy for rainfall region (Gettain, 2004).
": relates to life history class of plant functional typegjtHialues of this parameter represent a steeper detlestablishment rate as shading reduces potential

seedling growth.
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Table S2 Detailed description of literature values used foparameterizing PFT emission capacities, isoprenég pg C gdw' h™) and monoterpene s,

pg C gdw! h) emissions at 20C and 30°C. For some PFTs, the multiple data values from the saméusly are from different sampling dates in the

original publications.

Plant funtional

Species name

Emission potentials

Reference

Emission potentials

Reference

types (kg C gdw' h™) (g C gdw' h™)
(PFTs) Eiso Eiso Ewmsao Ewmszo
Low Shrub Empetrum 8.050 7.985 (Schollert et al., 2015) 0.029 0.029 ch@ert et al., 2015)
evergreen hermaphroditum 0.700 0.694 0.066 0.065
(LSE) 0.000 0.000 (Vedel-Petersen et al,, 2015) _ 0.020 0.020 _ (Vedel-Petersen et al., 2015)
0.004 0.004 0.110 0.109
0.003 0.003 0.198 0.218
Average 1.751 1.737 0.089 0.088
Salix, Low Shrubs  Salix phylicifolia 14.160 14.045 (Rinnan et al., 2011) 0.910 0.903 nri& et al., 2014)
S“”(“gr_esfg;ee“ 2.050 2.033 (Vedel-Petersen et al., 2015)  0.048 0.048  (Vedel-Petersen et al., 2015)
Sdlixglauca 12.670 12.567 0.130 0.129
16.340 16.207 0.110 0.109
Average 11.305 11.213 0.300 0.297
Non-Salix group of  Vacciniumuliginosum 0.000 0.000 Schollert unpublished data
summergreen 0.000 0.000 (Rinnan et al., 2011) 1.070 1.061 (Rmnet al., 2011)
(,fgfgg) 19.480 19.322 (Schollert et al., 2015) 1.730 1716 (Schollertet al., 2015)
1.870 1.855 0.680 0.674
Betula nana 0.000 0.000 Schollert unpublished data
0.000 0.000
0.000 0.000 (Vedel-Petersen et al., 2015)  2.400 2.381 (Vedel-Petersen et al., 2015)
0.990 0.982 0.840 0.833
0.267 0.265 0.530 0.526
Average 2.512 2.492 1.208 1.199
Evergreen Prostrate  Cassiope tetragona 0.132 0.131 (Schollert et al., 2015) 1.800 1.785 (Schollert et al., 2015)
Dwarf Shrub 7.315 7.255 0.110 0.109
(EPDS)
0.000 0.000 0.033 0.033
2.430 2.410 0.190 0.188
0.000 0.000 0.029 0.029
0.000 0.000 (Rinnan et al., 2011) 3.160 3.134 (Rinnan et al., 2011)
0.000 0.000 3.860 3.829
Average 1.411 1.400 1.312 1.301
Summergreen 27.350 27.128 (Rinnan et al., 2014)
Prostrate Dwarf
Shrub Slix arctica 2.240 2.222 (Schollert et al., 2015) 0.330 0.327 (Schollert et al., 2015)
(SPDS) 21.960 21.782 0.930 0.922
6.030 5.981 0.025 0.025
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4.640 4.602 (Vedel-Petersen et al., 2015)  0.430 0.427 (Vedel-Petersen et al., 2015)
Salix arctophila 13.260 13.152 0.720 0.714
23.340 23.151 1.700 1.686
Average 14.117 14.003 0.428 0.425
Graminoid 20.240 20.076 (Ekberg et al., 2009) 0.000 0.000 (Ekberg et al., 2009)
(GRT) . 10.001 9.920
Eriophorum
angustifolium 0.735 0.729
3.463 3.435
27.359 27.137
26.432 26.217
14.832 14.712
0.080 0.080
Carexrostrata 0.266 0.264
1.704 1.690
6.150 6.100
7.521 7.460
Average 9.898 9.818 0.000 0.000
Sphagnum cuspidatum 1.160 1.151 Tiiva unpublished data
Sphagnum fuscum 0.864 0.857 (Hanson et al., 1999)
Sphagnum balticum 2.034 2.017
Cushion forbs, 2.108 2.091 (Ekberg etal., 2011)
lichens, and moss 3.216 3.190
tundra
(CLM) 1.703 1.689
Warnstorfia exannulata 0.132 0.131 (Tiiva et al., 2007) 0.010 0.009 (Faueeal., 2010)
Aulacomnium palustre 2.860 2.837 Tiiva unpublished data
Dicranum polysetum 0.043 0.043 (Hanson et al., 1999)
Hylocomium splendens 0.011 0.011
Ptilidiumciliare 0.024 0.024
Sphagnume 0.220 0.218 (Janson and De Serves, 1998) 0.050 0500. (Janson etal., 1999)
Average 1.198 1.188 0.030 0.029

*There is no species name in the original publarati
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S2 Sensitivity testing ofxcs

A uniform sampling of the parameteg; (1000 times, under the range of 0.02 to 0.125 p@®J pmol photons) was
implemented and the model simulations with différen values were conducted to investigate how the niedi&@PP, ER
5 | and LAl are influenced by the parameigy. Closed-chamber based €fluxesas-wel-asangoint intercepted-based plant
coverage in the control plots were compared with gtmulated outputs. Modelled GPP, ER, NEP and WwAte largely
influenced by the parameter value w§ (Fig. S1). The root mean square error (RMSE) \wlofethe four investigated
variables showed a slight decrease, followed blgaapsincrease with increasings. For the RMSE of GPP, ER and NEP,
the first quantile occurs at the lowest value ranfec, with the RMSE of LAl spreading between 0.03 an@70 The
10  parameter values with the lowest RMSE (Best) foPGER, LAl are 0.034, 0.037 and 0.051 pmol,G@nol photong,

respectively.
7 PR I RPN NI RN NI SN SN N S R 0.8 1 1 1 1 | —— 1 1 1 1]
NEE E e Al b
+ GPP @ I 1 % LAIBest ®) iy
6 - e ER - | :
0.7 +
(O NEEBest |
5 O GPPBest
é O EI? Best 06
3 —
= <
o 2
O O Egs]
© Q£
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2 0.4 -
0.3 +
—T rrrrr 1T "1 "1 17 0.2 T T T T T T T T TT
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Figure S1 The root mean square error (RMSE) of the modelledet ecosystem production (NEP), gross primary production (8P),
ecosystem respiration (ER), (a) and leaf area index (LAIl)(b) related to the observations for the years 2006 and 2007. The
15 parameter values with the lowest RMSE (Best, in the legd) are marked. The dashed lines point out the s selected for this study.
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S3 Seasonal variation of BVOC emissions

The span of the BVOC measurements covered the gnaiming seasons ovéreefedryears. The modelledaily average
emission rates in the C plots showed pronouncedtatapy as—well-asandgeasonal variations (Fig. S2). The modelled
emissions of isoprene and monoterpenes were lothanspring Springand avtumnAutumn and peaked on warm days
during thesummerSummeiThe day-to-day variations in the emissions agmeeltlwith the variations of T and PAR. When
both T and PAR were hlgﬂhweugh—thegmmng—seascmfne peaks of both isoprene and monoterpene emsssiccurregind
argEne observed magnitude of isoprene

emissions during daytime showed large spatial tiarigbetween the blocks for the days with the oesgrhigh average

emission rates (blue error bars in Fig

years-with-generally withow em|SS|on§—€2996—294:&and—291
were-better-captured-by-the-modelled-noon-emisdihe. emission of monoterpenes remained more constantthat of

isoprene towards the end of the growing seasonffiptpresented here).
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Figure S2 Time-series of the air temperature (Air T) at 2m height, photosynthetically active radiation (PAR), the modlled
isoprene (ISO) and monoterpene emissions (MT) for the dayl50-250 in 2006, 2002064+8and 2012 in the Abisko tundra heath.

Both modelled and observed fluxes are from the control (C) calitions-a

daHy—neen—éMed—G—neen)—emss&ens—are—presen&ecError bars indicate the standard deviation for the six repicates. Fer—the—year
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