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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 challeimggdasingly by
field data. This study applied a dynamic ecosystendel, LPJ-GUESS, as a platform to investigate tsieom 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 temperatureg§ponse 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 thestaedjuand original T response curves were evaluatgihst the
observed warming responses (WR) at short-term sclllereover, 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 varigloli isoprene and monoterpene emissions. The wbdeaelatively high
WR were better captured by the adjusted T respomse than by the common one. During 1999-2012nthdelled annual
mean isoprene and monoterpene emissions were 2@ amgl C nt yr’, with an increase by 55 % and 57 % for 2 °C
summertime warming, respectively. Warming by 4 f@d & °C for the same period further elevated isogpmission for all
years, but the impacts on monoterpene emissioeddeloff at the last few years.

At hour-day scale, the WR seem to be strongly irgahby canopy air T; while at day-year scale, the #e a combined
effect of plant functional type (PFT) dynamics anstantaneous BVOC responses to warming. The fikshthallenges in

estimating arctic BVOC emissions are: (1) correef IT estimation; (2) PFT parameterization accagntdr plant emission
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features as well as physiological responses to wgrnand (3) representation of long-term vegetatibanges 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 compowmdsemitted in a temperature (T)- and light (Qpetelent manner (Li
and Sharkey, 2013). BVOC released into the atmaspheact with hydroxyl radicals (OH), which couldduce the
atmospheric oxidative capacity and therefore lezgtihe lifetime of methane (G} as a potent greenhouse gas (Di Carlo et
al., 2004; Pefiuelas and Staudt, 2010). An incrga$8VOC emission could also elevate the troposghedone (Q
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 regeneratiNO, 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 environtakedata, including soil water availability andetlspectrum 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@mwent 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 obsemsatfrom 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; Faubérgle 2010;
Valolahti et al., 2015; Kramshgj et al., 2016; hiral et al., 2016a), which has underlined the piigdiyg 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(ggs\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-deoxydiulose-5-
phosphate (MEP-DOXP) pathway and are reaction mtschf 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., 2QiGmer et al., 2003;
Grote et al., 2014). In the short-term (hours-daifs 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 pooldaimt 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; Calfapietra let 2007). Here, we use a process-based ecosystamhelrto represent
BVOC synthesis and emissions. The model simulaggetation composition dynamically and representg-term growing
environment effects, and is thus useful in termgreflicting long-term emission responses to enwi@mtal changes.
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 sfendardized to emission capacity at standardiwons (T of 30 °C and
photosynthetically active radiation (PAR) of 100®0l m? s*) using the G93 algorithm to allow for comparisoithvother
observations. Potosnak et al. (2013) fitted leaéllésoprene emission rates to T and Q in moistia¢undra and found that
the G93 algorithm characterized emissions well wlith T response, but not Q response. However, Bkéeal. (2009)
found that the T response of the G93 algorithmas sensitive enough to capture the observed higasponses of wet
tundra sedges, which was further supported by atheties in the high latitudes (Faubert et al.,®2Molst 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 (Armnedt 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 at Reight provided by weather stations (Kérner, 2@&errer and Korner,
2010; Lindwall et al., 2016a), which could leadamyer emissions than anticipated in current models

The aim of this work was to integrate the obsemeetsssion features of arctic plants into a processetl ecosystem model
in order to improve the current model estimatioharatic 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
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 photoggih(Arneth et al., 2007; Schurgers et al., 2008).the application to
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a subarctic heath tundra, the process parameterizatilized field observations of long-term (13ays) warming treatment
effects on vegetation composition and BVOC emissi@hiva et al., 2008; Faubert et al., 2010; Vailet al., 2015). The
specific objectives of this study were: (1) To emptthe observed T response of BVOC emissions $mbarctic ecosystem;
(2) To address the importance of short-term and-tenm impacts of warming on ecosystem as well\4®8 emissions; (3)

To diagnose key model developments needed to etteent 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 gsteam. The experiment
included control (C), warming (W), litter additigh) and combined warming and litter addition (Wkgdtments (Rinnan et
al., 2008). In the current study, we only focusedite 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 (OTWB®)h passively
increased air T by around, and also caused around 10 % reduction in PAdofghti et al., 2015).

During the years 2006, 2007 and 2012, BVOC emissites were measured for all plots by samplingram transparent
polycarbonate chambers into adsorbent cartridgeagus push-pull enclosure technique and analysis dgap
chromatography-mass spectrometry. The enclosureredva 20 x 20 cm area in each plot. The air Tde#he enclosure
and PAR in ambient conditions were measured dutiegsampling. For 2006-2007, the datasets for @memission can
be found in Tiiva et al. (2008) and those for menpénes in Faubert et al. (2010). For the year 2&tprene and
monoterpene emissions have been published by Wil@hal. (2015). Notably, BVOC in this study onbfers to isoprene
and monoterpenes. Closed chamber-basegdfldges were measured in the same area for 200, ZD10 and 2012 (data
from 2006 and 2007 were published in Tiiva et 2008), whilst data from 2010 and 2012 have not lpedaished before).
Species composition and coverage in the plotsdrséime years were estimated by point intercepdhas¢hod, in which a
hit is recorded each time a plant species is talitlyea pin lowered through 100 holes covering to¢ grea of 20 x 20 cm
(Tiiva et al., 2008; Valolahti et al., 2015). Spercomposition was measured in June for 2006, 26t®012, and in June,
July and August for the year 2007.

2.2 LPJ-GUESS

2.2.1 LPJ-GUESS general framework
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LPJ-GUESS is a climate-driven dynamic ecosystem ehadth mechanistic representations of plant eghbient,
mortality, disturbance and growth as well as sadgbochemical processes (Smith et al., 2001; Séchal., 2003).
Vegetation in the model is defined and grouped BYS? which are based on plant phenological andiphgemic features,
combined with bioclimatic limits (Sitch et al., 2B0Wolf 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 model, representative of vegetatiomdsawith different histories of disturbance andcgssion) can compete for
light and soil resources. Plant establishment andatity 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 faf eover.

In LPJ-GUESS, a generalized Farquhar photosyntimsiiel (Farquhar et al., 1980; Collatz et al., J9@t large-scale
modelling is used to simulate canopy-level carbssirailation and the generalized model is built ba assumption of
optimal nitrogen (N) allocation in the vegetaticenopy (Haxeltine and Prentice, 1996a; Haxeltine Rrehtice, 1996b).
Daily net photosynthesis is estimated using a stahdonrectangular hyperbola formulation, whichegiva gradual
transition between the PAR-limitedg] 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 area/tn), I, p; and the Michaelis-Menten constant for

CO, and Q. Stomatal conductance influences the intercell@lay, 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, + 933")

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

E =alde, wherea =

)

both compounds is linked tb (Niinemets et al., 1999; Niinemets et al., 2002) anfraction £) of the electron transport
contributing to terpenoid production (Eq. 2) isetetined 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, @nd atmospheric GO
concentration:

e=1(T)f(o)f (CO,)&q 2)

The standard fractionsis computed from the often reported standard eomiseite (emission capacity) together with the

simultaneously estimated photosynthetic electrar €finder these standard conditions (standard TP#MR]) in the model.

5
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The choice of different T and PAR as standard dard will influence the value fars, and then the estimated emission rate
at different conditions. The T response correctstii®@ T optimum for terpenoid synthesis, which ighler than that for
photosynthesis:

f(T) =™ ©)

The parametes, represents the T sensitivity and the standard temtyre () is often 30 °C (adjusted to 20 °C in this
study). In the model, daily mean Ty4(model input) has been adjusted to daylight houlm3ed on daylength as well as
daily T range (Arneth et al., 2007) and the daytimés used for calculating daily emission ratesr Bee 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 foncf{s), was applied to both isoprene and monoterpendgugtmn and is
based on a degree-day sum in Spring and a daylémgtsholds in Autumn (Arneth et al., 2007; Schusga al., 2009). The
atmospheric C@concentration enhances terpenoid synthesis whendhcentration is lower than ambient, and vicsaer
which is represented by the functif@€O,) (Arneth et al., 2007). The model assumes that smbrene and monoterpenes
are produced in the same pathway and that thepmdsjp CQ concentration in the same way.

For monoterpenes, a storage pao) (s assigned to represent the specific (long-testmjage of monoterpenes within a leaf
(Schurgers et al., 2009). The storage pool is anjyiemented for coniferous and herbaceous PFTs{abte S1). The
emission of monoterpenes from the storafg)(is a function ofTq and m with an average residence ting. s is the
residence time at the standard T of@Q(adjusted to 20 °C in this study, consistenhwlite modification on the T responses
of terpenoid synthesis). The residence tims adjusted based on the standard conditioior Ty responses with a @

relationship.
Ews =m/T

T 4)

r= Q(Td -Tg)/10
10

In LPJ-GUESS, the BVOC response to light resideshan 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 (Arnetdl.e2007; Schurgers et al., 2009). The calculatibleaf T in the model
was based on solving the leaf energy balance, wtheréncoming shortwave and longwave radiationtaianced by the
outgoing longwave radiation and sensible heat 8uxe well as latent heat loss. The existing leafg@nbalance equations
appeared to underestimate the incoming longwavéatiad under overcast conditions, which has beedatgud by
specifically considering the cloud emission of laage radiation relative to clear-sky condition (Bedind Hock, 2009).
The estimated leaf T, rather than air T, was usetddth photosynthesis and BVOC synthesis. Wass (latent heat fluxes)

is regulated by stomatal conductance and soil veaetent, which is also linked to leaf T estimatinrthe model.

2.3 Simulation setup
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2.3.1 Input data

The daily climate data of air T, air T range andggpitation for the period 1984-2012 (Callaghamalet2013; Tang et al.,
2014) were provided by the Abisko scientific resbastation (Abisko Naturvetenskapliga Station, ANSjur 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 dataste(field 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 NREBS

(http://cdiac.esd.ornl.gov/trends/co2/contents)htiie air T inside the enclosure and ambient PARaaopy level were

also used as the model inputs for each measurin@Tdaa et al., 2008; Faubert et al., 2010; Vahtiat al., 2015).

2.3.2 Plant functional types

The dominant plant species from the observatioreoghti et al., 2015) were divided into 7 PFTsi{fEal). The PFT
parameters (see Table S1) were mainly derived fyowious studies for the arctic region using LPJESS (Wolf et al.,
2008; Miller and Smith, 2012; Tang et al., 2015)f the arctic PFT lists were extended to considéOB 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 isoprené&ess)i (Schollert et
al., 2014; Vedel-Petersen et al., 2015). Furtheemdue to the abundance of prostrate dwarf shiRgbS) in the study area,
distinguishing PDS (canopy height lower than 20 &moin low shrubs (canopy height lower than 50 cragwmplemented
through adjusting parameters controlling vegetatieight. The PDS-type was further divided into fAlBTs with evergreen
and deciduous phenology. Moss, widely appearintpénstudy area, was not distinguished from forld lashens, due to
limited data for parameterizing moss physiognoraattires 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 foreanhopy) in order to
integrate PAR received by each tree. The thickiéghis layer was reduced to 10 cm in this studyétter capture the
vertical profile of low and prostrate shrubs. Indiitn, the original specific leaf area (SLAZrkg C%) values in LPJ-

GUESS were estimated based on a fixed dependenl@abfongevity (Reich et al., 1997). In our studyfixed SLA was

assigned to each PFT (Oberbauer and Oechel, 188@)rove the simulated leaf area index (LAI) focte plants.

Emission capacities for the PFTs were determinech favailable leaf-level measurement data from thtea&tic and Arctic.

The details about the data sources for parametgrizmission 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 galyeprovided as

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 and evaluation
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The modelled Cofluxes, LAl as well as the BVOC T response werstfcalibrated before evaluating the modelled daily
BVOC emission rates. Two out of four years’ (200& £2007) measured net ecosystem production (NERjsystem
respiration (ER) and estimated gross primary prodndGPP) as well as point intercept-based spemesposition were
used for calibrating. The data for the other twargg2010 and 2012) were used for evaluating tnelated carbon cycle
processes. Previous studies focusing on light ressoof NEP for arctic plants (Shaver et al., 2048ufong et al., 2014)
have reported relatively low quantum efficiencieg)(caused by overall low sun angle conditions amd lleaf area. A
thorough sensitivity study of parameters used id-BRIESS (Pappas et al., 2013) has founddhds the most influential
parameter in terms of the simulated vegetationarafluxes. Also, a pre-evaluation of the modelled,@uxes with the
observations in this study using the defawulfvalue (0.08) has found a large overestimation ah PP and ER (not
shown). Therefore, a sampling @ (using the range of 0.02 to 0.125 pumol Mol photons, proposed by Pappas et al.
(2013)) was conducted to find the best value taaidepe observed GPP, ER and LAI of the years 28 2007 for the
subarctic ecosystem (Fig. S1). After calibratidme model was evaluated with the simulated, @IGxes and vegetation
composition using the observed £@®uxes and the point intercept-based plant cowerdgta from 2010 and 2012,
respectively.

The daytime air T in the study area is often beR@C (Ekberg et al., 2009), and standardizatiotegfenoid emissions to
20°C, instead of 360C, has been suggested for modelling in borealaaotic ecosystems (Holst et al., 2011, Ekberg .et al
2009) due to plant adaptation to low T environmémtthe model, the photosynthetic electron fluxesler standardized
conditions are simulated in order to convert thputremission capacity to the standard fractigngee Eg. 2). The choice of
the standardized T (used in Eq. 3 as well as imating 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 6{2@as conducted using
the observed ecosystem-level isoprene emissios iratkuly together with measurement chamber aipmfthe 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 coresédl in the current data fitting. Potential feedisaitom the variations in
the atmospheric C{roncentration were ignored for the three yearh wibprene sampling (a rough model estimation 66~3
reduction in emissions between 2006 and 2012).d&lte collected from different blocks were separébedhe curve fitting
and the parameters controlling T responsan Eq. 3) were determined (Fig. 1). An adjustedralue of 0.23 was chosen
after fitting all the data from July over three y@aneasurements. Apart from the lovf Rlue 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 (8kgo, Table 1) as well as estimating emission ratdhémmodel. This adjusted T
response was also evaluated with the observed smelair T and monoterpene emission rates in RAy (.66 for all
blocks).

The abundance of each PFT was evaluated usingatgdul Al against the point intercept-based vegatatiomposition.
The species were grouped into the correspondings RéiTcomparison and the point intercept-basedhitisin the same

PFT group were summed. The summed hits were diwd#dd100 pin hits to compare with the modelled LAhe point-
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intercept-based species abundances and LAl arecowiparable one-to-one throughout growing seasansg sthe
measurement could include pin hits on differenthpfaarts, whereas LAl only explains leaf coveradewever, the point-
intercept-based coverage approaches leaf coverhgn the deciduous leaves become fully developemgltine growing
season.

After calibrating the modelled GOluxes and LAI, the modelled isoprene and moncaeepemission rates were compared
with the observations. The simulated daytime avermissionsig C m? h?, daytime emission rates divided by day length)
do not allow an accurate comparison with the olegbemission rates, which were typically obtainedhim middle of the
day (between 9 am — 5 pm). Therefore, an additiestinate of the emission rates for the conditimevailing during the
sampling was made. This was done by computing thieston applying the measured air T inside theauwek and PAR
during the sampling time for photosynthesis and BV@nissions. This computation was performed twiceze using the
original T responsen( = 0.1,Ts= 30 °C,E 3 andEyso, EQ. 3) and once with the adjusted T response 0.23,Ts = 20°C,
E 20 andEyo, Eq. 3 and Fig. 1).

The model's performance in modelling BVOC emissiaras evaluated by Willmott's index of agreement (B}. 5) and
mean bias error (B) (Eqg. 6). The ind&xdescribes the agreement between the modelledsfigewith the observedd)
and a value close to 1 indicates a good agreerbmetindexB estimates the mean deviation between the modatied

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

N
;‘|Ei _Oi|

A=1-— (Eq. 5)
> (& -0]+/0,-0)
i=1
Y (E -0,)
B=H (Eq. 6)

N

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

2.3.4 Effect of warming

To simulate the observed warming responses fron®if@s, a warming of 2 °C was imposed in the modettie growing

season (the period with OTC warming) (Tiiva et 2008; Valolahti et al., 2015). The modelled wargnmesponses (WR,
difference between C and W treatments) using tiggnad T response and the adjusted T response esnpared with the
observed WR. Furthermore, additional simulationthvé warming by 4 °C and &, reflecting the range of climatic
projections in this region (IPCC, 2013), were alsaducted to test for the anticipated ecosysterte seaponses to different

levels of warming.
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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 which was varied between 0.02 to Ou26l CO, pmol
photong" following Pappas et al. (2013) (Fig. S1). For Ciixes, the lowest root mean square error (RMS&Ees
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 20667. A value of 0.040, consistent with the stugy b
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 vansias well as the magnitude of the chamber-b@gde, ER and NEP
for 2010 and 2012, with an overestimation of GlDxes (particularly for the early growing seasoRg). 2), and a large
underestimation of LAI (Fig. 3). For the year 20 model showed large overestimations of therobgdeGPP and ER for
the limited number of measurements in this groveegson.

For the 5 PFT groups, the modelled growing seagdrnvalues for 2010 and 2012 were much lower thanpbint intercept-
based coverage estimations from the field obsemsatfnote different left and right axis scales . B to allow comparison
of relative changes in response to warming), extapthe Salix-type summergreen shrubs aghelciduous prostrate dwarf
shrubs (SLSS+SPDS). The dominance of two vegetafonps in the C plots, forbs/lichens and evergrgmmbs, was
consistent between the modelled and the observed.

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 forbsiiens largely decreased (Fig. 3). For the two grafmrubs (NSLSS
and LSE+EPDS), the modelled increase is in agreemign the observations. However, the observeddangrease of the
coverage of forbs/lichens as well as a decreaseetage of graminoids in the W treatments for tharya910 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 emissi@anges in response
to T and PAR, as well as long-term changes in aipet development and distribution. The seasonghtians of the
modelled daily BVOC emissions as well as the sgall®@VOC samplings over three years are preseimédg. S2.

3.2.1 Daily emissions

» Emission rates in the control (ambient) conditions
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The observed air T and PAR showed day-to-day vangtthrough the sampling periods (Fig. 4e), whigsulted in strong
daily variations in the observed BVOC emissiongj(Bia and 4c). These observed variations in is@paed monoterpene
emissions were generally captured by the modelRfif¥6 and 2007. For the year 2012, the model overasd both
isoprene and monoterpene emission rates over the gampling days. Noticeably, the model used ait 2 m height from
the ANS station to extrapolate the leaf T for eating daily BVOC emissions (Fig. S2), while the ehv&d air T and PAR
during the sampling hours were used for modelling émissions to directly compare with the obser{fed. 4). The
modelled high emission rates for a few days (4@0Q7/2007, 14/06/2012) were directly linked to dteserved high T and
PAR (Fig. 4e). Averaging over all measuring day2@96 and 2007, the modelled and observed isopamnssion rates
were 46.6 and 34.4g C m? h, and the modelled and observed monoterpene emissies were 8.5 and 5.8 C ni” h?,
respectively. For the year 2012, the modelled domisgates (80.4 and 14,9y C m? h for isoprene and monoterpenes,
respectively) were much higher than the observetl 48d 0.5ug C m? h, for isoprene and monoterpenes, respectively).
The large overestimation by the model in the y€d22vas also seen for GPP and ER (Fig. 2).

e Emission responses to 2 °C warming

In response to warming by the OTCs, the observetbsure air T in the W plots was 2@ higher than that in the C plots
averaged over the three growing seasons with oaens. For isoprene, the observed magnitudes of(Ai@R 4b) were
captured reasonably well by the model, except fAugust 2007. For this day, the air T in the W \magher than in the C
plots, but the PAR value was lower in the W tharhia C plots (Fig. 4e). Averaging over three yetrs, simulated and
observed isoprene WR were 19.6 and 284 m? h, respectively. Warming increased the observedéswpemissions by
95%; but only increased the modelled emissions T &dividing the averaged WR with the averaged simis for the
days on which measurements were made). For moreniespthe modelled and observed WR were 6.1 anggd®m? h?,
respectively. Averaging over three growing seasa@sming increased the observed monoterpene emssbip 93%, and
the modelled emission by 63 % (dividing the aveddgfR with the averaged emissions for the days ciclwmeasurements
were made).

These modelled WR obtained with the adjusted BVO@sponsed, = 0.23,Ts= 20 °C, Eq. 3) were further compared with
the simulation using the original T responae= 0.1, Ts= 30 °C, Eq. 3). For isoprene (Fig. 5a), the sitiaausing the
adjusted T response showed a substantial incraatbe imodelled WR as well as a better agreemeft tvé observations
(A =1.16, B = -8.85) than the simulation using thginal T response (A = 1.47, B = -27.26). Thedalted WR using the
original T response largely underestimated the miesehigh WR. Averaging over three years, the isnprWR modelled
using the original T response (used at a globdeysomly gave 4 % of the observed WR, while the WiBdelled using the
new T response captured 69 % of the observed WiRg(llse modelled average WR to divide with the obse average
WR). For monoterpenes, the WR modelled using thastetl T response (A = 0.80 and B = 2.13) showexdoderate
improvement as compared to using the original poase (A = 1.35 and B = -2.83). The modelled WRgishe original T
response underestimated the observed WR by 72%hé&éuhodelled WR using the adjusted T responseegtiarated the
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observed WR by 53%. For the year 2007, the obsdriggdmonoterpene WR was better captured by thalated WR with
the adjusted T response. As for the modelled eamssites, the overestimation of the observed W& ralginly occurred in
2012.

3.2.2 Annual emissions

A comparison of the simulated annual BVOC emissioos the C and W treatments demonstrated tha® fiiewarming
during the growing seasons increased both isopamge monoterpene annual emissions. Averaging oveyehss, this
warming increased annual isoprene and monoterpaissiens by 55 % and 57 %, respectively (p < ONdann-Whitney
test). The modelled emissions showed strong imtacal variations in response to warming (Fig. @y #he 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 the three
years with BVOC sampling, the modelled average WHRevb8 % and 70 % for annual isoprene and monateremissions,
respectively. The modelled annual WR were of simitegnitude as the modelled daily average WR (datsshown) for
the days with BVOC samplings (63 % for isoprene &hdb for monoterpenes).

The simulations imposing the warming by@ or 8 °C during the same period as th&C2warming 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-WHhittest). For isoprene, the strongest WR of all levad warming
appeared in 2011. High&vels of warming further elevated isoprene emissior all years, but the impact on monoterpene
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 desd the coverage of forbs/lichens and gramin@ti#/(and GRT) (data
not presented). At annual scale, the long-term tagigen changes associated with warming BYC4r 8 °C showed strong

impacts on BVOC emissions.

4 Discussion
4.1 Emission rates

The modelled day-to-day variations of ecosystem @xes (Fig. 2) and BVOC emissions (Fig. 4) getigrimllowed the
observations, in spite of the poor representatiothe observed vegetation composition (Fig. 3). fthematch between the
modelled LAI and the observed vegetation coveragikely partly due to that LAl only includes theeal coverage by
leaves, whereas the point intercept-based vegetatiwerage also includes coverage detected of ath@reground plant
parts, like stems. Further, the mismatch may aésodused by an underestimation of the allocaticessimilated carbon to
foliage in LPJ-GUESS and/or too low SLA values ([€aBl). In LPJ-GUESS, the carbon allocation amdffgrént living

tissues follows four allometric equations to cohthe structural development of each modelled piadividual (see Egs. 1-
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4 in Sitch et al. (2003)). The allometric parametier some of the arctic PFTs used in this studsewalidated by Wolf et
al. (2008) derived for a model applying a quantufitiency a. of 0.08 at the regional scale, which may requinehier
justification after the reduction i that was applied here to match the observed @Ay fluxes. The reduced quantum
efficiencies reflect the growth environment witltwld@ and low sun angle in high latitudes (Shavealgt2013), but more
observations are still needed to better quantiitliuse efficiency of arctic plants (Dietze et aD14). Furthermore, Van
Wijk et al. (2005) found a close linkage betwedaltéoliar N content and LAl for arctic plants, whiwas further supported
by Campioli et al. (2009) for an arctic ecosysteamihated byCassiope tetragona. However, the current simulations
neither include C-N interactions nor consider pt&nmpacts of N limitation on plant developme®n(ith et al., 2014),
which need to be improved in future model simuladion this region (Michelsen et al., 2012). Thedsuision of arctic
PFTs into smaller groups to specifically considaprene and monoterpene emission features was sbdwvenimportant for
capturing the emission dynamics in this heath tarhosystem. The development of parameterizatmmarétic PFTs also
requires considering the phenological and physiogadeatures of mosses (currently aggregated inGhkl-type PFT,
Table S1), which may bring additional uncertainteshe modelled LAI. The current evaluation of thedelled LAI with
the point intercept-based measurements of plardrage cannot disregard uncertainties from the fiedthod itself, such as
subjective judgement of species from each hit,sardpling inclining angles (Wilson, 2011). Also, geasonal variation in
leaf development as well as the randomly selectedkb from the heterogeneous landscape may fudbmeplicate the
comparison of the simulated LAl with the local olvsdions. Capturing the start of the growing sedsadie model is also
crucial for depicting the dynamics of seasonal,@@xes (Tang et al., 2015). The overestimated GP#e beginning of
growing seasons (Fig. 2a) suggests uncertaintig®itelling the time of its start. The current altfon for detecting start of
growing season in large scale applications (Syked.e£1996) may not be sensitive enough for pteaticof 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)ntissien capacities in Table 1 are of similar magiet as observed
values that are applied in large-scale models éoedd forests (see Table 2 in Rinne et al. (200)g observed relatively
low emissions in comparison with lower latitudesr{éth et al., 2011; Sindelarova et al., 2014) aainty caused by low T
and plant biomass, and not by low emission cagacitiolst et al., 2010).

The numbers for the estimated annual emissionstéirbighly uncertain, considering the dissimités to the observations
in the modelled LA, early season gfluxes as well as the overestimation of daily iem@ and monoterpene emissions of a
few days. The observed low values of Cfliixes (GPP and ER) and BVOC emissions in 20124dcbe due to harmful
effects of an insect outbreak in the nearby biaredt (Hanna Valolahti, personal observation). pbential impacts from
insect outbreaks have not been explicitly inclugtethe model. When both T and PAR were high (&g.06/07/2007), the

model tended to overestimate the emission rateishvdould suggest that the stronger T sensitiVigt tvas obtained in this
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study does not extend to these high temperatuteesaFurthermore, the estimated emission rateshmayore robust for
isoprene than for monoterpenes, because 1) thetadjd response curve was only applied for moneterproduction, and
there is a lack of data for evaluating T respordasonoterpene emissions from storage pools (Eqgdhere are more
studies supporting CQOnhibition on isoprene emissions (Arneth et allp2) than on monoterpenes (Pefiuelas and Staudt,
2010). Therefore, more laboratory experiments imtradled conditions testing BVOC responses (esfigamonoterpenes)
of arctic plants to different environmental variblcould largely reduce the abovementioned unoédai Based on the
current estimation, the relative magnitude of ismer and monoterpene emissions from this site maycootribute
significantly to the global number. However, thghly reactive compounds emitted by plants couldengd chemical
reactions in the local/regional atmosphere andigeofeedbacks to the climate. Furthermore, the wagrmduced strong
increase of emissions could indicate an increasitggof BVOC in the local atmospheric chemistry afgb global emission
magnitudes for future conditions.

Relative to isoprene emission, the magnitude ofatenpene emissions was much lower since the spiectbs 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 dage Fig. S2), which could bias the evaluation. davservations in the
higher T range would enhance our confidence im@g T response function, specifically for monoteige Furthermore,
the current observations of BVOC emissions onlyeced the main growing season. Sampling over a losggson would
help to improve the parameterization of the panitig over direct emission and storage, as wellhasT response of
emission rates from storage pools. Furthermorepiogd>C labeling experiment focusing on arctic mesoco@nrsdwall,
Ghirardo et al., unpublished data) could also helpdentify the fraction of monoterpene emissiorenf production or
storage.

The push-pull enclosure technigue used for BVOGssimin measurements can bring uncertainties to #esunement data:
the choice of sampling time and flow rates influentemperature and humidity inside the enclosudettais, in addition to
potential gas concentration changes within theosuck, may impact the plant physiological statie impacts also depend
on the ecosystem emission rate (Niinemets et@L1Pand sampling time of a day, considering thenst diurnal dynamics
of BVOC emissions in the Arctic (Lindwall et alQP5). The model evaluation using these half-honglsamplings cannot

avoid the influence of changed conditions insidedhclosure and of plant adaption to these comditio

4.2 Responses to warming

The modelled increase of shrub coverage in respiondee W treatment mostly followed the observati¢vialolahti et al.,
2015) and is consistent with the general trenchan Arctic (Wahren et al., 2005; Elmendorf et aD12). However, the
observed increase of bryophytes is rather sitedfpeand was not captured by the model. In contréee modelled W-
induced decreased coverage of graminoids and fiofiExis 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 offrthi@ constraints on bryophyte coverage (Lang.e@ll?2).
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Along with vegetation community alterations, theoierm T responses of the vegetation are cerfitralaccurately
depicting daily BVOC emission responses to the &dttnent. Through adjusting the BVOC T sensitivitgrq o, = 0.1, Ts
=30 °C toa, = 0.23,Ts= 20 °C in Fig. 1), the simulated BVOC WR (196 C m? h* for isoprene and 6.4g C m? h* for
monoterpenes) became comparable to the observpdnses (28.41g C mi? h for isoprene and 4.0g C m? h for
monoterpenes). The adjusted T response curve egisesubarctic plants’ isoprene emission respotts@srming better
than the original curve which has been paramewfiaeglobal simulations (Fig. 5). It further supfsothe earlier suggested
stronger T sensitivity of BVOC emissions from azgblants compared to plants from other regions @edkket al., 2009;
Holst et al., 2010; Rinnan et al., 2014; Kramshwgle 2016). The commonly-used T response in Chezig algorithm
(Guenther et al., 1993) is based on the Arrhenjpe-tlependence of enzyme activities with an optinfuaround 40 °C,
and the shape of the Guenther’s response is vesg @b the exponential curve with value of 0.13 (using standard T of
30 °C) when leaf T is lower than 30 degrees. Tlgh hi value found in this study indicates that a slifhihcrease during
summertime could cause a large increase of isoedenonoterpene emissions from the studied cdidrstic ecosystem
(Faubert et al., 2010; Holst et al., 2010). Furthene, the adjusted T response is based on thdfittatg of the observed
canopy air T with hourly isoprene emission rates] this response is used to estimate both the iemisstes at sampling
hour and also daytime emissions in the model. Tfferent temporal resolution for estimating daytiemissions calls for
further adjustment of this T response for arctams.

The underestimation of strong isoprene WR on 5 20@7 (157.8:g C m? h') cannot be directly linked to the T and PAR
differences between the C and W plots during timepdiag time. The modelled emission at the C plos\24% lower than
the observed, caused by slightly different metexgichl conditions during the sampling, but the miedeWR was 74%
lower than the observed on this date. The obsestredg WR could be linked to strong elevation af [€. The low-statured
plants in dry to mesic tundra ecosystems are effidn absorbing heat and thus prone to have albahr on a sunny day
(Schollert et al., 2014; Lindwall et al., 2016bhig can directly elevate BVOC emissions and WR dliall et al., 2016a),
and decouples leaf T from 2 m air T (Kdrner, 200Bidwall et al., 2016a). Furthermore, for regionghaunderlying
permafrost (not the case in this study site) inAhgtic, the potentially low ecosystem evapotrargdon can increase both
ground and leaf T. Also, plants acclimated to ed¢ironment may drive larger emission responses timey are exposed
to warmer T (Rinnan et al., 2014). The observeohgtWR can also be partly due to the potential sitiects of the OTCs
in the W treatment, e.g., reduced wind speed (DecBet al., 2012), drying of the surface soil amctéased frequency of
high-temperature events (Bokhorst et al., 2013)a#tual to decadal timescales, the warming in #per@mental plots
caused changes in total plant biomass and speoiesage which were found to contribute to the iaseein BVOC
emissions after 13 years of treatments (Valolahtle 2015). These indirect effects on BVOC enoigsiwere not yet
identified after 7-8 years of warming in 2006 ar@D?2 (Tiiva et al., 2008; Faubert et al., 2010), chhhighlights the
importance of accurately representing the tempdyabmics of vegetation as a driver of BVOC emissiorhe modelled
annual emissions in response to different degréesmmming (Fig. 7) clearly elucidated the combireftects of the direct

responses to summer warming with the indirect nesg® from vegetation changes, although the moilieéhas limitations
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in representing the observed vegetation compositicstetail (Fig. 3). Furthermore, these combine@éa$ also suggest a

non-linear response of BVOC emissions to diffefenéls of warming.

4.3 Suggestions for further work

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

et al., 2016a) point to a need for accurately aamjueaf 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 andaterpene emissions are encouraged for other relevadelling studies
(Grote et al., 2014), and additional data may keuired for characterizing the new subgroups, sughbiaclimatic

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

PFTs to warmer climate should be better parameigiz the model to improve the representation n§iterm vegetation

effects on BVOC emissions.

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 subart¢tindra ecosystem. The modelled warming respamnsieg a response
curve adjusted for a stronger T response showed ggeeements with the observations, especialljtHferdays with the
observed strong emission responses to warmingt-8rar underestimation of the observed peak of W48 wiost likely

linked to the underestimated leaf T during the iagt In the long-term (days-years), a mismatcthernodelled vegetation
composition could also bring uncertainty in the dismtion of emission responses to warming. The medtiated the mean
annual isoprene and monoterpene emissions to lE@® mg C M yr?, with around 55 % and 57 % increase in annual
emissions in response to #@ warming for the period 1999-2012. For the wartmesar, the 2C warming during the
growing season resulted in 99 % and 94 % incredssoprene and monoterpene emissions. These stn@mming

responses of arctic BVOC emissions have hithertobeen specifically described in large-scale modeld are therefore

suggested to be included, especially in estimatggpnal emissions from the pan-Arctic.
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Tables and figures

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

gdw® h™) and monoterpenesNls, 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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Figure 1 The observed isoprene emission rates in relatioo the chamber air temperature in July over three field seasan (2006,
2007, 2012) in the Abisko tundra heath.
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low shrubs summergreen; SPDS: Summergreen prostrate dwhshrubs; NSLSS: NonSalix, low shrubs summergreen; LSE: Low
shrubs evergreen; EPDS: Evergreen prostrate dwarf shrupsCLM: Cushion forbs, lichens and moss tundra.
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Figure 4 Comparison of the modelled (a) isoprene and (c) mor@pene emission rates with the observations in the contr¢C)
plots and evaluation of modelled warming responses (WR) witthe observed WR (b and d) at the Abisko tundra heath. The
5 observed enclosure air temperature (airT) and PAR outsidéhe enclosure are displayed in (e). Mod: Modelled; Obbserved.
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Figure 5 Scatter plot of the modelled (Mod.) and the obserde(Obs.) warming response (WR) for both isoprene (a) and
monoterpene (b), using the adjusted and the original T regmse.
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Figure 6 Modelled annual isoprene and monoterpene emissions the period 1998-2012 at the Abisko heath tundra. The warming
(W) treatment started in 1999 and three levels of warming @ °C, +4°C and +8°C) were applied during summertime. The

5 modelled annual emissions in the control (C) plots are algwesented.
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