10

15

20

25

30

Challenges in modelling isoprene and monoterpene eassion
dynamics of arctic plants: a case study from a sulpetic tundra heath

Jing Tang? Guy Schurgefs’, Hanna Valolahti? Patrick Faubett Paivi Tiive®, Anders Michelsel?,
Riikka Rinnari®

Terrestrial Ecology Section, Department of Biologiversity of Copenhagen, Copenhagen, Denmark

“Center for Permafrost, University of Copenhagerpé@magen, Denmark

3Department of Geosciences and Natural Resource déament, University of Copenhagen, Copenhagen, Ddnma
“Chaire en éco-conseil, Département des sciencesifoentales, Université du Québec a Chicoutimi, @himi, Québec,
Canada

®Department of Environmental and Biological Scientérsiversity of Eastern Finland, Kuopio, Finland

Correspondenceto: Jing Tang (Jing. Tang@bio.ku.dk)

Abstract. The Arctic is warming at twice the global averapeed, and the warming-induced increases in biogeratile
organic compounds (BVOC) emissions from arctic {daare expected to be drastic. The current glolmalais’ estimations
of minimal BVOC emissions from the Arctic are basedvery few observations and have been challeiggdasingly 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 virgnField observations in a subarctic tundra hedth long-term (13
years) warming treatments were extensively usegdoameterizing and evaluating BVOC related praze§shotosynthesis,
emission responses to temperature and vegetatmopasition). We propose an adjusted temperaturegdponse curve for
arctic plants with much stronger T sensitivity tthe commonly-used algorithms for large-scale mougl The simulated
emission responses to 2 °C warming between thestadjuand original T response curves were evaluatginst the
observed warming responses (WR) at short-term scilereover, the model responses to warming by 4f€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 varighili isoprene and monoterpene emissions. The wbdeelatively high
WR were better captured by the adjusted T respomse than by the common one. During 1999-2012ptbdelled annual
mean isoprene and monoterpene emissions were 2@ amgl C n? yr', with an increase by 55 % and 57 % for 2 °C
summertime warming, respectively. Warming by 4 td 8 °C for the same period further elevated isoprmission for all
years, but the impacts on monoterpene emissioeddehoff at the last few years.

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

estimating arctic BVOC emissions are: (1) correef [T estimation; (2) PFT parameterization accogntor plant emission
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features as well as physiological responses to wagnand (3) representation of long-term vegetatibanges in the past

and the future.

1 Introduction

Biogenic volatile organic compounds (BVOC) are te&c hydrocarbons mainly emitted by plants. Emigsi@f these
secondary metabolites are involved in plant growtant defence against biotic and abiotic stregd@st communication as
well as reproduction (Laothawornkitkul et al., 20@®Auelas and Staudt, 2010; Possell and Loref®)28VOC synthesis
is regulated by enzyme activity, and many compowardsemitted 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 lesgtine lifetime of methane (G} as a potent greenhouse gas (Di Carlo et
al., 2004; Pefiuelas and Staudt, 2010). An incréadgVOC emission could also elevate the troposghedone (Q
concentration when the ratio of BVOC to N@BVOC/NOy) is high (Hauglustaine et al., 2005), and increseseondary
organic aerosol (SOA) formation (Paasonen et 8l132 BVOC could also limit ozone formation wher tBVOC/NG,
ratio is low, a situation in which NOcan react with @(Pusede and Cohen, 2012). Global estimates ofmethane BVOC
emissions are in the range of 700-1000 Tg & wf which isoprene and monoterpenes contributet mbshe emissions
(~70 % and 11 %, respectively, Sindelarova et2fl14)). The modelled emission rates for isopreeeoésimilar magnitude
as for CH (Arneth et al., 2008). However, the current estenatf regional emission distributions are highlgenain for
both isoprene and monoterpenes for two reasonghel)current emission estimates are based on fieldies mainly
covering tropical, temperate and boreal ecosys{@ugnther et al., 2006), lacking observational datahe Subarctic and
Arctic; 2) the uncertainties in driving variablege@etation distribution and seasonality, climatd anvironmental data,
including soil water availability and the spectroimthe incoming light, abiotic and biotic stress)dan emission responses
to these drivers (Guenther et al., 2006; Arnetlalet2008). For instance, plants adapted to thd eaVironment of the
Arctic appear to respond to warming differentlyrtidants from low latitudes (Rinnan et al., 20I#). now, the emissions
from high latitudes (including the Arctic and thakfarctic) have been assumed to be minimal dueviddbar coverage, T
and plant productivity (Guenther et al., 2006; ®iladova et al., 2014). However, recent observatfoyms the Arctic have
indicated the need for revising the current assignptis higher emissions from both plants and gbés anticipated in
large-scale models have been measured (Ekberg &080; Holst et al., 2010; Potosnak et al., 2(Ri8nan et al., 2014;
Schollert et al., 2014; Kramshgij et al., 2016).tlemmore, field experiments focusing on the effedtslimate warming on
BVOC emissions have found unexpectedly high respoi$ BVOC release to a few degrees of warming/éleat al., 2008;
Faubert et al., 2010; Valolahti et al., 2015; Krhmjset al., 2016; Lindwall et al., 2016a), whichshanderlined the
potentially significant role of arctic BVOC emisa®under changing climate. The Arctic is warminggbroximately twice
the global rate (IPCC, 2013) and the warming-indudeastic vegetation changes (AMAP, 2012) coulddsgpsubstantial

changes in BVOC emission.
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Both isoprene and monoterpenes are produced thrthg2-C-methyl-D-erythritol 4-phosphate/1-deoxy«iiulose-5-
phosphate (MEP-DOXP) pathway and are reaction mtscaf their chief precursors, glyceraldehyde-3qpitate (G3P) and
pyruvate. G3P is produced along the chloroplastitvi@ Cycle. Mechanistic models have often linkad biosynthesis of
isoprene and monoterpenes with photosynthesis ggesgNiinemets et al., 1999; Martin et al., 2Q0@&mer et al., 2003,
Grote et al., 2014). In the short-term (hours-day® responses to Q and T of isoprene and moresterproduction are
very similar to those of photosynthesis, but withigher T optimum for BVOC production than photothesis (Guenther et
al., 1995; Arneth et al., 2007). Furthermore, sanm@noterpenes can be emitted from storage pooldaint prgans e.g.
glands or resin ducts (Franceschi et al., 2005)nélwith the short-term responses, the long-teraygdr longer) BVOC
dynamics is affected by vegetation composition gean(Faubert et al., 2011; Valolahti et al., 20¥8getation phenology
(Staudt et al., 2000; Hakola et al., 2006), pasither conditions (Ekberg et al., 2009; Guentheal t2012) and growing
conditions, e.g., soil water and nutrient avail#pilPossell and Loreto, 2013), atmospheric,@@ilkinson et al., 2009) and
ozone levels (Loreto et al., 2004; Calfapietra let 2007). Here, we use a process-based ecosystael o represent
BVOC synthesis and emissions. The model simulatgstation composition dynamically and representg-kerm growing
environment effects, and is thus useful in termgreflicting long-term emission responses to enwiremtal 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 standarditons (T of 30 °C and
photosynthetically active radiation (PAR) of 100®ol m? s*) using the G93 algorithm to allow for comparisoithvother
observations. Potosnak et al. (2013) fitted leadllésoprene emission rates to T and Q in moigtia¢undra and found that
the G93 algorithm characterized emissions well whith T response, but not Q response. However, Bkberl. (2009)
found that the T response of the G93 algorithmas sensitive enough to capture the observed highsponses of wet
tundra sedges, which was further supported by atheties in the high latitudes (Faubert et al.,®Molst et al., 2010).
Furthermore, species-specific emission profilesngn et al., 2011; Rinnan et al., 2014; Schollérale 2015; Vedel-
Petersen et al.,, 2015) have not yet been integratedthe modelling of arctic BVOC emissions (Ardmett 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 ohatie change on vegetation composition as well a®®¥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, 2&errer and Korner,
2010; Lindwall et al., 2016a), which could leaddmer 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 estimatioharmtic BVOC emissions, and to advance our undadihg regarding
emission dynamics for arctic ecosystems in a wagnfiriure. The process-based dynamic ecosystem md&iEGUESS
(Lund-Potsdam-Jena General Ecosystem Simulator)ttiSet al., 2001; Smith et al., 2014) was used gsda#form to
simulate short-term and long-term responses of B\&d@ssions to changes in climate for arctic plamtse model links
isoprene and monoterpene production with photoggith(Arneth et al., 2007; Schurgers et al., 2088).the application to
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a subarctic heath tundra, the process parameierizatilized field observations of long-term (13ays) warming treatment
effects on vegetation composition and BVOC emissi@riva et al., 2008; Faubert et al., 2010; Vattilt al., 2015). The
specific objectives of this study were: (1) To eaptthe observed T response of BVOC emissions gubarctic 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 sent 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 colk@ea dwarf shrugraminoid heath tundra located in Abisko, northern
Sweden (6821'N, 1849"E). The vegetation consists of a mixture ofrgween and deciduous dwarf shrubs, graminoids and
forbs. A long-term field experiment was establisladhis site in 1999 to investigate the effectlahate warming and
increasing litter fall, resulting from the expanglitundra vegetation, on the functioning of the gstem. The experiment
included control (C), warming (W), litter additigh) and combined warming and litter addition (Wkgatments (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 sixkdodGhe W treatments used open-top chambers (OTWbs}h passively
increased air T by around’@, and also caused around 10 % reduction in PAdkofghti et al., 2015).

During the years 2006, 2007 and 2012, BVOC emissaes were measured for all plots by samplindrain transparent
polycarbonate chambers into adsorbent cartridgesgus push-pull enclosure technique and analysis dag
chromatography-mass spectrometry. The enclosureredva 20 x 20 cm area in each plot. The air Tdénghe enclosure
and PAR in ambient conditions were measured dutiegsampling. For 2006-2007, the datasets for @mpemission can
be found in Tiiva et al. (2008) and those for memnpénes in Faubert et al. (2010). For the year 2&khrene and
monoterpene emissions have been published by Wil@gal. (2015). Notably, BVOC in this study onbfers to isoprene
and monoterpenes. Closed chamber-basegdfl0ges 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 lprdaiished before).
Species composition and coverage in the plotsdrséime years were estimated by point interceptbasthod, in which a
hit is recorded each time a plant species is talitdyea pin lowered through 100 holes covering tlo¢ grea of 20 x 20 cm
(Tiiva et al., 2008; Valolahti et al., 2015). Spercomposition was measured in June for 2006, a6d®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 eshbient,
mortality, disturbance and growth as well as sddgbochemical processes (Smith et al., 2001; Sitctal., 2003).
Vegetation in the model is defined and grouped BY< which are based on plant phenological andipbgemic 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 fluxesiedl 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 andcgassion) can compete for
light and soil resources. Plant establishment andatity are represented as stochastic processgsnftuenced by life-
history, resource status and demography (Smith.ef@14). For summergreen plants, an explicit phagical cycle is
implemented, which is based on the accumulated iggpdegree day (GDD) sum for leaf onset and f@f over.

In LPJ-GUESS, a generalized Farquhar photosyntimeidel (Farquhar et al., 1980; Collatz et al., )9%@t large-scale
modelling is used to simulate canopy-level carbesimilation and the generalized model is built ba assumption of
optimal nitrogen (N) allocation in the vegetatiocanopy (Haxeltine and Prentice, 1996a; Haxeltine Rrehtice, 1996b).
Daily net photosynthesis is estimated using a stahdonrectangular hyperbola formulation, whichegiva gradual
transition between the PAR-limitedef and the Rubisco-limited)) rates of assimilation (Haxeltine and Prentice9€lLy).
For G plants,Jg is a function of the canopy absorbed PAR, thénsit quantum efficiency for CQuptake §3), the CQ
compensation point’{) and the internal partial pressure of Q@) (Collatz et al., 1991; Haxeltine and Prentice9@l8). Jc

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

CGO; and Q. Stomatal conductance influences the intercell@las, p; as well as canopy transpiration.

2.2.2 BVOC modelling

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

function of the photosynthetic electron flux. Thequctions of isoprende() and monoterpenegy;) are computed as:

*

p, -
6x (467p, + 933")

wherelJ is the rate of photosynthetic electron transpad @ converts photon fluxes into terpenoid units. Thetlsesis of

E =ade, wherea =

1)

both compounds is linked td (Niinemets et al., 1999; Niinemets et al., 2002) anfraction £) of the electron transport
contributing to terpenoid production (Eq. 2) is etatined from a plant-specific fraction under staddeonditions 4,
usually at a T of 30 °C and a PAR of 1000l m? s*) which is adjusted for leaf T, seasonality, @nd atmospheric GO

concentration:
£=1(T)f(0)f (CO,)&s )
The standard fractionsis computed from the often reported standard eomssite (emission capacity) together with the

simultaneously estimated photosynthetic electrar finder these standard conditions (standard TPa&R]) in the model.

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

f(T)=e"(7™ ®)

The parametet, represents the T sensitivity and the standard teatyre (<) is often 30 °C (adjusted to 20 °C in this
study). In the model, daily mean Ty4(model input) has been adjusted to daylight houtsa3ed on daylength as well as
daily T range (Arneth et al., 2007) and the daytimés used for calculating daily emission ratesr Be study in the
Subarctic, the often-used refereigeof 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 monoterpengustmn and is
based on a degree-day sum in Spring and a daylémgisholds in Autumn (Arneth et al., 2007; Schusga al., 2009). The
atmospheric C@concentration enhances terpenoid synthesis whenahcentration is lower than ambient, and vicesager
which is represented by the functiff€0,) (Arneth et al., 2007). The model assumes that lsoihrene and monoterpenes
are produced in the same pathway and that thepmedspp CQ concentration in the same way.

For monoterpenes, a storage pon) (s assigned to represent the specific (long-testmjage of monoterpenes within a leaf
(Schurgers et al., 2009). The storage pool is anlylemented for coniferous and herbaceous PFTs Tab&e S1). The
emission of monoterpenes from the storagg)(is a function ofTy andm with an average residence timg. ¢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 titrie adjusted based on the standard conditioior Ty responses with a @

relationship.

Ews =M/T

o Ts (4)
(T4-Ts) 710

10
In LPJ-GUESS, the BVOC response to light resideshan photosynthesis processes (light-dependenckinfEq. 1).
Additionally, considering the high sensitivity oM®C production to leaf T, the model applies a cotapan of leaf T based
on air T and energy balance constraints (Arnetl.eR007; Schurgers et al., 2009). The calculatibleaf T in the model
was based on solving the leaf energy balance, wiheréncoming shortwave and longwave radiationkadanced by the
outgoing longwave radiation and sensible heat 8uxe well as latent heat loss. The existing leaf@nbalance equations
appeared to underestimate the incoming longwavéatiad under overcast conditions, which has beedatgd by
specifically considering the cloud emission of laiage radiation relative to clear-sky condition (Bednd Hock, 2009).
The estimated leaf T, rather than air T, was usethdth photosynthesis and BVOC synthesis. Wats (tatent heat fluxes)

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

2.3 Simulation setup
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2.3.1 Input data

The daily climate data of air T, air T range andgipitation for the period 1984-2012 (Callagharalet 2013; 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 At8D/06/1984, 09/06-16/06/2016, 13/02-15/02/20@B702-17/08/2011)
were filled with the Princeton reanalysis datasiefield et al., 2006) for the grid cell nearegtigko. 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)htithe air T inside the enclosure and ambient PARaaopy level were

also used as the model inputs for each measurin(Tdiaa et al., 2008; Faubert et al., 2010; Valtalat al., 2015).

2.3.2 Plant functional types

The dominant plant species from the observatioreoehti et al., 2015) were divided into 7 PFTs{leal). The PFT
parameters (see Table S1) were mainly derived fregwious studies for the arctic region using LPJESS (Wolf et al.,
2008; Miller and Smith, 2012; Tang et al., 2015)f kthe arctic PFT lists were extended to consid¥OB emission
characteristics. The low summergreen shrubs (LS8 wivided into &alix-type (SLSS; high isoprene emitter) and a non-
Salix-type (NSLSS; e.g.Betula nana-dominance predominantly monoterpenes rather than isoprenéteas)i (Schollert et
al., 2014; Vedel-Petersen et al., 2015). Furtheemdue to the abundance of prostrate dwarf shiRbBS) in the study area,
distinguishing PDS (canopy height lower than 20 &mmin low shrubs (canopy height lower than 50 craswmplemented
through adjusting parameters controlling vegetatieight. The PDS-type was further divided into faleTs with evergreen
and deciduous phenology. Moss, widely appearintpénstudy area, was not distinguished from forl$ laghens, due to
limited data for parameterizing moss physiognomaattires and their preferable growing conditions.

In LPJ-GUESS, the crown of each tree is divided ifiin layers (original value is 1.0 m in a foreanopy) in order to
integrate PAR received by each tree. The thickinéghis layer was reduced to 10 cm in this studyoédter capture the
vertical profile of low and prostrate shrubs. Indiin, the original specific leaf area (SLA*rkg C*) values in LPJ-

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

assigned to each PFT (Oberbauer and Oechel, 198®)rove the simulated leaf area index (LAI) faoctee plants.

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

The details about the data sources for paramatgrigmission capacity at 3C (E;s0) and 20°C (E;s0) can be found in
Table S2 and the averaged emission capacities @mbnliterature data in Table S2) for each PFTvadl as the

representative plant species can be found in Tabl€he emission rates from the literature are gdlyeprovided as

standardized emission capacities at@G0using 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, LAI 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 (NEf®gystem
respiration (ER) and estimated gross primary prodnd GPP) as well as point intercept-based spemiesposition were
used for calibrating. The data for the other twarge(2010 and 2012) were used for evaluating timellated carbon cycle
processes. Previous studies focusing on light resggoof NEP for arctic plants (Shaver et al., 2048ufong et al., 2014)
have reported relatively low quantum efficiencieg)(caused by overall low sun angle conditions and leaf area. A
thorough sensitivity study of parameters used id-CRJESS (Pappas et al., 2013) has founddhas 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 defaylfvalue (0.08) has found a large overestimation dhl@®PP and ER (not
shown). Therefore, a sampling @f (using the range of 0.02 to 0.125 pumol G®nol photons, proposed by Pappas et al.
(2013)) was conducted to find the best value taaldpe observed GPP, ER and LAI of the years 28@& 2007 for the
subarctic ecosystem (Fig. S1). After calibratidme model was evaluated with the simulated, @Oxes and vegetation
composition using the observed C@uxes and the point intercept-based plant cowverdgta from 2010 and 2012,
respectively.

The daytime air T in the study area is often beR®WC (Ekberg et al., 2009), and standardizatiotegdenoid emissions to
20°C, instead of 360C, has been suggested for modelling in borealaantic 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 theutremission capacity to the standard fractigngee Eg. 2). The choice of
the standardized T (used in Eq. 3 as well as imasing photosynthesis rates at this T) will infhge the estimated fraction
of electron fluxes for BVOC synthesis. In this stud data fitting to the suggested standard T di@/as conducted using
the observed ecosystem-level isoprene emissios imtkuly together with measurement chamber aiomfthe C plots. The
observations were mostly conducted during daytinité welatively high PAR values, and therefore tlesponse of the
emission rates to light was not specifically corsédl in the current data fitting. Potential feedsaitom the variations in
the atmospheric C{roncentration were ignored for the three yeark Wibprene sampling (a rough model estimation 86~3
reduction in emissions between 2006 and 2012).delte collected from different blocks were separ&edhe curve fitting
and the parameters controlling T responsean Eq. 3) were determined (Fig. 1). An adjustedialue of 0.23 was chosen
after fitting all the data from July over three y@ameasurements. Apart from the lovf Rlue for block 1, the data were
well captured by the exponential shap€ ¢R0.8) of the T response curve. The calibrated porses were used for
standardizing leaf-level emission rates (bgg,, Table 1) as well as estimating emission ratdhenmodel. This adjusted T
response was also evaluated with the observed ®mel@ir T and monoterpene emission rates in Ry 0.66 for all
blocks).

The abundance of each PFT was evaluated usingat®aduLAl against the point intercept-based vegatatiomposition.
The species were grouped into the correspondings RéfTcomparison and the point intercept-based witlsin the same
PFT group were summed. The summed hits were diwd#d100 pin hits to compare with the modelled LAhe point-

8
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intercept-based species abundances and LAl arecowiparable one-to-one throughout growing seasonsge sthe
measurement could include pin hits on differentplearts, whereas LAl only explains leaf coverddewever, the point-
intercept-based coverage approaches leaf coverhga the deciduous leaves become fully developeihgltine growing
season.

After calibrating the modelled GOluxes and LAI, the modelled isoprene and mona@eepemission rates were compared
with the observations. The simulated daytime ave@emissionsi(g C m? h™, daytime emission rates divided by day length)
do not allow an accurate comparison with the olesemission rates, which were typically obtainedhim middle of the
day (between 9 am — 5 pm). Therefore, an additiestimate of the emission rates for the conditiprevailing during the
sampling was made. This was done by computing misston applying the measured air T inside theanok and PAR
during the sampling time for photosynthesis and BVémissions. This computation was performed twicee using the
original T responsen( = 0.1,Ts= 30 °C,E;3 andEys, Eg. 3) and once with the adjusted T response 0.23,Ts = 20°C,
E 0 andEy.0, EQ. 3 and Fig. 1).

The model’s performance in modelling BVOC emissiaras evaluated by Willmott's index of agreement (Bj. 5) and
mean bias error (B) (Eq. 6). The ind&describes the agreement between the modelledsflgdewith the observedd)
and a value close to 1 indicates a good agreeniéet.indexB estimates the mean deviation between the modaled

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

N
Z:l]Ei _Oi|

A=1-— (Eq.5)
> (& -0/+/0,-0)
i=1
i(Ei -0)
B =izl (Eq. 6)

N

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

2.3.4 Effect of warming

To simulate the observed warming responses fronDIh€s, a warming of 2 °C was imposed in the modettie growing

season (the period with OTC warming) (Tiiva et a008; Valolahti et al., 2015). The modelled wargnesponses (WR,
difference between C and W treatments) using tiggnal T response and the adjusted T response egmpared with the
observed WR. Furthermore, additional simulationthvd warming by 4 °C and &, reflecting the range of climatic
projections in this region (IPCC, 2013), were alsaoducted to test for the anticipated ecosystereseaponses 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 LAI were sensitive to the parameteugathosen fors, which describes the
efficiency in converting solar radiation to carbdmstes, and which was varied between 0.02 to Ou6l CO, pmol
photons' following Pappas et al. (2013) (Fig. S1). For Ciixes, the lowest root mean square error (RMS&has
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 0.040, consistent with the stugty b
Shaver et al. (2013) was selecteddgrto limit the RMSE values of the modelled £fluxes and LAI. Using this value for
o, the model captured the observed day-to-day vanigias well as the magnitude of the chamber-b@st, ER and NEP
for 2010 and 2012, with an overestimation of GlDxes (particularly for the early growing seasoRg. 2), and a large
underestimation of LAl (Fig. 3). For the year 201 model showed large overestimations of therobgeGPP and ER for
the limited number of measurements in this grovéegson.

For the 5 PFT groups, the modelled growing seagdnvalues for 2010 and 2012 were much lower thangbint intercept-
based coverage estimations from the field obsemat{note different left and right axis scalesiig. B to allow comparison
of relative changes in response to warming), exéapthe Salix-type summergreen shrubs aeciduous prostrate dwarf
shrubs (SLSS+SPDS). The dominance of two vegetaoaps in the C plots, forbs/lichens and evergrelembs, 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 forbsfiens largely decreased (Fig. 3). For the two graiphrubs (NSLSS
and LSE+EPDS), the modelled increase is in agreemitim the observations. However, the observedelangrease of the
coverage of forbs/lichens as well as a decreaseetage of graminoids in the W treatments for thery2910 and 2012 were

not captured by the model.

3.2 Modelled BVOC emissions

BVOC emissions are closely linked to leaf as welbaosystem development. Simulating seasonal iarimt leaf area and
vegetation composition enables us to assess thelmedormance in representing short-term emisslmanges in response
to T and PAR, as well as long-term changes in aiget development and distribution. The seasondhtians of the

modelled daily BVOC emissions as well as the sgdall ®@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 vanatthrough the sampling periods (Fig. 4e), whiegsulted in strong
daily variations in the observed BVOC emissiong(HBia and 4c). These observed variations in is@pagitl monoterpene
emissions were generally captured by the model2@d6 and 2007. For the year 2012, the model ovarasd both
isoprene and monoterpene emission rates over the ampling days. Noticeably, the model used at 2 m height from
the ANS station to extrapolate the leaf T for eatimg daily BVOC emissions (Fig. S2), while the ebh®&d air T and PAR
during the sampling hours were used for modelling ¢missions to directly compare with the obser{l&d. 4). The
modelled high emission rates for a few days (A@0Q7/2007, 14/06/2012) were directly linked to tieserved high T and
PAR (Fig. 4e). Averaging over all measuring day2@96 and 2007, the modelled and observed isoprangsion rates
were 46.6 and 34.4g C m? h?, and the modelled and observed monoterpene emissies were 8.5 and 5.8 C m? h?,
respectively. For the year 2012, the modelled enmisgtes (80.4 and 14,8y C m? h for isoprene and monoterpenes,
respectively) were much higher than the observet 48d 0.5.g C m? h?, for isoprene and monoterpenes, respectively).
The large overestimation by the model in the y&dr22was also seen for GPP and ER (Fig. 2).

» Emission responses to 2 °C warming

In response to warming by the OTCs, the observetbsure air T in the W plots was 2Q higher than that in the C plots
averaged over the three growing seasons with oaseng. For isoprene, the observed magnitudes of (iR 4b) were
captured reasonably well by the model, except fdwgust 2007. For this day, the air T in the W vaggher than in the C
plots, but the PAR value was lower in the W tharthe C plots (Fig. 4e). Averaging over three ye#hrs, simulated and
observed isoprene WR were 19.6 and 284 m? h, respectively. Warming increased the observedé&memissions 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 momatespthe modelled and observed WR were 6.1 anggd®m? h?,
respectively. Averaging over three growing seasam@sming increased the observed monoterpene emsssip 93%, and
the modelled emission by 63 % (dividing the aveda@fiR with the averaged emissions for the days oiclwmeasurements
were made).

These modelled WR obtained with the adjusted BVO@sponsed, = 0.23,Ts= 20 °C, Eg. 3) were further compared with
the simulation using the original T responge= 0.1, Ts= 30 °C, Eq. 3). For isoprene (Fig. 5a), the siiotausing the
adjusted T response showed a substantial increase imodelled WR as well as a better agreemeft thé observations
(A =1.16, B = -8.85) than the simulation using th@inal T response (A = 1.47, B = -27.26). Thedelted WR using the
original T response largely underestimated the miesehigh WR. Averaging over three years, the isoprWR modelled
using the original T response (used at a globdéyomly gave 4 % of the observed WR, while the WiBdelled using the
new T response captured 69 % of the observed WiRgtlse modelled average WR to divide with the obsé average
WR). For monoterpenes, the WR modelled using thastetl T response (A = 0.80 and B = 2.13) showedoderate
improvement as compared to using the original paase (A = 1.35 and B = -2.83). The modelled WRgishe original T
response underestimated the observed WR by 72%héuhodelled WR using the adjusted T responseestiarated the
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observed WR by 53%. For the year 2007, the obsdrgidmonoterpene WR was better captured by thalabed WR with
the adjusted T response. As for the modelled eanissites, the overestimation of the observed WR ralginly occurred in
2012.

3.2.2 Annual emissions

A comparison of the simulated annual BVOC emissiwos) the C and W treatments demonstrated tha® fiiwarming
during the growing seasons increased both isopagige monoterpene annual emissions. Averaging oveyehss, this
warming increased annual isoprene and monoterpaigsiens by 55 % and 57 %, respectively (p < OMann-Whitney
test). The modelled emissions showed strong imanal variations in response to warming (Fig. @& the warmest year
(2011), the W treatment increased annual isopredenzonoterpene 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 WHRew68 % and 70 % for annual isoprene and monaterpmissions,
respectively. The modelled annual WR were of simiteagnitude as the modelled daily average WR (datashown) for
the days with BVOC samplings (63 % for isoprene &hdo 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 levd warming
appeared in 2011. Highévels of warming further elevated isoprene emissifor all years, but the impact on monoterpene
emissions levelled off due to a decreasing coverdgevergreen prostrate dwarf shrubs (EPDS) witie &arming. The
decrease in coverage of EPDS only occurred folabefew years with 4C warming. The different levels of warming
generally increased shrub growth, but largely desmd the coverage of forbs/lichens and gramin@dis/(and GRT) (data
not presented). At annual scale, the long-term tatige changes associated with warming B 4or 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) geligrinllowed the
observations, in spite of the poor representatfaihe observed vegetation composition (Fig. 3). hematch between the
modelled LAl and the observed vegetation coveragkkely partly due to that LAI only includes theeal coverage by
leaves, whereas the point intercept-based vegetatwerage also includes coverage detected of at@veground plant
parts, like stems. Further, the mismatch may atésodused by an underestimation of the allocaticeseimilated carbon to
foliage in LPJ-GUESS and/or too low SLA values ([EaBl). In LPJ-GUESS, the carbon allocation amaffgrdnt living

tissues follows four allometric equations to cohthe structural development of each modelled piladitvidual (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 a3 of 0.08 at the regional scale, which may requinghier
justification after the reduction ifs that was applied here to match the observed @y fluxes. The reduced quantum
efficiencies reflect the growth environment wittwl@ and low sun angle in high latitudes (Shavealet2013), but more
observations are still needed to better quantghtliuse efficiency of arctic plants (Dietze et 2014). Furthermore, Van
Wijk et al. (2005) found a close linkage betweenltfoliar N content and LAI for arctic plants, vehi was 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®nfith et al., 2014),
which need to be improved in future model simuladian this region (Michelsen et al., 2012). Theduision of arctic
PFTs into smaller groups to specifically consid@prene and monoterpene emission features was shdvenimportant for
capturing the emission dynamics in this heath tareosystem. The development of parameterizatamarétic PFTs also
requires considering the phenological and physiogodeatures of mosses (currently aggregated inGbh®l-type PFT,
Table S1), which may bring additional uncertaintieshe modelled LAI. The current evaluation of thedelled LAI with
the point intercept-based measurements of plardrege cannot disregard uncertainties from the figthod itself, such as
subjective judgement of species from each hit, sardpling inclining angles (Wilson, 2011). Also, seasonal variation in
leaf development as well as the randomly selectedkb from the heterogeneous landscape may fudbeplicate the
comparison of the simulated LAI with the local ohsdions. Capturing the start of the growing sedsatme model is also
crucial for depicting the dynamics of seasonal,@xes (Tang et al., 2015). The overestimated GPte beginning of
growing seasons (Fig. 2a) suggests uncertaintig®utelling the time of its start. The current altion for detecting start of
growing season in large scale applications (Syked.£1996) may not be sensitive enough for prexticof budburst of
arctic plants (Pop et al., 2000).

The modelled annual isoprene and monoterpene emiss?0 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 photosysighéluxes, but also
determined by the emission capacity assigned th B&3 (see Tables 1 and S2). For some PFTs (befSatix-type and
prostrate summergreen shrubs, SLSS and SPDS)rissien capacities in Table 1 are of similar magiét as observed
values that are applied in large-scale models éwedd forests (see Table 2 in Rinne et al. (200)E observed relatively
low emissions in comparison with lower latitudesr{éth et al., 2011; Sindelarova et al., 2014) aaenip caused by low T
and plant biomass, and not by low emission caacittolst et al., 2010).

The numbers for the estimated annual emissionstéirbighly uncertain, considering the dissimitées to the observations
in the modelled LAI, early season gfuxes as well as the overestimation of daily igm@ and monoterpene emissions of a
few days. The observed low values of Cioixes (GPP and ER) and BVOC emissions in 201ddcbe due to harmful
effects of an insect outbreak in the nearby biaredt (Hanna Valolahti, personal observation). pbeential impacts from
insect outbreaks have not been explicitly inclugethe 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 sensitivigit tvas obtained in this
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study does not extend to these high temperatuteesaFurthermore, the estimated emission ratesh@mayore robust for
isoprene than for monoterpenes, because 1) thetadjll response curve was only applied for monetexproduction, and

there is a lack of data for evaluating T resportdfesionoterpene emissions from storage pools (Egq2¥here are more

studies supporting CQOnhibition on isoprene emissions (Arneth et alD2) than on monoterpenes (Pefiuelas and Staudt,

2010). Therefore, more laboratory experiments imtrmdled conditions testing BVOC responses (esgigamonoterpenes)
of arctic plants to different environmental varedblcould largely reduce the abovementioned unoégai Based on the
current estimation, the relative magnitude of isoer and monoterpene emissions from this site maycantribute
significantly to the global number. However, thghiy reactive compounds emitted by plants couldengd chemical
reactions in the local/regional atmosphere and igeofeedbacks to the climate. Furthermore, the \irgrimduced strong
increase of emissions could indicate an increasitegof 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 spictbe study area
were mostly considered to be isoprene emittersv§Tet al., 2008; Faubert et al., 2010). The obskmw®noterpene
emissions were generally low for the sampling dage Fig. S2), which could bias the evaluation. éMinservations in the
higher T range would enhance our confidence innth& T response function, specifically for monotegse Furthermore,
the current observations of BVOC emissions onlyeced the main growing season. Sampling over a losggson would
help to improve the parameterization of the pamithg over direct emission and storage, as wellhasT response of
emission rates from storage pools. Furthermorepiog’C labeling experiment focusing on arctic mesoco@nsiwall,
Ghirardo et al., unpublished data) could also heljpdentify the fraction of monoterpene emissiorenf production or
storage.

The push-pull enclosure technique used for BVOGssimn measurements can bring uncertainties to dasunement data:
the choice of sampling time and flow rates influemtemperature and humidity inside the enclosudetlais, in addition to
potential gas concentration changes within theasueck, 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 al.025). The model evaluation using these half-hoaglsamplings cannot

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

4.2 Responses to warming

The modelled increase of shrub coverage in respmngee 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 sitefpeand was not captured by the model. In coniréiee modelled W-
induced decreased coverage of graminoids and fatesis agrees well with the large-scale trendtifled by EImendorf et
al. (2012) who conducted a global synthesis of @idta warming experiments. The decreasing soil tone@sin W

treatments (excluding wet ecosystems) is one ofrtai@ constraints on bryophyte coverage (Lang.e2812).
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Along with vegetation community alterations, theokterm T responses of the vegetation are ceriitnalaccurately
depicting daily BVOC emission responses to the ®dtment. Through adjusting the BVOC T sensitivitprfi o, = 0.1, Tg
=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 observpdnsss (28.41g C m? h' for isoprene and 4.fg C m? h™ for
monoterpenes). The adjusted T response curve Bpisesubarctic plants’ isoprene emission respots@garming better
than the original curve which has been paramet@iaeglobal simulations (Fig. 5). It further supfsothe earlier suggested
stronger T sensitivity of BVOC emissions from aggtilants compared to plants from other regions €dlet al., 2009;
Holst et al., 2010; Rinnan et al., 2014; Kramshwgle 2016). The commonly-used T response in Cherig algorithm
(Guenther et al., 1993) is based on the Arrhenyge-tiependence 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. Tigh hi value found in this study indicates that a slifhihcrease during
summertime could cause a large increase of iso@adanonoterpene emissions from the studied cdidrstic ecosystem
(Faubert et al., 2010; Holst et al., 2010). Furthane, the adjusted T response is based on thefittatg of the observed
canopy air T with hourly isoprene emission rates] this response is used to estimate both the mmisates at sampling
hour and also daytime emissions in the model. Tifierdnt temporal resolution for estimating daytimmissions calls for
further adjustment of this T response for arctanps.

The underestimation of strong isoprene WR on 5 2067 (157.8.g C m? h™) cannot be directly linked to the T and PAR
differences between the C and W plots during tmepdiag time. The modelled emission at the C plos\24% lower than
the observed, caused by slightly different metesgrichl conditions during the sampling, but the niledeWR was 74%
lower than the observed on this date. The obsestredg WR could be linked to strong elevation aff[€. The low-statured
plants in dry to mesic tundra ecosystems are efftdin absorbing heat and thus prone to have albafhl on a sunny day
(Schollert et al., 2014; Lindwall et al., 2016bhig can directly elevate BVOC emissions and WR dlall et al., 2016a),
and decouples leaf T from 2 m air T (Korner, 200Bidwall et al., 2016a). Furthermore, for regionghwunderlying
permafrost (not the case in this study site) inAngtic, the potentially low ecosystem evapotrarefpdn can increase both
ground and leaf T. Also, plants acclimated to caddironment may drive larger emission responses timey are exposed
to warmer T (Rinnan et al., 2014). The observeongtWR can also be partly due to the potential sfflects of the OTCs
in the W treatment, e.g., reduced wind speed (DecBe@t al., 2012), drying of the surface soil amctéased frequency of
high-temperature events (Bokhorst et al., 2013)atual to decadal timescales, the warming in #pe@mental plots
caused changes in total plant biomass and speoierage which were found to contribute to the iaseein BVOC
emissions after 13 years of treatments (Valolahtale 2015). These indirect effects on BVOC enaissi were not yet
identified after 7-8 years of warming in 2006 ar@2D?2 (Tiiva et al., 2008; Faubert et al., 2010), ahhhighlights the
importance of accurately representing the tempadyabmics of vegetation as a driver of BVOC emissiorhe modelled
annual emissions in response to different degréegamming (Fig. 6) clearly elucidated the combireftects of the direct

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

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

4.3 Suggestions for further work

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

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

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

PFTs to warmer climate should be better parameigriiz the model to improve the representation n§ierm vegetation

effects on BVOC emissions.

5 Conclusions

This study has demonstrated the model’s abilitgddpict the observed isoprene and monoterpene emissies as well as
daily variations in the BVOC emission of a subardtindra ecosystem. The modelled warming respamsieg a response
curve adjusted for a stronger T response showed ggoeements with the observations, especiallytHferdays with the
observed strong emission responses to warming.t-Blran underestimation of the observed peak of W48 wost likely

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

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

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

Table 1 Plant functional types (PFTs) and represeative species in the study area. The emission cajisoof isoprene Es, ug C

gdw* hY) and monoterpenesEys, pg C gdw® h) at 20°C (in bold and italics) used the adjusted temperatte response curve from

this study, whilst the averaged literature values fothe emission capacity at 30C were based on the Guenther’s algorithms. The

values are based on the available growing seasoafiéevel measurements from the Arctic.

PFT Eisss Eiszo Ewmsso Emso Representative species hames

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 2492 1.208 1199  Vacciniumuliginosum; Betula nana

(NSLSS

Evergreen Prostrate Dwarf Shrubs 1411 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 0425  Salix arctica, Arctostaphylos alpinus, Salix reticulata

(SPD9S

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, Bartsa 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 inlagion to the chamber air temperature in July overthree field seasons (2006,
2007, 2012) in the Abisko tundra heath.
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Figure 2 Modelled (grey) and observed (blue) grosprimary production (GPP, (a)), ecosystem respiratin (ER, (b)), and net
ecosystem production (NEP, (c)) for the growing sean of 2010 and 2012 in the control plots at the Ad¢ko tundra heath. Error

bars indicate the standard deviation for the six replicates

25



0.7 — — 0.3
P Obs-C % i
D 0.6 — Obs-W
O™ ] | e moac % -0
2 0.5 B Mod-W ¥, L (\'JE
(S -
8 A Z ? 0.2 c\JE
L 04 i £
3 7Z — 015 5
so3- 1 P 7 7, i 2
S - . —01 3
% 0.2 — 7 i §
s 7
.ﬂ%_ 04 7, Z Z 7 — 0.05

GRT SLSS+SPDS NSLSS LSE+EPDS CLM
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observed (Obs) and the modelled (Mod) coverage tdl@av comparison of warming effects. GRT: Graminoidtundra; SLSS: Salix,
low shrubs summergreen; SPDS: Summergreen prostrat@warf shrubs; NSLSS: NonSalix, low shrubs summergreen; LSE: Low
shrubs evergreen; EPDS: Evergreen prostrate dwarfrgubs; CLM: Cushion forbs, lichens and moss tundra.

26



lsoprene
N
o
o
L T
O |9
o o
7 a
OH

B Mod-C
100 F |EZZZZ2 Obs-WR

Isoprene WR

N
o
T

Monoterpene
e
o
T
O |4
g 0
2 q
00

|

w
w

N
o

WR
S

|

T T ]

BB Mo WR :

| 2227 Obs-WR I
I

1

1 1 1 1 1 1

Measured T Monoterpene
&

35 - Obs-C: airT ® Obs-W:airl 1200 &

3ok ObsC:PAR @  ObsW:PAR ™ ! s €)1 1000 &

. S o, S $ . °l 3

® o

15 - g o : ° $! 500 2

o1 9 O . I ¢ ¢ 2

! ] 1 1 ] [ ] 1 1 1 1 T | ! ] %
13/06 18/06 04/07 25/07 22/08 28/08 14/06 17/06 06/07 10/07 16/07 05/08 30/08 14/06 28/06 16/07

Dates

Figure 4 Comparison of the modelled (a) isoprene ah(c) monoterpene emission rates with the observatis in the control (C)
plots and evaluation of modelled warming response@VR) with the observed WR (b and d) at the Abisko undra heath. The
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Figure 5 Scatter plot of the modelled (Mod.) and th observed (Obs.) warming response (WR) for both aprene (a) and
monoterpene (b), using the adjusted (Adj) and therayinal T (Orig) response.
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Figure 6 Modelled annual isoprene and monoterpenen@ssions for the period 1998-2012 at the Abisko h#atundra. The warming
(W) treatment started in 1999 and three levels of arming (+2 °C, +4°C and +8°C) were applied during summertime. The

5 modelled annual emissions in the control (C) plotare also presented.
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