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Abstract

This paper aims to assess the spatial variabilithé response of G@xchange to irradiance across
the Arctic tundra during peak season using ligepoase curve (LRC) parameters. This investigation
allows us to better understand the future respohgectic tundra under climatic change. Peak season
data was collected during different years (betw&888 and 2010) using the micrometeorological

eddy covariance technique from 12 circumpolar Arttindra sites, in the range of 64-74°N.

The LRCs were generated for 14 days with peak oesystem exchange (NEE) using an NEE -
irradiance model. Parameters from LRCs represenspecific traits and characteristics describa)g:
NEE at light saturationH.ss), b) dark respirationRy), c) light use efficiencyd), d) NEE when light is
at 1000 pmol M s* (Faoo), €) potential photosynthesis at light saturat{Pr,) and f) the light

compensation pointL.CP).

Parameterization of LRCs was successful in prewjc€Q flux dynamics across the Arctic tundra.
Yet we did not find any trends in LRC parametersoss the whole Arctic tundra but there were
indications for temperature and latitudinal diffeces within sub-regions like Russia and Greenland.
Together, LAI and July temperature had a high exailary power of the variance in assimilation
parametersH.sa, Fcio00 and Psyy), thus illustrating the potential for upscaling £€xchange for the
whole Arctic tundra. Dark respiration was more &hle and less correlated to environmental drivers
than was assimilation parameters. This indicatesrtherent need to include other parameters such as

nutrient availability, substrate quantity and gtyailn flux monitoring activities.
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1. Introduction

Arctic tundra ecosystems contain vast amounts difaze(C) that could potentially be released to the
atmosphere in a warming climate. It is, howeverglesr how these carbon stocks are renewed by
presently growing vegetation, and whether actuadeGuestration rates vary among arctic tundra
ecosystems and vegetation types. Using eddy cowaigEC) flux data collected from the few
seasonally active long-term flux sites in the Arctive assessed ecosystem-scale growth and

respiration rates using a light response appraaenswer this question.

Arctic tundra ecosystems are unique ecosystemspeitimanently frozen subsoil (permafrost), which
have global implications for climate and global earmental change (Shaver et al., 1992). Although
estimated to cover only 8% of the global land steféMcGuire et al., 2009), they contain vast stocks
of C stored in the permafrost, estimated to béénarder of 1400 to 1850 Pg C (Hugelius et al. 3201
Kuhry et al., 2009; McGuire et al., 2009; Schuualet2008). Their climate and vegetation have been
shown to be most sensitive to global change (AQ@BQ5; Oechel et al., 2000; SWIPA, 2011). A
decade ago, studies still did not agree on whetiigregion is a net sink or source of carbon alexi
(COy) as individual site studies either proved insudfit or inconclusive in explaining this (Vourlitis
and Oechel, 1997, 1999). Yet, recent estimatesestighat the Arctic tundra is most likely a netksin
of CO, (IPCC, 2013), though whether it is a strong or kvaeink needs to be further assessed

(McGuire et al., 2012).

Previously, the Arctic tundra C budget has beemest¢d by using data from a few detailed study
sites to extrapolate to the larger surrounding @védliams et al., 2006), and by the application of
regional process based models (McGuire et al., R@ling up from a few measurement sites to the
circum-arctic region raises the question of repregeveness of sites and measuremenkds also
holds for the widely used EC methodology (Baldoc2003) with which a footprint of typically a few
tens of square-meters to a hectare of tundra suiamovered, from which conclusions are drawrafor
vast area where no measurements exist (Chapin.,e2Qf10). Hence, the derivation of functional

relationships of assimilation and ecosystem respiraates as a function of environmental drivers
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bears more potential for providing insights inte thverall functioning of Arctic tundra vegetation
(Laurila et al., 2001). Simple models using leafaaindex (LAI,) temperature and photosynthetically
photon flux density (Shaver et al., 2013; Shavealet2007) have been shown to make reliable
predictions of measured net ecosystem exchange )(BEEits components at the plot scalel (nf)

in the Arctic tundra. Model parameters can therekamined for differences among sites related to

differences in climatic and environmental condiighaurila et al., 2001; Williams et al., 2006).

Most Arctic tundra sites are characterized by smalissions of C@during winter (Fahnestock et al.,
1999; Jones et al., 1999) and by high uptake duhiaghort growing season, which is often less than
100 days. Despite being short, the growing seaasrbBen shown to be most relevant in defining the
spatial (Aurela et al., 2004; Kwon et al., 2006ndwet al., 2010), and temporal variability (Griféis

al., 2000; Groendahl et al., 2007; Lund et al.,20h net ecosystem C budgets of Arctic tundra.
During this period, there is a net uptake of ,Gfom the atmosphere, which is characterized by a
seasonal trend, peaking shortly after midsummer, July (Groendahl et al., 2007). In the Arctic
tundra, peak season coincides with maximum air égatpre leading to the highest plant growth rates.
Consequently, plants reach their maximum leaf towards the end of that period. It should be noted
that light is not a limiting factor to plant grow{®berbauer et al., 1998)) as the sun does not set
during peak season. However, this complicates ticerate determination of ecosystem respiration
with the EC approach (Eugster et al., 2005) unterdbsence of dark nights. The light response
approach circumvents this problem (Gilmanov et26Q3) by only using daytime data. Therefore, the
light response method used with peak-season Enflresurements from available long-term sites in
the Arctic, seems the best approach associatedB@tto increase our understanding of how net CO
exchange and its gross components of assimilatiehezosystem respiration differ among tundra
ecosystems. This study is the first to compare mesmson NEE — irradiance characteristics at the
landscape scale across different tundra types icmytve entire circumpolar Arctic. We hypothesized
that: (1) light response curve (LRC) parameters lbanused to predict net ecosystem exchange
dynamics across the Arctic tundra; (2) vegetatiooperties e.g. LAl and normalized difference

vegetation index (NDVI), temperature and peak segd®nology (start date) are the main drivers of



95 Arctic tundra’s NEE dynamics; (3) variability in é@ic tundra LRC characteristics follows a

96 temperature and latitudinal gradient.
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2. Materials and Methods

2.1 Sites description

This study focuses on some of the most common tgpésndra ecosystems across the circumpolar
Arctic ranging from 64 °N - 74 °N; including thredaskan sites (US-Anak-LA, US-Barr-LA, US-
Ivot-LA), one Canadian site (CA-Dar-LA), two Greantlic sites (GL-Nuuk-LA, GL-Zack-HA), three
Scandinavian sites (NO-Ando-SA, FI-Kaam-SA, SE-&6A) and three Russian sites, i.e. RU-Kyt-
LA, RU-Sam-LA and RU-Seid-SA (Fig. 1, Table 1). Téiees range from peat bogs and fens to wet
and dry tundra ecosystems; with and without perosafiSite names used in the study are composed
of country abbreviations (e.g. SE for Sweden andf@LGreenland), abbreviated site names (e.qg.
Stord for Stordalen and Zack for Zackenberg), abbreviated Arctic tundra type (e.g. SA for
Subarctic, LA for Low Arctic and HA for High Arctjc A detailed site description can be found in

Table 1. Fig. 1 illustrates site locations and &réiburistic boundaries (AMAP, 1998).

2.2 Data sets

The analyses in this study are based on eddy @nei (EC) measurements of net ecosystem
exchange (NEE) of COalongside environmental variables. Environmentatiables include
photosynthetic photon flux density (PPFD), tempse(air and soil), soil moisture, precipitatiordan
radiation (net and global). The length and rangene&surements vary among sites from year round

measurements to summer campaigns at the most gsiloleesites.

Various instruments for EC measurements have beed across the sites in this study, including
analyzers such as the open-path LI-7500 (LiCor, Id&A), closed-path LI-6262 and LI-7000 (LiCor
Inc., USA), and the open-path IRGA designed by NGAAtmospheric Turbulence and Diffusion
Division (ATDD). In this study, we have only exarathpeak season data, a period during which snow
and moisture obstructions of the infrared pathweal as the surface self-heating issue (Burba.et al
2008) on open path systems are expected to ber eitmémal or inexistent. Wind velocity and

temperature has been measured using 3D sonic areBran(R2 and R3, Gill Instruments, UK;
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CSAT3, Campbell Sci., UK; and SWS-211, Applied Tredbgies). The frequency of G@ux signal
measurements ranged from 5 to 20 Hz depending ersite. Varying data collection frequency
between 5 and 10 Hz did not significantly affectuling fluxes in Kytalyk (van der Molen et al.,
2007). With the exception of Samoylov Island, withe hourly averaged flux data, all sites have
averaged flux data into 30 minute averages. Quamsiemsors (Models Li-190SA, Li-190SB and Li-
190SZ, LiCor Inc., USA) have been used to meashotgsynthetic photon flux density (PPFD, pmol
m? s%). For Kytalyk, where there were no direct PPFD soeaments, estimates were made from
global incoming radiation assuming a linear relaglup (Jacovides et al., 2003). Table 1 summarizes

ecosystem characteristics and EC instrumentatidrsatup across sites in this study.

Raw data from the EC systems has been processagl stsindard procedures (Aubinet et al., 2000;
Baldocchi et al., 2001). It is imperative that slardized post processing procedures are usedtso as
avoid bias introduced by different flux correctiapproaches (Lund et al., 2010). Details of the EC
post processing corrections are found in the relepablications for each site: US-Anak-LA (Rocha
and Shaver, 2011), US-Barr-LA and US-Ivot-LA (Kwem al., 2006), CA-Dar-LA (Lafleur and
Humphreys, 2008), FI-Kaam-SA (Aurela et al., 20@RWY-Kyt-LA (Parmentier et al., 2011), NO-
Ando-SA, GL-Nuuk-LA and GL-Zack-HA (Lund et aRPp12), RU-Sam-LA (Kutzbach et al., 2007;
Runkle et al., 2013), RU-Seid-SA (Marushchak et 2013), and SE-Stord-SA (Christensen et al.,

2012).

2.3 Data Analyses
Growing season was calculated as the period frenfitst to the last day of net daily uptake of LO
We split each growing season into 14 days segmamiscarried out light response curve (LRC)

analyses on these segmentsing theMisterlich function (Falge et al., 2001):

-a(PPFD)

NEE=~(F,., + R,)(1-e =™ )+ R,. (1)

This function has three parametelss{, o, Ry) that were obtained via least-squares fitting iatlib

R2010 (The Mathworks Inc., USA) to observed daytif@@FD > 10 umol i s?) values of NEE
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(umol m? s1), using PPFD (umol ths?) as the single environmental driving variable. The at
light saturation E.s) parameter is the maximum net g@take - i.e. when further increases in PPFD
do not affect the uptake of Gy the vegetation (in umol frs’). The parameteR; illustrates dark
respiration, i.e. the COlux when PPFD equals O (also given in pmot s1). Light use efficiency,
also known as quantum vyield)( is the initial rate of change in NEE with incsgay PPFD. Other
functional parameters examined include the flux wRPFD equals 1000 in pmol™ns® (Fcig00;
potential photosynthesis at light saturati®,), calculated a&.sy; + Ry; and the light compensation
point LCP), illustrating the light level at which the ecosm switched from a net source to a net sink
(PPFD when NEE = 0 pmolfis?). Fig. Bla-e illustrates the parameterization Bf_usingequation
(1). The 14 days period with maximuRys, is hereafter referred to as the peak season.penied is
characterized by maximum light levels as the surensets below the horizon. Also, vegetation is at
its peak (maximum NDVI and LAI) with highest plagtowth rates coinciding with maximum air

temperatures.

The LRC parameters were then compared among siteentify the variability of the Arctic tundra.
This approach is advantageous for inter-site coippas because sites can readily be compared
irrespective of varying meteorological conditiohsyrila et al., 2001). Th®listerlich function (Falge

et al., 2001) is ideal for such a comparison as$umes a more realistic upper limit for NEE, vaith

clearly defined value at high PPFD and a strongerature than the rectangular hyperbola (Fig. B2).

For comparison with other studies, we have usedltezegrom previous studies that compared
Greenland, Finland, Norway and Sweden (Frolkinglet1998; Laurila et al., 2001). These studies

have used a rectangular hyperbolic function:

* *
NEE< 92" PPFD*P, o ?
a,* PPFD+P,_,

The resulting parameté,., refers to potential photosynthesis at light sdtonaR is dark respiration
while oy is the initial slope of the light response curvdight use efficiency. The parameté&gsanda

from equation (1)are comparable tB anda, from equation (2) respectively (Fig. B2), where&s,.x
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from equation (2)is consistently showing more negative values tRap (Fig. B3), due to an

unrealistic increase in NEE (in absolute termg)igih light levels irequation (2)Fig. B2).

For sites with multi-year data, LRC parameters amttillary variables were averaged for
corresponding peak periods and error bars indstaiedard deviations among site years. In order to
investigate the drivers of variability in peak smad RC parameters across the Arctic, regression
analyses with phenological variables — such as igigpwseason start, growing season length and peak
season start - were performed using the lineaessgyn tool in IBM SPSS Statistics 20. Furthermore,
mean environmental variables for July - e.g. ai aqil temperature, soil moisture, vapor pressure
deficit (VPD), relative humidity, incoming and owigg shortwave radiation, net radiation,
precipitation and PPFD, were also examined foriagmt relationship to LRC parameters. Maximum
leaf area index (LAI) was extracted from referentieetature (Lafleur et al., 2012; Laurila et al.,
2001; Lund et al., 2010; Marushchak et al., 2048)jje NDVI data was retrieved from MODIS Land
Product Subsets (http://daac.ornl.gov/MODIS/) & 25* 250 m pixel in the dominant wind direction
and within the footprint of the flux tower. Theaficient of variation (CV), calculated by dividing
the standard deviation by the mean, has been usedntpare the variation among LRC parameters
across the Arctic. Curve estimation and regresaitalysis were done using an analyses of variance
(ANOVA) for linear relationships using the curveigmtion tool (IBM SPSS Statistics 20). Multiple
linear regressions (step-wise) were used to iny&i the combined control of environmental

variables on LRC parameters using the linear regmagool (IBM SPSS Statistics 20).
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3. Results and Discussion

A multiple linear regression using maximum LAI abaly air temperature as independent variables
was found to strongly explain plant growth acrogs Arctic tundra sites as expressed by the
assimilation parameter$dy, Fcioooand Fesa) of the LRC (Table 2). A maximum of 93% of the
variability in F¢000 could be explained, and similar performance of iiedel was found foF gy
(92%) andPs4(90%). Shaver et al. (2013) developed a model fedipting NEE based on short-term
small scale chamber flux measuremertsl (nf) from various ecosystems types within five Arctic
sites (including US-Barr-LA, SE-Stord-SA a@d.-Zack-HA in this studyusing LAI (estimated from
NDVI), air temperature and PPFD. Their model expdi ca. 75 % of the variation in NEE across
Arctic ecosystems. The main advantage of usingsieeque scale eddy covariance (EC) data compared
with plot scale chamber data is that EC data iatiegrfluxes over a larger area, which thus makes it
more readily comparable with satellite-derived mfation. Despite differences in scale and model
parameterizations, our results confirm the findiogsShaver et al. (2013) on the great potential in

using LAI, NDVI, air temperature and irradiance fgscaling Arctic C@exchange.

Maximum LAl explained 70 to 75% (Fig. 2, Table Z)tbe assimilation parameters suggesting that
direct measurements of leaf area could be usefstimating photosynthesis from tundra ecosystems.
Satellite derived LAl has also been shown to sigaiftly explain Photosynthesis in the Alaskan
Arctic (Ueyama et al., 2013). Remotely sensed N@¥s not quite as powerful in explaining plant
growth; NDVI explained 59 to 67% of the variance dssimilation parameters (Fig. 3, Table 2).
Generally, LAl exerted stronger controls on LRCamaeters than NDVI (Fig. 2-3). Using LAl is
advantageous as it is a real and physical vegetptiaperty, directly measured through plot sampling
and shown to be directly linked to C exchange whilBVI is a surrogate vegetation property often
used to estimate LAI (Shaver et al., 2013; Shaved.e2007). In our study, LAI data was available
for only nine sites as opposed to twelve for NDSiven the differences in measurement methodology
and instrumentations, comparing LAl among sites nmaoduce uncertainty in the estimates. LAl
used herein is for vascular plant cover only (Rd€81), thereby ignoring non-vascular plants like

mosses, which are known to contribute significatl\Arctic ecosystem C&xchange (Street et al.,

10
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2012). Satellite derived indices like NDVI may alse useful as similar calculation methods have
been used and there is a possibility of upscalimgHe whole Arctic tundra as satellite derived NDV
data are readily available (Loranty et al., 20I0gspite the shortcomings of LAl and NDVI, they
have been shown to satisfactorily estimate grossapy productivity GPP) (r* = 0.78 — 0.81) in
northern Scandinavia and Alaska (Street et al.7206 general, all LRC parameters had a significan
or, in the case at, close to significant (p = 0.09) relationship wIDV1, illustrating the potential to

use Earth observation products for spatial intégnat

On its own, temperature was the least significaived of variations in LRC parameters, explaining
only about 32% to 35% dFcss Psar @and Feio00 (Table 2). Yet, in combination with LAI, controho
assimilation parameters was greatly improved (Taplas warming increases the productive capacity
and leaf area of most plant species (Walker et2803). This could be explained by the fact that
higher temperatures increase weathering, nitrogeridn (Sorensen et al., 2006) and soil organic
matter decomposition (Robinson et al., 1997) theiabreasing soil nutrient availability. There is,
therefore, an urgent need for standardized roufmresionitoring other aspects that are not coveted

several sites across the Arctic tundra like nutreailability and substrate quality.

It was interesting to notice that mean July airgerature seemed to exert stronger control&gp
Psa:andFcio00 (@ssimilation parameters) than & A steeper slope (0.3 — 0.4 pmol Q82 s™* K™) of

the temperature vs assimilation parameters regimes$il able 2) as opposed to temperature vOR
umol CQ m? s* K™Y suggested that an increase in temperature wauldecan increase in net £O
uptake during peak season for the ecosystemsdrsthdy, thereby strengthening the sink function of
the Arctic tundra, if no other factors are consédierOne limitation of modeling photosynthesis and
respiration as a function of environmental variabie that these physiological properties tend to
undergo different degrees of acclimation to somarenmental variables. Ecosystems acclimate to
warmer temperature by increasing the thermal optirfar their continued survival (Niu et al., 2012).
Previous studies have shown a strong and indeperitienrmal acclimation of photosynthesis
(Baldocchi, 2008; Baldocchi et al., 2001; Mooneyakt 1978; Niu et al., 2008), leaf and ecosystem

respiration (Baldocchi, 2008; Centritto et al., 200w et al., 2008a; Ow et al., 2008b) and NEE

11
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(Yuan et al., 2011) at the level of the ecosyst&mort term monitoring in the High Arctic has
suggested that photosynthesis and ecosystem itaapifaund et al., 2012; Oechel et al., 2000) have

increased with observed changes in climate, whit€ lrends remain unclear (Lund et al., 2012).

We have identified that there is a large circumpolariability in the light response and LRC
parameters within the Arctic tundra. This is refibetin the varying shapes of LRC among the sites
(Fig. 4a-c), thus, suggesting thatctic tundra ecosystems are diverse and shouldadreated as a
single entity.We originally had expected that respiration ratesnfthe generally waterlogged active
layers typical of tundra ecosystems should respoacke clearly and positively to temperatures. But
the dark respirationRy) did not show a consistent temperature pattewwygh it varied substantially
among tundra sites (Tables 2-3). Unlike NEE whildirectly measurediy is a modeled parameter.
The correlations betweeR; and vegetation indices (LAl and NDVI) were sigo#it (Fig. 2b-3b;
Table 2); however the relationships were weaker pgoyed to those observed for assimilation
parameters (Fig. 2-3a, d, e; TableR)evious research has shown that Arctic plants ivatiyeir light
responses and rates of photosynthesis (Bigger aotel) 1982; Chapin and Shaver, 1996; Oberbauer
and Oechel, 1989%imilarly, a high inter-site variability of summimnie NEE has been documented in
another comparison study (Lund et al., 2010) ortheon wetlands in northern Europe and North
America. This is contrary to quantified variability seven Canadian sites (Humphreys et al., 2006),

where the rates of peak seadtfiE were comparable.

Though all sites attained peak productivity in J(lable 3), a regression analysis showed that the
variability was unrelated to the start of the peakison and did not reveal any latitudinal dependenc
Interestingly, the largest differences among LR@ves within the Low Arctic were seen between
RU-Sam-LA and RU-Kyt-LA (Fig. 4b; Table 1). This ynanean that geographical proximity and
similar latitude are not the key factors that explandra ecosystem G@uxes. An examination of
the coefficient of variation (CV) showed that thesianilation parameterd={s., Fci000 andPsy) were
less variable thaify (Table 3) among study sites. This suggested tbasystem respiration is a
stronger driver of C@flux variability in the Arctic tundra during peaeason than the assimilation

parameters. Yet, comparable variability in photdlsgais and ecosystem respiration was found in

12
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seven Canadian Boregkatlands(Humphreys et al., 2006) during peak season whiledrthern
wetlands (Lund et al., 2010) and Canadian tundadi€ur et al., 2012) ecosystems, variability in NEE
was driven mainly by photosynthesis. This may beahee ar study is comprised of a wide range of
climate and ecosystem settings as opposed to monttetlands (Lund et al., 2010) and the Canadian

Boreal peatlands (Humphreys et al., 2006) and #dreadian tundré_afleur et al., 2012)

TheLCP is the light level at which the amount of £f@leased through ecosystem respiration equals
the amount taken up by plants through photosyrgh@siis varies in response to a different vegetatio
composition and light conditions (Givnish, 1988;v@sh et al.,, 2004). Photosynthetic €O
assimilation also depends Ribulose 1,5 bisphospffubisco) enzymatic activity, which, has been
shown to be more significant in limiting photosyeiilc assimilation than the average light condiiion
the dominant plant species in RU-Seid-SA (Kiepalgt2013). The average light levels during peak
season could explain about 50%L&P (Fig. 6, Table 2). In this studi,CP varied between 50 pmol
m? s*and 156 pmol M s, well above the estimated (33 pmof &) rate for a temperate peatland
(Shurpali et al., 1995) but within the estimatetésafor Sphagnundominated tundra ecosystems in
the Low Arctic, 10 — 140 pmol fs* (Skre and Oechel, 1981). Previous studies haversh€P to

be lower for shade-grown than for sun-grown vegmtaéven when there is no significant difference
in their photosynthetic parameters (Bjorkman et1872; Givnish, 1988). This suggests th@P may
have no control on the C gain/loss of the ecosystivnish (1988) therefore proposed that, for the
compensation point to be meaningful, other vegmtatosts related to night time leaf respiration,

growth of plant stems, leaves and roots must bsidered (effective compensation point).

Variability in local weather conditions has beerowh to be largely responsible for between-year
fluctuations in CQ flux components of northern ecosystems (Groeneéaldl., 2007; Lafleur and
Humphreys, 2008; Lund et al., 2012; Lund et al.1®0 In this study, for example, RU-Seid-SA
consistently had the highest rates of LRC pararsdkgdg. 5; Table 3); however, this was based on one
single year of data (2008). Though 3 - 5°C warntantthe long term July mean, 2008 July
temperatures were lower than 2007 (Marushchak.eR@13). Thus, we have further examined peak

season for sites with available 2008 data (RU-SAJ-SE-Stord-SA, NO-Ando-SA, US-Anak-LA,

13
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RU-Kyt-LA, GL-Nuuk-LA, and GL-Zack-HA) to investiga whether the outlier was the year (2008)
or the site (RU-Seid-SA). Mean July temperature higher than average in RU-Seid-SA, US-Anak-
LA and SE-Stord-SA but RU-Seid-SA was most extrevith a July temperature significantly higher
than the mean (> 1 stdev, Table A2). This was &rrgmphasized as RU-Seid-SA was consistently
higher (> 1 stdev) above the mean for 2008 in tesfrisRC parameters. The hidghs, ande during

the peak season in RU-Seid-SA illustrates the Ipigbtosynthetic capacity of this site but perhaps
more interesting was the hid® for this site, which considerably diminishes itsksfunction and

reiterates the importance of soil characteristics.

Previous studies have used hyperbolic relationsdbgt&ween NEE and PPFD to estimate comparable
parameters among sites (Frolking et al., 1998; ilaaet al., 2001; Ruimy et al., 1995). Though they
used another functiorequation 2, R anda, have been shown to be comparable Whanda from
equation () in this study (Fig. B2). The apparent quantumdy@arameterd,, the initial slope of the
LRC) in Frolking et al. (1998) averaged at abod(or peatlands (ca. 0.044 for fens; and ca. 0.031
for bogs). Estimates from fen sites (Laurila et 2001) were comparable to estimates from wet sites
in our study while the estimates for bogs (Frolkitgal., 1998) were higher than observed in NO-
Ando-SA (Table 3). This could be because NO-AndoiSAnore northerly situated and thus colder
compared with sites in Frolking et al. (1998). Dagkpiration was estimated to be between 4.0 to 6.6
pumol m? s* for fens and 2.2 umol ts* (Frolking et al., 1998) at a Swedish bog. Thesehagher
than estimated in our study because our sites lweagded at higher latitudes (64 °N — 74 °N), with
associated lower summer temperatures, compare@® tiN4to 56 °N (Frolking et al., 1998). Dark
respiration estimates from the only High Arcticesin our study (GL-Zack-HA) was similar to
estimates from the same site based on earlierfadata 1997 (Laurila et al., 2001) and at a nearby
willow snow-bed (0.9 pmol hs?), while a higher value was obtained from a nedeoy(2.3 umol m

2 g"); all three sites being located within ca. 1 kronireach other (Laurila et al., 2001) , again

demonstrating the heterogeneity of Arctic landssape

The possibility of explaining and modeling the wation of CQ exchange components based on

controlling environmental drivers is essentialngprove our understanding of current £&xchange,
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and to better simulate the response of Arctic tartdran expected change in climate (Lund et al.,
2010). In follow-up studies, it is intended to mbdad upscale LRC parameters using the functional
relationships with LAI, NDVI and air temperaturer@gs the Arctic tundra. Arctic vegetation data.(e.g
LAI and NDVI) will be retrieved through remote serg data e.g. the MODIS Land Product Subsets
and circumpolar Arctic vegetation maps, CAVM (Wallet al., 2005) while climate data can be
retrieved from global grid datasets such as Clicn&esearch Unit, CRU (New et al., 2002).
Detangling the effects of a changing climate ardliceng the level of uncertainties in the Arctic C
balance estimations remains a highly prioritizedidofor climate research. Combining increased
monitoring activities and process-based studiesgusmote sensing tools and mechanistic modeling
serves as the most plausible way forward to imprawe understanding of the Arctic and global C

cycle.
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4. Conclusions

We have shown that LRC parameterization could leel ssiccessfully to predict NEE dynamics in the
Arctic tundra. Though peak season phenology coudtl eéxplain CQ exchange dynamics, a
combination of vegetation properties (LAI) and tergiure showed a strong positive relationship with
assimilation parameters. Individual environmentaiables were not as good in explaining variability
in LRC parameters, especially respiration pararagtrggesting that these physiological parameters
may acclimate to warmer temperatures. Also, sortoffa that are typically not included in eddy
covariance C@exchange studies (such as nutrient availability substrate quantity and quality of
soil organic matter) could be instrumental in explay the spatial variability in COfluxes among
Arctic tundra ecosystems. Across the whole Ardaiitdra, this study did not find any temperature or
latitudinal trends in LRC parameters. Latitudindffetences within sub-regions in Greenland and
Russia were observed, however, these differenca® were related to ecosystem type and

characteristics than climatic settings.
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610 Appendix A: Supplementary tables

611  Table AL List of symbols

Name Units Description
Modeled quantum efficiency / light use efficiency
a, 0 - / initial slope of light response curve. (eq. 1 & 2
Modeled CQ flux when light (PPFD) is 1000
Feiooo  Mmol m?s®  pmol m?s? (eq. 1)
Modeled CQ flux at light saturation. This
= mol ni2 st represents the point when further increases in ligh
esat H do not affect the\EE (eq. 1)
Gross primary production / Photosynthesis,CO
GPP pumol m?s?  uptake from the atmosphere by the vegetation.
Potential photosynthesis at light saturation.
Psat umol m?s?  Calculated afcsai+ Ry (€9. 1)
Light compensation point. PPFD level when
2 1 ecosystem switches from net daily source to sink
LCP pmol m~ s of CO, (eq. 1)
NEE umol i Measured half hourly net ecosystem exchange rate
2 1 Modeled potential photosynthesis at light
Prmax umol m*s saturation (eg. 2)
Measured half hourly photosynthetic photon flux
PPFD  pmol n?s*  density
Modeled dark or basal respiration / intercept ef th
R umol m?s®  light response curve (eq. 2)
Ry umol i s Modeled dark or basal respiration / intercept ef th

Iight response curve (eq. 1)
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Table A2: Light response curve (LRC) parameters for pealopdn 2008.

2008 Feat Ry a Pet F 1000 July 2008

Study sites | Peak period (umol ¥ s?) (umol n? s%) (umol s (umol n s r? N temperature (°C)
US-Anak-LA | 16 jul —29 jul -4.4 1.4 0.018 -5.8 -4.2 0.50 243 1.71
NO-Ando-SA| 31 jun—13jul -3.5 1.2 0.014 -4.7 -3.3 0.82 470 0.51
RU-Kyt-LA |07 aug — 20 aug -6.1 1.6 0.016 1.7 -5.2 0.75 484 8.4
GL-Nuuk-LA | 06 jul —19 jul -3.8 1.2 0.016 -5.0 -3.6 0.67 346 0.11
RU-Seid-SA| 24 jul — 06 aug -8.0 3.9 0.057 -11.9 9-7. 0.69 253 15.8
SE-Stord-SA| 25 jul — 07 aug -8.0 1.4 0.022 -9.4 -7.2 0.67 358 1.31
GL-Zack-HA | 23 jul — 05 aug -1.7 1.1 0.015 -2.8 -1.7 0.67 327 .7 8

Mean = SD 5.1+24 1.7£1.0 0.023 £0.015-6.8£3.1 -4.7+£2.2 0.7+0.1 354 £ 95 10925
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Appendix B: Supplementary figures
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Fig. B1: Parameterization of LRC (equation 1). Continuonsdishow the shape of the light response curves
while broken lines illustrate parameters of théhigesponse curves; a) Flux at light saturationDhyk
respiration c) Initial light use efficiency; d) NBhen PPFD = 1000 pmolfs* and e) light compensation

point.
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Fig. B2: Comparing equation (1) and (2) using Seida 200& geason. The LRC curves suggest that the

parameter&; anda from equation (1) are comparable WRtanda, from equation (2).
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Fig. B4: Comparing LRC curves for peak period 2008 showsRha, for RU-Seid-SA may be comparable

to SE-Stord-SA but differs in terms @fandRy. Also, the LRC for RU-Seid-SA shows a stronger anijue

curvature.

29



Figures

(O NO-Ando-SA

@ SE-Stord-SA

(OFI-Kaam-SA

@ RU-Seid-SA

[i High Arctic @RU-Sam-LA

~ . @ RUKyt-LA

Low Arctic @ US-Barr-1A

- Subarctic @ US-Ivot-LA
@ US-Anak-LA

— Treeline @ CA-DarlA
== Arctic circle Source: AMAP 2012 & SWIPA 2011 @ GL-Nuuk-LA

Arctic Flouristic boundaries @ GL-Zack-HA

Fig. 1: Location of study sites in a circumpolar contétap shows classification according Arctic floristic

boundaries (AMAP, 1998).
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Tables

Table 1: Site descriptions and eddy covariance measurechenacteristics
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Arctic Tundra
type Type

Years

Vegetation composition Reference

Mixed

SUbarCt'ctundra

Subarct Fen

Stibarc  Fen

Subarctic Bog

Low Mixed
Arctic tundra
Low Mixed
Arctic tundra
Low Mixed
Arctic tundra
Low Mixed
Arctic tundra

Low
Arctic Fen
Low Mixed
Arctic tundra
Wet
LOW sedge
Arctic tundra
High Heath
Arctic tundra

2008

1997-
2002

2001-
2008

2008-
2011

2008-
2012

2004-
2007

2004,
2006

2003-
2010

2008-
2010

2003,
2006

1998-
2000

2000-
2010

Sedge Eriophorum vaginatug vascular plants Rubus
Chamaemorus, Vaccinium uliginosum, Ledums decurjjbens

Moss ©phagnum spp., Dicranum spp., Drepanocladudarushchak
aduncus, Pleurozium schrebgrlichens Cladonia spp) and €t al., 2011)
shrubs Betula nanaandSalix spp., Vaccinium spp

Sedges Kriophorium spp), dwarf shrubs Retula nana,

Empetrum nigrum and Rubus chaemaemoiys lichens (Aurela et al
(Cladonia sppandCladonia spp. and mossesSpagnurmand 2001) B
Dicranum spp.

Sedges Eriophorium vaginaturp lichens Cladonia spp, (Christensen et
mosses$phagnum sppand shrubsEmpetrum nigrum al., 2012)

Shrubs Empetrum nigrurp sedges Eriophorum spp.and
Carex spp; bryophytes $phagnum spp. and lichens
(Cladonia spp

Lund et al. In
prep

Tussock forming sedgeéE(iophorum spp; moss $phagnum
spp., Hylocomium spp.and shrubsBetula nana, Vaccinium (Rocha and

vitis-idaea, Ledum palust@ndRubus chamaemorlus Shaver, 2011)
Shrubs Empetrum nigrum, Ledum decumbens, Vacciniumaﬂeur and
vitis-idaea, Betula glandulosa, Vaccinium uliginosuand Humphrevs
Rubus chamaemorysedgesCarex sppand moss 2008F)) ys:

Tussock forming sedgeEfiophorium vagiunatum, Carex
begelowii, Dryas interdrifolifz moss Sphagnum spp and (Kwon et al.,
shrubs Betula nana, Salix pulchjand lichens 2006)

Sedges Carex agquatilis Eriophorium angustifolium, and
Eriophorum vaginatum moss $phagnum spp.and shrubs (Parmentier et
(Betula nana, Salix pulchrandPotentilla palustris al., 2011)

Sedges (Carex rariflora, Eriophorum angustifoliuend (Westergaard-

Scirpus caespitosus) Nielsen et al.,
2013)

Sedges Carex spp;, moss KMeesia longiseta, Limprichtia

revolvens, Aulacomnium turgidum Hylocomium splesdeal

Timmia austriacg shrubs Dryas octopetalaand Salix

glaucg and forbs Astragalus frigiduj

(Kutzbach et
al., 2007)

Sedges Carex aquatilis, Eriophorium spp mosses
(Calliergon ruchardsoniiand Cinclidium subrotunduinand (Kwon et al.,
lichens Peltigera spp) 2006)

Shrubs Cassiope tetragona, Dryas integrifolémdVaccinium (Lund et al.,
uliginosun) 2012)
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Table 2: Linear regressions between variables (environrhenthvegetation properties) and LRC
parameters: Goodness of fif)(rslope and level of significance (p < 0.1)

Variables LRC 2
parameter Slope r p N
Fesat -24and-0.2 0.92 0.001 9
Maximum Leaf| Ra - - - 9
Area Index |a - - - 9
(LAI) and July | Pe. 3.3and-0.4 090 0003 9
Air temperaturg Fg1000 -2.3and-0.3 0.93 0.001 9
LCP - - - 9
Fesat -2.8 0.75 0.006 9
) Ry 1.1 0.52 0.042 9
Miﬁg‘f; d:)e(af a 0.02 061 0023 9
(LA Psat -3.9 0.70 0.009 9
Fc1000 2.7 0.73 0.007 9
LCP - - - 9
Fesat -28.3 0.67 0.001 12
Normalized | Rd 104 0.40 0.026 12
Difference | a 0.1 0.25 0.09 12
Vegetation Psat -38.7 0.61 0.003 12
Index (NDVI) | Fe1000 -26.0 059 0.004 12
LCP - - - 12
Fesat -0.3 0.32 0.055 12
Ry 0.1 0.26 0.094 12
July Air o - - - 12
temperature | Pgy -0.4 0.32 0.056 12
Fc1000 -0.3 0.35 0.043 12
LCP - - - 12
chat - = - 12
R - - - 12
Peak season| a - - - 12
PPFD Psat - - - 12
Fe1000 - - - 12
LCP 0.2 052 0.008 12
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Table 3: Light response curve parameteFs{, Ry, o, Psas Fei000 LCP), fitting period and related statistics, and viales (environmental and vegetation

properties) for the study sites. Note that asstmilaparametersFcsa, Psas Feioo9 are reported as negative values so as to deratmshat they represent

uptake from the atmosphere by the ecosystem.

Fesat Rq a Pt F c1000 LCP July

Study sites Peak period (umol n?s?)  (umol n? s?) (umoln?s?  (umoln?s)  (umol n? s?) r? N NDVI LAl temperature (°C)
RU-Seid-SA | 24 jul — 06 aug -8.0 3.9 0.057 -11.9 9-7. 80 0.69 253 0.74 1.85 15.8
Fl-Kaam-SA | 24 jul — 06 aug (+ 10 days) -4.7+0.6 0.2 0.020+0.002 -6.4+0.7 -4.4+0.5 10015 0.91 5610.69+0.03 0.70 13.910.4
SE-Stord-SA| 23 jul — 05 aug (+ 16 days) -6.2+1.9 0+0.5 0.025+0.005 -8.2+1.9 -5.7£1.6 97+32 0.79 3530.68+0.02 >2 11.8+1.3
NO-Ando-SA| 09 jul — 22 jul (£ 18 days) -4.0£0.4 1.1+0.1 0.008305 -5.240.3 -3.910.4 7318 0.77 373 0.70+0.06 - 10.940.7
US-Anak-LA | 12 jul — 25 jul (x 8 days) -4.6+0.3 124 0.017+0.005 -5.7+0.3 -4.2+0.3 7710 0.51 296 688£0.02 - 15.8+1.0
CA-Dar-LA | 09 jul — 22 jul (£ 16 days) -3.310.5 104 0.012+0.002 -4.4+0.5 -3.0+0.3 102+10 0.73 428 .60€0.01 0.70 12.4+£1.5
US-Ivot-LA | 23 jul — 05 aug (+ 4 days) -4.7+0.9 125 0.012+0.011 -5.9+0.4 -3.1+1.2 156+87 0.73 582 .71#0.03 0.71 12.2+2.9
RU-Kyt-LA |24 jul — 06 aug (+ 10 days) -5.4+0.8 166 0.020+0.006 -7.0+£1.1 -4.9+0.8 91+20 0.78 463 6880.03 0.78 10.6£3.2
GL-Nuuk-LA | 30 jun — 13 jul (x 17 days) -4.0+0.7 1.8+0.5 0.00®03 -5.8+0.9 -3.810.5 111422 0.74 363 0.67+0.01 - 10.1+0.2
RU-Sam-LA | 30 jul — 12 aug (+ 13 days) -1.7+0.3 Q& 0.013+0.001 -2.310.6 -1.740.3 53+26 0.59 246 6280.05 0.30 9.2+0.1
US-Barr-LA | 25 jul — 07 aug (+ 8 days) -4.4+1.4 105 0.035+0.031 -5.6+1.9 -3.6+1.2 50£25 0.42 569 630. 1.5 4.7+1.0
GL-Zack-HA | 17 jul — 30 jul (= 9 days) -1.61£0.2 103 0.011+0.003 -2.60.4 -1.5+0.2 113+19 0.67 407 .5680.05 0.30 6.6+1.2

Coefficient of variation (CV): 0.39 0.52 0.58 0.41 0.42 0.3 0.18 0.28 0.07 0.63 0.29
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