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Abstract

This paper aims to assess the functional and spatial variability in the response of
CO2 exchange to irradiance across the Arctic tundra during peak season using light
response curve (LRC) parameters. This investigation allows us to better understand
the future response of Arctic tundra under climatic change. Data was collected using5

the micrometeorological eddy covariance technique from 12 circumpolar Arctic tundra
sites, in the range of 64–74◦ N.

The LRCs were generated for 14 days with peak net ecosystem exchange (NEE)
using an NEE -irradiance model. Parameters from LRCs represent site specific traits
and characteristics describing: (a) NEE at light saturation (Fcsat), (b) dark respiration10

(Rd), (c) light use efficiency (α), (d) NEE when light is at 1000 µmolm−2 s−1 (Fc1000), (e)
potential photosynthesis at light saturation (Psat) and (f) the light compensation point
(LCP).

Parameterization of LRCs was successful in predicting CO2 flux dynamics across the
Arctic tundra. Yet we did not find any trends in LRC parameters across the whole Arc-15

tic tundra but there were indications for temperature and latitudinal differences within
sub-regions like Russia and Greenland. Together, LAI and July temperature had a high
explanatory power of the variance in assimilation parameters (Fcsat, Fc1000 and Psat),
thus illustrating the potential for upscaling CO2 exchange for the whole Arctic tundra.
Dark respiration was more variable and less correlated to environmental drivers than20

was assimilation parameters. Thus, indicating the inherent need to include other pa-
rameters such as nutrient availability, substrate quantity and quality in flux monitoring
activities.
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1 Introduction

Arctic tundra ecosystems contain vast amounts of carbon (C) that could potentially be
released to the atmosphere in a warming climate. It is, however, unclear how these
carbon stocks are renewed by presently growing vegetation, and whether modern C
sequestration rates vary among arctic tundra ecosystems and vegetation types. Using5

eddy covariance (EC) flux data from the few seasonally active long-term flux sites in
the Arctic, we assessed ecosystem-scale growth and respiration rates using a light
response approach to answer this question.

Arctic tundra ecosystems are unique ecosystems which have global implications for
climate and global environmental change (Shaver et al., 1992). Although estimated10

to cover only 8 % of the global land surface (McGuire et al., 2009), they contain vast
stocks of C stored in the permafrost, estimated to be in the order of 1400 to 1850 Pg
C (Hugelius et al., 2013; Kuhry et al., 2009; McGuire et al., 2009; Schuur et al., 2008).
Their climate and vegetation have been shown to be most sensitive to global change
(ACIA, 2005; Oechel et al., 2000; SWIPA, 2011). A decade ago, studies still did not15

agree on whether this region is a net sink or source of carbon dioxide (CO2) as individ-
ual site studies either proved insufficient or inconclusive in explaining this (Vourlitis and
Oechel, 1997, 1999). Yet, recent estimates suggest that the Arctic tundra is most likely
a net sink of CO2 (IPCC, 2013), though whether it is a strong or weak sink needs to be
further assessed (McGuire et al., 2012).20

Previously, the Arctic tundra C budget has been estimated by using data from a few
detailed study sites to extrapolate to the larger surrounding area (Williams et al., 2006),
and by the application of regional process based models (McGuire et al., 2012). Scal-
ing up from a few measurement sites to the circum-arctic region raises the question
of representativeness of sites and measurements. This also holds for the widely used25

EC methodology (Baldocchi, 2003) with which a footprint of typically a few tens of
square-meters to a hectare of tundra surface is covered, from which conclusions should
be drawn for a vast area where no measurements exist, but which shows a great
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between-ecosystem variability of flux rates that feedback with the regional climate sys-
tem (Chapin et al., 2000). Hence, the derivation of functional relationships of assimila-
tion and ecosystem respiration rates as a function of environmental drivers bears more
potential for providing insights into the overall functioning of Arctic tundra vegetation as
the interface between the vast below-ground C storages and the atmosphere. Simple5

models using leaf area (LAI), temperature and photosynthetically photon flux density
(Shaver et al., 2013, 2007) have been shown to make reliable predictions of measured
net ecosystem exchange (NEE) and its components at the plot scale (≤ 1 m2) in the
Arctic tundra. Model parameters can then be examined for differences among sites
related to differences in climatic and environmental conditions (Laurila et al., 2001;10

Williams et al., 2006).
Most Arctic tundra sites are characterized by small emissions of CO2 during win-

ter (Fahnestock et al., 1999; Jones et al., 1999) and by high uptake during the short
growing season, which is often less than 100 days. Despite being short, the grow-
ing season has been shown to be most relevant in defining the spatial (Aurela et al.,15

2004; Kwon et al., 2006; Lund et al., 2010), and temporal variability (Griffis et al., 2000;
Groendahl et al., 2007; Lund et al., 2012) in net ecosystem C budgets of Arctic tundra.
During this period, there is a net uptake of CO2 from the atmosphere, which is char-
acterized by a seasonal trend, peaking shortly after midsummer, i.e. July (Groendahl
et al., 2007). In the Arctic tundra, peak season coincides with maximum air temperature20

leading to the highest plants growth rates. Consequently, plant reach their maximum
leaf area towards the end of that period. It should be noted that light is not a limiting
factor (Oberbauer et al., 1998) as the sun does not set during peak season. However,
this complicates the accurate determination of ecosystem respiration with the EC ap-
proach (Eugster et al., 2005) under the absence of dark nights. The light response25

approach circumvents this problem (Gilmanov et al., 2003) by only using daytime data.
Therefore, the light response method used with peak-season EC flux measurements
from available long-term sites in the Arctic, seems the best approach to increase our
understanding of how net CO2 exchange and its gross components of assimilation
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and ecosystem respiration differ among tundra ecosystems. This study is the first to
compare peak season NEE – irradiance characteristics at the landscape scale across
different tundra types covering the entire circumpolar Arctic. We hypothesized that: (1)
LRC parameters can be used to predict net ecosystem exchange dynamics across the
Arctic tundra; (2) vegetation properties (e.g. LAI and NDVI), temperature and peak sea-5

son phenology (start date) are the main drivers of Arctic tundra’s NEE dynamics and
(3) variability in Arctic tundra LRC characteristics follows a temperature and latitudinal
gradient.

2 Materials and methods

2.1 Sites description10

This study focuses on some of the most common types of tundra ecosystems across
the circumpolar Arctic ranging from 64–74◦ N; including three Alaskan sites (US-Anak-
LA, US-Barr-LA, US-Ivot-LA), one Canadian site (CA-Dar-LA), two Greenlandic sites
(GL-Nuuk-LA, GL-Zack-HA), three Scandinavian sites (NO-Ando-SA, FI-Kaam-SA,
SE-Stord-SA) and three Russian sites, i.e. RU-Kyt-LA, RU-Sam-LA and RU-Seid-SA15

(Fig. 1, Table 1). The sites range from peat bogs and fens to wet and dry tundra
ecosystems; with and without permafrost. Site names used in the study are composed
of country abbreviations (e.g. SE for Sweden and GL for Greenland), abbreviated site
names (e.g. Stord for Stordalen and Zack for Zackenberg), and abbreviated Arctic tun-
dra type (e.g. SA for Subarctic, LA for Low Arctic and HA for High Arctic). A detailed20

site description can be found in Table 1. Figure 1 illustrates site locations and Arctic
flouristic boundaries (AMAP, 1998).

2.2 Data sets

The analyses in this study are based on eddy covariance (EC) measurements of net
ecosystem exchange (NEE) of CO2 alongside environmental variables. Environmental25
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variables include photosynthetic photon flux density (PPFD), temperature (air and soil),
soil moisture, precipitation and radiation (net and global). The length and range of mea-
surements vary among sites from year round measurements to summer campaigns at
the most inaccessible sites.

Various instruments for EC measurements have been used across the sites in this5

study, including analyzers such as the open-path LI-7500 (LiCor Inc., USA), closed-
path LI-6262 and LI-7000 (LiCor Inc., USA), and the open-path IRGA designed by
NOAA’s Atmospheric Turbulence and Diffusion Division (ATDD). In this study, we have
only examined peak season data, a period during which snow and moisture obstruc-
tions of the infrared path, as well as the surface self-heating issue (Burba et al., 2008)10

on open path systems are expected to be either minimal or inexistent. Wind velocity
and temperature has been measured using 3-D sonic anemometers (R2 and R3, Gill
Instruments, UK; CSAT3, Campbell Sci., UK; and SWS-211, Applied Technologies).
The frequency of CO2 flux signal measurements ranged from 5 to 20 Hz depending on
the site. Varying data collection frequency between 5 and 10 Hz did not significantly15

affect resulting fluxes in Kytalyk (van der Molen et al., 2007). With the exception of
Samoylov Island, with one hourly averaged flux data, all sites have averaged flux data
into 30 min averages. Quantum sensors (Models Li-190SA, Li-190SB and Li-190SZ,
LiCor Inc., USA) have been used to measure photosynthetic photon flux density (PPFD,
µmolm−2 s−1). For Kytalyk, where there were no direct PPFD measurements, estimates20

were made from global incoming radiation assuming a linear relationship (Jacovides
et al., 2003). Table 1 summarizes ecosystem characteristics and EC instrumentation
and setup across sites in this study.

The raw data from the EC systems has been processed using standard procedures
(Aubinet et al., 2000; Baldocchi et al., 2001). It is imperative that standardized post25

processing procedures are used so as to avoid bias introduced by different flux correc-
tion approaches (Lund et al., 2010). Details of the EC post processing corrections are
found in the relevant publications for each site: US-Anak-LA (Rocha and Shaver, 2011),
US-Barr-LA and US-Ivot-LA (Kwon et al., 2006), CA-Dar-LA (Lafleur and Humphreys,
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2008), FI-Kaam-SA (Aurela et al., 2001), RU-Kyt-LA (Parmentier et al., 2011), NO-
Ando-SA, GL-Nuuk-LA and GL-Zack-HA (Lund et al., 2012), RU-Sam-LA (Kutzbach
et al., 2007; Runkle et al., 2013), RU-Seid-SA (Marushchak et al., 2013), and SE-
Stord-SA (Christensen et al., 2012).

2.3 Data analyses5

Growing season was calculated as the period from the first to the last day of net daily
uptake of CO2. We split each growing season into 14 days segments and carried out
light response curve (LRC) analyses on these segments, using the Misterlich function
(Falge et al., 2001):

NEE = −(Fcsat +Rd)(1−e
−α(PPFD)
Fcsat+Rd )+Rd. (1)10

This function has three parameters (Fcsat, α, Rd) that were obtained via least-
squares fitting in Matlab R2010 (The Mathworks Inc., USA) to observed daytime
(PPFD> 10 µmolm−2 s−1) values of NEE (µmolm−2 s−1), using PPFD (µmolm−2 s−1)
as the single environmental driving variable. The flux at light saturation (Fcsat) parame-15

ter is the maximum net CO2 uptake – i.e. when further increases in PPFD do not affect
the uptake of CO2 by the vegetation (in µmolm−2 s−1). The parameter Rd illustrates dark
respiration, i.e. the CO2 flux when PPFD equals 0 (also given in µmolm−2 s−1). Light
use efficiency, also known as quantum yield (α), is the initial rate of change in NEE
with increasing PPFD. Other functional parameters examined include the flux when20

PPFD equals 1000 in µmolm−2 s−1 (Fc1000); potential photosynthesis at light saturation
(Psat), calculated as Fcsat +Rd; and the light compensation point (LCP), illustrating the
light level at which the ecosystem switched from a net source to a net sink (PPFD
when NEE= 0 µmolm−2 s−1). Figure B1a–e illustrates the parameterization of LRC us-
ing Eq. (1). The 14 days period with maximum Fcsat is hereafter referred to as the peak25

season. This period is characterized by maximum light levels as the sun never sets be-
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low the horizon. Also, vegetation is at its peak (maximum NDVI and LAI) with highest
plant growth rates coinciding with maximum air temperatures.

These parameters were then compared among sites to identify the variability of
the Arctic tundra. This approach is advantageous for inter-site comparisons because
sites can readily be compared irrespective of varying meteorological conditions (Laurila5

et al., 2001). The Misterlich function (Falge et al., 2001) is ideal for such a comparison
as it assumes a more realistic upper limit for NEE, with a clearly defined value at high
PPFD and a stronger curvature than the rectangular hyperbola (Fig. B2).

For comparison with other studies, we have used results from previous studies that
compared Greenland, Finland, and Norway (Laurila et al., 2001); and Greenland and10

Sweden (Frolking et al., 1998). These studies have used a rectangular hyperbolic func-
tion:

NEE =
α2 ·PPFD · Pmax

α2 ·PPFD+ Pmax
+R. (2)

The resulting parameter Pmax refers to potential photosynthesis at light saturation, R15

is dark respiration while α2 is the initial slope of the light response curve or light use
efficiency. The parameters Rd and α from Eq. (1) are comparable to R and α2 from
Eq. (2), respectively (Fig. B2), whereas Pmax from Eq. (2) is consistently showing more
negative values than Psat (Fig. B3), due to an unrealistic increase in NEE (in absolute
terms) at high light levels in Eq. (2) (Fig. B2).20

For sites with multi-year data, LRC parameters and ancillary variables were averaged
for corresponding peak periods and error bars indicate standard deviations among site
years. In order to investigate the drivers of variability in peak season LRC parameters
across the Arctic, regression analyses with phenological variables – such as growing
season start, growing season length and peak season start – were performed us-25

ing the linear regression tool in IBM SPSS Statistics 20. Furthermore, mean environ-
mental variables for July – e.g. air and soil temperature, soil moisture, vapor pressure
deficit (VPD), relative humidity, incoming and outgoing shortwave radiation, net radia-
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tion, precipitation and PPFD, were also used. Maximum leaf area index (LAI) was ex-
tracted from referenced literature (Lafleur et al., 2012; Laurila et al., 2001; Lund et al.,
2010; Marushchak et al., 2013), while normalized difference vegetation index (NDVI)
data was retrieved from MODIS Land Product Subsets (http://daac.ornl.gov/MODIS/)
as 250m×250m pixel in the dominant wind direction and within the footprint of the5

flux tower. The coefficient of variation (CV), calculated by dividing the standard devi-
ation by the mean, has been used to compare the variation among LRC parameters
across the Arctic. Curve estimation and regression analysis were done using an anal-
yses of variance (ANOVA) for linear relationships using the curve estimation tool (IBM
SPSS Statistics 20). Multiple linear regressions (step-wise) were used to investigate10

the combined control of environmental variables on LRC parameters using the linear
regression tool (IBM SPSS Statistics 20).

3 Results and discussion

A multiple linear regression using maximum LAI and July air temperature as inde-
pendent variables was found to strongly explain plant growth across 12 Arctic tun-15

dra sites as expressed by the assimilation parameters (Psat, Fc1000 and Fcsat) of the
LRC (Table 2). A maximum of 93 % of the variability in Fc1000 could be explained, and
similar performance of the model was found for Fcsat (92 %) and Psat (90 %). Shaver
et al. (2013) developed a model for predicting NEE based on short-term small scale
chamber flux measurements (≤ 1 m2) from various ecosystems types within five Arctic20

sites (including US-Barr-LA, SE-Stord-SA and GL-Zack-HA in this study) using LAI (es-
timated from NDVI), air temperature and PPFD. Their model explained ca. 75 % of the
variation in NEE across Arctic ecosystems. The main advantage of using landscape
scale eddy covariance (EC) data compared with plot scale chamber data is that EC
data integrates fluxes over a larger area, which thus makes it more readily comparable25

with satellite-derived information. Despite differences in scale and model parameteri-
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zations, our results confirm the findings of Shaver et al. (2013) on the great potential in
using LAI, NDVI, air temperature and irradiance for upscaling Arctic CO2 exchange.

Maximum LAI alone explained 70 to 75 % (Fig. 2, Table 2) of the assimilation param-
eters suggesting that direct measurements of leaf area could be useful in estimating
photosynthesis from tundra ecosystems. Remotely sensed NDVI was not quite as pow-5

erful in explaining plant growth; NDVI explained 59 to 67 % of the variance in assim-
ilation parameters (Fig. 3, Table 2). Generally, LAI exerted stronger controls on LRC
parameters than NDVI (Figs. 2 and 3). Using LAI is advantageous as it is a real and
physical vegetation property, directly measured through plot sampling and shown to be
directly linked to C exchange while NDVI is a surrogate vegetation property often used10

to estimate LAI (Shaver et al., 2013, 2007). In our study, LAI data was available for
only nine sites as opposed to twelve for NDVI. Given the differences in measurement
methodology and instrumentations, comparing LAI among sites may introduce uncer-
tainty in the estimates. LAI used herein is for vascular plant cover only (Ross, 1981),
thereby ignoring non-vascular plants like mosses, which are known to contribute sig-15

nificantly to Arctic ecosystem CO2 exchange (Street et al., 2012). Satellite derived in-
dices like NDVI may also be useful as similar calculation methods have been used and
there is a possibility of upscaling for the whole Arctic tundra as satellite derived NDVI
data are readily available (Loranty et al., 2011). Despite the shortcomings of LAI and
NDVI, they have been shown to satisfactorily estimate gross primary productivity (GPP)20

(r2 = 0.78−0.81) in northern Scandinavia and Alaska (Street et al., 2007). In general,
all LRC parameters had a significant, or, in the case of α, close to significant (p = 0.09)
relationship with NDVI, illustrating the potential to use Earth observation products for
spatial integration.

On its own, temperature was the least significant driver of variations in LRC parame-25

ters, explaining only about 32 % to 35 % of Fcsat, Psat and Fc1000 respectively (Table 2).
Yet, in combination with LAI, control on assimilation parameters was greatly improved
(Table 2) as warming increases the productive capacity and leaf area of most plant
species (Walker et al., 2003). This could be explained by the fact that higher temper-
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atures increase weathering, nitrogen fixation (Sorensen et al., 2006) and soil organic
matter decomposition (Robinson et al., 1997) thereby increasing soil nutrient availabil-
ity. There is, therefore, an urgent need for standardized routines for monitoring other
aspects that are not covered at several sites across the Arctic tundra like nutrient avail-
ability and substrate quality.5

It was interesting to notice that mean July air temperature seemed to exert stronger
controls on Fcsat, Psat and Fc1000 (assimilation parameters) than on Rd. A steeper slope
(0.3−0.4 µmolCO2 m−2 s−1 K−1) of the temperature vs. assimilation parameters regres-
sions (Table 2) as opposed to temperature vs. Rd (0.1 µmolCO2 m−2 s−1 K−1) suggested
that an increase in temperature would cause an increase in net CO2 uptake during10

peak season for the ecosystems in this study, thereby strengthening the sink func-
tion of the Arctic tundra, if no other factors are considered. One limitation of modeling
photosynthesis and respiration as a function of environmental variables is that these
physiological properties tend to undergo different degrees of acclimation to some en-
vironmental variables. Ecosystems acclimate to warmer temperature by increasing the15

thermal optimum for their continued survival (Niu et al., 2012). Previous studies have
shown a strong and independent thermal acclimation of photosynthesis (Baldocchi,
2008; Baldocchi et al., 2001; Mooney et al., 1978; Niu et al., 2008), ecosystem res-
piration (Baldocchi, 2008; Centritto et al., 2011; Ow et al., 2008a, b) and NEE (Yuan
et al., 2011) at the level of the ecosystem. Short term monitoring in the High Arctic has20

suggested that photosynthesis and ecosystem respiration (Lund et al., 2012; Oechel
et al., 2000) have increased with observed changes in climate, while NEE trends re-
main unclear (Lund et al., 2012).

We have identified that there is a large circumpolar variability in the light response
and LRC parameters within the Arctic tundra. This is reflected in the varying shapes of25

LRC among the sites (Fig. 4a–c), thus, suggesting that Arctic tundra ecosystems are
diverse and should not be treated as a single entity. We originally had expected that
respiration rates from the generally waterlogged active layers typical of tundra ecosys-
tems should respond more clearly and positively to temperatures. But the dark respira-
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tion (Rd) did not show a consistent temperature pattern, though it varied substantially
among tundra sites (Tables 2 and 3). The correlations between Rd and vegetation in-
dices (LAI and NDVI) were significant (Figs. 2b–3b; Table 2); however the relationships
were weaker compared to those observed for assimilation parameters (Figs. 2–3a, d
and e; Table 2). Previous research has shown that Arctic plants vary in their light re-5

sponses and rates of photosynthesis (Bigger and Oechel, 1982; Chapin and Shaver,
1996; Oberbauer and Oechel, 1989). Similarly, a high inter-site variability of summer-
time NEE has been documented in another comparison study (Lund et al., 2010) on
northern wetlands in northern Europe and North America. This is contrary to quantified
variability in seven Canadian sites (Humphreys et al., 2006), where the rates of peak10

season NEE were comparable.
Though all sites attained peak productivity in July (Table 3), a regression analysis

showed that the variability was unrelated to the start of the peak season and did not
reveal any latitudinal dependency. Interestingly, the largest differences among LRC
curves within the Low Arctic were seen between RU-Sam-LA and RU-Kyt-LA (Fig. 4b;15

Table 1). This may mean that geographical proximity and similar latitude are not the
key factors that explain tundra ecosystem CO2 fluxes. An examination of the coeffi-
cient of variation (CV) showed that the assimilation parameters (Fcsat, Fc1000 and Psat)
were less variable than Rd (Table 3) among study sites. This suggested that ecosys-
tem respiration is the main driver of CO2 flux variability in the Arctic tundra during20

peak season. Yet, comparable variability in photosynthesis and ecosystem respiration
was found in seven Canadian Boreal peatlands (Humphreys et al., 2006) during peak
season while in northern wetlands (Lund et al., 2010) and Canadian tundra (Lafleur
et al., 2012) ecosystems, variability in NEE was driven mainly by photosynthesis. This
may be because our study is circumpolar and comprises of a wide range of climate25

and ecosystem settings as opposed to northern wetlands (Lund et al., 2010) and the
Canadian Boreal peatlands (Humphreys et al., 2006) and the Canadian tundra (Lafleur
et al., 2012).
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The LCP is the light level at which the amount of CO2 released through ecosystem
respiration equals the amount taken up by plants during photosynthesis. This varies
in response to a different vegetation composition and light conditions (Givnish, 1988;
Givnish et al., 2004). The average light levels during peak season could explain about
50 % of LCP (Fig. 6, Table 2). In this study, LCP varied between 50 µmolm−2 s−1 and5

156 µmolm−2 s−1, well above the estimated (33 µmolm−2 s−1) rate for a temperate peat-
land (Shurpali et al., 1995) but within the estimated rates for Sphagnum dominated
tundra ecosystems in the Low Arctic, 10–140 µmolm−2 s−1 (Skre and Oechel, 1981).
Previous studies have shown LCP to be lower for shade-grown than for sun-grown veg-
etation even when there is no significant difference in their photosynthetic parameters10

(Björkman et al., 1972; Givnish, 1988). This suggests that LCP may have no control
on the C gain/loss of the ecosystem. Givnish (1988) therefore proposed that, for the
compensation point to be meaningful, other vegetation costs related to night time leaf
respiration, construction of plant stems, leaves and roots must be considered (effective
compensation point).15

Variability in local weather conditions has been shown to be largely responsible for
between-year fluctuations in CO2 flux components of northern ecosystems (Groendahl
et al., 2007; Lafleur and Humphreys, 2008; Lund et al., 2012, 2010). In this study, for
example, RU-Seid-SA consistently had the highest rates of LRC parameters (Fig. 5;
Table 3); however, this was based on one single year of data (2008). Though 3–5 ◦C20

warmer than the long term July mean, 2008 July temperatures were lower than 2007
(Marushchak et al., 2013). Thus, we have further examined peak season for sites with
available 2008 data (RU-Seid-SA, SE-Stord-SA, NO-Ando-SA, US-Anak-LA, RU-Kyt-
LA, GL-Nuuk-LA, and GL-Zack-HA) to investigate whether the outlier was the year
(2008) or the site (RU-Seid-SA). Mean July temperature was higher than average in25

RU-Seid-SA, US-Anak-LA and SE-Stord-SA but RU-Seid-SA was most extreme as its
July temperature was > 1 stdev above the mean (Table A1). This was further empha-
sized as RU-Seid-SA was consistently higher (> 1 stdev) above the mean for 2008 in
terms of LRC parameters. The high Fcsat and α during the peak season in RU-Seid-SA
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illustrates the high photosynthetic capacity of this site but perhaps more interesting was
the high Rd for this site, which considerably diminishes its sink function and reiterates
the importance of soil characteristics.

Previous studies have used hyperbolic relationships between NEE and PPFD to es-
timate comparable parameters among sites (Frolking et al., 1998; Laurila et al., 2001;5

Ruimy et al., 1995). Though they used another function (Eq. 2), R and α2 have been
shown to be comparable with Rd and α from Eq. (1) in this study (Fig. B2). The appar-
ent quantum yield parameter (α2, the initial slope of the LRC) in Frolking et al. (1998)
averaged at about 0.04 for peatlands (ca. 0.044 for fens; and ca. 0.031 for bogs). The
fen values (Laurila et al., 2001) are comparable to estimates from wet sites in our study10

while the estimates for bogs (Frolking et al., 1998) are higher than observed in NO-
Ando-SA (Table 3). This could be because NO-Ando-SA is more northerly situated and
thus colder compared with sites in Frolking et al. (1998). Dark respiration was esti-
mated to be between 4.0 to 6.6 µmolm−2 s−1 for fens and 2.2 µmolm−2 s−1 (Frolking
et al., 1998) at a Swedish bog. These are higher than estimated in our study because15

our sites were located at higher latitudes (64–74◦ N) compared to 43◦ N to 56◦ N (Frol-
king et al., 1998). Dark respiration estimates from the only High Arctic site in our study
(GL-Zack-HA) was similar to estimates from the same site based on earlier data from
1997 (Laurila et al., 2001) and at a nearby willow snow-bed (0.9 µmolm−2 s−1), while
a higher value was obtained from a nearby fen (2.3 µmolm−2 s−1); all three sites being20

located within ca. 1 km from each other (Laurila et al., 2001), again demonstrating the
heterogeneity of Arctic landscapes.

The possibility of explaining and modeling the variation of CO2 exchange compo-
nents based on controlling environmental drivers is essential to improve our under-
standing of current CO2 exchange, and to correctly simulate the response of Arctic25

tundra to an expected change in climate (Lund et al., 2010). In follow-up studies, it is
intended to model and upscale LRC parameters using the functional relationships with
LAI, NDVI and air temperature across the Arctic tundra. Arctic vegetation data (e.g.
LAI and NDVI) will be retrieved through remote sensing data e.g. the MODIS Land
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Product Subsets and circumpolar Arctic vegetation maps, CAVM (Walker et al., 2005)
while climate data can be retrieved from global grid datasets such as Climatic Re-
search Unit, CRU (New et al., 2002). Detangling the effects of a changing climate and
reducing the level of uncertainties in the Arctic C balance estimations remains a highly
prioritized topic for climate research. Combining increased monitoring activities and5

process-based studies using remote sensing tools and mechanistic modeling serves
as the most plausible way forward to improve our understanding of the Arctic and global
C cycle.

4 Conclusions

We have shown that LRC parameterization could be used successfully to predict NEE10

dynamics in the Arctic tundra. Though peak season phenology could not explain CO2
exchange dynamics, a combination of vegetation properties (LAI) and temperature
showed a strong positive relationship with assimilation parameters. Individual environ-
mental variables were not as good in explaining variability in LRC parameters, es-
pecially respiration parameters, suggesting that these physiological parameters may15

acclimate to warmer temperatures. Also, some factors that are typically not included
in eddy covariance CO2 exchange studies (such as nutrient availability and substrate
quantity and quality of soil organic matter) could be instrumental in explaining the spa-
tial variability in CO2 fluxes among Arctic tundra ecosystems. Across the whole Arctic
tundra, this study did not find any temperature or latitudinal trends in LRC parameters.20

Latitudinal differences within sub-regions in Greenland and Russia were observed,
however, these differences were more related to ecosystem type and characteristics
than climatic settings.
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Table 1. Site descriptions and eddy covariance measurement characteristics.

Code Site Country Latitude Longitude Arctic Tundra EC gas
type type analyzer

RU-Seid-SA Seida Russia 67◦48′ N 64◦01′ E Subarctic Mixed LI-7500
tundra

FI-Kaam-SA Kaamanen Finland 69◦08′ N 27◦17′ E Subarctic Fen LI-6262
SE-Stord-SA Stordalen Sweden 68◦20′ N 87◦19′ E Subarctic Fen LI-7500
NO-Ando-SA Andøya Norway 69◦06′ N 15◦155′ E Subarctic Bog LI-7500
US-Anak-LA Anaktuvuk USA 68◦56′ N 150◦16′ W Low Mixed LI-7500

Arctic tundra
CA-Dar-LA Daring Canada 64◦52′ N 111◦34′ W Low Mixed LI-7500

Lake Arctic tundra
US-Ivot-LA Ivotuk USA 68◦30′ N 155◦21′ W Low Mixed ATDD,

Arctic tundra LI-7500
RU-Kyt-LA Kytalyk Russia 70◦49′ N 147◦29′ E Low Mixed LI-7500

Arctic tundra
GL-Nuuk-LA Nuuk Greenland 64◦09′ N 51◦20′ W Low Fen LI-7000

Arctic
RU-Sam-LA Samoylov Russia 72◦22′ N 126◦30′ E Low Mixed LI-7000

Island Arctic tundra
US-Barr-LA Barrow USA 71◦19′ N 156◦36′ W Low Wet ATDD,

Arctic sedge LI-7500
tundra

GL-Zack-HA Zackenberg Greenland 74◦28′ N 20◦33′ W High Heath LI-6262,
Arctic tundra LI-7000
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Table 1. Continued.

Code Sonic Tower Years Vegetation composition Reference
height

RU-Seid-SA Gill R3 3.95 2008 Sedge (Eriophorum vaginatum), Marushchak et al.
vascular plants (Rubus Chamaemorus, (2011)
Vaccinium uliginosum, Ledums decumbens);
Moss (Sphagnum spp., Dicranum spp.,
Drepanocladus aduncus, Pleurozium schreberi);
lichens (Cladonia spp.) and shrubs (Betula nana
and Salix spp., Vaccinium spp.)

FI-Kaam-SA SWS-211 5 1997– Sedges (Eriophorium spp.), Aurela et al.
2002 dwarf shrubs (Betula nana, Empetrum nigrum and (2001)

Rubus chaemaemorus), lichens (Cladonia spp.
and Cladonia spp.) and mosses (Spagnum
and Dicranum spp.)

SE-Stord-SA Gill R3 3 2001– Sedges (Eriophorium vaginatum), Christensen
2008 lichens (Cladonia spp.), mosses (Sphagnum spp.) et al. (2012)

and shrubs (Empetrum nigrum)
NO-Ando-SA CSAT-3 3 2008– Shrubs (Empetrum nigrum); Lund et al.

2011 sedges (Eriophorum spp. and (2014)
Carex spp.); bryophytes (Sphagnum spp.);
and lichens (Cladonia spp.)

US-Anak-LA CSAT-3 2.6 2008– Tussock forming sedge (Eriophorum spp.); Rocha and Shaver
2012 moss (Sphagnum spp., Hylocomium spp.); (2011)

moss (Sphagnum spp.) and
shrubs (Betula nana, Salix pulchra)
and shrubs (Betula nana, Vaccinium vitis-idaea,
Ledum palustre and Rubus chamaemorus)

CA-Dar-LA Gill R3 4 2004– Shrubs (Empetrum nigrum, Ledum decumbens, Lafleur and
2007 Vaccinium vitis-idaea, Betula glandulosa, Vaccinium uliginosum Humphreys

and Rubus chamaemorus); (2008)
sedges (Carex spp.) and moss

US-Ivot-LA Gill R3 3.8 2004, Tussock forming sedge Kwon et al.
2006 (Eriophorium vagiunatum, Carex begelowii, Dryas interdrifolia); (2006)

moss (Sphagnum spp.) and
shrubs (Betula nana, Salix pulchra)
and lichens

RU-Kyt-LA Gill R3 4.7 2003– Sedges (Carex aquatilis, Parmentier
2010 Eriophorium angustifolium, and Eriophorum vaginatum); et al. (2011)

moss (Sphagnum spp.) and shrubs
(Betula nana, Salix pulchra),
and Potentilla palustris

GL-Nuuk-LA Gill R3 2.2 2008– Sedges (Carex rariflora, Eriophorum angustifolium, Westergaard-
2010 and Scirpus caespitosus) Nielsen et al. (2013)

RU-Sam-LA Gill R3 3.65 2003, Sedges (Carex spp); Kutzbach et al.
2006 moss (Meesia longiseta, Limprichtia revolvens, (2007)

Aulacomnium turgidum Hylocomium splendens and
Timmia austriaca); shrubs (Dryas octopetala
and Salix glauca) and
forbs (Astragalus frigidus)

US-Barr-LA Gill R3 5 1998– Sedges (Carex aquatilis, Eriophorium spp); Kwon et al.
2000 mosses (Calliergon ruchardsonii and (2006)

Cinclidium subrotundum)
and lichens (Peltigera spp.)

GL-Zack-HA Gill R2, 3 2000– Shrubs (Cassiope tetragona, Dryas integrifolia Lund et al.
Gill R3 2010 and Vaccinium uliginosum) (2012)
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Table 2. Linear regressions between variables (environmental and vegetation properties) and
LRC parameters: goodness of fit (r2), slope and level of significance (p < 0.1).

Variables LRC parameter Slope r2 p N

Maximum Leaf Fcsat −2.4 and −0.2 0.92 0.001 9
Area Index (LAI) Rd – – – 9
and Jul Air α – – – 9
temperature Psat −3.3 and −0.4 0.90 0.003 9

Fc1000 −2.3 and −0.3 0.93 0.001 9
LCP – – – 9

Maximum Leaf Fcsat −2.8 0.75 0.006 9
Area Index (LAI) Rd 1.1 0.52 0.042 9

α 0.02 0.61 0.023 9
Psat −3.9 0.70 0.009 9
Fc1000 −2.7 0.73 0.007 9
LCP – – – 9

Normalized Difference Fcsat −28.3 0.67 0.001 12
Vegetation Index (NDVI) Rd 10.4 0.40 0.026 12

α 0.1 0.25 0.09 12
Psat −38.7 0.61 0.003 12
Fc1000 −26.0 0.59 0.004 12
LCP – – – 12

Jul Air Fcsat −0.3 0.32 0.055 12
temperature Rd 0.1 0.26 0.094 12

α – – – 12
Psat −0.4 0.32 0.056 12
Fc1000 −0.3 0.35 0.043 12
LCP – – – 12

Peak season Fcsat – – – 12
PPFD Rd – – – 12

α – – – 12
Psat – – – 12
Fc1000 – – – 12
LCP 0.2 0.52 0.008 12
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Table 3. Light response curve parameters (Fcsat,Rd, α, Psat,Fc1000, LCP), fitting period and
related statistics, and variables (environmental and vegetation properties) for the study sites.
Note that assimilation parameters (Fcsat,Psat,Fc1000) are reported as negative values so as to
demonstrate that they represent uptake from the atmosphere by the ecosystem.

Study sites Peak period Fcsat Rd α Psat

(µmolm−2 s−1) (µmolm−2 s−1) (µmolm−2 s−1)

RU-Seid-SA 24 Jul–6 Aug −8.0 3.9 0.057 −11.9
FI-Kaam-SA 24 Jul–6 aug (±10 days) −4.7±0.6 1.7±0.2 0.020±0.002 −6.4±0.7
SE-Stord-SA 23 Jul–5 Aug (±16 days) −6.2±1.9 2.0±0.5 0.025±0.005 −8.2±1.9
NO-Ando-SA 9 Jul–22 Jul (±18 days) −4.0±0.4 1.1±0.1 0.018±0.005 −5.2±0.3
US-Anak-LA 12 Jul–25 Jul (±8 days) −4.6±0.3 1.2±0.4 0.017±0.005 −5.7±0.3
CA-Dar-LA 9 Jul–22 Jul (±16 days) −3.3±0.5 1.0±0.1 0.012±0.002 −4.4±0.5
US-Ivot-LA 23 Jul–5 Aug (±4 days) −4.7±0.9 1.2±0.5 0.012±0.011 −5.9±0.4
RU-Kyt-LA 24 Jul–6 Aug (±10 days) −5.4±0.8 1.6±0.6 0.020±0.006 −7.0±1.1
GL-Nuuk-LA 30 Jun–13 Jul (±17 days) −4.0±0.7 1.8±0.5 0.019±0.003 −5.8±0.9
RU-Sam-LA 30 Jul–12 Aug (±13 days) −1.7±0.3 0.6±0.3 0.013±0.001 −2.3±0.6
US-Barr-LA 25 Jul–7 Aug (±8 days) −4.4±1.4 1.2±0.5 0.035±0.031 −5.6±1.9
GL-Zack-HA 17 Jul–30 Jul (±9 days) −1.6±0.2 1.0±0.3 0.011±0.003 −2.6±0.4

Coefficient of variation (CV): 0.39 0.52 0.58 0.41
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Table 3. Continued.

Study sites Fc1000 LCP r2 N NDVI LAI Jul temperature
(µmolm−2 s−1) (µmolm−2 s−1) (◦C)

RU-Seid-SA −7.9 80 0.69 253 0.74 1.85 15.8
FI-Kaam-SA −4.4±0.5 100±15 0.91 561 0.69±0.03 0.70 13.9±0.4
SE-Stord-SA −5.7±1.6 97±32 0.79 353 0.68±0.02 > 2 11.8±1.3
NO-Ando-SA −3.9±0.4 73±18 0.77 373 0.70±0.06 – 10.9±0.7
US-Anak-LA −4.2±0.3 77±10 0.51 296 0.68±0.02 – 15.8±1.0
CA-Dar-LA −3.0±0.3 102±10 0.73 428 0.60±0.01 0.70 12.4±1.5
US-Ivot-LA −3.1±1.2 156±87 0.73 582 0.71±0.03 0.71 12.2±2.9
RU-Kyt-LA −4.9±0.8 91±20 0.78 463 0.68±0.03 0.78 10.6±3.2
GL-Nuuk-LA −3.8±0.5 111±22 0.74 363 0.67±0.01 – 10.1±0.2
RU-Sam-LA −1.7±0.3 53±26 0.59 246 0.62±0.05 0.30 9.2±0.1
US-Barr-LA −3.6±1.2 50±25 0.42 569 0.63 1.5 4.7±1.0
GL-Zack-HA −1.5±0.2 113±19 0.67 407 0.56±0.05 0.30 6.6±1.2

Coefficient of variation (CV): 0.42 0.3 0.18 0.28 0.07 0.63 0.29
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Table A1. Light response curve (LRC) parameters for peak period in 2008.

Study sites 2008 Peak period Fcsat Rd α Psat Fc1000 r2 N Jul 2008
(µmolm−2 s−1) (µmolm−2 s−1) (µmolm−2 s−1) (µmolm−2 s−1) temperature (◦C)

US-Anak-LA 16 Jul–29 Jul −4.4 1.4 0.018 −5.8 −4.2 0.50 243 11.7
NO-Ando-SA 31 Jun–13 Jul −3.5 1.2 0.014 −4.7 −3.3 0.82 470 10.5
RU-Kyt-LA 7 Aug–20 Aug −6.1 1.6 0.016 −7.7 −5.2 0.75 484 8.4
GL-Nuuk-LA 6 Jul–19 Jul −3.8 1.2 0.016 −5.0 −3.6 0.67 346 10.1
RU-Seid-SA 24 Jul–6 Aug −8.0 3.9 0.057 −11.9 −7.9 0.69 253 15.8
SE-Stord-SA 25 Jul–7 Aug −8.0 1.4 0.022 −9.4 −7.2 0.67 358 11.3
GL-Zack-HA 23 Jul–5 Aug −1.7 1.1 0.015 −2.8 −1.7 0.67 327 8.7

Mean±SD −5.1±2.4 1.7±1.0 0.023±0.015 −6.8±3.1 −4.7±2.2 0.7±0.1 354±95 10.9±2.5
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Table A2. List of symbols.

Name Units Description

α, α2 – Modeled quantum efficiency/light use
efficiency/initial slope of light response curve. (Eqs. 1 and 2)

Fc1000 µmolm−2 s−1 Modeled CO2 flux when light (PPFD) is
1000 µmolm−2 s−1 (Eq. 1)

Fcsat µmolm−2 s−1 Modeled CO2 flux at light saturation.
This represents the point when further increases
in light do not affect the NEE (Eq. 1)

GPP µmolm−2 s−1 Gross primary production/Photosynthesis.
CO2 uptake from the atmosphere by the vegetation.

Psat µmolm−2 s−1 Potential photosynthesis at light saturation.
Calculated as Fcsat +Rd (Eq. 1)

LCP µmolm−2 s−1 Light compensation point. PPFD level when ecosystem
switches from net daily source to sink of CO2 (Eq. 1)

NEE µmolm−2 s−1 Measured half hourly net ecosystem exchange rate
Pmax µmolm−2 s−1 Modeled potential photosynthesis at light saturation (Eq. 2)
PPFD µmolm−2 s−1 Measured half hourly photosynthetic photon flux density
R µmolm−2 s−1 Modeled dark or basal respiration/intercept of the light

response curve (Eq. 2)
Rd µmolm−2 s−1 Modeled dark or basal respiration/intercept of

the light response curve (Eq. 1)
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Figures 

 

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

boundaries (AMAP, 1998).  

 

Fig. 1. Location of study sites in a circumpolar context. Map shows classification according
Arctic floristic boundaries (AMAP, 1998).
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34 

 

 

Fig. 2: Relationships between maximum leaf are index  (LAI) and a) light saturation NEE, Fcsat; b) dark 

respiration, Rd; c) rate of carbon assimilation with initial increase in light, α; d) potential photosynthesis at 

light saturation, Psat; e) NEE when PPFD is 1000 µmol m-2 s-1, Fc1000 and f) light compensation point (LCP). 

Red line represents linear fit between maximum LAI and LRC parameters while error bars are standard 

deviations. 

 

Fig. 2. Relationships between maximum leaf are index (LAI) and (a) light saturation NEE, Fcsat;
(b) dark respiration, Rd; (c) rate of carbon assimilation with initial increase in light, α; (d) po-
tential photosynthesis at light saturation, Psat; (e) NEE when PPFD is 1000 µmolm−2 s−1,Fc1000
and (f) light compensation point (LCP). Red line represents linear fit between maximum LAI
and LRC parameters while error bars are standard deviations.
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Fig. 3: Relationships between peak season NDVI and a) light saturation NEE, Fcsat; b) dark respiration, Rd; c) 

rate of carbon assimilation with initial increase in light, α; d) potential photosynthesis at light saturation, Psat; 

e) NEE when PPFD is 1000 µmol m-2 s-1, Fc1000 and f) light compensation point (LCP). Red line represents 

linear fit between peak season NDVI and LRC parameters while error bars are standard deviations. 

  

Fig. 3. Relationships between peak season NDVI and (a) light saturation NEE, Fcsat; (b) dark
respiration, Rd; (c) rate of carbon assimilation with initial increase in light, α; (d) potential photo-
synthesis at light saturation, Psat; (e) NEE when PPFD is 1000 µmolm−2 s−1, Fc1000 and (f) light
compensation point (LCP). Red line represents linear fit between peak season NDVI and LRC
parameters while error bars are standard deviations.
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Fig. 4: Light response curves across the Arctic tundra, a) High Arctic sites, b) Low Arctic sites, c) Subarctic 

sites. Classification was done according to Arctic floristic boundaries (AMAP, 1998) 

 

Fig. 4. Light response curves across the Arctic tundra, (a) High Arctic sites, (b) Low Arctic
sites, (c) Subarctic sites. Classification was done according to Arctic floristic boundaries (AMAP,
1998)
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Fig. 5: Variability in LRC parameters among Arctic tundra sites. a) flux at light saturation (Fcsat); b) dark 

respiration (Rd); c) initial light use efficiency (α); d) potential photosynthesis at light saturation (Psat); e) flux 

Fig. 5. Variability in LRC parameters among Arctic tundra sites. (a) flux at light saturation (Fcsat);
(b) dark respiration (Rd); (c) initial light use efficiency (α); (d) potential photosynthesis at light
saturation (Psat); (e) flux when PPFD= 1000 µmolm−2 s−1 (Fc1000); and (f) light compensation
point (LCP). Illustrated according to mean July temperature in different tundra types.
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38 

 

when PPFD = 1000 µmol m-2 s-1 (Fc1000); and f) light compensation point (LCP). Illustrated according to 

mean July temperature in different tundra types. 

 

 

Fig. 6: Averaged peak season PPFD (light) control on light compensation point (LCP) parameter. r2 = 0.5, p 

= 0.008. Ecosystems in regions prone to high light tend to be adapted to such conditions with a 

correspondingly high LCP. 

 

 

Fig. 6. Averaged peak season PPFD (light) control on light compensation point (LCP) param-
eter. r2 = 0.5, p = 0.008. Ecosystems in regions prone to high light tend to be adapted to such
conditions with a correspondingly high LCP.
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Appendix B: Supplementary figures

 

Fig. B1: Parameterization of LRC (equation 1). Continuous lines show the shape of the light response curves 

while broken lines illustrate parameters of the light response curves; a) Flux at light saturation; b) Dark 

respiration (when PPFD = 0 µmol m-2 s-1); c) Initial light use efficiency; d) NEE when PPFD = 1000 µmol 

m-2 s-1 and e) light compensation point PPFD when NEE = 0 µmol m-2 s-1. Potential photosynthesis at light 

saturation (Psat) was calculated as a theoretical parameter by adding Fcsat and Rd. 

  

Fig. B1. Parameterization of LRC (Eq. 1). Continuous lines show the shape of the light re-
sponse curves while broken lines illustrate parameters of the light response curves; (a) flux
at light saturation; (b) dark respiration (when PPFD= 0 µmolm−2 s−1); (c) initial light use effi-
ciency; (d) NEE when PPFD= 1000 µmolm−2 s−1 and (e) light compensation point PPFD when
NEE= 0 µmolm−2 s−1. Potential photosynthesis at light saturation (Psat) was calculated as a the-
oretical parameter by adding Fcsat and Rd.
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Fig. B2: Comparing equation (1) and (2) using Seida 2008 peak season. The LRC curves suggest that the 

parameters Rd and α from equation (1) are comparable with R and α2 from equation (2).  

  

Fig. B2. Comparing Eqs. (1) and (2) using Seida 2008 peak season. The LRC curves suggest
that the parameters Rd and α from Eq. (1) are comparable with R and α2 from Eq. (2).
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Fig. B3: Correlations between equation (1) (Falge et al., 2001) and (2) (Ruimy et al., 1995) using 

photosynthesis at light saturation. Potential photosynthesis at light saturation (Psat) was calculated as the sum 

of Fcsat and Rd in equation (1) (Falge et al., 2001; Lindroth et al., 2007) and was estimated by Pmax in equation 

(2) (Frolking et al., 1998; Laurila et al., 2001; Ruimy et al., 1995) based on the 12 sites in this study. Broken 

line represents the 1:1 line.  
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Fig. B4: Comparing LRC curves for peak period 2008 shows that Fcsat for RU-Seid-SA may be comparable 

to SE-Stord-SA but differs in terms of α and Rd. Also, the LRC for RU-Seid-SA shows a stronger and unique 

curvature. 

  

Fig. B4. Comparing LRC curves for peak period 2008 shows that Fcsat for RU-Seid-SA may
be comparable to SE-Stord-SA but differs in terms of α and Rd. Also, the LRC for RU-Seid-SA
shows a stronger and unique curvature.
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