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Chapter 6

Longer growing seasons do not
appear to increase net carbon
uptake in Northeastern Siberian
tundra1

Abstract
With global warming, snowmelt is occurring earlier and growing seasons are becoming longer
around the Arctic. It has been suggested that this would lead to more uptake of carbon due to
a lengthening of the period in which plants photosynthesize. To investigate this suggestion,
8 consecutive years of eddy covariance measurements at a Northeastern Siberian tundra site
were investigated for patterns in net ecosystem exchange, photosynthesis and ecosystem res-
piration.
While photosynthesis showed no clear increase with longer growing seasons, it was clearly
increased by warmer summers. Due to these warmer temperatures however, the increase in
uptake was mostly offset by an increase in respiration. erefore, overall variability in net
carbon uptake was low and no relationship with growing season length was found. Further-
more, the highest net uptake of carbon occurred with the shortest and the coldest growing
season. Low uptake of carbon mostly occurred with longer or warmer growing seasons. We
thus conclude that the net carbon uptake of this ecosystem is more likely to decrease rather
than to increase under a warmer climate. Furthermore, a longer growing season will also lead
to more methane emissions. A lengthening of the growing season is therefore very likely to
reduce the greenhouse gas sink of this ecosystem.

6.1 Introduction

e stability of the net carbon exchange of tundra under a changing climate depends on the
combined response of respiration and photosynthesis. A longer growing season, caused by

1e contents of this chapter has been submitted as "Longer growing seasons do not appear to increase net carbon
uptake in Northeastern Siberian tundra" to JGR-Biogeosciences
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78 CHAPTER 6. STABILITY OF NET ECOSYSTEM EXCHANGE

earlier snowmelt, may increase net photosynthesis. It has been suggested that this would re-
sult in an increase in biomass and carbon sink (Churkina et al., 2005). However, respiration
may also increase due to the the longer snow free periods, stimulated by overall higher tem-
peratures, and in turn this would reduce the magnitude of the carbon sink. Since the Arctic
contains large amounts of carbon in its cold, frozen soils (Tarnocai et al., 2009), the specific
way in which photosynthesis and respiration in Arctic ecosystems react, can have large impacts
on the global carbon cycle (McGuire et al., 2009).
Changes in the Arctic are not only expected but some have already been observed. Arctic
temperatures are rising faster than the global average (Serreze et al., 2000; Chapin III et al.,
2005; Kaufman et al., 2009) and it has been shown that snowmelt in the Arctic is occurring
earlier from several days up to two weeks per decade (Dye, 2002; Smith et al., 2004;Høye et al.,
2007). While these changes in snowmelt seem small in absolute terms, they are large relative
to the short Arctic growing season. is has already led to an earlier flowering of plants and
a higher primary productivity (Myneni et al., 1997; Zhou et al., 2001; Høye et al., 2007; Post
et al., 2009). In contrast to this increase in the uptake of carbon, respiration is also likely to
increase with higher temperatures (Lloyd and Taylor, 1994). Recently it has been shown that
increases in respiration can also originate from deeper soil layers that have become available
for respiration after permafrost degradation (Schuur et al., 2008;Dorrepaal et al., 2009). Since
photosynthesis and respiration fluxes act in opposite directions, their relative change will de-
termine the future sink function of these ecosystems (Welker et al., 2004).
Although estimated future changes in photosynthesis and respiration have been simulated in
models, at the moment more, especially long term, measurements are required to determine
realistic responses (Piao et al., 2007; Sitch et al., 2007; Euskirchen et al., 2009). In the past, a
number of eddy covariance studies of carbon cycling in the Arctic have been established that
provide more insight in the dynamics of this ecosystem. However, most of these studies have
been performed in Scandinavia or Alaska because of the difficult logistic conditions in the
rest of the Arctic (Fan et al., 1992; Oechel et al., 2000; Williams et al., 2000; Hargreaves et al.,
2001; Harazono et al., 2003; Aurela et al., 2004; Beringer et al., 2005; Kwon et al., 2006; Lund
et al., 2010). And although the Siberian part of the Arctic has been studied in several eddy
covariance studies (Corradi et al., 2005; Kutzbach et al., 2007; van der Molen et al., 2007),
stations with long term measurements of 5 years or more, that are required to observe the
inter annual variation of carbon fluxes, still remain preciously scarce outside of Alaska and
Scandinavia (Groendahl et al., 2007).
is paper presents the first long term (> 5 years) dataset from a Northeastern Siberian tun-
dra site, spanning the period 2003 to 2010. To our knowledge, there are no other stations
in the region that have a measurement record of similar length, and these measurements fill
a large gap in our knowledge of the carbon cycling of this region. By breaking down the
measurements of net ecosystem exchange to its components, ecosystem respiration and pho-
tosynthesis, we will show how these carbon fluxes change along a large range of summer
temperatures and different growing season lengths. We will then use these relationships to
analyze the stability of the carbon uptake by this ecosystem in a changing climate.
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6.2 Materials and Methods

6.2.1 Site Description

Climate

e study site (70◦49'44.9" N, 147◦29'39.4" E) lies in the nature reserve 'Kytalyk', 30 km
Northwest of the town of Chokurdakh in the republic of Yakutia (Sacha) in Northeastern
Siberia, as indicated in Figure 6.1. e climate of this region is continental with temperatures
as low as -25 to -40 ◦C in winter, 5 to 25 ◦C in summer and an annual average of -10.5 ◦C.
e large variation in summer temperatures is due to the close proximity of the Arctic Ocean,
100 km to the North. When the wind is coming from this direction, temperatures are low
and when the wind is coming from the warm Siberian continent to the South, temperatures
are high. During the summer, 50% of the yearly precipitation falls as rain, while the other
half falls as snow during the rest of the year. e total yearly precipitation is low with an
average of approximately 220 mm.

Figure 6.1: Location of the research site, indicated
with the red star.

Snowmelt usually occurs at the end of
May or the start of June. While the
snow disappears quickly, the vegetation
response to snowmelt lags a significant
amount of time. Shrubs don't show
bud break until after approximately 4
weeks, when a significant amount of heat
has been accumulated in the soil, lead-
ing to the establishment of a thawing
layer, and air temperatures have risen high
enough. After bud break, photosynthesis
rates are highly variable from day to day
but show rather stable long-term trends.
e growing season usually stops again
at the end of August or the start of
September, when daylight quickly dimin-
ishes and temperatures are rapidly drop-
ping.

Soil and vegetation

e research area is located in a depression that originally formed the lakebed of a thaw lake
of probably Early Holocene age, that was drained in the past by fluvial erosion. e topsoil
consists of an organic layer of 10 to 15 cm, underlain by silt deposits. Although the area
has no significant slope, apart from some isolated hills, cryogenic processes have led to micro
topographical differences within the landscape, where ice lenses have created small mounds
or palsa-like features which cause elevation differences of at most a metre. In between these
higher areas, depressions occur where standing water remains during summer, especially in
areas where ice wedges are actively expanding, and in some areas small ponds are created. Ice-
wedge polygons also occur within the area, although less clearly visible near the measurement
tower.
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Vegetation in the drier areas consists of Betula nana and Salix pulchra shrubs, Eriophorum
vaginatum sedges and mosses. Towards the wetter areas, shrub cover diminishes and Sphag-
num mosses, Caluna palustris and the sedges Eriophorum angustifolium and Carex aquatilis are
more common, with the latter two dominating the wettest parts. Vegetation height varies
from 20 to 30 cm in the shrub dominated areas to 40 or 50 cm in the sedge dominated areas.

6.2.2 Instrumentation

Starting in April 2003, wind speed and temperature were measured with the use of a sonic
anemometer (Gill Instruments, Lymington, UK, type R3-50) and concentrations of CO2

and water vapor were measured with an open path infrared gas analyzer (Licor, Lincoln, NE,
USA, type Li-7500), both installed at the top of a small mast at 4.7 m. e data was logged
to a handheld computer (van der Molen et al., 2006) at a rate of 5 to 10 Hz in the first few
years, depending storage capacity and time between field visits. Since 2007, measurements
have been performed consistently at 10 Hz after storage capacity was upgraded and it has been
shown that these results were not significantly different from the measurements at a lower rate
(van der Molen et al., 2007). Fluxes were calculated according to the Euroflux methodology
(Aubinet et al., 2000), with the addition of the angle of attack calibration (van der Molen et al.,
2004; Nakai et al., 2006). Afterwards, these measurements were gapfilled according to the
standard gapfilling method in the Fluxnet community (Reichstein et al., 2005; Moffat et al.,
2007).
To check for vertical stratification of CO2 during nights with stable atmospheric conditions,
a vertical CO2 profile (de Araújo et al., 2008) was used that measured CO2 concentrations at
5 heights. ese 5 heights were installed along a non-linear spacing from 15 cm above the
ground to the measurement height. Measurements of CO2 concentrations were performed
in the summer of 2008 and 2009 in varying conditions. Even under very stable nighttime
conditions with high increases of CO2 concentrations, no significant vertical concentration
gradient was found. It is therefore unlikely that storage effects pose a problem at this site.
In a second tower, additional measurements were performed of incoming and outgoing short
wave radiation (Kipp & Zn, Delft, the Netherlands, type albedometer, CM7b), up- and down
facing longwave radiometers (e Eppley Laboratory, Newport, RI, USA, type PIR) and a net
radiometer (Campbell Scientific, Logan, UT, USA, type Q7). Soil heat flux was measured
with the use of soil heat flux plates (Middleton, Melbourne, Australia). Soil temperature was
recorded from two locations at 10 depths along a 60 cm profile with soil temperature sensors
(manufactured at the VU University Amsterdam, type Pb107). One of these profiles was
placed in a higher lain and dry area with shrubs, while the second profile was installed in an
inundated depression dominated by sedges. Furthermore, an air pressure sensor (manufac-
tured at the VU University Amsterdam) recorded barometric air pressure and precipitation
was measured with a tipping bucket rain gauge (Campbell Scientific, Logan, UT, USA).

6.2.3 Flux partitioning

e dynamics of net ecosystem exchange (NEE) are governed by two processes: photosynthe-
sis and respiration. ese components need to be extracted from the eddy covariance signal,
which only measures NEE. e standard procedure is to determine the flux of ecosystem res-
piration (Reco) first and then extract gross primary production (GPP) from the remaining
signal, following the equation GPP = NEE - Reco. is was previously done by Reichstein
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et al. (2005), who used the respiration model established by Lloyd and Taylor (1994) to esti-
mate relationships between Reco and air temperature from nighttime measurements of NEE.
During Arctic summers however, it is problematic to derive Reco from nighttime data since
nights are very short. is problem can be alleviated by using the model presented by Lass-
lop et al. (2010), who combined the same respiration model with a hyperbolic light-response
curve (Falge et al., 2001), to use daytime data to estimate both Reco and GPP as described in
Equation 6.1.

NEE = − αβRg

αRg + β
+Rref exp

(
E0

(
1

Tref − T0
− 1

Tair − T0

))
(6.1)

e lefthand side of this equation describes the light-response curve and represents GPP
(which is negative by definition). Here, α is the canopy light utilization efficiency in µmol
C J−1 and describes the initial slope of the light-response curve. β is the maximum CO2

uptake rate of the canopy at light saturation in µmol C m−2 s−1 and Rg is the incoming
shortwave radiation in W m−2. e righthand term describes ecosystem respiration and fol-
lows the model established by Lloyd and Taylor (1994). Here, Rref is the reference respiration
in µmol C m−2 s−1 at the base temperature Tref (set to 15◦C), E0 is the temperature sen-
sitivity, Tair is the air temperature in ◦C and T0 is a constant parameter set at -46.02 ◦C.
Furthermore, Lasslop et al. (2010) adjusted the light-response curve in Equation 6.1 to account
for changes in VPD. By adding a relationship with VPD, the model correctly attributes a drop
in NEE to a decrease in GPP instead of an increase in respiration in summer afternoons with
a high VPD. is effect of VPD on photosynthesis was incorporated by adjusting the value
of β for periods where VPD reached values higher than 10 hPa according to Equation 6.2.

β =

{
β0 exp(−k(VPD − VPD0)) (VPD > VPD0)
β = β0 (VPD ≤ VPD0)

(6.2)

Here, k is a dimensionless parameter that tunes the decay with VPD. VPD0 is the threshold
of 10 hPa and β0 is the original value of β before the VPD adjustment.
To use this set of equations to obtain a good estimate for GPP and Reco, first the value of
E0 was obtained from for a moving window of 12 days over the nighttime data, using the
righthand side of Equation 6.1. is value forE0 was then fixed and the rest of the parameters
were estimated every two days, with the full equation, from daytime data on a window of 4
days. e procedure described here mostly follows Lasslop et al. (2010), however in this study
the radiation limit to separate between daytime and nighttime was set to 20 W m−2 instead
of 4 W m−2. is is the same limit as used in the flux partitioning method by Reichstein et al.
(2005) and this was done to make sure that in the period of the year close to summer solstice,
enough nighttime data points were available to obtain an estimate of E0. Otherwise, due to
the short nights in this period of the year, the availability of data was significantly reduced
and no optimization could be achieved for E0.

6.2.4 Growing season length
In the years 2003, 2008, 2009 and 2010, eddy covariance measurements were started several
weeks before snowmelt and fluxes were measured until after the end of the growing season
(from now on referred to as 'continuous years'). Although measurements are lacking from
springtime in the years 2004 to 2007 due to power failures combined with the inaccessibility
of the site in that period (referred to as 'discontinuous years'), most of these years (2004 to
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2006) were started within days from bud break, which occurs around 4 weeks after snowmelt.
is period before bud break usually shows some respiration and photosynthesis (i.e. from
grasses and sedges) which totals to approximately 10 g C m−2. However, these amounts are
very small compared to fluxes during the growing season when these amounts of carbon can
be exchanged within 2 or 3 days, instead of 4 weeks. erefore, although these springtime
fluxes are missing in 4 measurement years, comparisons that are limited to the growing season
will still capture most of the inter-annual variability.
To compare these growing seasons with each other, cumulative fluxes of NEE, GPP and Reco

need to be established. However, to be able to make these estimates, the length of the growing
season has to be defined. Since the exact start of the growing season is unknown for the dis-
continuous years, the continuous years were studied for relationships that could predict bud
break for each year, preferably with temperature. Continuous temperature measurements of
this region are available for all years from the weather station of the nearby town of Chokur-
dakh (± 30 km). ese temperature readings and the onset of snowmelt at this weather station
were highly comparable to the studied site and could therefore be used to predict the start of
the growing season of the discontinuous years.
e required relationship between temperature and bud break was previously found by Pop
et al. (2000). In their work, it was shown that a certain buildup of temperature, expressed as
forcing units (FU), was needed for the shrubs Betula nana and Salix pulchra to achieve bud
break. Since these shrubs are the dominant shrub species in the study area of this research, we
could use the same relationship, as shown in Equation 6.3, to predict bud break at our site.

FU day−1 =

{
0 (Tair ≤ 0◦C)
10/(1 + exp[–0.08(Tair − 18.0)]) (Tair > 0◦C)

(6.3)
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Figure 6.2: Relationship of cumulative GPP along
the cumulative of forcing units (FU) for the contin-
uous years. At a value of 70 (FUcritical), bud break
of Betula nana and Salix pulchra occurs. is is in-
dicated by the vertical black line.

Here Tair is the air temperature in ◦C. e
outcome of this equation was used to cal-
culate the cumulative amount of these forc-
ing units since snowmelt. ese values were
plot against the cumulative amount of GPP
as shown in Figure 6.2. From this Figure it
is clear that photosynthesis picks up much
more strongly when the cumulative forc-
ing units hit a value of 70 FU, also known
as FUcritical. is relationship with FU
was then applied to the discontinuous years
to estimate the start of the growing season
(GSstart).
While the start of the growing season
showed a high variability between years, due
to differences in spring temperatures, each
year photosynthesis ceased in early Septem-
ber. Around this time, daylight quickly
diminishes and temperatures start to drop.
is is confirmed by the eddy covariance
data, where the NEE switches from a net up-
take to a net emission of carbon at the end
of August. Since this happens in a very predictable way each year and closely around the same
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date, it was chosen to define the end of the growing season a few days after this switch at
September 7 (DOY=250). e difference between this date and GSstart provided the length
of the growing season.

6.2.5 Gapfilling

While this provided an objective method to determine the length of the growing season, it
was noticed that for the discontinuous years some days were still lacking. To fill up these
gaps in Reco and GPP, the daily averages of the continuous years were examined to establish
relationships that could be used to fill these gaps. In the case of respiration, estimates of E0

and Rref were obtained by averaging these parameters for all years. is averaging was not
done along the day of year (DOY) because snowmelt does not occur at the same day each year,
which leads to large inter-annual differences along day of year. Instead, to obtain a more re-
alistic average of Rref and E0 in relation to snowmelt, these parameters were averaged along
the number of days since snow melt (DSM). e air temperature from the weather station
in Chokurdakh, together with the average of the respiration parameters, could then be used
to estimate respiration for the discontinuous years. ese estimates were also extended into
the period between snowmelt and bud break, to obtain an estimate of respiration during this
period.
e amount of photosynthesis in the pre-growing season period was estimated from Fig-
ure 6.2. As can be seen here, the fluxes before bud break show a similar pattern with FU and
average values of GPP with FU were used to estimate GPP in this period. ereafter, to fill
the gap in GPP within the growing season, an average of the parameters from Equation 6.1
could not be used, since no measurements for radiation were available from the local weather
station. As an alternative, the data was filled with the average of the GPP flux from July.
Although a rough estimate, average photosynthesis rates are rather stable at this site when
compared to long time periods.
Since both these gapfilling methods have their limitations, it had to be estimated what their
uncertainty range was. erefore, the same filling technique was used on the continuous years
but with artificial gaps of the same length as in each discontinuous year. e highest departure
from the measurements due to these gaps, was used as the uncertainty range of the estimate for
the discontinuous year that corresponded to that particular gap. By defining the uncertainty
range in this way, the range represents a likely maximum uncertainty.

6.3 Results

6.3.1 Environmental conditions

In Figure 6.3, we indicated the starting day of the eddy covariance measurements (ECstart),
the ending day of the eddy covariance measurements (ECend), snowmelt (SM), the starting
day of the growing season (GSstart) and the average daily temperatures for the measured years.
Here it can be seen that the eddy covariance setup failed to measure the springtime fluxes from
2004 to 2007, due to power failures. In those years, the measurements could not be started
again until after snowmelt, since the site is inaccessible during that period. However, apart
from 2007, in most years the measurements were started soon after the start of the growing
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season (1 to 6 days) and most of the carbon exchange was measured.
Furthermore, Figure 6.3 also shows a wide range in the timing of snowmelt. 2005 and 2007
saw a very early snowmelt, already on May 25 and May 18, respectively. In other years,
snowmelt usually occurred somewhere between May 30 and June 10. Snowmelt was further-
more closely linked to the start of the growing season, which usually followed within 4 weeks
(± 4 days). e years with earlier snowmelt therefore also had an earlier start of the growing
season.
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Figure 6.3: Inter-annual differences in the starting
day of snowmelt (SM, indicated with a dashed line),
the starting day of the growing season (GSstart,
indicated with the thick line), the starting day of
the eddy covariance (ECstart, indicated with an as-
terisk) and the ending day of the eddy covariance
(ECend, indicated with x). e colors indicate the
temperature observed in these years (in degrees Cel-
cius).

ese changes in snowmelt and start of the
growing season are also reflected in the tem-
peratures in Figure 6.3. Obviously, years
with earlier snowmelt show higher temper-
atures earlier in the year. Notably, the high-
est average temperature for any year was
also observed for the year with the earli-
est snowmelt, 2007. e year with the
highest monthly average however is 2010,
when the average July temperature reached
15 ◦C. During that month, record temper-
atures above 30◦C were measured at the
site and at the Chokurdakh weather sta-
tion. On the other hand, the preceding year
showed the lowest average temperatures for
July and August and this stresses the high
inter-annual variability in weather at this
site.
Opposed to these large inter-annual differ-
ences in the spring and summer, autumn
temperatures are much more comparable in
between years. In the weeks following DOY=250, temperatures are low, mostly < 5 ◦C and
sometimes below freezing, and show little variation in between years due to the shorter and
darker days in this period.

6.3.2 Fluxes

e large differences in the onset of snowmelt and summer temperatures between years is
reflected in GPP, Reco and NEE. In Figure 6.4, the cumulative totals of GPP, Reco and
NEE are plotted against the day of year, starting at the day of snowmelt. e estimates of
springtime fluxes for the discontinuous years have also been plotted (the dotted lines in the
figure), to show how these estimates fit alongside the fluxes measured in other years. From
these cumulative plots, an estimate of the total fluxes of each growing season are given in
Table 6.1.
From Figure 6.4 and Table 6.1, it becomes apparent that growing season photosynthesis and
respiration are quite variable between years. GPP varied between -158.2 to -184 g C m−2,
while Reco varied between 73.6 and 103.7 g C m−2. ese ranges are without the estimate
for 2007, which showed exceptionally high photosynthesis and respiration rates (-211.3 and
129.3 g C m−2, respectively). Surprisingly, the estimate of NEE of 2007 (-82.0 ± 27.5 g C
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Table 6.1: Estimates of total GPP, Reco and NEE during the growing season (gs) and during the
snowfree period (sf ) for all years. All totals are in g C m−2

Year GPPgs Reco,gs NEEgs GPPsf Reco,sf NEEsf

2003 -166. 2 79. 1 -87. 1 -171. 2 94. 5 -76. 7
2004 -158.2 ± 2.4 84.0 ± 1.0 -74.2 ± 2.6 -168.1 ± 10.9 99.2 ± 3.7 -68.8 ± 11.5
2005 -184.0 ± 11.0 100.8 ± 3.0 -83.2 ± 11.4 -193.5 ± 16.5 116.8 ± 6.6 -76.7 ± 17.8
2006 -161.4 ± 5.9 92.5 ± 1.0 -69.0 ± 6.0 -170.8 ± 14.8 108.2 ± 4.2 -62.6 ± 15.4
2007 -211.3 ± 26.6 129.3 ± 7.0 -82.0 ± 27.5 -220.9 ± 28.8 147.2 ± 9.3 -73.7 ± 30.2
2008 -175. 7 87. 1 -88. 6 -191. 0 102. 3 -88. 7
2009 -168. 5 73. 6 -94. 9 -183. 2 93. 2 -90. 0
2010 -179. 6 103. 7 -75. 9 -177. 4 116. 0 -61. 4

m−2) was very typical. NEE of all years varied between -74.2 and -94.9 g C m−2.
ese totals of GPP, Reco and NEE are plot in Figure 6.5 against the length of the growing
season (GSlength) and the growing season temperature sum (ΣTgs). From this picture it
becomes clear that GPP andReco show a strong relationship withΣTgs while the relationship
between GSlength and GPP is less clear. Most importantly, while GPP and Reco clearly vary
with changes in either ΣTgs or GSlength, there is no large variation in NEE. Apparently
the increase in respiration is mostly offset by an increase in photosynthesis due to the longer
growing season. Nonetheless, the highest NEE occurred in 2008 and 2009, years which
showed the shortest growing season and the coldest summer, respectively. is suggests that
respiration increases more than photosynthesis with warmer and longer growing seasons.
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Figure 6.4: Cumulative fluxes of a) GPP, b) Reco and c) NEE from snowmelt onwards plot against the
day of year. e discontinuous years that have been filled with averages are plotted with a dotted line.
e data measured after the end of the growing season (DOY=250) is plotted with a dashed line.

6.4 Discussion

6.4.1 Uncertainty assessment

Although the studied years showed a varying range in total amounts of GPP and Reco of
the growing season, some measurements were missing for the years 2004 to 2007 due to
power failures (discontinuous years). is was compensated for by filling with relationships
derived from the other years (continuous years) and the average photosynthesis rate during
the growing season. ese estimates were found to show some deviations from the actual
measurements, which gave uncertainty ranges that varied between ± 2.4 to 26.6 g C m−2 for
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GPP and ± 1 to 7 g C m−2 for Reco as shown in Table 6.1. Expressed in percentages, these
ranges equate to ± 1.5 to 12.5% for GPP and ± 1.1 to 5.5% for Reco. In NEE these ranges
equate to ± 3.5 to 15% for the years 2004 to 2006 and ± 33.5% for 2007. is is mostly
because NEE for these years is derived as the difference of the two fluxes and therefore the
same absolute ranges become larger when compared to this smaller number.
e large uncertainty range in total GPP of 2007 is due to the large gap in the measurements.
e years 2004 to 2006 have small gaps from 1 to 6 days while 2007 has a gap of 22 days in the
growing season and the associated uncertainty is therefore much larger. is particularly large
gap occurred because the growing season started exceptionally early and the measurements
were started later than usual due to power failures. However, although this range in GPP is
large, it is likely that the estimate of total GPP is somewhat overestimated during that season.
e gap in this total was filled with an average GPP that was established from measurements in
a period that saw exceptionally high photosynthesis rates. ese high rates make it likely that
the estimate of GPP for 2007 is somewhat too high and unlikely to be even higher. erefore,
if we do not see an increase in NEE, even with these (possibly) overestimated GPP totals, it
is likely that an earlier onset of the growing season will not lead to more uptake of carbon.
For the estimate of the uncertainty range of total respiration, the model used was more straight
forward. Temperature measurements from the weather station in Chokurdakh could be used
together with the respiration model by Lloyd and Taylor (1994) to estimate respiration. e
parameters Rref and E0 of this equation were estimated by using averages from other years.
is method led to much smaller uncertainty ranges than for the gapfilling of GPP since tem-
perature differences of that year were incorporated. However, the estimate for 2007, due to
the large gap in that year, is more uncertain but the relative amount of this range is much
smaller for the estimate of Reco than for GPP.
Arguably, an additional error is introduced by comparing the totals of GPP, Reco and NEE
within the growing season instead of exactly the same window for each year. e difference in
growing season length shows a spread of three weeks and fluxes that are measured before the
start of the growing season are not accounted for. Unfortunately, the amount of photosyn-
thesis of the period before the start of the growing season was unknown for the discontinuous
years. An estimate for these years can be made from the available data in the continuous years.
is data showed that photosynthesis was near to zero before snowmelt, as expected. After
snowmelt it picked up slowly until the start of the growing season. At that date, the cumula-
tive amount of GPP ranged from close to zero to 16 g C m−2 as shown in Figure 6.2. Similar
values were found for respiration. e cumulative exchange of carbon until snowmelt was in
the order of 1 to 2 g C m−2. After snowmelt, the total respiration amounted to 12 to 20 g C
m−2.
Since these extra amounts of total GPP and Reco are of similar size, the total amount of NEE
was not affected much since they largely cancel each other out, with respiration being slightly
larger. By incorporating measured or estimated springtime fluxes, the patterns from Figure 6.5
were not significantly altered. Nonetheless, to provide a complete picture, the fluxes of GPP,
Reco and NEE from snowmelt until the end of the growing season have also been included
in Table 6.1. Fluxes before snowmelt were omitted, since they were found to be close to zero.
While the variable start of the growing season had a limited effect on NEE, the selection cri-
terium for establishing the end of the growing season possibly introduces another error since
respiration after the end of the growing season is also ignored. However, as can clearly be seen
from Figure 6.3, autumn temperatures are much more comparable in between years than
springtime temperatures. Subsequently, the cumulative amount of carbon fluxes of the years
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Figure 6.5: Total fluxes of a,b) GPP, c,d) Reco and e,f ) NEE plot against the day of snowmelt and the
average temperature during the snow free period. e discontinuous years where parts of the data has
been gapfilled with averages are plot with errorbars that indicates the possible range of the fluxes.
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where autumn fluxes were measured, showed very similar slopes after the end of the growing
season as shown in Figure 6.4. Although autumn fluxes were not measured every year, due
to power failures, it can be seen that the difference in respiration between these years is low
and the relative difference in NEE between years does not diverge much due to respiration
from this period. Even for the year 2007, which had the highest temperatures for September,
the pattern is not very different. We therefore conclude that fluxes measured after the end of
the growing season until the start of snowmelt in the following year, show much more similar
patterns in between years and are not expected to significantly change the relative differences
in carbon fluxes between years. e comparison of fluxes between growing seasons provides
us with an accurate estimate of the relative difference between years.

6.4.2 Relationship with growing season length and summer tempera-
tures

With the uncertainties constrained, we are confident that most of the relative inter-annual
differences will be governed by variations in GPP andReco during the growing season. ere-
fore, total amounts of growing season GPP, Reco and NEE were plotted in Figure 6.5 against
growing season length (GSlength) and the growing season temperature sum (ΣTgs).
With the exception of the (possibly too high) estimate of 2007, it appears that the total amount
of photosynthesis does not vary much with a change in the length of the growing season. is
weak relationship with a longer growing season is supported by the fact that the year that
showed the latest onset of snowmelt and start of the growing season, 2008, also showed one
of the highest totals of GPP. While this makes the relationship with growing season length
somewhat unclear, it does appear that GPP shows a relationship with the growing season tem-
perature sum. In Figure 6.5b, the coldest years show a lower total of photosynthesis than the
warmest years. It seems that in this ecosystem a higher sum of temperatures leads to more
photosynthesis but that a longer growing season does not necessarily lead to more uptake of
carbon.
Contrary to this complicated relation between growing season length and GPP, Figure 6.5c
shows a clear relationship between growing season length and Reco. is seems logical: a
longer growing season leads to a longer period where respiration can take place and the total
amount of respiration will increase. Respiration also increases with higher temperatures and
therefore it is not surprising that Reco would increase with the growing season temperature
sum, as shown in Figure 6.5d.
Since both GPP andReco increase with higher summer temperatures, NEE depends on which
of the two fluxes increases stronger. From Figure 6.5 it is clear that NEE showed no relation-
ship with either growing season length or the sum of temperatures. If anything, the figure
shows that it is unlikely that the uptake of carbon in this ecosystem is increased by a longer
and warmer growing season. Years where the growing season was short or the total amount of
summer temperatures were low, showed the highest uptake of carbon. Furthermore, the years
where the growing season was long or warm, showed the least amount of uptake of carbon,
with the exception of 2004. Also, the highest total of GPP occurred in 2007 but this estimate
is possibly on the higher end. Figure 6.5 suggests that this year is an outlier and it is possible
that the actual amount of carbon taken up in that growing season was much less, while it is
unlikely it was even more.
ese details from Figure 6.5 paint a pessimistic picture for the greenhouse gas exchange of
this ecosystem for CO2 alone. Arguably equally important is the observation that, even if
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the net carbon uptake were to stay stable with higher summer temperatures, the longer grow-
ing season will definitely lead to more methane fluxes. And while methane fluxes from the
studies site are very variable in between years because of different water availability and tem-
peratures (van der Molen et al., 2007), a longer snow free period leads to more time in which
more methane fluxes can be emitted to the atmosphere. Importantly, a longer and warmer
growing season does not necessarily lead to dryer conditions, since it was observed in the field
that 2007 was very wet compared to other years and high methane fluxes were measured (not
shown here). ese emissions of methane cannot possibly be offset by an increase in carbon
uptake and therefore the strength of the greenhouse gas sink of this ecosystem is likely to
diminish in a warmer climate.

6.5 Conclusion
In this study, the net ecosystem exchange of a tundra site, measured over 8 consecutive years,
has been split up in its components, gross primary production and ecosystem respiration.
For 7 of the 8 years it was possible to ascertain the total fluxes of Reco and GPP during the
growing season, while for the remaining year a reasonable estimate could be made. e vari-
ous carbon fluxes were subsequently compared to the climatic differences between years, with
an emphasis on growing season length and the growing season temperature sum. While the
length of the growing season showed an unclear relationship with GPP, it was shown that a
higher growing season temperature sum led to a higher uptake of carbon. However, at the
same time, a warmer growing season also led to more respiration.
e net carbon exchange that resulted from these two opposing fluxes showed no strong varia-
tion along the studied variables. However, it was found that the years that showed the highest
net uptake of carbon, had the shortest growing season or the lowest temperatures. On the
other hand, the years that showed the least amount of net carbon uptake mostly had long
growing seasons or high summer temperatures.
is leads us to conclude that the amount of carbon which is taken up by this ecosystem is
more likely to decrease rather than increase with longer growing seasons and higher summer
temperatures. Additionally, it is expected that a longer growing season and higher temper-
atures also lead to more methane emissions. is study shows that this process cannot be
compensated by an increase in carbon uptake and this makes it very likely that the green-
house gas sink function of this ecosystem will significantly diminish in strength with longer
and warmer growing seasons.
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