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Chapter 7

Synthesis, Conclusions and
Recommendations

7.1 Introduction
is thesis discusses the dynamics of the exchange of CO2 and methane to the atmosphere
with a special emphasis on Northeastern Siberian tundra. A combination of different methods
to measure trace gases has been used, together with modeling and lab analysis. First, the
influence of water level on CO2 fluxes and evaporation of a peatland in the Netherlands
was studied. Hereafter, the focus switches to Siberia in a study on the spatial dynamics of
methane emissions and the role that methanotrophic bacteria, that live within Sphagnum,
play therein. e following chapter discusses the dynamics of methane emissions in tundra
on a larger scale and the final chapter discusses the stability of net carbon uptake, and its
components photosynthesis and respiration, to increasing summer temperatures and longer
growing seasons.

7.2 Research Synthesis

7.2.1 Sensitivity of CO2 fluxes and evaporation to water table
In a peatland in the Netherlands, the effect of shallow water table fluctuations on evaporation
and CO2-fluxes is investigated. ese fluxes were measured from mid spring to the end of
summer in 2005 and 2006 and simulated independently with process models. e observed
and modeled data were then compared along a gradient of water levels. Any variation along
the gradient would imply an influence of the water table on the flux. It became evident that
changes in the water table had no effect on evaporation and CO2-fluxes of the peatland. A
probable cause could be the high water content of the soil, even for the low water tables, and
the stable thermal conductivity of the soil. is study has implications for current land use
management, which is aimed at reducing CO2 emissions. Currently, regulations focus mostly
on water levels while this study shows that soil water content should be focused on as well.
Furthermore, this study has implications for the research of carbon fluxes on tundra. e
main study site of this thesis was situated in a very wet tundra type. Although significant
changes in water table do occur, soil moisture content remains high. It is therefore likely that
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respiration at the studied tundra site is more susceptible to changes in temperature than water
level.

7.2.2 e role of endophytic methane oxidizing bacteria in submerged
Sphagnum in determining tundra methane emissions

e role of microbial processes governing methane emissions in tundra ecosystem is receiving
increasing attention. Recently, cooperation between methanotrophic bacteria and submerged
Sphagnum was shown to reduce methane emissions but also to supply CO2 for photosynthe-
sis for the plant. Although this process was shown to be important in the laboratory, the
differences that exist in methane emissions from inundated vegetation types with or without
Sphagnum in the field have not been linked to these bacteria before.
In this study, chamber flux measurements, an incubation study and flux modeling were used
to investigate the drivers and controls on the relative difference in methane emissions be-
tween a submerged Sphagnum/sedge vegetation and an inundated sedge vegetation without
Sphagnum. It was found that methane emissions in the Sphagnum dominated vegetation type
were 50% lower than in the vegetation type without Sphagnum. A model sensitivity analysis
showed that these differences could not sufficiently be explained by differences in methane
production and plant transport.
e model, combined with an incubation study, indicated that methane oxidation by endo-
phytic bacteria, living in cooperation with submerged Sphagnum, plays a significant role in
methane cycling at this site. is result is important for spatial upscaling spatially as oxidation
by these bacteria plays a large role in 15% of the net methane emissions at this tundra site.
Our findings support the notion that methane oxidizing bacteria are an important factor in
understanding the processes behind methane emissions in tundra.

7.2.3 Spatial and temporal dynamics in eddy covariance observations of
methane fluxes

In the past two decades, the eddy covariance technique has been used for an increasing number
of methane flux studies at an ecosystem scale. Previously, most of these studies used a closed
path setup with a tunable diode-laser spectrometer (TDL). Although this method worked
well, the TDL has to be calibrated regularly and cooled with liquid nitrogen or a cryogenic
system, which limits its use in remote areas.
Recently, a new closed path technique has been introduced that uses off-axis integrated cavity
output spectroscopy that does not require regular calibration or liquid nitrogen to operate and
can thus be applied in remote areas.
In the summer of 2008 and 2009, this eddy covariance technique was used to study methane
fluxes from a tundra site in Northeastern Siberia. e measured emissions showed to be very
dependent on the fetch area, due to a large contrast in water table between wind directions.
Furthermore, the observed short and longterm variation of methane fluxes could be read-
ily explained with a non-linear model that used relationships with atmospheric stability, soil
temperature and water level. is model was subsequently extended to fieldwork periods
preceding the eddy covariance setup and applied to evaluate a spatially integrated flux. e
model result showed that average fluxes were 56.5, 48.7 and 30.4 nmol CH4 m−2 s−1 for
the summers of 2007 to 2009.
While previous models of the same type were only applicable to daily averages, the method
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described can be used on a much higher temporal resolution, making it suitable for gap-filling.
Furthermore, by partitioning the measured fluxes along wind direction, this model can also
be used in areas with non-uniform terrain and still provide spatially integrated fluxes.

7.2.4 Longer growing seasons do not appear to increase net carbon up-
take in Northeastern Siberian tundra

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 measurements at a Northeastern Siberian tundra site were investigated
for patterns in net ecosystem exchange, photosynthesis and ecosystem respiration.
Net ecosystem exchange, measured with the eddy covariance, was split up with a partitioning
method. By using day-time data to obtain model parameters, photosynthesis and ecosystem
respiration could be well defined. For some years, springtime fluxes were missing and this
data was gapfilled with the use of average parameters and average fluxes. e uncertainty that
this method introduced could be well addressed.
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 also leads
to more methane emissions. A lengthening of the growing season is therefore very likely to
reduce the greenhouse gas sink of this ecosystem.

7.2.5 egrowing season greenhouse gas balance ofNortheastern Siberian
tundra

e last two objectives of this thesis investigated the methane and CO2 flux of tundra sepa-
rately. By combining the measurements of greenhouse gas exchange in the growing seasons of
2007, 2008 and 2009, we can establish a greenhouse gas balance for those periods. In chapter
6, the net CO2 exchange was shown to be -82.0±27.5 g C m−2, -88.6 g C m−2 and -94. 9
g C m−2 for the growing seasons of 2007, 2008 and 2009. In chapter 5, it was established
that the methane emissions in those same years was 56.5, 48.7 and 30.4 nmol CH4 m−2 s−1,
which equals 78.3 mg CH4 m−2 day−1, 67.5 mg CH4 m−2 day−1 and 42.1 mg CH4 m−2

day−1. Assuming that these methane emission rates are valid for the entire growing season,
we can multiply these amounts with the length of the growing seasons of 2007, 2008 and
2009. For the entire growing season, fluxes are then estimated to be 6.3 g CH4 m−2, 4.0 g
CH4 m−2 and 2.9 g CH4 m−2.
e global warming potential of 1 g of methane is equal to 25 g of CO2 over a period of 100
years. However, carbon uptake is often expressed as grams of C, not CO2. In this case, the
relative global warming potential of 1 g of methane is equal to the global warming potential
of 25x(12/44)=6.8 g C m−2 day−1. By applying this conversion factor, the greenhouse gas
sink of this site is estimated at -39±27.5 g CO2-eq m−2, -61.3 g CO2-eq m−2 and -74.7 g
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CO2-eq m−2 for the growing seasons of 2007, 2008 and 2009. is shows that this site is
a sink for both carbon and greenhouse gases, even during the very warm and long growing
season of 2007. at year was very exceptional, with a growing season that was about 50%
longer than normal. e growing seasons of 2008 and 2009 were much more typical and in
those years we see that the site was a much stronger sink. However, outside of the growing
season, this site is a net source of greenhouse gases. e full annual greenhouse gas balance
of this site, which still remains to be determined, is expected to be smaller than the numbers
represented here.

7.3 Conclusions

7.3.1 Sensitivity of CO2 fluxes and evaporation to water table

• Studies on the relationship between respiration and water level show conflicting results.

• Fluxes of respiration, photosynthesis and evaporation were successfully modeled with
varying techniques.

• While water table dropped significantly, soil moisture content remained high due to
the high retention capacity of the soil.

• Fluxes of respiration, photosynthesis and evaporation showed no significant variation
along a large range of water levels because soil moisture levels remained the same.

• When relationships between water table and respiration are studied, soil moisture should
be measured as well.

7.3.2 e role of endophytic methane oxidizing bacteria in submerged
Sphagnum in determining tundra methane emissions

• Methane fluxes in a Sphagnum dominated vegetation type were found to be 50% lower
than in the vegetation type without Sphagnum.

• Although differences existed in vascular plant cover, this could not explain the observed
differences.

• Incubation of Sphagnum samples found oxidation rates that were twice as high as the
observed difference in the field, verifying the high oxidation potential in submerged.
Sphagnum. ese oxidation rates were due to methanotrophs living in a cooperation in
or on the Sphagnum plants.

• A well established process model indicated that the observed differences were mostly
due to differences in oxidation rates and in a much lesser sense due to methane pro-
duction or plant transport rates.

• e above conclusions combined make it very likely that oxidation in submerged Sphag-
num plays an important role in the spatial differences of tundra methane emissions.
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7.3.3 Spatial and temporal dynamics in eddy covariance observations of
methane fluxes

• During the summer of 2008 and 2009, methane fluxes were successfully measured
with the use of a closed path eddy covariance setup that used a Los Gatos Fast Methane
analyzer.

• Methane fluxes were found to be highly variable with wind direction and this was due
to a difference in the amount of wet vegetation and ponds throughout the area.

• e difference in fluxes between years were related mostly to a difference in water level.

• Soil temperature explained some of the inter-annual variation but also variations within
a season.

• Atmospheric stability could explain most of the within-day variation of fluxes.

• Fluxes could be modeled well by incorporating water level, soil temperature and atmo-
spheric stability while partitioning the model along wind direction into three sectors
with varying amounts of wet and dry vegetation.

• e model performed well when compared to chamber flux measurements, even when
it was extended to other years.

• e model was successfully applied to estimate fluxes for each of the three sectors sep-
arately.

• Despite the highly heterogeneous terrain, a regional representative estimate of methane
flux could be established by averaging the modeled flux of the three sectors.

7.3.4 Longer growing seasons do not appear to increase net carbon up-
take in Northeastern Siberian tundra

• Carbon fluxes of 8 consecutive growing seasons (2003-2010) were successfully mea-
sured in a Northeastern Siberian tundra site.

• e measured fluxes could be separated well into ecosystem respiration and photosyn-
thesis with the use of a day-based model.

• e start of the growing season proved to be highly predictable with cumulative air
temperature.

• Early growing season gaps were gapfilled and uncertainties could be well addressed.

• GPP and Reco varied more with summer temperatures than with growing season length.

• NEE showed no clear variation with growing season length. However, the highest net
uptakes were observed for the coldest and the shortest growing seasons.

• e NEE at this site is more likely to decrease rather than to increase with warmer
summer temperatures.

• Longer growing seasons will surely lead to more methane emissions and the greenhouse
gas sink of this site is likely to decrease in a warmer climate.
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7.3.5 egrowing season greenhouse gas balance ofNortheastern Siberian
tundra

• e studies site is a sink for CO2 but a source of methane

• e greenhouse gas balanse of the growing seasons of 2007, 2008 and 2009 are es-
timated to be -39±27.5 g CO2-eq m−2, -61.3 g CO2-eq m−2 and -74.7 g CO2-eq
m−2.

7.4 Research perspectives and recommendations

7.4.1 Sensitivity of CO2 fluxes and evaporation to water table

e first objective has shown that when the sensitivity of evaporation and CO2 fluxes to water
level is studied, it is important to incorporate measurements of soil moisture content as well.
Soil moisture remained high, while water level dropped significantly. is meant that, even
during a very dry period, evaporation and photosynthesis were not limited. e small change
in soil moisture also meant that respiration did not significantly change either.
If the studied fluxes were only compared to water table, it could be concluded that these
are not sensitive to this parameter. However, this was mostly because soil moisture content
remained high. In areas where soil moisture lowers much more rapidly with a low water table,
a relationship between water table and respiration is probably more apparent.
is means that future research in this field should not only focus on water level. Soil moisture
should be studied as well, since this might better explain physical changes in the unsaturated
zone. Also, this finding suggests that fluxes in areas where soils remain wet, such as tundra,
show little variation with a lower water table. However, soil moisture and water level studies
in tundra are uncommon and this should be studied in more detail in the future.

7.4.2 Endophytic methane oxidizing bacteria in submerged Sphagnum
and tundra methane emissions

e second objective showed that methanotrophic bacteria that live within Sphagnum have a
large impact on methane emissions from these vegetation types. A microbiological analysis of
submerged Sphagnum found very high oxidation rates, which was confirmed by the model.
Future modeling work of methane fluxes should therefore include these high oxidation effects
when considering submerged Sphagnum vegetation
Although this research has shown that the observed differences are most likely due to these
methanotrophs, a more detailed analysis into these vegetation types might give more insight in
the way that these bacteria interact within the ecosystem. While this study showed clearly that
these bacteria reduce methane emissions, they also provide carbon to Sphagnum. Currently,
no in situ studies have been done on the increase of carbon storage by these bacteria. A de-
tailed study on soil type, vegetation composition, nutrient distribution in relation to methane
production, methane oxidation and photosynthesis and respiration, perhaps combined with
stable isotopes or labeling, might provide better insight in the carbon cycling within this vege-
tation type. Hopefully, this would lead to an understanding of how the cooperation between
these bacteria and Sphagnum contributes to the high carbon storage found in Sphagnum dom-
inated vegetation.
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7.4.3 Spatial and temporal dynamics in eddy covariance observations of
methane fluxes

e third objective showed that methane emissions can be measured accurately in highly het-
erogeneous terrain. A closed path eddy covariance setup was successfully applied and methane
fluxes could be modeled accordingly. Furthermore, it was shown that diurnal methane fluxes
were highly variable with atmospheric stability. By incorporating this parameter, a high res-
olution model was developed that can be used for gapfilling as well.
Future development in this field should extend measurements throughout the entire snow free
season. e current power demands of the closed-path setup requires the use of a generator.
is limits the use of the method to periods where people are present at the site. is problem
could be aleviated by either a more reliable and stand alone power supply or the use of low
power open-path setup, such as the recently released Licor-7700. By extending the measure-
ments from (just before) snowmelt to soil re-freeze, the full dynamics of the methane emission
of tundra can be assessed. Since large bursts of methane at the onset of re-freeze have been
observed with chamber measurements, these end of season fluxes might prove to be critical in
determining the full greenhouse gas balance of Siberian tundra. Also, the influence of other
parameters, such as active layer depth, might be quantified better.

7.4.4 e influence of growing season length on net carbon uptake

e last objective showed that the uptake of carbon in tundra is highest with cold or short
growing seasons. is is contrary to what was expected; longer growing seasons were thought
to lead to more photosynthesis and thus more uptake of carbon. However, this research clearly
shows that this is not the case, since the higher temperatures also lead to more respiration.
is finding could not have been made without long-term measurements of carbon exchange
in tundra as in the current study. Continuation of the CO2 flux measurements is therefore
very important to observe how the net carbon exchange of tundra is changing in a warmer
climate. Although the highest net uptakes of carbon are clearly occurring with cold and short
growing seasons, vegetation changes might lag the temperature change. ese vegetation
changes will also lead to a different response of the ecosystem and this might be critical in
determining the long-term stability of tundra carbon stocks. Long-term measurements require
a significant effort in terms of logistics, personnel and costs but these types of measurements
can provide us with insights that models cannot.

7.4.5 General recommendations

is research has shown that while tundra is a sink for carbon, it is a source of methane and
while many of the dynamics of both systems were studied in detail, there are also areas where
knowledge is lacking. For example, the methane emissions of thermokarst lakes are still poorly
defined and knowledge of their emission in the studied area is limited. Other areas, such as
floodplains, also emit high amounts of methane and have a high primary productivity but
are less well studied. Also, the transfer of carbon into lakes (i.e. through mass wasting) and
carbon transport through runoff are largely unknown. Future research should therefore in-
corporate these research areas to obtain a truly regional estimate of greenhouse gas exchange.
To attain these research goals, a set of complimentary approaches should be used, including
eddy covariance measurements, flux chambers, floating bubble traps and perhaps newly de-
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veloped devices. To facilitate this much needed equipment, it is essential that the technical
knowledge for building instrumentation and electronics is available at the research institute.
is research has benefited largely from the extensive support by the instrumental and elec-
tronics workshops at the VU. Without their support, a successful completion of this research
would have been much more problematic if not impossible. It would be wise to keep these fa-
cilities, and the knowledge of the technicians, to continue excellent field research in the future.


