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Abstract

Rewetting of temperate continental cutover peatlands generally implies the creation of
flooded areas, which are — dependent on water depth — colonized by helophytes such
as Eriophorum angustifolium, Carex spp., Typha latifolia or Phragmites australis. Reeds
of Typha and Phragmites are reported to be large sources of methane, but data on net
CO, uptake are contradictory for Typha and rare for Phragmites. This paper describes
the effect of vegetation, water level and nutrient conditions on greenhouse gas (GHQG)
emissions for representative vegetation types along water level gradients at two rewet-
ted cutover fens (mesotrophic and eutrophic) in Belarus. Greenhouse emissions were
measured with manual chambers in weekly to few — weekly intervals over a two years
period and interpolated by modelling.

All sites had negligible nitrous oxide exchange rates. Most sites were carbon sinks
and small GHG sources. Methane emissions were generally associated with net
ecosystem CO, uptake. Small sedges were minor methane emitters and net CO,, sinks,
while Phragmites australis sites released large amounts of methane and sequestered
very much CO,. Variability of both fluxes increased with site productivity. Floating mats
composed of Carex tussocks and Typha latifolia were a source for both methane and
CO,. We conclude that shallow, stable flooding is a better measure to arrive at low GHG
emissions than deep flooding, and that the risk of high GHG emissions consequent on
rewetting is larger for eutrophic than for mesotrophic peatlands.

1 Introduction

Cutover peatlands represent about ten percent of all drained peatlands outside the
tropics with the main share in the Nordic countries and Eastern Europe (Joosten and
Clarke, 2002). Since the 1990s restoration of cutaways was conducted especially in
Canada, Finland, Sweden and Ireland. Similar projects in Eastern Europe started later,
but already cover vast areas. 42 000 ha of degraded peatlands were restored in Belarus

17395

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/17393/2015/bgd-12-17393-2015-print.pdf
http://www.biogeosciences-discuss.net/12/17393/2015/bgd-12-17393-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

since 2007 and about 80000 ha since 2010 in the European part of Russia, aiming to
decrease GHG emissions from microbial peat oxidation and peat fire incidents (Tan-
neberger and Wichtmann, 2011; Wetlands International, 2015).

A large proportion of the peatlands that have been rewetted or are available for rewet-
ting in Russia and Belarus are abandoned cutover fens (Minayeva et al., 2009; Tanovit-
skaya and Kozulin, 2011). Rewetting of such sites creates a mosaic of wet and flooded
zones and elevated drier parts, and results in rapid vegetation changes (Kozulin et al.,
2010; Thiele et al., 2011). At sites with the water level close to surface species like
Eriophorum angustifolium, Carex vesicaria and Lythrum salicaria establish within few
years, or, under more nutrient rich conditions, Calamagrostis canescens, Lysimachia
thyrsiflora, Carex elata and Salix. At flooded areas with standing water depths of more
than 20 cm mainly Phragmites australis emerges, whereas water levels above 30cm
in the medium term only result in the establishment of submerse and floating plants
(Kozulin et al., 2010; Thiele et al., 2011).

Studies from rewetted cutover boreal peatlands and temperate bogs show that
methane and carbon dioxide emissions are strongly related to vegetation, water level
and nutrient conditions (Tuittila et al., 1999, 2000; Drésler, 2005; Yli-Petays et al., 2007;
Soini et al., 2010; Samaritani et al., 2011; Strack and Zuback, 2013; Wilson et al.,
2013; Beyer et al., 2015). Interannual variability of meteorological conditions, water
levels and plant productivity can substantially affect annual GHG emissions from pris-
tine and restored peatlands (Wilson et al., 2013; Glnther et al., 2014; Helfter et al.,
2015). For rewetting it is frequently recommended to raise the water level throughout
the year to close to the surface and to avoid inundation in order to promote the estab-
lishment of peat forming vegetation and to prevent high methane emissions (Drésler
et al., 2008; Couwenberg et al., 2008, 2011; Joosten et al., 2012). Such conditions
have been proven optimal for bog restoration (Beyer et al., 2015), but their feasibility
for fens has been questioned (Koebsch et al., 2013; Zak et al., 2015).

So far, complete GHG balances are not available for rewetted temperate cutover
fens. Such fens differ from those in the above cited studies in particular by the massive
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establishment in shallow water of Typha and Phragmites australis, i.e. of species that
are potentially strong sources of methane (Kim et al., 1998; Brix et al., 2001; Whiting
and Chanton, 2001; Kankaala et al., 2004; Hendriks et al., 2007; Chu et al., 2015; Knox
et al., 2015; Strachan et al., 2015). Whereas earlier studies indicate that the radiative
forcing of such methane emissions may be compensated for by the simultaneous very
strong net CO, uptake (Brix et al., 2001; Whiting and Chanton, 2001), recent obser-
vations described Typha dominated wetlands as often only weak CO, sinks (Rocha
and Goulden, 2008; Chu et al., 2015; Strachan et al., 2015; but cf. Knox et al., 2015).
Phragmites australis, the more abundant species in European rewetted cutover fens
is according to Brix et al. (2001) a potentially stronger net CO, sink, but no annual
CO, exchange rates have yet been published from permanently inundated Phragmites
australis wetland sites.

To fill this knowledge gap we measured the CO,, CH,, and N,O emissions from
Phragmites australis communities and other representative vegetation types along wa-
ter level gradients in two rewetted cutover fens with different nutrient conditions in Be-
larus. Our objectives were: (i) to assess GHG emissions from rewetted temperate cu-
tover fens recolonized by wetland plants (ii) to analyse the effect of water level, vege-
tation and nutrient conditions on GHG exchange, and (iii) to estimate the inter-annual
and spatial variability of GHG emissions.

2 Materials and methods
2.1 Study sites

Greenhouse gas fluxes were measured at two sites in Belarus with a temperate conti-
nental climate with fully humid conditions and warm summers (Dfb after Képpen, 1936;
cf. Kottek et al., 2006). Both sites have been subject to peat extraction, but differ with
respect to time since rewetting, water depth, peat characteristics, vegetation, and re-
gional climate.
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“Barcianicha” (54.10° N; 26.29° E) is located in central Belarus on an alluvial plain
between the rivers Al'Sanka and Zahodniaia (“Western”) Biarézina and predominantly
fed by groundwater discharge (Maksimenkov et al., 2006). In 1990 about 190 ha of
Barcianicha were drained and from 1992 to 1995 peat was extracted by milling over an
area of 150 ha to a remaining peat depth of about 80 cm. After abandonment ditches
were closed with earth dams and water level was raised over 60 % of the area, allow-
ing wetland species like Phragmites australis, Carex rostrata and Eriophorum angusti-
folium to establish despite strong water level amplitudes between summer and winter
(Maksimenkov et al., 2006). In 2007 weirs and overflow dams were built, which stabi-
lized water levels. In 2010 most of the area had water levels at or slightly above the
surface throughout the year. Vast reeds, dominated by Phragmites australis of up to
two metres height, covered the area. Three GHG monitoring sites were installed along
a water level gradient, including an Eriophorum angustifolium—Carex rostrata site (fur-
ther indicated as BA Eriophorum—Carex), a Carex rostrata—Equisetum fluviatile site
(BA Carex—Equisetum) 15m further and a Phragmites australis—Carex rostrata site
(BA Phragmites—Carex) after another 30 m (Table 2).

The second peatland, “Giel’¢ykall Kasyl” (52.38°N; 25.21°E), forms part of the
“Bierastaviec” fen and is situated on the left bank of Jasiel'da river. It belongs to the
Ramsar site “Sporauski zakaznik” and was drained in 1975 (Kadastrovyj spravochnik,
1979). After peat extraction more than one metre of peat remained and grassland was
established. But as the area proved to be unsuited for hay production, the pumping
station was turned off in 1985 and the area was flooded by the Jasiel'da, which is
connected with Giel'¢ykau Kasyl’ by a 300 m long channel. During the vegetation pe-
riod the area receives additional water that is pumped out of an adjacent drained fen.
Phragmites australis of three metres height dominates the area, which is flooded up
to one metre above the surface. A 30—80 m wide swampy terrestrialization zone along
the edges is formed by Typha latifolia, T. angustifolia, and tussocks of Carex elata and
C. vesicaria floating on up to one metre of water. GHG monitoring was performed in
the terrestrialization zone at two sites: a Carex elata—Lysimachia thyrsiflora site (GK
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Carex—Lysimachia), and a Typha latifolia—Hydrocharis morsus—ranae site (GK Typha—
Hydrocharis; Table 2), both close to each other. The third Phragmites australis—Lemna
trisulca site (GK Phragmites—Lemna) was situated 20 m from the first two sites in the
deeper inundated main area, separated from the terrestrialization zone by a flooded
ditch.

2.2 Site characteristics

Peat depth, stratigraphy and degree of decomposition after Von Post (AG Boden, 2005)
were assessed visually for each site using a chamber corer (50 cm long, 5cm diame-
ter). One mixed surface peat sample (0—5 cm) from each plot was analysed for total car-
bon (C) and total N (Vario EL Ill, Germany), and three samples per plot for pH (Hanna
Combo HI 98130, calibrated with 7.01 and 4.01 buffer solution, stored in KCI solution,
HANNA instruments, USA). After the study, above ground biomass was harvested from
all plots (Barcianicha, 29 October 2012; Giel'¢ykau Kasyl’, 11 September 2012), oven
dried at 60 °C till weight constancy, and three mixed samples per plot were analysed
for total C and N.

Vegetation cover of the 70cm x 70cm plots was assessed in coverage classes after
Peet et al. (1998). Nomenclature for vascular plants and mosses follows Rothmaler
(2002), and Abramov and Volkova (1998), respectively.

Water levels were measured continuously (daily averages stored) with Mini Diver
data loggers (Eigenbrodt, Germany), installed in perforated tubes (inner diameter
46 mm). One Diver was situated next to BA Carex—Equisetum in Barcianicha, and an-
other in the middle between the terrestrialization zone sites and GK Phragmites—Lemna
in Giel'¢ykau Kasyl'. Manual water level measurements were conducted at each site in
every second to third week. To derive mean daily water levels relative to ground sur-
face for every plot we first calculated continuous water level time series for every site by
linear regression between automatically and manually measured water levels and than
corrected for the distances between surface of plots and top of water level tubes. This
did not work for GK Typha—Hydrocharis and GK Carex—Lysimachia because of strong
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peat oscillation. Photographic documentation (monthly during vegetation season, one
time per winter) was used here instead to reconstruct relative water levels for linear
regression with Diver records.

2.3 Measurement of greenhouse gas exchange

In order to account for typical small-scale differences between vegetation types we
applied a manual chamber approach to measure greenhouse gas exchange. Each of
the six GHG measurement sites was equipped with three plastic collars of 70cm x
70cm, established in a row about 40 cm apart from each other. Collars were inserted
15 cm deep into the peat at Barcianicha. At Giel’¢ykau Kasyl’ because of the high water
level, collars were fixed on tubes orthogonally inserted in the peat and anchored in the
underlying sand. Measurements were conducted from pre-installed boardwalks from
August 2010 to August 2012.

CO, exchange was measured with air mixed (fan) transparent chambers (TF) made
of plexiglas (inner size 72.5cm x 72.5cm x 51.2cm, 88 % light transmission, ice packs
for cooling, Drésler, 2005) and same sized, air mixed opaque chambers with fan (DF)
made of grey ABS plastic covered with a white film. Opaque and transparent extensions
with open tops were used to enlarge the chambers to accommodate for tall plants.
Chambers and extensions were sealed airtight by closed cell rubber tubes attached to
the bottom rims (Drdsler, 2005). Carbon dioxide concentrations were measured contin-
uously by circulating air in a closed loop between the chamber and an infrared gas anal-
yser (LI-820, LI-COR Biosciences, USA) and recorded every five seconds by a data
logger (CR200 or CR1000, Campbell Scientific, USA). Simultaneously, air temperature
inside and outside the chamber, and PAR were recorded automatically (“109” temper-
ature probes protected by radiation sheets, SKP215, Campbell Scientific, USA), while
soil temperatures were measured manually in 2, 5, and 10 cm depth once per chamber
measurement with Pro-DigiTemp insertion thermometers (Carl Roth, Germany). Dur-
ing a measuring campaign (a bright or hardly cloudy day to capture the complete PAR
range from zero to solar noon) eight to ten transparent chamber measurements of two
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to three minutes were carried out on each plot from dawn until late afternoon. Measure-
ments were equally distributed over the daily range of PAR to determine light response
of gross primary production (GPP). A similar number of opagque chamber measure-
ments of 3-5min were performed over the same period to capture the temperature
response of ecosystem respiration (R.s,). Measurement campaigns were repeated ev-
ery third to fourth week to account for seasonal changes in water table depth and plant
development.

CH, and N,O fluxes were measured once every second to third week during the
snow free period and monthly during winter using non-air mixed opaque chambers (D),
of the same material as DF, but shaped as a truncated pyramid (inner size at bottom
72.5cm x 72.5¢cm, inner size at top 62.5cm x 62.5cm, height 51.2 cm). Four to five air
samples were taken from the chamber headspace during a 15—20 min enclosure and
subsequently analysed in the laboratory with a gas chromatograph (Chromatec-Cristal
5000.2, Chromatec, Russia), using an electron capture detector (ECD) for analysing
N,O and a flame ionization detector (FID) for CH,, and an auto-sampler (Loftfield,
Germany). Air and soil temperatures were measured with Pro-DigiTemp insertion ther-
mometers. From August 2010 to August 2012 a total of 36 CH, and N,O as well as 26
CO,-measuring campaigns were carried out at every site.

Diurnal CH, emission dynamics and the effect of chamber transparency and
headspace mixing were additionally studied at one plot per site by frequent CH, mea-
surements for one to two summer days, using alternately two (DF and TF) or three (D,
DF, and TF) chamber types (for details cf. Minke et al., 2014).

Parameters for the development of flux models were recorded on site during GHG-
measuring campaigns, and monitored continuously by nearby climate stations (BA:
Visnieva, 5.6km NW of Barcianicha, and GK: Z'dzitava, 6.3km NE of Giel'¢ykal
Kasyl'). At the stations soil temperatures in 2 and 5cm depth, and air temperature
20 cm above surface were measured with “109” temperature probes (Campbell Scien-
tific, USA). Photosynthetically active radiation (PAR) was monitored using a SKP215
Quantum Sensor, precipitation with 52202 Raingauge Heated European, atmospheric
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pressure with CS100 Setra Barometric Sensor, and all data were recorded half-hourly
with CR200 data loggers (all devices from Campbell Scientific, USA). Regression be-
tween site and climate station temperature data was subsequently applied to derive
continuous half-hourly time series for each site. Due to technical problems with the rain
gauges precipitation data were received from Gidrometcentr, Belarus, from the weather
stations in Valozyn (15 km E of Barcianicha) and Pruzany (54 km WNW of Giel'¢ykau
Kasyl'). Data from both weather stations of Gidrometcentr were also used to calculate
30year (1979-2008) monthly averages of air temperature and precipitation.

2.4 Calculation of flux rates, annual emission models and uncertainty
2.4.1 Carbon dioxide

The net ecosystem exchange (NEE, the CO, flux between the ecosystem and the
atmosphere) is the balance between CO, inputs to the ecosystem by gross primary
production (GPP) and CO, losses by ecosystem respiration (R..,; Alm et al., 1997;
Chapin et al., 2002). A positive sign refers to a flux from the ecosystem to the atmo-
sphere, a negative sign to an ecosystem sink (cf. Falge et al., 2001). Annual NEE rates
were modelled for each plot separately based on the plot — and campaign specific
relationships between R,., and temperature, and between GPP and PAR.

To account for possible impacts of the calculation routine and underlying assump-
tions on the result we used the R script Version 1.4 of Hoffmann et al. (2015) (“AP-
PROACH ONE”) and the R script of Leiber-Sauheitl et al. (2014) (“APPROACH TWOQO”).
Both approaches base on Drdsler (2005), but differ with respect to flux calculation, ref-
erence temperature, GPP model and importance of the significance of the model fits,
as described in the following paragraphs.
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Calculation of measured CO flux rates

Measured CO, flux rates were calculated in both approaches by linear regression.
Measurements were discarded if PAR differed > £10 % (transparent chambers) and
chamber temperature > £0.75K (transparent and opaque chambers) from the mean
of the selected flux calculation interval. APPROACH ONE applied a moving window of
variable time to adjust the starting point and length of the regression sequence to the
regression quality and selected the optimal flux length in a second step, based on the
minimum Akaike Information Criterion (AIC) of its fit to the A,., and the GPP functions,
respectively. APPROACH TWO used a moving window of constant length (one minute
for all, but two minutes for opaque flux measurements at Phragmites australis plots
because of large chamber volumes and slow concentration changes) to select the re-
gression sequence with maximum R? and minimum variance. If maximum A? resulted
in different fluxes than minimum variance (46 % of all flux measurements) the mean of
both was used as flux estimate.

Modelling of half-hourly CO, exchange rates
Both approaches fitted R, flux data to site temperatures for each plot and campaign
by the Lloyd and Taylor (1994) equation (Eq. 1).
1 1
R...=R exp | E - 1
eco ref X Xp[ Ox<Tref_T0 7__7_0)] (1)

R, = €COSystem respiration (mMgCO,—Cm™2h™"), R = Re, at reference tempera-
ture (mgCOz—Cm_2 h_1), E, = activation energy like parameter (K), T,.; = reference
temperature (283.15K), T, = temperature constant for the start of biological processes:
(227.13K), T = soil or air temperature during measurement of best fit with the dataset
(K).

APPROACH ONE fitted Eq. (1) to calculated R, flux rates separately for air tem-
perature and soil temperatures and selected the final R, parameter pairs out of all
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significant (p < 0.1) sets based on the lowest AIC. If parameterization was not signif-
icant or failed, or if the daily temperature amplitude was below 3K, the average CO,
flux of the measurement campaign was used. APPROACH TWO calculated one R,
fit per plot and campaign in relation to air temperatures, because only one flux was
estimated per measurement. If parameterization was impossible or the temperature
ranged below 2 K, the mean campaign A, flux was used.

In a second step GPP fluxes were determined by subtracting modelled R, fluxes
from timely corresponding, measured NEE flux rates. APPROACH ONE fitted a rectan-
gular hyperbola equation (Michaelis-Menten, 1913; Eq. 2) to the relation between PAR
and GPP flux rates to calibrate GPP parameter sets of «a (initial slope of the curve; light
use efficiency) and GP,,, (rate of carbon fixation for infinite PAR).

a x PAR x GP 4«
" axPAR + GP,

GPP parameter pairs with lowest AIC were selected from each campaign out of all
significant regression parameters (p < 0.1). If the parameter estimation failed, a non-
rectangular hyperbolic equation was fitted to the data (Gilmanov et al., 2007). If this
failed, too, an average parameter approach was used. APPROACH TWO applied the
modified Michaelis-Menten model of Falge et al. (2001; Eq. 3) and calculated GP2000
instead of GP,,,, i.e. the rate of carbon fixation at PAR of 2000 umolm2s~'. Cam-
paigns for which no GPP fit was found were skipped.

GPP = a x PAR x GP2000 3)
GP2000 + a x PAR — 8F2000 x PAR

Based on the GPP parameter pairs and continuously monitored PAR data, GPP was
modelled by both approaches for each plot at a temporal resolution of 30 min. NEE was
subsequently calculated as the difference between GPP and R,.

As both approaches used very similar functions and produced similar results we
focus on APPROACH ONE for the presentation and discussion of the modelled CO,
time series. Annual budgets are presented as the mean of both approaches.
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Uncertainty, accuracy, and variability

Model performance for the interpolation between the measurement campaigns was
estimated for APPROACH ONE by leave-one-out cross-validation. Stepwise one mea-
suring campaign was left out after the other and the model calculated with the remain-
ing campaigns, comparing the modelled R,., and NEE fluxes with the measured ones
at the left out campaign. Model performance was assessed by the Nash—Sutcliffe effi-
ciency (NSE, Moriasi et al., 2007).

The random error of the annual CO, balances was calculated for APPROACH ONE
using the R-script Version 1.1 of Hoffmann et al. (2015). From every campaign specific
confidence interval (p = 0.01) created by bootstrapping for the temperature models,
Reco and GPP parameter pairs, 100 samples were randomly taken to compute R,
GPP, and NEE models. The calculated 90 % confidence intervals of annual R,.,, GPP
and NEE fluxes represent the uncertainty of the measuring campaigns, but not of the
interpolation.

Uncertainties of annual emissions were estimated as 50 % of the difference be-
tween annual sums of both approaches plus the annual random error calculated for
APPROACH ONE.

Inter-annual variability of annual NEE fluxes was calculated as the absolute differ-
ences between annual plot emissions and two years plot mean. Small scale spatial
variability was calculated as the absolute differences between annual plot emissions
and annual site emissions.

2.4.2 Methane
Calculation of methane fluxes

Methane fluxes were calculated with the R package “flux 0.2—1” (Jurasinski et al., 2012)
using linear regression. Outliers were eliminated for normalized root mean square error
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(NRMSE) > 0.2, what was the case in 168 out of a total of 645 methane flux measure-
ments from all campaigns. Fluxes were accepted if NRMSE < 0.4, R?>0.8and n > 3.

Modelling of methane emissions

A nonlinear regression model for calculation of daily methane fluxes was developed
in two steps. First, the relation between environmental factors (air temperature, soil
temperature, water level, air pressure, PAR, GPP, R,.,, NEE) and measured CH, fluxes
was tested for each plot using non-parametric Spearman’s correlation to identify the
strongest driving parameter. Second, a nonlinear regression model was selected that
best reflects the relation between methane emissions and the driver.

The strongest Spearman’s p correlations were found between methane fluxes and
instantaneous on site soil temperature (median p for two years and all 18 plots = 0.85,
n = 36), followed by half-hourly and daily R, (both 0.83), half-hourly GPP (-0.80; both
modelled with APPROACH ONE), and on site air temperature (0.75). Mean daily site
specific soil temperatures, calculated by linear regression between site measurements
and climate station data, also correlated well with methane fluxes (median p per plot
and year = 0.85) and had a strong covariance with other factors. Water level did not
correlate significantly with methane emissions at any plot, possibly because it was al-
ways close to or above the surface. Therefore mean daily soil temperature was chosen
as the single driving factor for modelling methane emission.

The temperature dependency of methane production and emission was previously
described by the Arrhenius function or its logarithmic form (Conrad et al., 1987; Schiitz
et al., 1990; Daulat and Clymo, 1998; Kim et al., 1998)

F=AxemT (4)

F=flux rate of CH,; (mgCH, -Cm™2h™", A=Arhenius parameter
(mgCH, —Cm™h™"), E =apparent activation energy (Jmol™'), R =gas constant
(8.314J mol~ 'K ), T = soil temperature (K).
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Also an exponential function or its logarithmic form has been widely applied to cal-
culate methane emission in relation to temperature (Dise and Gorham, 1993; Saarnio
et al., 1997; Kettunen et al., 2000; Tuittila et al., 2000; Laine et al., 2007; Rinne et al.,
2007; Wilson et al., 2009):

F=axe™ ()

F =flux rate of CH, (mgCH, —-Cm™2h™"), a =fluxrate at7 = 0°C (mgCH,-Cm™2h™"),
b = coefficient ("C™"), T = soil temperature (°C).

The third function we tested was the equation developed by Lloyd and Taylor (1994)
for soil respiration (Eq. 1, Sect. 2.4.1).

We used the AIC to select from Eqgs. (1), (4), and (5) the one that best fitted to our
data set. The differences were small but the AIC of the Lloyd and Taylor function (Eq. 1)
was the smallest for 33 out of 36 fits (fits for 2 years and 18 plots) and was therefore
chosen to model methane emissions for all plots and years.

Uncertainty, accuracy, and variability

Model performance was tested by leave-one-out cross-validation.

Errors of modelled annual methane emissions were calculated using Monte Carlo
simulation in four steps. First, the linear regression between soil temperatures at site
and climate station was performed 1000 times with bootstrapped re-sampling of site
temperature data points. Second, a set of 1000 normally distributed flux values was
generated for every flux measurement based on mean and standard deviation. Third,
each of the soil temperature data set was paired with one of the flux data sets and the
residuals of the resulting 1000 Lloyd and Taylor fits (Eq. 1) were bootstrapped 1000
times. Finally, 1000 Lloyd and Taylor fits were randomly selected, paired with the soil
temperature data set and 1000 methane models were calculated. As the CH, model
fit includes all data of a year, the 90 % confidence interval does to some extent also
account for the interpolation between measuring days.
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Inter-annual and small scale spatial variability of annual methane emissions was
calculated in the same way as of NEE (2.4.1).

2.4.3 Nitrous oxide
Flux rates

Nitrous oxide flux rates and their standard deviations were calculated with linear re-
gression using the same air samples as accepted for CH, flux calculation.

Annual emissions
Measured N, O fluxes were linearly interpolated for annual emission estimates.
Uncertainty

Based on flux mean and standard deviation 1000 normally distributed values of each
flux were generated and linearly interpolated. The 90 % confidence intervals calculated
from the resulting 1000 annual emission estimates represent the uncertainty of the
measured fluxes.

2.5 Statistical analyses

Correlations between annual balances of CH, and CO, with site factors were tested
using the non-parametric Spearman’s p.

Differences of daytime methane fluxes among chamber types were analysed using
either the Mann—-Whitney test or the Kruskal-Wallis test with the post-hoc nonparamet-
ric Tukey-type multiple comparison procedure developed by Nemenyi (Zar, 1999).
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3 Results
3.1 Site conditions

Mean annual temperature at Barcianicha during the first year (15 August 2010-14 Au-
gust 2011) was 6.5 °C which corresponds to the long term mean (6.4 °C, 1979-2008).
The second year (15 August 2011-14 August 2012) was slightly warmer (6.9 °C). An-
nual precipitation in the first year was, due to heavy summer rains (Fig. 1a), higher com-
pared to the long-term mean (740 vs. 665 mm), and in the second year lower (633 mm).
Mean daily air temperatures were above 5 °C for 209 days and below 0°C for 97 days
during the first year, but only for 195 and 73 days, respectively, during the second year.

At Giel'¢ykau Kasyl' long-term mean annual temperatures were generally higher
and precipitation lower (7.3°C and 594, respectively, 1979-2008) compared to Bar-
cianicha. The deviations of both years from the long-term mean, however, were in the
same direction: the first year annual temperature was the same and precipitation larger
(804 mm) as compared to the long-term mean, while the second year was warmer
(7.9°C) and drier (500 mm). Heavy rains occurred in September and November 2010
and August 2011, while September and October 2011 and July 2012 almost suffered
from water deficits (Fig. 1b). The warm period (> 5°C) at Giel'¢ykal Kasyl' was longer
in both years (222 and 210 days) as compared to Barcianicha and the frost period
shorter (90 and 66 days).

Annual water levels relative to the surface at Barcianicha were highest at BA
Phragmites—Carex (13 to 16 cm above surface), slightly lower at BA Carex—Equisetum
and just below surface at BA Eriophorum—Carex (Table 1). Differences among plots
within sites were small. Annual values for both years were the same. Summer and
winter median water levels were very similar, despite of temporal fluctuations of up to
18 cm (Fig. 3, Table 1).

Water tables at GK Phragmites—Lemna (Giel'¢ykau Kasyl') were about one metre
above surface in the first year, and dropped by 30cm in the second year (Table 1).
At the close by sites GK Typha—-Hydrocharis and GK Carex—Lysimachia water levels
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were only up to 13cm above the surface and the drop from the first to the second
year was small, both because of the oscillating peat surface. Summer water levels
were lower than winter levels, but never dropped significantly below surface (Table 1,
Fig. 4). Differences of annual water levels among plots within sites at Giel'¢ykau Kasyl’
were larger as compared to Barcianicha, with a maximum of 11 cm at GK Phragmites—
Lemna.

Most of the residual peat at both peatlands was very slightly to moderately decom-
posed radicel peat (Table 1). Barcianicha had about 40 cm below surface 27 to 76 cm
thick layers of brown moss peat, while for Giel'¢ykau Kasyl’ notable amounts of Phrag-
mites macrofossils were found in the upper 100 to 140 cm of the profile. Surface peat
was eutrophic and acid at both study sites, but less decomposed at Barcianicha as
compared to Giel'¢ykal Kasyl’ (Table 1).

Vegetation was homogeneous within sites types at Barcianicha and did only slightly
vary between years (Table 2). BA Eriophorum—Carex was dominated by Eriophorum
angustifolium, BA Carex—Equisetum by Carex rostrata and BA Phragmites—Carex by
Phragmites australis. Nutrient conditions as indicated by vegetation were mesotrophic
at Barcianicha (Koska et al., 2001).

Differences in species cover among plots and years were also small for GK
Phragmites—Lemna at Giel'¢ykau Kasyl' (Table 2). The sites GK Carex—Lysimachia
and GK Typha—Hydrocharis constituted a strongly interweaved fine mosaic of sedge
tussocks and cattail and shared many species. Vegetation indicated eutrophic condi-
tions for Giel'¢ykau Kasyl’ (Koska et al., 2001).

Above ground biomass harvested in autumn 2012 at Barcianicha (Table 1) was
largest for BA Phragmites—Carex (221-379 ng‘z), lower for BA Eriophorum—Carex
(97—1569Cm'2) and smallest for BA Carex—Equisetum (31—73ng'2). Biomass
harvests of GK Typha-Hydrocharis and GK Carex-Lysimachia were similar to BA
Phragmites—Carex, but that of GK Phragmites—Lemna were two times larger (502—
7259C m™2, Table 1). Higher biomass production of Phragmites australis at Giel'¢ykau
Kasyl’ compared to Barcianicha is another indicator of different nutrient status in both
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peatlands, probably resulting from different water supply (river and grassland drainage
water for GK, groundwater for BA) and different land use history (after peat extraction
temporary grassland before rewetting of GK, rewetting directly after peat extraction of
BA).

3.2 Carbon dioxide emissions

Model performance tested for APPROACH ONE was good for both years and all site
types and plots. Cross-validation resulted in a median NSE of 0.78 (range from 0.38 to
0.90) for the R, models and of 0.76 (0.21 to 0.91) for the NEE models.

Annual R, fluxes varied significantly among the sites studied at Barcianicha. Site-
wise averaged R, for the first and second year were 614 and 706 gCO,, — Cm™ yr_1
from BA Phragmites—Carex, 364 and 406 gCO, -Cm™ yr_1 from BA Eriophorum—
Carex, 232 and 3279gCO, - Ccm™ yr’1 from BA Carex—Equisetum (Table 3). At Bar-
cianicha R, increased from the first to the second year for all sites, but most sig-
nificantly for BA Carex—Equisetum as indicated by lacking overlap of confidence in-
tervals between years. Within site variability was small for BA Eriophorum—Carex
and BA Carex—Equisetum, and more pronounced for BA Phragmites—Carex (Fig. 5,
Table S2 in the Supplement). Also the timelines were nearly identical among plots
of BA Eriophorum—Carex and BA Carex—Equisetum while daily R,., emissions from
BA Phragmites—Carex during the summers were lower from plot one than from the
other plots (Fig. 3). With respect to annual GPP fluxes the sites of Barcianicha fol-
lowed the same order as for R, but the annual GPP sink was smaller in the sec-
ond as compared to the first year (Table 3). GPP fluxes from BA Phragmites—Carex
were —1141 and -10359gCO,, - Cm™ yr’1 in the first and second year, respectively,
but only —449 and —4139002—Cm'2 yr'1 from BA Eriophorum—Carex, and —-320
and —3029002—Cm_2yr_1 from BA Carex—Equisetum. Daily and annual variabil-
ity of GPP among plots within sites was more pronounced than of R, (Figs. 3
and 5). All site of Barcianicha were net CO, sinks in the first year (Fig. 5). NEE

17411

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/17393/2015/bgd-12-17393-2015-print.pdf
http://www.biogeosciences-discuss.net/12/17393/2015/bgd-12-17393-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

fluxes from BA Phragmites—Carex were —-528 gCO, — Cm™ yr‘1 and lower from BA
Eriophorum—Carex and BA Carex—Equisetum (-86 and -88gCO, — Cm™ yr‘1, re-
spectively; Table 3). In the second year, resulting from increased A,., and decreased
GPP, NEE was lower from BA Phragmites—Carex (-329gCO, - Cm™ yr‘1) and BA
Eriophorum—Carex (-79CO, -C m™2 yr‘1) and BA Carex—Equisetum became a small
net CO, source (24gCO, - C m~2 yr'1; Table 3). Inter-annual variability of NEE fluxes
was 110+£113gCO,-C m~2 yr_1 for BA Phragmites—Carex, 39+12gCO,-C m™2 yr_1
for BA Eriophorum—Carex and 56 + 8gCO, - C m™2 yr’1 for BA Carex—Equisetum (Ta-
ble 4, Fig. 5). Small scale variability of NEE was similar to inter-annual variability for BA
Phragmites—Carex (1251409 CO,-C m™2 yr‘1 ) but smaller for BA Eriophorum—Carex
and BA Carex—Equisetum (16 £ 13 and 9 +59gCO, - Cm™ yr'1, respectively).

Annual Ry, fluxes from Giel'¢ykau Kasyl’ sites were higher than from Barcianicha.
They were largest in both years from GK Carex—Lysimachia (1105 and 1270gCO, -
Cm™2yr™"), followed by GK Phragmites—Lemna (936 and 1092gCO, -Cm 2yr™")
and GK Typha—Hydrocharis (921 and 973gCO, -Cm™ yr'1; Table 3). Differences
between sites were less clear than in Barcianicha and confidence intervals of GK
Phragmites—Lemna overlapped with both other sites. Annual R, fluxes from GK
Carex—Lysimachia significantly increased from the first to the second year. The in-
crease was similarly strong though not significant for GK Phragmites—Lemna but small
for GK Typha—Hydrocharis. There was considerable variability of daily and annual R,
emissions among plots within all sites of Giel'¢ykau Kasyl’ (Figs. 4 and 5, Table S2 in
the Supplement). Annual GPP fluxes at Giel'¢ykau Kasyl’ were generally higher than
at Barcianicha but the order of sites with respect to GPP fluxes did not follow that
of Ry, (Table 3). GK Phragmites-Lemna had with —1547 gCO, ~cm2yrin the
first and —2267 gCO, — Cm~2yr~" in the second year the largest annual GPP rates.
GPP fluxes of GK Carex—Lysimachia and GK Typha—Hydrocharis were lower, but also
increased from the first to the second year (from —940 to —1054 and from -771 to
-1086gCO, - Cm™ yr_1 for GK Carex—Lysimachia and GK Typha—Hydrocharis, re-
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spectively). As for Barcianicha, daily and annual within sites variability of GPP was
stronger than of R, (Figs. 4 and 5). The largest net CO, sink among all studied sites
was GK Phragmites—Lemna (Table 3). NEE of this site was -611gCO,, — Cm™ yr‘1
in the first and —1175gCO, — Cm™ yr'1 in the second year. GK Typha-Hydrocharis
varied between net source of 151 gCOz—Cm"Zyr‘1 in the first year and sink of
-113gC0O, - Cm~2yr " in the second year. GK Carex-Lysimachia was a net CO,
emitter in both years (166 and 216 gCO, — Cm™ yr'1). NEE varied considerably be-
tween the three plots of each site at Giel'éykau Kasyl' (Fig. 5, Table S2) and confi-
dence intervals on the site level were accordingly wide (Table 3). Small scale spa-
tial NEE variability of GK Phragmites—Lemna was 187 £ 153gCO, —Cm>2yr! (Ta-
ble 4). It was also high for GK Typha—Hydrocharis and GK Carex—Lysimachia (121 +66
and 95+73gCO, — Cm™ yr‘1), despite of much smaller NEE. Inter-annual NEE vari-
ability of GK Phragmites—Lemna was higher than spatial variability (282 + 177 gCO, —
Cm™ yr‘1) It was similar to spatial NEE variability for GK 71'ypha—Hydrochar/s and GK
Carex—Lysimachia (132 £ 64 and 74 £+ 56 gCO, - Cm~ yr

3.3 Methane emissions
3.3.1 Diurnal variability of methane emissions and impact of chamber types

Environmental conditions (inside air temperature and relative humidity, outside PAR)
during the measurement campaigns of the diurnal methane patterns were comparable
among chamber types, with the exception of BA Carex—Equisetum lll where relative
air humidity (RH) was significantly higher in opaque chambers with fan (DF) than in
transparent with fan (TF) (Table S1 in the Supplement).

A pronounced diurnal methane emission dynamic was observed for BA Phragmites—
Carex and GK Phragmites—Lemna, much stronger than for any other site (Fig. 2).
Significantly different methane emissions between opaque and transparent chambers,
however, were only found for GK Typha—Hydrocharis and GK Carex—Lysimachia (Ta-
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ble S1 in the Supplement). Measurements with TF chambers resulted here in 1.2 and
1.1 times higher emission estimates as compared to DF. Also for BA Eriophorum-—
Carex | measurements with TF gave higher results than DF (factor 1.09), but the dif-
ference was not significant (Fig. 2). For all other sites the ratio of TF/DF was equal
one. Methane emissions measured by opaque chambers without head space mixing
(D) were slightly but not significantly below that of DF chambers (Table S1 in the Sup-
plement).

The findings of the chamber intercomparison were used to correct the measured
growing season fluxes from GK Typha—Hydrocharis and GK Carex—Lysimachia which
were multiplied by the TF/DF ratio of 1.2 to account for potential reduction of con-
vective gas transport in Typha latifolia by shading with the regularly applied opaque
chambers without fan. The factor 1.2 was applied for GK Carex—Lysimachia instead of
1.1, because Typha latifolia was present in all plots of that site, with the exception of
plot | in 2012, where the diurnal chamber intercomparison took place (Table 2). Fluxes
from the other sites were not corrected because chamber effects were not significant.

3.3.2 Annual methane emissions

The Lloyd—Taylor models generally reflected the temperature control of methane fluxes,
were robust towards single events of extremely high or low fluxes, and allowed for
comprehensive error calculation. Model performance was better in the first (median
NSE = 0.55, range from 0.05 to 0.85) than in the second year (median NSE = 0.42,
—-0.25 to 0.76). Best first year models (NSE = 0.77 to 0.85) were that of GK Carex—
Lysimachia |, Phragmites—Lemna |, and of all plots of BA Carex—Equisetum. Best
models of the second year (NSE = 0.58 to 0.76) were of BA Carex—Equisetum lll, GK
Carex—Lysimachia 1, and of all plots of BA Eriophorum—Carex. Low NSE values were
found for most models of BA Phragmites—Carex and GK Phragmites—Lemna. Neg-
ative NSEs indicated poor performance of the second year methane models of BA
Phragmites—Carex | and lll, and GK Phragmites—Lemna lll. The second year model
of GK Phragmites—Lemna |l and BA Phragmites—Carex Il did not explain the very
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high emissions in August 2011 (Figs. 3h and 4h). Both, and the second year model of
BA Phragmites—Lemna |, overestimated emissions in spring and early summer 2012.
Annual emissions calculated alternatively for the mentioned plots and second year by
linear interpolation were 25, 28, and 118 gCH, — Cm™2 yr'1, compared to 30, 32, and
139gCH,-C m™2 yr‘1 derived by the temperature driven Lloyd—Taylor methane model,
and lie within the 90 % confidence intervals of the latter (Table S2 in the Supplement).
The Lloyd—Taylor models were therefore accepted for the described plots despite of
negative NSE.

Annual methane emissions at Barcianicha from BA Phragmites—Carex were for the
first and second year 42 and 36 gCH, — Cm™2 yr'1 (Table 3). Emissions were lower
from BA Carex-Equisetum (17 and 13gCH, - Cm™ yr‘1) and BA Eriophorum—Carex
(10and11gCH,-C m™2 yr‘1 ). Wide confidence intervals on the plot level and consider-
able small scale variability of methane emissions from BA Phragmites—Carex resulted
in large uncertainties on the site level (Fig. 5, Table 3). Small scale spatial methane
emission variability of BA Phragmites—Carexwas 6.4+2.7gCH,-C m™2 yr'1 (Table 4).
For BA Carex—Equisetum it was 1.4+ 0.7gCH, - C m™2 yr‘1 and for BA Eriophorum-
Carexonly 0.5+£0.2gCH, -C m~2 yr'1. Inter-annual variability of methane emissions
from BA Phragmites—Carexwas 3.0+3.6 gCH,-C m~2 yr‘1 , from BA Carex—Equisetum
2.3+0.5gCH,-C m™2 yr'1 , and from BA Eriophorum—Carex0.5+0.0gCH,-C m~2 yr‘1
(Table 4). Maximum methane emissions at Barcianicha occurred from June to August
at BA Eriophorum—Carex and BA Carex—Equisetum but at BA Phragmites—Carex only
in July and August (Fig. 3). Local emission peaks were measured at BA Phragmites—
Carex end of April-begin of May.

Methane emissions from Giel'¢ykau Kasyl’ were higher than from Barcianicha. GK
Phragmites—Lemna had in both years the highest methane emissions of all sites
(100 and 101 gCH, - Cm™ yr‘1 in the first and second year, respectively). Emissions
from GK Carex—Lysimachia were 86 and 85gCH, — Cm™ yr'1, and from GK Typha—
Hydrocharis 60 and 68 gCH, — Cm™ yr‘1 (Table 3). Largest methane emissions from
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all Giel'éykau Kasyl’ sites occurred during the summer months (Fig. 4). Summer emis-
sions from GK Phragmites—Lemna were much higher in 2011 as compared to 2010
and 2012. Methane emission from Giel'¢ykau Kasyl’ sites considerably varied among
plots and between years (Fig. 5, Table 4). Inter-annual variability of methane emis-
sions was 11.6+2.8gCH, -C m~2yr~! for GK Phragmites—-Lemna, 4.2 +2.9gCH, -
Cm™ yr'1 for GK Typha—Hydrocharis, and 1.2+0.9gCH, - C m~2 yr‘1 for GK Carex—
Lysimachia. Small scale variability was higher for GK Phragmites—Lemna and GK
Carex—Lysimachia (24.2+10.0 and 10.9+8.3gCH, -C m~2 yr'1 , respectively), but for
GK Typha—Hydrocharis similar to inter-annual variability (3.2 +3.2g9gCH, - C m™2 yr‘1 ).
Large spatial variability is also reflected by the confidence intervals on the site level,
which are wider for GK Carex—Lysimachia and GK Phragmites—Lemna as compared
to GK Typha—Hydrocharis (Table 3).

3.4 Nitrous oxide emissions

Emissions of N,O from all plots were around zero (Fig. 5e and f). Maximum plot emis-
sions were around 0.5gN,O — Nm™2 yr’1 , but were usually compensated for by similar
large uptakes in a neighbour plot or the other year. The overlap of the 90 % confidence
of all sites, plots and years indicates that N,O emissions were not significantly different
among them.

3.5 Correlations between annual GHG emissions and site parameters

Peat characteristics were similar among all plots (Table 1) and there was only a weak
correlation between annual methane emissions and C/N ratio, as well as between
annual net CO, exchange and pH (Spearman’s p = —0.50" and 0.40’, respectively,
"P <0.05; " P <0.01, n = 36; i.e. peat characteristics of 18 plots were correlated with
annual fluxes of these plots of two GHG measuring years).

Median annual water level was not correlated with R,.,, very strongly with GPP,
and weaker with NEE and CH, emissions (Fig. 6). Correlations of water levels with
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Roco. GPP, NEE and CH,, were highly significant when GK Typha—Hydrocharis and GK
Carex—Lysimachia were excluded from the analysis (Fig. 6, o in brackets). Correlations
of water level with NEE and CH, and were also strong for Barcianicha alone (o =
-0.60™, 0.85™, respectively, ™ P < 0.001; ™ P < 0.0001, n = 18).

Total above ground biomass carbon harvested after the second measuring year
strongly correlated with the second year annual balances of CH,, R;, and GPP, but not
with NEE (Fig. 6). Without GK Typha—Hydrocharis and GK Carex—Lysimachia correla-
tions between biomass and balances of R,;, and GPP were stronger and the correla-
tion between biomass and NEE became highly significant. When only Barcianicha was
analysed, correlation between biomass and methane emissions where not significant,
but correlations between biomass and R,.,, GPP, and NEE were strong (o = 0.98™,
-0.98"", —0.95™, respectively, n = 9).

Annual CH, emissions did not correlate with annual NEE, but strongly with R,., and
GPP (Fig. 6). Excluding GK Typha—Hydrocharis and GK Carex—Lysimachia resulted
in highly significant correlation between methane and NEE (Fig. 6, p = -0.83, P <
0.0001, n = 30). For Barcianicha alone correlation between NEE and CH, emissions
was also significant (o = -0.67, P = 0.0028, n = 18).

As expected, within-site variation of R, and absolute GPP generally scaled with
biomass. (Fig. 6). Methane emissions increased among plots of BA Phragmites—Carex
with increasing absolute GPP and R, and all three fluxes were positively related to
above ground biomass. A positive relation between biomass and methane occurred
on the small scale also for GK Carex—Lysimachia, while at GK Phragmites—Lemna
methane emissions tended to decrease with increasing net CO, uptake (Fig. 6).

3.6 Carbon and GHG-balances of sites

GK Phragmites—Lemna and BA Phragmites—Carex were strong, and BA Eriophorum-—
Carex and BA Carex—Equisetum weak carbon sinks, while GK Typha—Hydrocharis and
GK Carex—Lysimachia released high amounts of carbon (Table 3).
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Net uptake of carbon dioxide and emissions of methane by Barcianicha sites nearly
compensated each other with respect to their global warming potential for a time hori-
zon of 100 years (Myhre et al., 2013; Table 5). In both years the Barcianicha sites were
very small GHG sources and in the first year BA Phragmites—Carex a small GHG sink,
but the uncertainties of the GHG balances of the latter site were large. Compensation
for the warming effect of high methane emissions was achieved at Giel'¢ykau Kasyl’
only in the second year by GK Phragmites—Lemna thanks to extremely high NEE. The
site was a moderate GHG source in the first year when methane emissions were similar
to the second year but NEE two times smaller. GK Typha—Hydrocharis and GK Carex—
Lysimachia were strong methane sources, too. At the same time they were mostly small
CO, sources, and as a result, significant GHG emitters. However, confidence intervals
of GHG emissions from the Giel'¢ykau Kasyl’ sites were very large. The role of N,O
exchange was negligible for the GHG-balances of all sites.

4 Discussion
4.1 Robustness of annual GHG balances

4.1.1 Methane

The pronounced diurnal methane emission dynamics from BA Phragmites—Carex and
GK Phragmites—Lemna with fivefold flux increases from morning to midday result from
active air transport in Phragmites australis aerenchyma in the growing season related
to sun light (Armstrong and Armstrong, 1991; Brix et al., 1992; Armstrong et al., 1996).
In contrast to other studies (Van der Nat and Middelburg, 2000; Glnther et al., 2013) we
did not find a significant impact of chamber transparency on measured methane emis-
sion rates, maybe because enclosed plants were connected by rhizomes with culms
outside the chamber. Such connection is supposed to allow for pressure propagation
and continuation of unrestrained convective gas flow (Juutinen et al., 2004; Minke et al.,
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2014). Consequently the application of opaque chambers has not biased annual emis-
sion estimates from the Phragmites australis sites. But frequency of measurements
and the selected annual model based on daily soil temperature as driver did not ac-
count for diurnal flux variability. Day-to-day variability and seasonal variation of average
daily emissions from Phragmites australis stands are strongly controlled by sediment
temperature (Kim et al., 1998; Kankaala et al., 2004), which supports our decision
to use soil temperature for modelling methane emission. However, a single measure-
ment at any time during daylight does not represent the daily emission average and
would for the monitored days (Fig. 2) mostly have resulted in equal or higher estimates
as compared to the 24 hour mean (daily average calculated from transparent cham-
ber measurements were 6.75mgCH, —-Cm™2h~" from BA Phragmites—Carex Il, and
9.54mgCH, - Cm~2h~" from GK Phragmites—Lemna 1l). So, possibly the high emis-
sion events in summer 2011 not explained by the models of BA Phragmites—Carex Il
and GK Phragmites—Lemna Ill were daily maxima and the models were still at or just
below the daily averages. Fluxes in spring and early summer 2012 were most likely
overestimated by the models of BA Phragmites—Carex | and lll, because they were
measured predominantly at midday and early afternoon of clear or only partly clouded
days and can therefore be expected to exceed the daily average. The same holds for
summer fluxes in 2012 at GK Phragmites—Lemna lll. In summary, our approach tended
to overestimate the real emissions at the Phragmites australis sites.

The less pronounced diurnal methane emission dynamics of GK Typha—Hydrocharis
with only a short term peak in the mid-morning (first day) and the reduction of emis-
sions when chambers were shaded agree with other studies of Typha latifolia (Chanton
et al., 1993; Whiting and Chanton, 1996). Similar to Phragmites australis, green parts
of Typha latifolia pressurize during daylight which drives convective gas transport and
accelerates methane efflux (Brix et al., 1992; Whiting and Chanton, 1996). Although
no transient emission peak was observed at the second day, the ratio of transpar-
ent/opaque chamber was the same for both days (Table S1). Other researchers calcu-
lated similar transparent/opaque ratios for Typha latifolia (1.1 — Whiting and Chanton,
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1996; 1.3 — Glnther et al., 2013). However, we do not know the variability of the ratio
under different weather conditions. Therefore we used the correction factor 1.2 for total
daily methane emissions during the growing season, despite the irrelevance of cham-
ber transparency at night time. Calculated annual emissions will consequently be at
the high end of real emissions from the site.

Typha latifolia did not grow on the diurnal monitored plot | of GK Carex—Lysimachia
in summer 2012. Instead Carex elata dominated. Gas transport in sedges is driven
only by diffusion (Armstrong, 1979; King et al., 1998). Existing studies led to different
outcomes regarding the effect of shading by chambers. Shading reduced methane
emissions from Carex aquatilis (Morrissey et al., 1993) and Carex allivescers (Hirota
et al., 2004), but not from Carex limosa and C. rostrata (Whiting and Chanton, 1992)
and C. acutiformis (Ginther et al., 2013). We do not know the reason for the small
but significant shading impact on methane fluxes from plot | of GK Carex—Lysimachia.
However, Typha latifolia was, except for this plot in summer 2012, always present at
all plots of GK Carex—Lysimachia (Table 2). Correction of daily fluxes from GK Carex—
Lysimachia using the factor 1.2 from GK Typha—Hydrocharis accounted for this. Again,
the calculated annual CH, emissions will represent the high end of real emissions from
the site.

The lack of any shading impact on methane emissions from BA Eriophorum—Carex
and BA Carex—Equisetum corresponds to the findings of Joabsson et al. (1999) and
Whiting and Chanton (1992) for Eriophorum angustifolium and Carex rostrata.

4.1.2 Carbon dioxide

The two approaches used to model CO, exchange rates resulted in very similar annual
balances. Plot-wise annual A, calculated with APPROACH ONE was on average 5 %
(£5 %, n = 36) below APPROACH TWO, while the GPP sink was higher by 1 % (+3 %,
n = 36). Resulting annual net CO, uptake was consequently on average stronger for
APPROACH ONE than for APPROACH TWO. The mean difference of NEE between
both approaches was 43+41gCO,-C m~2 yr'1 (n=236),but77£40gC0O,-C m~2 yr'1 ,
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when calculated only for Phragmites australis plots (n = 12). This indicates that mea-
sured fluxes and general modelling assumptions, i.e. the temperature relation of R,
and PAR relation of GPP were robust towards differences in flux calculation and model
parameterization. Also the good results of the cross validations of the models of AP-
PROACH ONE at all sites indicate a high reliability of the results.

The net annual CO, sink of the Phragmites australis sites was large, especially at
GK Phragmites—Lemna. The first year NEE of this site equalled the estimate of Brix
et al. (2001; Table 7) but the second year uptake was two times higher. To test for
plausibility we roughly estimated the carbon flux partitioning in the ecosystem from
independent data. We estimated the net primary production (NPP) based on mea-
sured green above ground biomass and published ratios between above ground and
below ground biomass production (Table 6). Using NPP, NEE, and GPP we calculated
heterotrophic and autotrophic respiration (Rh and Ra, Table 6) and evaluated their
meaningfulness. As expected because of inundation, heterotrophic respiration was low,
ranging between 77 and 114gCO, - Cm™2yr™'. The ratio of heterotrophic respiration
to methane emissions (CO,-C / CH,-C) was for BA Phragmites—Carex 2.2 and 2.3
and for GK Phragmites—Lemna 1.0 and 1.1, what is similar to ratios found in incuba-
tion experiments for the upper peat layer (1.6) and organic bottom sediments (0.7) of
a flooded former fen grassland (Hahn-Schéfl et al., 2011). Calculated autotrophic res-
piration was half of GPP, but differed considerably between years (43 to 61 %). This
may result to a large extent from the uncertainty of the estimates (especially of NPP),
as the efficiency of converting GPP to NPP is generally assumed to be relatively con-
stant (cf. Chapin et al., 2002). In summary, our very rough estimation resulted for the
Phragmites australis sites in reasonable annual rates of heterotrophic respiration and
shares between NPP and A,.

4.2 Annual CO, and methane balances of similar sites

Annual methane emissions from BA Eriophorum—Carex and BA Carex—Equisetum
were higher and NEE was lower as compared to a shallowly inundated cutover Atlantic
17421
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blanket bog colonized by Eriophorum angustifolium (CH, =5.3gCH, - Cm™2yr 2,
NEE = -3489CO, —Cm'zyr‘z; Table 7; Wilson et al., 2013). This could be due to
climate differences, or caused by different soil properties, as the Atlantic bog peat
was oligotrophic and very acid. Methane emissions from a Eriophorum angustifolium—
Carex rostrata site in another rewetted cutover Irish bog were lower and dropped from
3.2gCH,-C m™2 yr'2, in a wet year (WL ~ 5 cm above surface) to 2.4 gCH,-C m~2 yr'2
in a drier year (WL ~ 6 cm below surface) (Wilson et al., 2009). This site, however, was
a CO, source (163 and 408 gCO, - Cm™ yr‘2 in the wet and drier year, respectively,
Wilson et al., 2007) probably due to additional CO, production when water from the
calcareous subsoil came into contact with the slightly acidic residual peat (cf. Harp-
enslager et al., 2015).

Methane emissions from BA Phragmites—Carex compared well to the shallow water
inner reed zone (33gCH, - Cm™2 yr'1) and that from GK Phragmites-Lemna to the
deep water outer reed zone (122gCH, - Cm™ yr‘1) of lake Lake Vesijarvi in South-
ern Finland (Table 7; Kankaala et al., 2004). Methane emissions from a Phragmites
australis dominated, shallowly inundated marsh in north-central Nebraska, USA (Kim
et al., 1998) as well as from wet Phragmites australis stands in a rewetted Dutch
fen (Hendriks et al., 2007) were with 60, respectively 88 gCH, -Cm™ yr‘1 between
both Phragmites australis sites of the present study. Annual NEE fluxes were more
than ten times higher than at a freshwater tidal reed wetland in NE China, though
above ground biomass was comparable (Zhou et al., 2009). The differences result from
smaller ratios of R, to GPP in the present (0.58 + 0.09, n = 4) compared to the tidal
reed study (0.95) and can be explained by permanent inundation of BA Phragmites—
Carex and GK Phragmites—Lemna, and consequently low heterotrophic respiration
(see Sect. 4.1.2), while the soil of the tidal reed wetland was periodically aerated. The
importance of water level was also evident for a Phragmites australis site in a rewet-
ted former grassland fen in NE Germany that sequestrated 83gCO, — Cm™ yr‘2 and
emitted 11gCH, - C m~2 yr‘1 in a exceptionally wet year (WL at surface) but released
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68gCO,-C m™2 yr‘2 and only 1 gCH4—Cm‘2 yr‘1 in a typical year (WL below surface;
Gunther et al., 2014).

Annual methane and CO, fluxes from floating tall sedge — cattail mats are not
reported in the literature. Methane emissions from GK Typha—Hydrocharis and GK
Carex—Lysimachia were higher compared to a pristine water saturated sedge fen (dom-
inated by Carex aquatilis) in the southern Rocky Mountains (30 to 34 gCH,-C m~2 yr‘z;
Table 7; Wickland et al., 2001) or to Carex acutiformis and Typha latifolia sites dur-
ing the wet year in the above mentioned rewetted fen grassland (47 and 10gCH, -
Cm™ yr‘2, respectively; Ginther et al., 2014). They were comparable to temperate
Typha latifolia (82g9CH, — Cm™ yr'2; Whiting and Chanton, 2001) and T. angustifo-
lia marshes (51gCH, - Cm™ yr‘z,Chu et al., 2015; 127gCH, - Cm™ yr‘2, Strachan
et al., 2015). The constantly high water levels made us expect a net CO, uptake at GK
Typha—Hydrocharis and GK Carex—Lysimachia, as was found for Typha latifolia and T.
angustifolia marshes (Whiting and Chanton, 2001; Strachan et al., 2015), for a water
saturated temperate sedge fen in the Czech Republic (Dusek et al., 2012), and in the
wet year for Carex acutiformis and Typha latifolia (Gunther et al., 2014). Both sites,
however, were CO, and carbon sources. Net CO, emissions, though smaller as com-
pared to our study, were also observed from a wet sedge fen in the southern Rocky
Mountains (77 to 84 gCO,-C m™2 yr'1; Wickland et al., 2001), and in two of three years
from a water saturated Typha angustifolia marsh (Chu et al., 2015). Chu et al. (2015)
explain their findings by abnormal climatic conditions. However, climatic conditions dur-
ing the first year of the present study were similar to the long term average and other
factors, like reduced GPP because of shading from old standing leafs (Rocha et al.,
2008) may have been important, as there was much dry biomass present. Also the
high water levels and their strong fluctuations may have imposed stress on the vegeta-
tion (Dusek et al., 2012), as indicated by changes in the cover of the dominant species
between years (Table 2) and the early aging of the sedges. High R, fluxes from both
sites could be the result of high maintenance respiration because of environmental
stress (Chapin et al., 2002) combined with increased heterotrophic respiration from
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decomposing dead plant material which formed the main part of the sedge tussocks
(estimated from photographic documentation). This indicates that the plant communi-
ties were not well adapted to the present conditions and may represent a transient
development stage.

4.3 Controls of annual GHG emissions

The average GHG emissions from all studied sites were with 12.2tCO, eq ha™" yr'1

similar to GHG emissions from rewetted rich temperate fens (10tCO, eq ha™" yr‘1) as
given by Blain et al. (2014). However, GHG emissions and carbon balances differed
considerably among the studied sites. BA Eriophorum—Carex, BA Carex—Equisetum,
BA Phragmites—Carex and GK Phragmites-Lemna had on average low GHG emis-
sions (2.3, 4.2, -1.7,and 4.2t1CO, eq ha™’ yr‘1, respectively), and were weak to strong
carbon sinks (-36, —17, -390, and —795ng'2 yr‘1), confirming that important aims
of peatland rewetting, i.e. restoration of the carbon sink function and reduction of GHG
emissions have been largely achieved. Net carbon losses from GK Typha—Hydrocharis
and GK Carex-—Lysimachia of the terrestrialization zone (83 and 27690m‘2 yr‘1, re-
spectively), in contrast, were similar as from peat extraction sites (ZSOng'2 yr'1 -
Drésler et al., 2014) and GHG emissions (25.1 and 39.1tCO, eq ha™ yr‘1) were even
comparable to deep-drained temperate fen grassland (26tCO, eq ha™' yr'1 — Drosler
etal., 2014; 65tCO, eq ha™" yr‘1 — Eickenscheidt et al., 2015). To understand reasons
for these differences among sites we now look on potential drivers for individual GHG
fluxes.

4.3.1 Water table

Significant correlation between annual water level and methane emissions, as well as
between water level and CO, fluxes (Fig. 6) indicate that emission differences among
sites may be caused by water level differences. In drained peatlands water table depth
defines the thickness of the aerobic zone and consequently the rate of peat oxidation
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(Couwenberg et al., 2011). As discussed above (4.2) all sites of the present study
were permanently water saturated and heterotrophic respiration was consequently low.
Water levels link to CO, flux differences among sites more indirectly, by influencing
other variables that control CO, fluxes, for example vegetation composition.

Methane emissions are affected by water table position as it defines the thickness
of the oxidation zone at the soil surface or — under flooded conditions — in the wa-
ter column (Couwenberg and Fritz, 2012). However, when aerenchymous plants are
abundant, as in the present study, they dominate the gas exchange and methane by-
passes the oxygenated water column (Whiting and Chanton, 1992; Chanton and Whit-
ing, 1995; Couwenberg and Fritz, 2012). So, water level influenced methane emissions
of the studied sites also mainly by influencing plant species distribution.

Nitrous oxide emissions were for all sites about zero, what is the result of permanent
water saturatation and agrees with other studies from rewetted fens (Hendriks et al.,
2007; Couwenberg et al., 2011; Wilson et al., 2013).

4.3.2 Nutrient conditions

Nutrient conditions as indicated by vegetation composition were dominantly controlled
by water supply (river and grassland drainage water for Giel'¢ykau Kasyl’, groundwa-
ter for Barcianicha), while surface peat (eutrophic at both sites) was less important.
CO, fluxes and methane emissions were higher from the eutrophic Giel'¢ykau Kasyl’
as compared to the mesotrophic Barcianicha. As for water level, nutrient conditions
affected GHG emissions via their influence on vegetation. Eutrophic conditions sup-
ported the establishment of more productive plant species at Giel'¢ykau Kasyl’ com-
pared to the mesotrophic Barcianicha. Also the productivity of Phragmites australis
differed strongly between both peatlands. This is in line with Blain et al. (2014) who
found that methane and CO, emissions are higher from rich temperate rewetted fens
as compared to poor fens and bogs. Our results indicate that rich temperate rewetted
fens may be further subdivided into mesotrophic and eutrophic to account for signifi-
cantly different methane emissions.
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4.3.3 Vegetation and plant productivity

In both peatlands the Phragmites australis communities grew at higher water tables
and were larger CO, sinks and CH, sources as compared to the sedge communi-
ties in the shallower areas. Plant productivity was the main control of CO, fluxes,
as indicated by the strong correlation between biomass and NEE for all sites ex-
cept GK Typha—Hydrocharis and GK Carex—Lysimachia (Fig. 6). Small scale variabil-
ity, calculated as absolute difference between annual plot emissions and annual site
emissions was larger for NEE (92 + 108 gCO, -Cm™ yr‘1) than for methane emis-
sions (8+10gCH, - Cm™ yr‘1). Also inter-annual variability, calculated plot-wise as
the absolute difference of annual emissions from the two years mean, was larger for
NEE (116 £ 119gCO, - Cm™2yr™') as compared to methane emissions (4 + 4 gCH, —
cm™ yr'1). Both can be explained by the fact that CO,-fluxes are more directly linked
to plant productivity than methane fluxes (Hyvénen et al., 1998; Bonneville et al.,
2008; Schneider et al., 2012). However, also interannual and small scale variability
of methane emissions increased with above ground biomass and GPP (Fig. 6), and
was larger in Giel'¢ykau Kasyl’ compared to Barcianicha, and in both peatlands for the
Phragmites australis sites. This is most likely due to control of vegetation and plant
productivity on methane emissions, as indicated by the highly significant correlation
between methane emissions and net CO, uptake (Fig. 6, when analysed without the
terrestrialization zone) and between methane emissions and biomass, and can be ex-
plained by supply of organic material and by plant mediated gas exchange (Whiting
and Chanton, 1993; Chanton et al., 1995; Bellisario et al., 1999; Whalen, 2005). Fresh
organic substrates were rather limited at Barcianicha, where the thin layer of litter and
many bare peat patches indicated the lack of plant litter substrate for methane genera-
tion. More emissions can be expected when more litter accumulates (Waddington and
Day, 2007). Plant litter was more abundant at Giel’¢ykau Kasyl’, certainly because of
higher plant productivity, but also because of longer period since rewetting. This may
explain the strong correlation between NEE and methane emissions at Barcianicha,
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but not at Giel'¢ykau Kasyl'. Methane production was obviously less depending on ac-
tual primary production, especially in the terrestrialization zone of Giel'¢ykau Kasyl'.
Methane emissions from GK Typha—Hydrocharis and GK Carex—Lysimachia were high
and at least partly fuelled by old litter, because both sites were no net CO, sinks.
Also allochthonous carbon can not be excluded as a substrate for methane production
at Giel'¢ykau Kasyl' (Chu et al., 2015), for example from floating plants like Lemna
trisulca that form detritus with a much higher methane production potential compared
to Phragmites australis litter (Kankaala et al., 2003).

5 Conclusions

The eutrophic peatland Giel’¢ykal Kasyl’ with deep standing water had a large carbon
sink potential, but also a high risk of local net CO, losses. The site varied spatially and
temporally between being a small net GHG sink and a large source because of high
methane emissions. The mesotrophic peatland Barcianicha with shallow, constant wa-
ter levels, in contrast, constituted a smaller but more stable carbon sink and only a small
GHG source. Both net CO, uptake and methane emissions were strongly linked to
vegetation and plant productivity, which in turn were related to water level and nutrient
conditions. Emission variability increased with productivity of sites. This implies that the
formulation of robust emission factors requires more long-term and spatially resolved
GHG emission studies in case of high-productive than for low-productive vegetation
types and mire ecosystems.

Unexpectedly high carbon losses and GHG emissions from the terrestrialization zone
of Giel'¢ykau Kasyl’ were most likely caused by vegetation suffering from high and
strongly fluctuating water levels. The exact sources of these high emissions, as well
as the duration and successional pathway of the supposed transitional phase require
further study.

Our study indicates that permanent, shallow inundation of cutover temperate fens is
a more suitable measure to arrive at low GHG emissions than deep flooding, as the lat-
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ter may create unfavourable conditions for plant growth and carbon sequestration, and
the site may remain a strong net GHG source because of high methane emissions. If
shallow flooding cannot be practically realized, deep flooding seems to be a reason-
able alternative, at least when Phragmites australis can be established. The risk of high
GHG emissions is higher for eutrophic as compared to mesotrophic peatlands. In spite
of the possible high emissions, flooding still has to be preferred over keeping temperate
fen grasslands deeply drained, because the GHG emissions from the latter are similar
to those from the hotspot of our study, the eutrophic terrestrialization zone, but exceed
those from the spatially dominant flooded Phragmites australis reed by far.

The Supplement related to this article is available online at
doi:10.5194/bgd-12-17393-2015-supplement.
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Table 1. Site characteristics.

Site Plot Annual, summer, winter Above Surface peat Profile description, top down®
water level® Ground
(median, cm above surface) biomass®
1st year 2nd year (gCm™) pH® Cc%(%) N%(%) C/N ratio
BA 1 -2,-3,-2 -2,-3,0 156 6.1 403 22 18.3 0-9 radicel peat (H6), 9-14 silty gyttja,
Eriophorum— 1l -3, -4, -3 -3, -4, -1 98 6.1 43.2 2.3 18.7 14-43 radicel peat (H4, H3),
Carex 1] -5, -5, -4 -5,-5,-3 97 6.4 432 23 18.6 43-119 brown moss peat (H3, H4),
below: middle sand
BA | 9,89 9,8,10 61 6.1 4238 2.4 17.7 0-15 radicel peat (H6),
Carex— Il 7,7,7 7,7,9 73 6.1 431 25 17.0 15-30 radicel brown moss peat (H3),
Equisetum 1] 8,7,8 8,7,10 31 6.1  43.0 2.8 15.6 30-34 Alnus peat (H4), 34—-85 brown moss peat (H3),
85-95 clayey gyttja and coarse sand, below: fine sand
BA | 13,13, 14 13,13, 15 221 6.0 4441 2.8 16.0 0-13 lost,
Phragmites— 1l 13,13, 14 18,13, 15 379 6.1 435 2.8 16.3 13-40 radicel peat (H5/H4),
Carex 1 16, 15, 16 16, 15, 17 287 6.1 437 2.4 18.0 40-67 brown moss peat (H3, H4),
below: gravel
GK | 12,7,15 4,1,4 295 56 45.0 3.0 14.8 0-20 lost, 20-30 radicel peat (H5),
Typha— 1} 12,7,15 4,1,4 142 55 394 2.7 14.5 30-55 very highly decomposed peat with radicels (H8),
Hydrocharis Il 7,2,10 -2, -4, -1 339 56 39.7 2.7 15.0 55-90 radicel peat with Phragmites (H5, H3),
GK | 8,4,10 2,0,2 305 6.5 446 3.1 145 103-113 woody radicel peat with Phragmites (H4),
Carex— Il 13,9, 15 7,5,7 195 6.5 44.0 23 18.8 90-103 brownmoss~-radicel peat (H3),
Lysimachia 1} 10,7,12 4,2, 4 358 6.4 45.0 24 18.5 113-140 radicel peat with Phragmites and
brown mosses (H4), 140-150 organogyttja,
below: sand
GK | 108, 90, 118 78, 69, 79 725 57 324 22 14.7 0-10 very highly decomposed peat with radicels (H8),
Phragmites— 1l 107,89, 117 77,68,78 502 57 39.1 2.5 15.6 10-100 radicel peat with Phragmites (H4, H5),
Lemna 1 98, 80,108 67,59, 69 531 58 398 26 15.2 100-170 radicel peat (H5), 170-185 organogyttja,

below: sand

2 Summer = June-August, winter = December—February.
® Harvest at Barcianicha (first three sites) 29 October 2012, and at Giel'éykai Kasyl’ (last three sites) 11 September 2012.
° pH (KCL) mean of three samples.
9 Total carbon and nitrogen content, one sample.
© von Post peat decomposition scale: H3 very slightly, H4 slightly, H5 moderately, H6 moderately highly, H8 very highly decomposed peat.
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Table 2. Plant species cover of GHG measuring plots in summer 2010 and 2012.

BGD

9
7
(@]
%
BA Eriophorum—Carex BA Carex—Equisetum BA Phragmites—Carex @,
2010 2012 2010 2012 2010 2012 e 12, 17393-17452, 2015
species nm nm (I |1 (I |1 [ (| 1 o
Eriophorum angustifolium 6 6 7 6 6 6 %
Marantia polymorpha 3 2 2 2 @ Water Ievel,
Dicranella cerviculata 3 2 2 3 4 4 6 2 H
Juncus cf.compressus 1 3 2 2 2 2 2 2 2 — Vege'_:a_tlon
Utricularia intermedia 2 2 7 6 7 o composition and
Chara spec. 2 3 1 =~ ivi
areen algae A 5 @ plant productivity
Phragmites australis 1 7 8 6 8 8 8 = )
Dicranella heteromalla 2 2 2 . M. Minke et al.
Carex rostrata 2 2 3 2 2 2 7 7 6 7 6 3 3 8 3 3 3 g
Equisetum fluviatile 2 2 2 2 2 2 2 2 2 1 1 1 1 1 T
Salix cinerea 11 1 1 1 1 1 1 4 1 Q)
Drepanocladus aduncus 2 5 2 4 8 _
£
GK Carex—Lysimachia GK Typha—-Hydrocharis GK Phragmites—Lemna
2010 2012 2010 2012 2010 2012 — - -
species (I | o o (I |1 (I 1 nm
Thelypteris palustris 4 6 % - -
Calamagrostis neglecta 4 2 (9]
Carex elata 2 5 6 8 5 2 7 8 % - -
Carex vesicaria 7 2 3 6 2 2 3 5 5 @,
Typha latifolia 6 7 6 4 4 6 7 3 6 3 4 8
Galium palustre 2 2 2 2 2 2 2 2 2 o) - -
Cardamine amara 2 2 1 2 2 1 2 1 2 1}
©
Lycopus europeus 2 2 2 2 1 11 (0] - -
Lysimachia thyrsiflora 1. 2 2 3 2 2 2 4 2 -
Lemna trisulca 2 2 1 2 2 2 .
Phragmites australis 7 7 8 9 7 8 - -
Stratiotes aloides 1 6 5 2 o
Drepanocladus aduncus 2 5 2 6 8 3 3 2 2 8 7 2 2 2 3 _
Hydrocharis morsus—ranae 2 3 2 3 3 2 4 6 3 3 5 4 5 8 6 2
Lemna minor 2 2 2 1 2 2 2 1 1 2 % _
Vegetation types of sites studied in Barcianicha: Eriophorum angustifolium—Carex rostrata—reed (BA Eriophorum—Carex), Carex rostrata—Equisetum g
fluviatile—reed (BA Carex—Equisetum), Phragmites australis—Carex rostrata—reed (BA Phragmites—Carex), and Giel'¢ykali Kasyl': Carex elata—Lysimachia
thyrsiflora-reed (GK Carex—Lysimachia), Typha latifolia—Hydrocharis morsus—ranae-reed (GK Typha—Hydrocharis), Phragmites australis—Lemna § _
trisulca—reed (GK Phragmites-Lemna). Plant cover scale according to Peet et al. (1998): Class 1 = very few individuals, 2 = cover of 0—1 %, 3 = 1-2%, ho]
4=2-5%,5=5-10%, 6 = 10-25 %, 7 = 25-50 %, 8 = 5075 %, 9 = 75-95 %, 10295 %. Species not exceeding cover class 2 are only shown if they meet Q

class 2 in more than two relevés.

(8)
K ()
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Table 3. Annual fluxes of CO,, CH,, and Carbon (C balance = NEE + CH, emissions) with 90 %
confidence intervals.

Site Year Ros GPP NEE CH, emissions C balance
(9CO,-Cmyr")  (9CO,-Cm2yr™) (gC0O, -Cm2yr™) (@CH,-Cm™yr") (gCmPyr™)
BA Eriophorum—-Carex 1 364 (339 to 396) -449 (-512 to -407) -86 (-130 to —38) 10 (9 to 13) -75 (-114 to -30)
2 406 (368 to 458) —413 (-449 to -376) -7 (-49 10 21) 11 (10to 14) 4 (-35 to 30)
BA Carex-Equisetum 1 232 (196 to 262) —-320 (-361 to —279) -88 (114 to —68) 17 (1310 22) -71 (-92 to -56)
2 327 (282 to 371) -302 (-334 to -281) 24 (-6 to 55) 13 (9 to 16) 37 (8 to 66)
BA Phragmites—Carex 1 614 (478 to 737) —-1141 (-1595 to —-888) 528 (933 to —194) 42 (28 to 58) -486 (-873 to —156)
2 706 (568 to 842) -1035 (-1134 to —-949) —329 (-431 to —220) 36 (22 to 52) —293 (-377 to —205)
GK Typha—Hydrocharis 1 921 (841 to 982) ~771 (-842 to -665) 151 (41 to 300) 60 (47 to 77) 210 (111 to 360)
2 973 (818 to 1156) —-1086 (-1476 to -862)  —113 (418 to 66) 68 (52 to 92) —45 (-343 to 142)
GK Carex-Lysimachia 1 1105 (1007 to 1207) —940 (-1081 to —774) 166 (66 to 252) 86 (63 to 121) 252 (145 to 356)
2 1270 (1221 to 1362) —1054 (—1243 to —789) 216 (48 to 470) 85 (59 to 142) 301 (137 to 552)
GK Phragmites-Lemna 1 936 (733 to 1200) —1547 (-1726 to —1386) 611 (819 to —450) 100 (48 to 147) —516 (—747 to —349)
2 1092 (937 to 1210) 2267 (-2733t0 —1843) —1175(-1567 to —690) 101 (61 to 177) —-1074 (-1453 to —565)

Uncertainties on the site level include the uncertainties of the plot models and the spatial heterogeneity. They were calculated by pooling the plot specific annual models derived by error calculation.
Different CO, balances of APPROACH ONE and APPROACH TWO were accounted for by adding the differences randomly to 50 % of the respective annual values derived by error calculation with
i ized and i site-wise.

APPROACH ONE. To derive uncertainties of C balances the annual models of NEE and CH, derived by plot-wise error
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Table 4. Inter-annual and small scale spatial variability of net CO, and methane emissions.

Site Inter-annual variability® Small scale spatial variabilityb
NEE CH, emissions NEE CH, emissions
(@CO, -Cm2yr™")  (gCH,-Cm2yr'") (gCO,-Cm~?yr™") (gCH,—-Cm~2yr")

BA Eriophorum—Carex 3912 0.5+0.0 16+13 0.5+0.2

BA Carex—Equisetum 56+8 23+0.5 95 1.4+0.7

BA Phragmites—Carex  110+113 3.0+3.6 125+ 140 6.4+2.7

GK Typha—Hydrocharis 132 + 64 42+29 121 £ 66 3.2+3.2

GK Carex—Lysimachia 74 +56 1.2+0.9 95+73 10.9+8.3

GK Phragmites—Lemna 282+ 177 11.6+2.8 187 + 153 24.2+10.0

Given are means + standard deviations, n = 6.

& Inter-annual variability, calculated as the mean of the absolute differences between annual plot emissions and two years plot mean.

® Small scale spatial variability, calculated as the mean of the absolute differences between annual plot emissions and annual site emissions.
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Table 5. GHG balances based on the global warming potentials of CO,, CH, and N,O for a time
horizon of 100 yr (GWP,,, of CO, = 1, of CH, = 28 and of N,O = 265 CO,-equivalents, Myhre
et al., 2013) with 90 % confidence intervals.

Site

Year

CO, balance
(tCO,eq ha™ yr'1)

CH, balance
(tCO,eq ha™ yr'1)

N,O balance
(tCO,eq ha™ yr'1)

GHG balance
(tCO,eq ha™ yr'1)

BA Eriophorum—Carex 1 -3.1(-4.8t0 -1.4) 3.8 (2.9t05.0) -0.1(-0.8t00.8) 0.5(-1.4t03.1)
2 -0.3(-1.8100.8) 4.2 (3.61t05.1) 0.2 (-0.2t0 0.8) 4.1 (2.31t06.0)
BA Carex—Equisetum 1 -3.2(-3.2t0 -2.5) 6.4 (5.0 to 8.0) -0.1(-0.7t00.5) 3.1(1.9t05.0)
2 0.9 (-0.2t0 2.1) 4.7 (3.2106.1) -0.3(-0.9t00.2) 5.3(3.3t07.3)
BA Phragmites—Carex 1 -19.4 (-34.2t0 -7.1) 156 (10.4t021.6) -0.3(-2.9t03.0) -4.1(-16.9t011.9)
2 -12.1 (-15.8t0 -8.1)  13.3(8.4t0 19.4) -0.6(-3.6t02.0) 0.7 (-6.5t06.6)
GK Typha—Hydrocharis 1 5.5(1.5t0 11.0) 22.3(17.4t028.6) 0.6 (-1.71t02.7) 28.5 (21.5 t0 38.9)
2 -4.2(-15.3t02.4) 25.5(19.3t034.4) 0.4 (-0.7to0 1.5) 21.7 (7.6 t0 36.1)
GK Carex—Lysimachia 1 6.1(2.4109.2) 32.3(23.6t0455) -0.1(-2.1t01.8) 38.2(27.81053.7)
2 7.9(1.8t017.2) 31.6(22.2t053.1) 0.4 (-0.8t01.9) 39.9 (25.8 t0 60.7)
GK Phragmites—Lemna 1 -22.4 (-30.0t0o -16.5) 35.7(18.0t0 54.7) 0.6 (-2.4t0 3.8) 13.9 (-10.6 to 36.0)
2 —-43.1 (-57.5t0 -25.3) 37.7(22.9t066.2) 0.0 (-3.5t03.4) -5.4 (-29.2 t0 40.0)

Confidence intervals include the uncertainties of the plot models and the spatial heterogeneity. To derive uncertainties of GHG balances the annual models of
CO, (NEE), CH, and N,O derived by plot-wise error calculation were summarized and combined site-wise.
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Table 6. Estimation of net primary production (NPP), heterotrophic (A,) and autotrophic respi-
ration (R,) from the Phragmites australis sites.

Site Year GPP NEE AGB, green  Assumed ratio NPP Ry, R, R./IGPP]
(9CO,-Cm2yr") (gCO,-Cm~2yr'") (gCm™3)* BGNPP/AG  (gCm72yr")* (gCO,-Cm~2yr")? (gCO,-Cm2yr)®
NPP®
BA Phragmites—Carex 1 1141 -528 260 1.4 624 96 517 0.45
2 -1035 -329 169 1.4 406 77 629 0.61
GK Phragmites—Lemna 1 —-1547 —611 322 1.2 707 96 840 0.54
2 —2267 -1175 586 1.2 1289 114 978 0.43

@ Green above ground biomass (AGB) present at end of the first measuring year was estimated for each GHG-plot from biomass harvest at three to four sample plots (40cm x 40cm) close to collars accordingly to the share of green vs.
dead culms. At the end of the second year green AGB of the plots was calculated from the plot harvest (Table 1) accordingly to the share of green vs. dead culms.

b Green AGB was assumed to equal above ground net primary production (AG NPP), although this may underestimate NPP by about 10 % (Westlake, 1982). Reported below ground net primary production (BG NPP) to AG NPP ratios.
range from 0.34-2.58 (Westlake, 1982; Scarton et al., 1999; Soetaert et al., 2004; Asaeda et al., 2006). We used the estimate of 1.4 from reeds in North Jutland (Schierup, 1978; cited in Westlake, 1982) for BA Phragmites—Carex and
a lower ratio (1.2) for GK Phragmites—Lemna, because below ground biomass allocation of Phragmites australis was found to be proportionally less in deep (70 or 75 cm), compared to shallow (20 or 5cm) water (Vretare et al., 2001).

© Net primary production (NPP) = AG NPP + BG NPP.

9 Heterotrophic respiration (Ry) = NPP — [NEE].

° Autotrophic respiration (R,) = [GPP] - NPP.
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Table 7. Net annual CO, and CH, emissions from temperate wetlands with vegetation compa-
rable to Barcianicha’ and Giel'¢ykau Kasyl'.

Location, climate® Site description, method® Dominant  plant Study water level® NEE® CH, emissions? Reference

species years (cm above sur- (gCO, — (9CH, -

face) cm?yr) cmyr)
Oweninny bog, lIreland, cutover blanket bog with oligotrophic, ~Eriophorum —an- 2009 to 71 —348 £222 5.3+0.1 Wilson et al. (2013)
54.12°N 9.58° W (Cfb) acid peat, rewetted 2003 (ch) gustifolium 2011
Turraun, Ireland, 53.28°N  cutover bog with slightly acidic peat E. angustifolium- 2002 to 5,-6.3 163, 408 32,24 Wilson et al. (2007,
7.75° W (Cfb) and calcareous subsoil, Carex rostrata 2003 2009)
rewetted 1991 (ch) Typha latifolia 2002 to 7,03 266, 451 29.1,21.6
2003

Trebel valley mire complex, former fen grassland, rewetted 1997  Phragmites 2011/12 to -9, -19 -83, 68 11,1 Giinther
NE Germany, 54.10°N (ch) australis 2012/13 etal. (2014)
12.73°E (Cfb) T. latifolia 6, -4 -43,94 10,3

C. acutiformis 5,-3 -3,81 47,3
Mokre’Louky, Czech Re- eutrophicated sedge fen (ec) C. acuta 2006 to -20to 10 -199 + 66 Dusek et al. (2012)
public, 49.02°N 14.77°E 2008
(Cib)
Vejlerne Nature Reserve, brackish wetland (ch, 10 occasions, P australis summer — to -552 48 Brix et al. (2001)
Denmark, 56.93°N 9.05°E  two years) winter +
(Cfb)
Horstermeer, Netherlands, land along the ditches of a former fen P, australis-T. lati- 2006 -2t05 87.6 Hendriks
52.14°N 5.04° E (Cfb) grassland, rewetted about 1995 (ch)  foliar et al. (2007)
Virginia, USA, 37°N  freshwater marsh (ch) T. latifolia 1992/93 51020 —-896 81.6 Whiting and Chan-
76.5°W (Cfb) ton (2001)
Florida, USA, 30.5°N lake shore (ch) T. latifolia 1992 to 51020 -978, -1139 51.6,72.0 Whiting and Chan-
84.25°W (Cfa) 1993 ton (2001)
San Joaquin Freshwater freshwater marsh (ec) T. latifolia 1999 to summer - to 136 + 363 Rocha and
Marsh, California, USA, 2003 winter + Goulden (2008)
33.66°N 117.85°W (Csb)
Sacramento-San Joaquin  former fen pasture, rewetted 2010 T spp., 2012/13 107 -368 53 Knox et al. (2015)
Delta, California, USA, 1st  (ec) Schoenoplectus -397 38.7
site: 38.05°N 121.77° W, former agricultural fen, rewetted 1997  acutus 26
2nd site: 38.11°N (ec)
121.65°W (Csa)
Mer  Bleue, Ontario, freshwater marsh (ec-NEE, ch-CH,)  T. angustifolia 2005 to at surface —-224 +54 127 +19 Strachan
Canada, 454°N 75.5°W 2009 etal. (2015)

(Dfb)
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Table 7. Continued. ® plant productivity
o
a b c d d %
Location, climate’ Site description, method Dominant  plant Study water level NEE' CH, emissions' Reference 4
species years (cm above sur- (gCO, - (gCH, - 225 M . M in ke et al .
face) cmyr"y cm2yr) g
Ballards Marsh, Nebraska, freshwater marsh, 10 to 30cm litter P, australis 1994 40 to 60 60 Kim et al. (1998)
USA, 42.87°N 100.55°W (ec) R
(Dfa) %
Winous Point, Lake Erie, freshwater marsh, 20cm organic T. angustifolia— 2011 to 20 to 60 65+92 50.8+6.9 Chu et al. (2015) D _
Ohio, USA, 41.47°N 83°W layer (ec) Nymphaea odor- 2013 =
(Dfa) ata
Lake Vesijarvi, S Finland, inundated peatland on the shore of P australis 1997 to 10to 20 33+13.5 Kankaala — - -
61.08° N 25.50° E (Dfc) an eutrophic lake (ch) 1999 et al. (2004)
P, australis 1997 to 30t0 70 122.3+56.5
o D - -
Loch Vale watershed, pristine sedge fen (ch) C. aquatilis 1996 to water saturated 814 31.2x21 Wickland (%2]
Colorado, USA, 40.29°N 1998 etal. (2001) 2
105.66"W (Dfc) % - -
Panjin  Wetland, Liaon- freshwater tidal wetland with silty clay P, australis 2005 vol. SWC 3 to -65 Zhou et al. (2009) Q
ing Province, NE China, (ec) 46% o
41.13°N 121.90° E (Dwa) =]
2 climate type after Képpen and Geiger (Kottek et al., 2006): Cfo — Warm temperate, fully humid, warm summer; Cfa — Warm temperate, fully humid, hot summer; Csb — Warm temperate with dry and warm summer; Csa — Warm Y - -
temperate with dry and hot summer; Dfb — Snow climate, fully humid, warm summer; Dfa — Snow climate, fully humid, hot summer; Dfc — Snow climate, fully humid, cool summer and cold winter; Dwa — Snow climate with dry QD
winter and hot summer. o
ch — chamber method, ec — eddy covariance method. (0]
© Annual water level (listed for one or two years, but given as mean + standard deviation when three or more years) or water level range (water level of dry to water level of wet season). -
9 Annual NEE and methane emissions, listed for one or two years, but given as mean + standard deviation when three or more years.
9
(7]
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o
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160 (A)

(0.) ameiadway 1y

Precipitation (mm)

Figure 1. Cumulative monthly precipitation (bars) and average monthly air temperatures (dots)
for Barcianicha (a) and Giel'éykal Kasyl' (b). Actual temperatures (black) were measured in
(a) Visnieva, 5.6km NW of Barcianicha, and (b) Z'dzitava, 6.3km NE of Giel'¢ykal Kasyl'.
Actual precipitation data (black) and 30 year averages (1979-2008) of temperatures and pre-
cipitation (grey) are from meteorological stations of “Gidrometcentr” in (a) Valozyn, 15km E of
Barcianicha, and (b) Pruzany, 54 km WNW of Giel'¢ykau Kasyl'.
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Figure 2. Diurnal variation of methane emissions, measured with different chamber types, and
outside PAR, at BA Eriophorum—Carex (plot I, 18 July 2012), BA Carex—Equisetum (plot IlI,
16 September 2012), BA Phragmites—Carex (plot I, 8 August 2012), GK Typha—Hydrocharis
and GK Carex—Lysimachia (both plot I, 12 and 13 July 2012), and GK Phragmites—Lemna (plot
II, 21 September 2011). Data of BA Phragmites—Carex and GK Phragmites—Lemna are from
Minke et al. (2014).
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Figure 5. Annual CO, (NEE, R..,, GPP), CH, and N,O fluxes at Barcianicha (a, ¢, e) and
Giel'¢ykau Kasyl’ (b, d, f). Uncertainties for CO, fluxes are 50 % of the difference between both
modelling approaches plus the 90 % confidence intervals of APPROACH ONE. Uncertainties
for CH, represent 90 % confidence intervals of the models, but for N,O only 90 % CI of the
measured N, O fluxes. Light grey = 1st year, darker grey = 2nd year. Plots are ordered |, II, III.
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