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Abstract: Rewetted extracted peatlands are sensitive ecosystems and they can act as greenhouse gas
(GHG) sinks or sources due to changes in hydrology, vegetation, and weather conditions. However,
studies on GHG emissions from extracted peatlands after rewetting are limited. Methane (CH4) and
nitrous oxide (N2O) emission fluxes were determined using the opaque closed chamber method
along water level gradients from littoral zones to the open water body of constructed shallow
lakes with di↵erent vegetation zones in a nutrient-rich rewetted extracted peatland in Sweden.
Vegetation communities and their position relative to water level, together with short-term water level
fluctuations, such as inundation events and seasonal droughts, and temperature had a significant
impact on CH4 emissions fluxes. During “normal” and “dry” conditions and high soil temperatures,
CH4 emissions were highest from Carex spp.-Typha latifolia L. communities. During inundation events
with water levels > 30 cm, sites with flooded Graminoids-Scirpus spp.-Carex spp. emitted most CH4.
Methane emissions from the water body of the constructed shallow lakes were low during all water
level conditions and over the temperature ranges observed. Nitrous oxide emissions contributed
little to the emission fluxes from the soil-plant-water systems to the atmosphere, and they were only
detectable from the sites with Graminoids. In terms of management, the construction of shallow lakes
showed great potential for lowering GHG emission fluxes from nutrient rich peatlands after peat
extraction, even though the vegetated shore emitted some N2O and CH4.

Keywords: greenhouse gas mitigation; nutrient-rich peatland; post-extraction landform; vegetation
communities; wetland restoration

1. Introduction

Boreal and subarctic peatlands cover considerable areas in the northern hemisphere [1].
Peat extraction for horticultural purposes and energy production has a long tradition in Northern
Europe and can typically be performed on a peatland for up to 40 years [2].

According to the Swedish law, remediation of the site is required after the peat has been extracted.
Productive forestry and agriculture are two possible after-uses but for those measures drainage is
required, which would cause decomposition of the remaining peat and thus continuing emissions of
carbon dioxide (CO2). For nutrient-rich sites, nitrous oxide (N2O) can also be a significant source of
greenhouse gases (GHG) [3].
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Another after-use alternative is rewetting [4–6], which has been encouraged as a land use
management practice in order to reduce GHG emissions and thus mitigate climate change due to
carbon (C) sequestration [7–9]. In addition, rewetting can decrease water pollution and stop subsidence,
the irreversible structural collapse of the peat body [10]. Rewetting can also create habitat for migratory
and breeding birds [11] and prevent loss of biodiversity [12]. Rewetting is thus the first step in peatland
restoration aiming to change the hydrological conditions to accomplish functioning wetlands [13].
“Thriving wetlands” is one of Sweden’s 16 environmental quality objectives and it requires damaged
wetlands, such as bogs and fens, to be restored to preserve their valuable ecosystem services. Starting
more than 20 years ago, some Swedish peatlands drained for peat extraction have been rewetted [14–17]
and functioning wetland ecosystems with stable hydrology and characteristic peatland vegetation
have been established. However, rewetted peatlands are sensitive ecosystems and they can act as GHG
sinks or sources due to small changes in hydrology, vegetation, and weather conditions [18].

The desired restoration goal with rewetting is re-establishment of the peatland’s ecosystem
functions [19]. How successfully this goal can be achieved depends on the existing environmental
conditions, such as the used extraction method, the residual peat depth and peat type, the topography
of the remaining peat surface together with its landscape situation, and the availability and quality of
water resources [6,20,21].

Due to the di↵erent initial situations after peat extraction, a systematic overview of GHG exchange
from such areas is lacking [6] and therefore it is di�cult to predict how rewetting a↵ects the GHG
dynamics in a peatland [22]. Although default emission factors for CO2, methane (CH4), and N2O
from peatlands managed for extraction are to be found in the IPCC Wetlands Supplement [9], emission
factors after rewetting are only given for the categories ‘nutrient status’ and ‘climate zone’ but not
explicitly for ‘land uses’, such as rewetting after peat extraction. Thus, sites with di↵erent land uses
before rewetting (e.g., agriculture, forestry and extraction) are grouped together and therefore lacking
individual emission factors.

There are many studies on GHG emissions from peatlands and riparian wetlands formerly used
for agriculture (e.g., [23–25]), whereas studies on GHG emissions from extracted peatlands after
rewetting are limited. In general, peatland rewetting decreases emissions of CO2 and N2O, while CH4
emissions may increase (e.g., [26–29]). However, it is also important to consider the transition time
for emissions of a certain gas after rewetting [30]. Pointing out that a peatland’s return to a C sink
is highly site-specific, CO2 emissions may be reduced in this period, but the recovery of the C sink
function may take decades [18]. In the presence of fresh organic material, temporarily or persistently
high CH4 fluxes over decades after rewetting have been found [18,31,32].

Furthermore, the magnitude of GHG fluxes from peatlands depends on various site parameters.
For example, Couwenberg et al. [33] concluded that mean annual water level and vegetation are good
proxies for GHG fluxes from peatlands in general. Vegetation not only reflects long-term water levels,
but also directly a↵ects GHG emissions due to assimilate supply (CO2) and CH4 transport to the
atmosphere via the aerenchymatous system of the plants [33–35].

Studies on GHG emission fluxes from rewetted extracted peatlands have been followed up in
di↵erent time periods after rewetting [15,22,34,36–41]. However, these results have to be complemented
with information on how GHG fluxes change over space and time. More data are needed on GHG
emissions from extracted peatlands over longer periods after rewetting [42,43] and from corresponding
studies about constructed water bodies in general (e.g., shallow lakes), surrounded by vegetated littoral
zones, which have been identified as high CH4 emitters [44,45], but also as low CH4 emitters compared
with open water [46].
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The overall aim of this study was to investigate and quantify CH4 and N2O emission fluxes along
water level gradients (transects) from the rather dry vegetated shore, over the littoral zones to the open
water without vegetation of constructed shallow lakes with wetland and non-wetland type vegetation
zones in a terminated extracted peatland after rewetting. It was further determined how these fluxes
change following short-term inundation events and seasonal droughts.

Monitoring was conducted to obtain multi-year data on CH4 and N2O fluxes but not to prepare
annual GHG budgets. The study was carried out in sub-boreal central Sweden and was part of the
long-term project “Restoration of terminated peat cuttings by rewetting” [15–17,21,47].

2. Materials and Methods

2.1. Site Description

The Västkärr wetland is a rewetted peat extraction site (Figure S1) in the lagg area of
Skagerhultamossen, one of south-central Sweden’s largest bogs (59�060 N, 14�450 E; 65 m above
sea level). It is situated in Lekebergs municipality, 50 km south-west of the city of Örebro (Figure 1a).
The climate is semi-humid and maritime [48], with mean annual temperature of 5.7 �C, mean annual
precipitation of 690 mm (1961–1990; [49]) and a growing season of 200 days (temperature >5 �C for
four consecutive days; [50]). During the years since rewetting (1999–2013), precipitation has been 9%
higher and temperature has been 0.7 �C warmer (4 ⇥ 4 km gridded data; [51]) than the regional 30-year
average 1961–1990.

Prior to peat extraction, the lagg area of the bog had been drained for hay production and cereal
cultivation since the 19th century. In the 1970s, intensive drainage for potato cultivation took place at
that area (Figure 1b). Milled peat extraction for energy use started in 1987 and continued until 1997.
Mean annual volume of extracted peat was 120,000 m3 on 195 ha. At the time just before rewetting,
the bottom of the prospective constructed lakes consisted of 0.1–0.2 m highly decomposed fen peat
(H 8 to H 10 [52]; bulk density of 0.2–0.3 g cm�3, pH 5–6 and C/N ratio 21) on postglacial clay. Further
site descriptions can be found in [16,17]. The northern part of the previous peat extraction area in
Västkärr peatland (Figure 1b) was prepared for rewetting in 1998, with water storage starting in 1999.
Rewetting established three shallow lakes (VK I, VK II, VK III) with a total surface area of 80 ha and
with mean water depth of approximately 1 m on the central parts of the water bodies. These shallow
lakes, which have many small constructed peaty islands, are valuable habitats for common and rare
migration bird species.

Peat extraction is still ongoing in the middle part of the Västkärr peatland, south of the rewetted
area (Figure 1b). Beside the surface water and precipitation water supply, drainage water is continuously
being pumped from the active peat extraction to the rewetted site.

The dominant mesotrophic and eutrophic wetland plant species in Västkärr are Carex spp.,
Phragmites australis (Cav.) Trin. ex Steud., Scirpus spp. and Typha latifolia L. Other helophytes and
hydrophytes such as Alisma plantago-aquatica L., Butomus umbellatus L., Hydrocharis morsus-ranae
L., Juncus spp., Lythrum salicaria L. and Sparganium spp. also occur. Lemna minor L. is ubiquitous
between late June and October. Graminoids such as Calamagrostis canescens (Weber ex F.H. Wigg.) Roth,
Poa trivialis L. and Phalaris arundinacea L. dominate the dryer parts of the shore and the constructed
ridges between the lakes. Vegetation composition has changed somewhat over time since rewetting in
terms of cover values [47], due to intense water level fluctuations, both within and between the years.
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Figure 1. The Västkärr study site: (a) Undrained non-productive mire with peat thickness >1 m in
Sweden and related to total land area (%) (Figure taken from [53]); (b) Visualised PCA layer of an
orthophoto (taken from Sveriges Lantmäteriet 2014) over the Västkärr peatland, created as a RGB raster
composite with red and green channels of Band 1 and 2 with overlying Supervised Classification of the
extracted orthophoto (PCA tool in ArcMap 10.2.1) for the restoration area.

2.2. Field Sampling and Measurements

For the purposes of measurements, wooden boardwalks were installed on the southern shores
of the constructed lakes VK I and VK II (Figure 1b), with longitudinal directions towards the lake
limnetic zones to prevent disturbance to the peat by trampling and to facilitate measurements in water.
The mean residual peat depth was 120 cm along the boardwalk at VK II and 40–90 cm along the
boardwalks at VK I.

Soil sampling to determine soil characteristics for valuable background information, such as total
contents of several elements, bulk density, and pH, was carried out from the two peat horizons above
the underlying clay soil on the non-inundated shore zone at VK II. Additional peat samples were
taken from the lake bottom at all three sites. Degree of peat decomposition has been determined in the
field [52]. Total C and total nitrogen (N) from peat samples were quantified by dry combustion in a
C/N analyser (CN2000, Leco, USA) according to [54,55]. Surface water samples were collected from
the three study sites and from a ditch at the pumping station 4 to 6 times per year from 2009 to 2013 for
determination of pH, electrical conductivity, dissolved organic carbon (DOC), and total C according
to [56–58].
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Methane and N2O emission flux measurements were performed on 15 occasions during daytime
in the snow-free period (April to October) from 2009 to 2014. Twenty-four GHG flux measurement
positions (frames or floating chambers) were established along three transects (Figure 1b and Figure
S2), each approximately 20 m long, in di↵erent types of vegetation zones and on the (vegetation-free)
water of the lake. In these zones, vegetation communities of homogenous and mixed stands (due to
succession and water table changes) were identified and grouped together: Graminoids in the typically
non-inundated shore zones, Graminoids-Scirpus spp.-Carex spp. in the typically non-inundated but
temporarily inundated zone of the littoral and Carex spp.-Typha latifolia in the reed bed of the littoral
with typical water depths around 0.3 m. No bare peat sites were monitored. These water level
conditions were taken as ‘normal’ and they changed to ‘dry’ or ‘inundated’ conditions from time to
time, meaning that the whole transect was lying above or below the water level, respectively. Thus,
it was expected to investigate how GHG emissions from those vegetation reacted in ‘normal’, dry and
inundated conditions.

When seasonally flooded, floating chambers for GHG measurements were used almost exclusively.
When the water level became very low, frames were used instead of floating chambers. The frames in
the littoral zone were adapted in height to the plant development and to water level. Thus, young
Typha latifolia plants, which fitted in the chamber without bending, were measured in spring and early
summer. Since Typha latifolia could reach heights of up to 2.5 m, GHG flux measurements within
the community were performed without including plants in the chamber between late June and late
October. Due to technical circumstances, it was not possible to measure in the Typha latifolia stands
with flexible chambers, such as in [35].

On every GHG flux measurement occasion and adjacent to each measurement position, soil or
water temperature at 10 cm depth was determined by means of an electronic thermometer. Water
level was recorded manually using a meter stick. Plant species and plant cover were described at each
measurement position.

2.3. Greenhouse Gas (GHG) Flux Determination

2.3.1. Chamber Sampling and Measurement of GHG Concentration

The CH4 and N2O emission flux measurements were carried out using the opaque closed chamber
method [59,60]. For gas sampling at the vegetated shore, permanent annular PVC frames (inner base
diameter 18.7 cm) were installed at each GHG flux measurement position. Due to water table changes
and vegetation succession, the number of GHG flux measurement positions were not constant over
time but covered 1 . . . 13 (Graminoids), 1 . . . 8 (Graminoids-Scirpus spp.-Carex spp.), 0 . . . 12 Carex
spp.-Typha latifolia and 0 . . . 4 (water) positions per sampling occasion, respectively. To avoid lateral gas
exchange in the soil, insertion depth of the frames varied due to di↵erent soil water conditions [61,62].

For gas flux measurements, a non-steady-state flow-through opaque respiration chamber was
attached to the frame and sealed with a rubber gasket. The chamber was made of PVC with 18.7 cm
inner base diameter and 16 cm height and had an e↵ective chamber air volume of 4.3 `. Air samples
were taken in crossflow through the chamber headspace with polysiloxane tubing. E↵ective frame
air volume was determined on each GHG measurement occasion, with consideration of uneven soil
surfaces and plants, to obtain the individual headspace air volume (sum of chamber and e↵ective
frame air volumes). A chamber installed in the centre of a life buoy (i.e., floating chamber) with
similar dimensions and an e↵ective headspace air volume of 3.0 ` was used for GHG measurements on
open water.

For measurements of CH4 and N2O volume concentrations (ygas) in headspace air, 20 m` air
samples were collected in glass vials with 20 mm/3.0 mm butyl-PTFE septum in an aluminium seal cap
(Scantec Nordic, Sweden) at 10, 20, 30, 40, and 50 min (2009–2010), 10, 20, 30, and 40 min (May 2012),
10, 20, and 30 min (June 2012 to October 2013) or 1, 11, 21, 31, and 41 min (2014) after chamber closure,
respectively. Air was circulated with an external membrane pump (volume flow rate 0.4 ` min�1)



Soil Syst. 2020, 4, 17 6 of 18

between the chamber and the vial over 20 s (seven air exchanges in the vial). The CH4 and N2O
samples were stored in the dark at room temperature and were analysed between one day and two
weeks after sampling with a gas chromatograph (GC) (Clarus 500, Perkin Elmer, MA, USA) equipped
with a flame ionisation detector, an electron capture detector and an automatic vial headspace injector
(Turbo Matrix 110, Perkin Elmer, USA). Obviously leaky vials (vials with fissure or neck breakage,
damaged crimp cap or creased internal septum surface) were discarded.

Methane standards of 2, 10, 20, and 350 ppmn and N2O standards of 0.3, 1.7, and 4.7 ppmn (AGA,
Sweden) were used for calibration. Calibration functions were established for ranges from 2 ppmn to
20 ppmn or from 2 ppmn to 350 ppmn CH4, depending on the range found for the sample set on a
measurement occasion. The standards’ certified mixture compositions were given in amount fraction
(ppmn), however, the volume concentration (ppmv) was used in the present study (1 ppmn =̂ 1 ppmv,
from Dalton’s law) [63–65].

All GC data were reprocessed with an improved peak integration method in the GC’s software in
2016/2017. The 95% confidence intervals (Dygas) of the obtained concentration values (ygas) are ±4.0%
of the CH4 concentration at ygas ⇡ 2 ppmv CH4, ±0.13 ppmv N2O for the year 20090s analyses and
±0.035 ppmv N2O for the years 2010 . . . 20140s analyses at ygas ⇡ 0.3 ppmv N2O, respectively.

2.3.2. Flux Estimation and Evaluation

The CH4 and N2O fluxes were estimated according to

F = f’(t0) · p · V / (A · R · T), (1)

where F is the molar flux to the atmosphere. The first functional derivative f’(t0) at the moment of
chamber closure t0 is estimated from the regression function

f (t) = ygas(t) (2)

of the change in volume concentration ygas in headspace air over time t and given as concentration per
unit time; p is the atmospheric pressure, V the headspace air volume, A the chamber base area, R the
molar gas constant, and T the sample air temperature.

Linear and quadratic regressions (cf. [66,67]) were estimated. As some measured series of
headspace CH4 or N2O concentrations consisted of three valid values, only linear regression was used
to estimate CH4 and N2O fluxes for these series (cf. [59,68,69]). All regression functions had to fulfil
some empirical plausibility criteria to be accepted as valid for flux estimation [15]. For each ygas time
series, the valid regression with the least residual standard deviation (cf. [66]) was used to estimate
the flux.

If the range of ygas during chamber closure was less than
p

2 times larger than the 95% confidence
interval (Dygas) of the mean concentration (thus, the range was within the analysis’ repeatability; [70]),
the resulting flux was classified as non-detectable. If the range of ygas was larger than that and if the
ygas time series failed the von Neumann trend test ([70]; P � 95%; test only applicable for series with n
� 4 values), the resulting flux value was rejected as estimated from a headspace concentration change
without a significant trend, likely to result from disturbed ygas time series measurements.

Disturbances in the flux estimation obviously due to ebullition (non-di↵usive release of gas) were
detected for any single CH4 concentration time series by testing some further plausibility criteria [15].
If a disturbance by ebullition in the flux estimation was plausible, the related CH4 flux estimate was
discarded. Those disturbances may otherwise lead to both over- and underestimations of the real flux.
CH4 emissions via ebullition were not generally excluded from the resulting flux data set, but only
those concentration time series that were not suitable to estimate a flux from a regression function’s
slope. Examples for regressions of CH4 concentration time series with or without disturbances by
ebullition are given in Figure S3.
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2.3.3. GHG Flux Detection Limits

The flux detection limit (FDL) was estimated in a simple approach [15,35,66,71,72]: It was assumed
that a concentration change in the chamber headspace air had to exceed the analysis’ repeatability to
be detectable. Therefore, the GC’s repeatability coe�cient

p
2 Dygas for CH4 and N2O, respectively,

was set as the concentration change between the first and last measurement of a presumed headspace
air determination. FDL was calculated according to Equation (1), setting the slope of this presumed
concentration change as f’(t0) and using the e↵ective V of each flux measurement position.

2.4. Statistical Analyses of CH4 Flux

A linear mixed e↵ects analysis (cf. [73–75]) was performed to investigate how CH4 fluxes were
a↵ected by di↵erent environmental conditions. The analysis was carried out using the packages lme4
and car in R x64 3.2.2 [76–79]. The linear mixed e↵ects models built in this analysis combined the
flux to the atmosphere as the response variable with observations of some adjacent environmental
conditions (e.g., temperature, vegetation community, water level) as independent variables that were
set as fixed or random e↵ects. Herewith, soil and water temperatures were pooled in a single data set.
To identify the best fitting model, P-values and Akaike’s Information Criterion (AIC) were obtained
by likelihood ratio tests comparing a model with the e↵ect in question against the respective model
without the e↵ect in question (cf. [74,75]). The models were also checked and compared for good
approaches to homoscedasticity and normality. The natural logarithm of the flux was used as response
variable to meet normality and homoscedasticity requirements and to improve the significance of the
linear mixed e↵ects models obtained. To permit the flux values to be transformed into logarithms,
non-detectable CH4 fluxes were replaced with a value of half the CH4 flux detection limit FDL [72] to
prevent (non-significant) negative flux values.

3. Results and Discussions

3.1. Soil Physical and Chemical Conditions

The main peat type at all three transects was highly decomposed fen peat with degree of peat
decomposition H 8–10 in the uppermost horizon and H 5 in the subjacent horizon. Mean values for
peat soil properties are summarized in Table 1.

Table 1. Soil properties in di↵erent horizons at the study transects (see Figure 1); elements in aqua
regia digestion; n.d. = not determined.

Soil Property

Lake VK II Lake VK I Adjacent Peat

Extraction Site(west) (east)

0–22 cm 23–35 cm
Lake Bottom

5–22 cm

Lake Bottom

0–10 cm

Lake Bottom

0–12 cm
Loose Peat

Median C/N ratio
(min.-max.)

20.1
(19.7–20.3)

22.5
(21.6–23.0) 21.4 24.1 22.2

n.d.;
96% loss on

ignition
Median bulk

density in g cm�3

(min.-max.)

0.36
(0.27–0.42)

0.17
(0.17–0.23) n.d. n.d. n.d. n.d.

pH in water 5.0 5.6 5.9 5.4 5.3 5.2
Al in g kg�1 5.5 2.2 13.4 6.6 9.7 3.2
Ca in g kg�1 12.1 11.8 8.8 13.9 12.5 3.8
Fe in g kg�1 14.9 4.7 18.9 10.7 10.4 2.2
K in g kg�1 0.27 0.09 3.05 0.42 0.62 0.12

Mg in g kg�1 0.64 0.50 4.48 1.14 1.20 0.25
Mn in g kg�1 0.83 0.51 0.61 0.49 0.34 0.08
Na in g kg�1 0.08 0.07 0.27 0.12 0.10 0.06
P in g kg�1 0.68 0.31 0.41 0.55 0.51 0.25
S in g kg�1 3.5 3.2 2.2 5.1 5.2 2.8
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Surface water conditions were characterised by pH 6,6 (median), electrical conductivity 89 µS cm�1

(median), DOC concentration of 39 mg `�1 and total C concentration of 41 mg `�1 (median values
2009). More environmental data over the entire period from before rewetting in 1997 until 2013 can be
found in [17]. Mean values for soil and water temperature as well as water level categories on each
measurement occasion are summarised in Table 2.

Table 2. Mean soil and water temperatures in �C at 10 cm depth and water level categories at the study
transects; i = inundated; ni = non-inundated; i&ni = partially inundated; n.d. = not determined.

Measurement Occasion

(month-year)

Vegetation Community
Water

Graminoids Graminoids-Scirpus-Carex Carex-Typha

04-2009 7.1 i 4.2 i&ni 10.9 i 12.3
06-2009 10.2 ni 10.0 ni 10.4 i&ni 12.5
07-2009 21.6 i 20.3 i 21.0 i 21.5
10-2009 5.0 i&ni 5.0 i 5.2 i 5.1
07-2010 17.0 ni 15.1 ni 16.8 ni 23.9
05-2012 10.3 i&ni 12.1 i 16.7 i 17.3
06-2012 14.3 i&ni 13.4 i&ni 18.3 i 18.0
09-2012 13.8 i&ni 13.6 i&ni 14.3 i 14.3
10-2012 5.7 i 5.8 i n.d. i 5.7
05-2013 15.2 i&ni 16.1 i&ni 22.0 i 21.5
06-2013 15.3 i&ni 14.6 i&ni 16.9 i 15.5
08-2013 13.0 i&ni 12.8 i&ni 12.9 i 11.2
09-2013 10.2 ni 10.1 i&ni 9.2 i 8.0
10-2013 6.0 ni 5.8 i&ni 4.0 i&ni 2.7
10-2014 7.7 i&ni 7.6 i 7.0 i 7.4

3.2. Methane Fluxes

From 214 successful CH4 flux estimations, 178 flux values were above and 36 values were below
flux detection limit. A further 38 flux values were discarded because of obviously disturbed headspace
concentration time series measurements. The 95-percentile of all 214 CH4 emissions flux values at the
VK transects was found to be 778 µmol m�2 h�1. We are aware that the data set is small and that we
might have got a non-representative data set for the CH4 emission dynamics. An overview about CH4
emission fluxes in the littoral zone is given in Figure 2.
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3.2.1. Linear Mixed E↵ects Analysis

Due to the used vial sampling technique with high uncertainties in a single flux measurement and
inhomogeneous field data sets, an averaging of the data has been excluded. Thus, a linear mixed e↵ects
model has been used as a statistical analysis to aggregate data and to obtain a rough tendency for
GHG emissions from vegetation in relation to temperature and moisture. Raw data and modelled data
are shown in Figure 3. Here, high uncertainties in the raw data distribution are visible. The model’s
coe�cients and their uncertainties are to be found in Table 3.
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Figure 3. Flux of CH4 (mmol m�2 h�1) related to soil or water temperature (�C) under: (a) ‘Normal’
conditions: Graminoids, Graminoids-Scirpus spp.-Carex spp. in non-inundated conditions and Carex
spp.-Typha latifolia in inundated conditions (around 30 cm water depth); (b) ‘Dry’ conditions: all plant
communities are situated above water level; (c) ‘Inundated’ conditions: all plant communities are
situated below water level. Lines (left and right): Fluxes estimated with the linear mixed e↵ects (lme)
model (cf. Table 3) based on measured temperature ranges; dots (right): fluxes estimated according to
Equation (1). Note the log-scaled y-axes in the figures on the right.
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Table 3. Parameters of the linear mixed e↵ects model for CH4 fluxes to the atmosphere from the
vegetation communities. Significant fixed e↵ects and coe�cients in bold. Reference level for vegetation
community: graminoids; reference level for water level category: non-inundated. Ti = soil/water
temperature; vc= vegetation community; wlc=water level category; i= inundated; ni= non-inundated;
est. = estimate; SE = standard error; t = t value. Random e↵ect’s intercept b5 = ±0.5 (standard deviation
SD = 0.74) adapting for measurement positions on (+) or between (�) plant individuals.

Coe�cient a1= aj b1 b2 b3 b4

S
bj

Fixed E↵ect Ti vc vc ⇥ wlc wlc intercept

Pr (> chi-square) 1.3 ⇥ 10�4 4.9 ⇥ 10�11 1.4 ⇥ 10�5 4.2 ⇥ 10�2

vc wlc est. SE t est. SE t est. SE t est. SE t est. SE t

Water without
vegetation i 0.11 0.029 3.8 �1.4 0.76 �1.8 1.9 0.50 3.9 0.1 0.69 0.2 0.7

Carex-Typha ni 0.11 0.029 3.8 3.9 0.55 7.0 0.1 0.69 0.2 4.0
Carex-Typha i 0.11 0.029 3.8 �3.5 0.76 �4.7 1.9 0.50 3.9 0.1 0.69 0.2 2.4
Graminoids-

Scirpus-Carex ni 0.11 0.029 3.8 2.0 0.39 5.3 0.1 0.69 0.2 2.2

Graminoids-
Scirpus-Carex i 0.11 0.029 3.8 �1.0 0.69 �1.5 1.9 0.50 3.9 0.1 0.69 0.2 3.1

Graminoids ni 0.11 0.029 3.8 0.1 0.69 0.2 0.1
Graminoids i 0.11 0.029 3.8 1.9 0.50 3.9 0.1 0.69 0.2 2.0

Vegetation community and water level category (with interaction term) and soil/water temperature
were obtained as significant fixed e↵ects in the linear mixed e↵ects analysis of the relationship between
CH4 fluxes and some adjacent environmental conditions. A random e↵ect representing measurement
positions between the plant individuals significantly improved the model.

There was a significant linear relationship between soil/water temperature and the natural
logarithm of the CH4 fluxes as a response variable in the model. Thus, the model estimated the fluxes
to the atmosphere from a vegetation community at a given soil/water temperature as

Fi = e(aj · |Ti| + bj), (3)

where Fi is the flux to the atmosphere in µmol m�2 h�1 at soil/water temperature Ti in �C at a flux
measurement i. The constants aj and bj were coe�cients of the model and dependent on the adjacent
environmental conditions j that were used as fixed e↵ects (Table 3). The constant aj may be expressed as

aj = ln(TS10)/10, (4)

where TS10 is a soil or water temperature sensitivity coe�cient, e.g., the factor of increase of CH4
production rate with 10 �C temperature increase, that is mathematically analogous to the temperature
coe�cient Q10 in the van ’t Ho↵ reaction-rate-temperature rule [80]. Therefore

TS10 = (Fi / F0)10 K / (Ti � T0), (5)

where Fi and F0 are the fluxes at soil/water temperatures Ti and T0 = 0 �C.
Visual inspection of the residual plot revealed a slight deviation from homoscedasticity for the

CH4 model due to flux estimates below the detection limit. The approach to normality was good.
Although all fixed e↵ects were significant, many regression coe�cients were not (Table 3).

3.2.2. The Model Outcome: Influence of Water Level, Vegetation Community, and Soil Temperature on
Methane Fluxes

A combination of wetland plant cover and high water level, but also non-inundation and high soil
temperature, enhanced CH4 emissions. This is in line with other studies for rewetted fens (e.g., [41]),
shallow lakes [81], and rewetted peat extraction sites [45]. The higher CH4 fluxes observed with
increasing temperature for the Carex spp.-Typha latifolia community were associated with a steep
slope in the linear mixed model function (Figure 3a,b). This fact may be explained by the seasonal
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dynamics of microbial activity and thus, faster CH4 production rates [82], and by an active plant growth
forcing aerenchymatous gas transport [83,84], meaning that CH4 oxidation can be avoided because the
pathway through the upper aerobic peat horizons is bypassed [35]. As Typha latifolia stands could not
be measured with flexible chambers, such as in [35], we are aware that we may have underestimated
the CH4 emissions, especially those from the aerenchymatous gas transport, even though measurement
positions between the plant individuals are respected in a model’s random e↵ect. The CH4 emissions
from the Carex spp.-Typha latifolia communities in the late vegetation season during all study years
under ‘normal’ and ‘inundated’ conditions are far below from the reported data in [85] that included
aerenchymatous gas transport.

The estimate of soil temperature sensitivity coe�cient TS10 for CH4 fluxes to the atmosphere based
on the linear mixed e↵ects models was uniformly TS10 = 3.0 for the di↵erent vegetation communities.
Thus, the model indicated that the CH4 fluxes from the Graminoids but also from the Graminoids-Scirpus
spp.-Carex spp. community had the same relative sensitivity to warmer temperatures as those from the
Carex spp.-Typha latifolia community and the water. However, the increase in CH4 emission fluxes was
larger for the Carex spp.-Typha latifolia community than for the Graminoids and the Graminoids-Scirpus
spp.-Carex spp. communities during ‘normal’ and ‘dry’ conditions. Higher soil temperatures also
stimulate CH4 production [86] and thus CH4 emissions can be increased [87]. Furthermore, if the roots
are still in contact with CH4 depots in the anaerobic peat horizons, the plant-mediated CH4 flux to the
atmosphere is still active [83] even when the uppermost peat horizon is aerated (Figure 3b). Compared
to ‘dry’ conditions, during inundation the CH4 emission fluxes from Carex spp.-Typha latifolia were
reduced (Figure 3c). The CH4 fluxes from Graminoids might be relatively less a↵ected by a temperature
increase during ‘normal’ and ‘dry’ conditions, which was seen in a low CH4 emission level and a
negligible slope (Figure 3a,b). The same pattern turned out to be the case for emission fluxes from the
water body (Figure 3).

However, there were exceptions to the temperature pattern (Figure 3c): under inundated conditions,
sites with Graminoids started to emit more CH4 with increasing temperature compared to ‘normal’ and
‘dry’ conditions, probably because decomposition of the dying plant material was accelerated and
thus labile C input for methanogenesis increased. The frequent water level fluctuations in Västkärr
may be seen as small rewetting events at the otherwise dry shore zone of a constructed shallow lake
that may result in a composition change among vegetation communities under inundation, but also
a re-change under drier conditions. All Graminoids at the Västkärr site would die o↵ under longer
lasting inundation, because they are not adapted for a life in standing water. Simultaneously, labile C
from decomposing plant tissues for methanogenesis would be provided [25]. For highly productive
Phalaris arundinacea stands after rewetting a fen in Northern Germany, Hahn-Schöfl et al. [32] found
high CH4 emissions.

Since our measurements were done with opaque chambers, which gives no results about the
vegetation’s net CO2 uptake, the focus was on CH4 and N2O fluxes. However, peat forming plants such
as Carex spp. and Phragmites australis, but also Eriophorum spp. and Sphagnum spp. can accumulate C.
Once such vegetation has established, the rewetted peatland will start to take up more CO2 from the
atmosphere than it emits (cf. [8,42,88]). Thus, “warnings against high CH4 emissions from rewetted
peatlands are therefore unjustified” [89].

3.3. N2O Fluxes

From 244 successful N2O flux estimations, only 33 flux values (13.5 %) were above, but 211 values
below flux detection limit. Further seven flux values were discarded because of obviously disturbed
headspace concentration time series measurements. Another N2O flux value was discarded because
its estimation fulfilled the methane’s plausibility criteria for disturbance by ebullition, thus, this value
was likely to result from disturbed ygas time series measurements. N2O was not included in a linear
mixed e↵ects analysis, as the majority of the flux values was below the detection limit.
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The 95-percentile of all 244 N2O emissions flux values at the VK transects was found to be
2.6 µmol m�2 h�1, equivalent to 0.063 mmol m�2 h�1 CH4. Thus, the overall level of N2O emissions is
expected to be lower than the level of CH4 emissions.

A strong relationship between C/N ratios and N2O emissions have been found for nutrient-rich
peatlands in general [90,91] as well as for drained peatlands used for forestry [92] and for agriculture [93].
Thus, notable N2O fluxes have been expected due to Västkärr’s nutrient-rich status (fen type
environment; C/N ratio < 25).

However, detectable N2O fluxes were only found in vegetation communities containing Graminoids
or Carex (Figure 4). Fluxes above 2.6 µmol m�2 h�1 were only found in the vegetation communities
Graminoids and Graminoids-Scirpus-Carex, thus in the typically non-inundated higher shore zone. Those
tendencies are in line with the general understanding of N2O emergence in soils, where soil moisture
is a major driver of N2O emissions [33,94].
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Figure 4. Nitrous oxide emission fluxes in the littoral zone on measurement occasions. Bars: median
and maximum; triangles: all fluxes below detection limit; circle: no data. All minimum fluxes found
were below detection limit. In 2009–2010, no detectable N2O fluxes were found at all.

Concerning the order of magnitude of the N2O emission fluxes from the non-inundated shore
of the littoral zone, their overall level is not higher than on nutrient-rich temperate extracted fens
after inundation [41] or from a cultivated fen peat [95]. All fluxes from the open water were below
detection limit. This may indicate that rewetting could be an e↵ective restoration measure for
terminated extracted peatlands. Due to the broad majority of fluxes below detection limit, quantitative
comparisons to rewetted nutrient-poor peatlands are strongly restricted.

We are aware that we might have missed “hot moments” [94] of N2O fluxes given our sampling
campaign and that the available N might have been taken up by the vegetation, thus contributing to
the low N2O fluxes observed [40,96].

4. Conclusions

We expected that rewetting of nutrient-rich extracted peatlands would result in lower N2O
emissions compared to prior rewetting of extracted peatlands. The results show that from the
constructed water body (the former bare peat site) N2O emissions are negligible. Even though the
study site is a fen type peatland being fertilised due to its agricultural use prior peat extraction,
detectable N2O emissions were only found in vegetation communities on the non-inundated shore.
Methane fluxes from the water body were small and have not been a↵ected by a temperature increase.
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Considering this fact, an eventual CH4 hotspot in the littoral zone, evoked by vascular plants such as
Typha latifolia and Carex spp., can be neglected when the surficial shore-water-distribution (small shore
area vs large water surface) in such a constructed landscape is involved. Further, the transition from
extracted peatland to wetland ecosystem may reduce the overall climate warming impact due to C
sequestration (peat). Graminoids such as Calamagrostis canescens, Poa trivialis, and Phalaris arundinacea
dominating the usually non-inundated shores only emitting CH4 during short-term water table raise.

When planning a post-extraction landform, it could be relevant for a site’s GHG emissions
to avoid usually non-inundated shores with a small slope or banks and constructed ridges where
non-peat-forming plants can form comprehensive communities that will die-o↵ even in short-term
inundation and leading to CH4 emissions. However, vegetation development and composition can
change rapidly indicating that rewetted peatlands are very sensitive to both within and between the
years weather conditions and thus may act as a GHG sink in one year and a GHG source in the next,
e.g., if exposed to drought.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-8789/4/1/17/s1,
Figure S1: Drained peat extraction site (front) and rewetted site (back), Figure S2: Schematic transect over the
littoral zone of the constructed shallow lake (rewetted peat extraction site), Figure S3. Examples of methane
concentration time series during chamber closures.
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