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_______________________________________________________________________________________ 
 
SUMMARY 
 
Rewetting can effectively reduce greenhouse gas (GHG) emissions from drained peatlands. Reliable emissions 
estimation approaches are needed for accounting of such reductions and for evaluating the potential in terms 
of carbon credits. Annual mean water level and vegetation are reliable and widely used proxies for emissions 
estimation. However, indications of water level based on plant species (e.g. Ellenberg Indicator Values) are 
qualitative with large variances, and there are insufficient high-quality flux measurement data to support the 
direct use of vegetation as a proxy for GHG fluxes. Here we combine vegetation and water level proxies to 
estimate emissions, by using bioindication of vegetation communities for water level together with the linear 
correlation between annual mean water level and GHG fluxes. This approach is demonstrated in the Drentsche 
Aa brook valley in The Netherlands, where peatlands were rewetted to restore rich fen vegetation. Biodiversity 
of the landscape was monitored by repeated vegetation mapping before and after rewetting, which enables the 
estimation of emissions reduction as a co-benefit. Mean annual water level values are assigned to mapped 
vegetation types using existing data on water level dynamics from measurements on corresponding plant 
communities. GHG emissions are estimated using linear regression models of gas fluxes against mean annual 
water levels. This approach provides spatially explicit and quantitative estimation of mean annual water levels 
and GHG fluxes. When combined with information on spatial patterns and variances, the resulting estimations 
can promote recognition of the carbon co-benefits of biodiversity restoration while facilitating more site-
specific optimisation of management practices. 
 
KEY WORDS: emissions estimation, GHG, groundwater level, spatial pattern, vegetation restoration 
_______________________________________________________________________________________ 
 
INTRODUCTION 
 
Peatlands and greenhouse gas emissions 
At global scale, peatland has the most important soil 
carbon stock, covering only 3 % of Earth’s land 
surface and containing approximately 600 Gt of 
carbon, which is in the same order as the global 
carbon stock in vegetation (Yu et al. 2010, Yu 2012, 
Page & Baird 2016). Besides their role in global 
climate regulation, peatlands also provide various 
important ecosystem services such as fresh water and 
biomass provisioning, flood control, biodiversity and 
recreational opportunities (Whitfield et al. 2011, 
Reed et al. 2014). However, 10–20 % of all peatlands 
have been degraded due to human activities including 
agricultural and forestry drainage. This disturbance 
has transformed peatlands into a net greenhouse gas 
(GHG) source equivalent to approximately 0.1 Pg 
yr-1 of carbon in total (Frolking et al. 2011). Drainage 
strongly affects various environmental factors in 
peatlands (Landry & Rochefort 2012). Global CO2 
emissions from drained peatlands had increased by 

more than 20 % in 2008 (Joosten 2010), and drainage 
alone will lead to a release of 80.8 Pg carbon 
cumulatively, assuming a CO2-eq emission rate of 
1.91 Pg yr-1 (Leifeld & Menichetti 2018). In addition 
to hampering global emissions goals, this is causing 
significant environmental crises including soil 
subsidence (Hoogland et al. 2012) and biodiversity 
losses (Minayeva et al. 2017). 

Rewetting of peatlands is one of the most 
successful measures for reducing GHG emissions 
(Couwenberg et al. 2011, Wilson et al. 2016b, Cui et 
al. 2017, Renou-Wilson et al. 2019). By re-
establishing high water levels (e.g. by ditch blocking; 
Worrall et al. 2010), peat mineralisation could be 
reduced and peat-forming vegetation could start to 
recover at some locations (Kozlov et al. 2016, Guo et 
al. 2017). In most cases rewetting has converted 
peatlands back into CO2 sinks, although they have 
remained net GHG sources because of increased CH4 
emissions. Even so, their Global Warming Potential 
(GWP) could still be significantly reduced 
(Vanselow-Algan et al. 2015, Wilson et al. 2016b, 
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Lee et al. 2017, Kandel et al. 2019). Peatland 
restoration through rewetting is predicted to have a 
maximum (CO2-eq) climate mitigation potential of 
815 Tg ha-1 yr-1 (Griscom et al. 2017). Considering 
the extent of peatland at large scales (e.g. Europe, 
Tanneberger et al. 2017), rewetting of peatlands 
could greatly influence the regional voluntary carbon 
market by producing emissions reduction credits 
(carbon credits; Worrall et al. 2010, Bonn et al. 2014, 
Günther et al. 2018). However, the economic benefits 
would be neutralised by expensive and laborious 
GHG flux measurements (Günther et al. 2018). Thus, 
reliable estimation methods are needed for cheaper 
accounting of the emissions reductions achieved after 
rewetting. 

The IPCC guidelines provide direct emission 
factors for peatlands which have been applied in 
large-scale accounting of emissions (Wijedasa et al. 
2018). However, the original 2006 guidelines 
substantially under-estimated emissions from 
organic soils and employed inconsistent definitions 
(Couwenberg 2011). The 2013 supplement (IPCC 
2013) provides guidance for accounting GHG 
emissions from wetlands and drained organic soils in 
which peatlands are categorised according to climate 
zone, peatland type and drainage conditions, and 
emission factors are assigned to these categories. 
Drainage conditions are divided into deep-drained 
and shallow-drained with mean water level 30 cm 
below surface as the threshold. Such categorisation 
can support GHG accounting at national and regional 
scales, but the high variation within categories 
(Tiemeyer et al. 2016) and calibration data gaps for 
specific countries/regions (Wilson et al. 2016a) make 
the IPCC inventory unsuitable as a basis for fine-
scale estimations. 
 
Vegetation as a proxy for GHG emissions 
Proxies are also commonly used for emissions 
estimation. For example, mean annual water level is 
a strong predictor of annual GHG flux because the 
two factors are strongly correlated (Couwenberg et al. 
2011, Couwenberg & Fritz 2012). Vegetation 
indicates a wide range of environmental factors that 
are strongly correlated to GHG emissions (Berglund 
& Berglund 2011, Bartelheimer & Poschlod 2016) 
and is directly involved in GHG flux processes 
(Couwenberg & Fritz 2012, Dunn et al. 2016, Strack 
et al. 2017). Therefore, the structure, composition 
and traits of vegetation can also serve as proxies for 
GHG flux estimation (e.g. Dias et al. 2010, Gray et 
al. 2013, Karu et al. 2014, Goud et al. 2017). For 
example, Audet et al. (2013) demonstrated reliable 
prediction of yearly CH4 emissions from vegetation 
assemblages in riparian wetlands, using generalised 

linear models and weighted average regressions. 
Currently, the most practical vegetation proxy for 

GHG emissions is the system of GHG Emission Site 
Types (GESTs) developed by Couwenberg et al. 
(2011). The GESTs are vegetation types with 
relationships to water level based on ‘bioindication’ 
by ecological plant groups (Koska et al. 2001) or 
plant species (Ellenberg et al. 1992). Emission 
factors were assigned to these vegetation types and 
verified or specified by regression models of GHG 
flux against mean annual water level. Mapping of the 
GESTs could thus be directly linked to flux values, 
providing a highly standardised and practical 
approach but also presenting many uncertainties. On 
the one hand, using Ellenberg Indicator Values (EIVs) 
introduces uncertainties about water level indication 
and thus the vegetation groups. Originally designed 
for central Europe, the EIVs have been calibrated for 
The Netherlands (e.g. Ertsen et al. 1998) to improve 
local fitness. However, the species-based ordinal 
values are still largely qualitative and can provide 
only ranges and classes of water level with 
unmeasurable variances. On the other hand, the 
emission factors could be calibrated for different 
locations and validated by direct measurements. 
However, the time, money and labour required for 
GHG emission measurements (Günther et al. 2018) 
make both the expansion of flux values and the 
ground truthing difficult and not cost-effective. 

In the present study we used a similar approach to 
link vegetation composition to groundwater levels 
but, instead of using plant species indications such as 
those proposed by Ellenberg et al. (1992), we used 
data that directly linked local vegetation types to 
measured (mean) groundwater levels (e.g. Grootjans 
& Ten Klooster 1980). Holtland et al. (2010) also 
used measured indicator values in the Iteratio model, 
but by calculating weighted averages of species-
based values rather than using vegetation types 
directly. Vegetation types are combinations of plant 
species with similar ecological requirements. The 
bioindication of a combination of species is more 
accurate than that of separate species (Niemann 
1973). Furthermore, the indication for wetness of 
species may differ between geographical regions 
(Kotowski et al. 1998). For this reason, we used data 
from north-western and central Europe only. 
Meanwhile, the correlation of GHG emissions with 
annual mean water levels has been updated 
continuously with measurements from various 
geological and climatic regions (Couwenberg et al. 
2011, Wilson et al. 2016a). Therefore, combining 
bioindication of water levels from vegetation types 
and the correlation of water levels with GHG 
emissions could provide a reliable approach to 
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estimating GHG emissions that circumvents the 
problems of vague bioindication by EIVs and lack of 
high-quality GHG flux measurements. 

This article aims to describe a GHG emissions 
estimation approach that combines vegetation types 
and water level proxies. The approach is illustrated 
by a case study in the Drentsche Aa brook valley 
(Netherlands) which was originally a fen system, 
later intensively used for agriculture, and rewetted 
since the 1990s. The main questions of this article are: 
1) is the bioindication of vegetation for annual mean 
water level a reliable proxy for GHG emissions 
compared to existing tools; and 2) to what extent did 
rewetting of the Drentsche Aa brook valley provide 
emissions reduction as a co-benefit. 
 
 
METHODS 
 
Study area 
The Drentsche Aa brook valley (53° 7' 12.39" N, 
6° 37' 34.45" E) is located in the province of Drenthe, 
north-east Netherlands. The natural mires in the area 
have been progressively drained and fertilised for 
intensive agriculture since the Middle Ages, and the 
hydrological system has been disturbed by 
groundwater abstraction (for drinking water) close to 
the brook valley, causing various degradation 
problems e.g. vegetation losses, desiccation and 
eutrophication. Starting in 1965, the degraded 
peatlands were gradually converted into nature 
protection areas, and in 2002 around 32,000 ha of the 
brook valley was designated as National Landscape 
with 35 % nature reserves. The National Landscape 
includes villages and areas still in agricultural use. In 
the Drentsche Aa brook valley, more than 600 ha of 
meadows have been rewetted since 1996 by blocking 
drainage ditches. Mowing of biomass and topsoil 
removal have also been undertaken, aiming to 
facilitate the recovery of species-rich meadows. 

The results of the restoration efforts have been 
monitored over time by repeated detailed vegetation 
mapping on more than 2,000 ha of the natural areas. 
Within each of the mapped vegetation types, 
dominant, co-dominant and local plant communities 
were recorded according to their appearance and 
abundance. The maps have shown a reduced level of 
desiccation and recovery of rare species, but the 
reduction of GHG emissions has not been discussed. 
This could be a substantial co-benefit of rewetting, 
alongside the results in conservation of vegetation 
biodiversity, especially as the potential of climate 
benefits turning into new business models involving 
the carbon market is gaining interest amongst local 
land managers. 

The emissions estimation was restricted to 
peatlands within the designated natural areas of the 
National Landscape. The vegetation maps used were 
made from two rounds of vegetation surveys carried 
out in 1994–1996 (before rewetting) and 2015–2016 
(after rewetting), covering 2143 ha and 2481 ha 
respectively, and overlapping by 1102 ha. The 
distribution of peat soil in the brook valley was 
extracted from a peat thickness map of the northern 
part of the Netherlands (de Vries et al. 2014), which 
is a 50 m × 50 m raster dataset with peat thickness 
values interpolated from available soil survey data up 
to 2014. Areas with less than 40 cm of peat soil were 
excluded from the calculations in order to ignore peat 
soil undergoing depletion, which may have a 
different emission mechanism and would be a minor 
influence on the long-term carbon budget. After 
overlaying and exclusion, the remaining 561 ha of 
peat soils in natural areas of the National Landscape 
were extracted. All spatial analysis was conducted 
using ArcGIS 10.3 software. 
 
Linking vegetation to mean annual water levels 
In the present study, information on the relationship 
between plant communities and mean annual 
groundwater levels was derived from studies 
published in West European literature (mainly from 
The Netherlands; Grootjans & Ten Klooster 1980, de 
Haan 1992) that had related measured groundwater 
levels over several years to vegetation types (at the 
level of associations or sub-associations). Data from 
clay and loam soils were discarded because their 
groundwater characteristics differ markedly from 
those of peaty and sandy soils. All groundwater 
fluctuation data were converted to cumulative 
frequency diagrams (duration lines) representing an 
approximation of the period that a certain water level 
had been exceeded. Annual means and standard 
deviations of water level were calculated from 
multiple duration lines. Means of annual 
highest/lowest water levels were also calculated to 
show the extremes of inter-annual water level 
variation. Woody plant species were not included due 
to lack of water level monitoring data. The resulting 
database was then extrapolated for plant communities 
that had insufficient or no data but species 
composition similar to that of analysed communities 
according to their dominant and characteristic species, 
based on expert opinion and field experience. Using 
the resulting water level indication inventory, annual 
mean water level values were assigned to patches of 
the vegetation maps based on the dominant plant 
communities recorded, then water level changes were 
examined by overlaying and subtracting the two 
maps across their matching spatial extent. 
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GHG emissions estimation 
Agricultural management and chemical fertilisation 
were withdrawn from the designated natural areas of 
the brook valley National Landscape in 1965, so we 
expected the main GHG emissions to be CO2 and 
CH4 from peat decomposition rather than N2O and 
CH4 reflecting influence of remnants from former 
agricultural activities (cf. Audet et al. 2013). Therefore, 
regression models of net annual CO2 and CH4 fluxes 
against annual mean water level from Couwenberg et 
al. (2011) were adopted and N2O fluxes were 
neglected because of their low magnitude in natural 
and rewetted peatlands without agricultural inputs 
(Schrier-Uijl et al. 2014, Wilson et al. 2016b). This 
is supported by analysis of water samples collected in 
the brook valley during 2014 and 2015, which showed 
very low nitrogen contents (average concentrations 
of nitrate and ammonium in 32 groundwater samples 
were 1.4 and 0.2 mg L-1, respectively; Elshehawi et 
al. 2019). Based on meta-analysis of year-round flux 
data collected in temperate Europe, the following 
functions were adapted for our datasets from 
Couwenberg et al. (2011): 
 
Net annual CO2 fluxes = 752 × MWL − 4750      [1] 
(MWL ≥ 0) 
 
Net annual CH4 fluxes = 16.7 × (20 − MWL)      [2] 
(0 ≤ MWL ≤ 20) 
 
where MWL stands for annual mean groundwater 
level (cm below ground surface) and greenhouse gas 
fluxes are expressed in kg ha-1 yr-1. These functions 
do not describe fluxes under conditions of standing 

water, since there was no area in the brook valley 
with annual mean water level above the ground 
surface (see Results). However, some of the plant 
communities indicate possible seasonal inundation 
with mean highest water levels up to 20 cm above 
surface, although this happens only occasionally for 
a short period of time. This could lead to under-
estimation of CH4 fluxes as relatively high CH4 
emissions have been observed on inundated 
peatlands after rewetting, especially in eutrophic fens 
(Jurasinski et al. 2016). In addition, the CH4 fluxes 
function applies only when MWL is higher 
than -20 cm; MWL lower than -20 cm was thus taken 
to indicate a CH4 flux of 0 instead of uptake. Net 
GHG emissions were calculated from the fluxes as 
Global Warming Potential (GWP) using 25 as the 
CO2-equavelent of CH4. Emissions reductions were 
evaluated by overlaying and subtracting fluxes and 
GWP maps from before and after rewetting.  
 
Comparison with other estimation approaches 
Besides estimating landscape-scale changes in GHG 
fluxes and GWP using the above methodology, the 
estimations of emissions reduction were compared 
with results from other approaches. Estimations 
based on emission factors from the IPCC Wetlands 
Supplement (IPCC 2013) and based on water level 
monitoring data from a previous study (Hoetz 2013) 
were considered (Table 1). The comparison was 
restricted to the 135 ha of nature reserve located in 
middle stream areas of the brook valley where the 
local land manager (Dutch Staatsbosbeheer) reported 
that rewetting management had been implemented. 
Overall GWP changes and spatial patterns resulting 
from this management were estimated. 

 
 
Table 1. Estimation approaches for comparison. 
 

Reference Approach Data / factors used 

IPCC 2013 

Categorise the landscape according to the IPCC 
guideline as temperate nutrient-rich grasslands 
that are deep-drained/shallow-drained/rewetted 
according to the indicated water levels from 
vegetation maps, then apply the corresponding 
emission factors.  

CO2-eq emission factors (t ha-1 yr-1): 
Deep-drained (WL > 30 cm)         22.77 
Shallow-drained (0 < WL ≤ 30 cm) 14.18 
Rewetted (WL ≤ 0 cm)                      7.23 

Hoetz 2013 

Extrapolate water level monitoring data points 
(DINOlokot.nl) to landscape scale for spatial data 
on water level changes, then apply general 
regression models of water level - GHG fluxes. 

Five measurements from three locations 
were used for water level changes after 
excluding data for deeper aquifer and 
measurement sites too close to ditches. 
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RESULTS 
 
Annual mean water level changes 
The indication of water level based on plant 
communities is shown in Table A1 (Appendix). 
Annual mean water levels (cm below ground surface) 
are presented as the indicator values, together with 
means and standard errors of annual highest/lowest 
water levels and number (n) of duration lines 
accounted to represent uncertainties. In total, ten 
vegetation types are given annual water level values 
and variances, while other types appearing in the 
vegetation maps which were rare in the landscape or 
had no measurement data were given interpolated 
annual water level values based on characteristic 
species composition according to expert experience. 
Applying annual mean water level values from 
Table A1 to the vegetation maps resulted in water 
level maps covering an area of 250 ha. Mean water 
level changes were calculated and divided into five 
sub-areas along the brook valley. Annual mean water 
levels in the brook valley ranged from surface level 
(0 cm) to 40 cm below surface, with averages of 
24.4 cm and 19.9 cm below surface before and after 
rewetting, respectively. The annual mean water level 
rise was on average 5.5 cm throughout the landscape, 
with approximately 80 % of the total area having 
maintained or raised water levels after rewetting. 
Annual mean water level changes were different for 
each part of the brook valley (Figure 1). In the middle 
reaches of the brook valley system, where most of the 
rewetting measures were applied, mean annual water 
level had risen considerably, by 9.3 cm on average, 
although a few small patches had lowered water 
levels. The source area and the transition areas from 
upper/lower stream to the middle stream had 
experienced modest rises in mean annual water level 
of 5.8 cm and 6 cm/5.4 cm, respectively. A negligible 
0.7 cm rise in mean annual water level was estimated 
for the downstream area, where spatial variation was 
higher and larger patches showed lowered mean 
annual water levels (Figure 1). 
 
GHG emissions reduction 
GHG emissions showed various changes across the 
catchment (Figure 2). Overall, the landscape 
remained a net carbon source dominated by CO2 
emission. Annual mean CO2 fluxes ranged from 25 t 
ha -1 yr -1 to -5 t ha -1 yr -1 with an average of 10 t ha -1 
yr -1 after rewetting (Table 2; negative fluxes indicate 
uptake). However, CO2 fluxes were substantially 
reduced at an average of 5 t ha -1 yr -1 after rewetting. 
While CO2 reduction was generally high in the 
middle reaches and upstream areas, more patches 
downstream showed neutral or increased CO2 fluxes. 

CH4 flux increased significantly (the annual average 
of 90 kg ha-1 yr-1 is three times the value before 
rewetting; Table 2), although this emission was 
relatively small in magnitude. In a considerable 
number of patches, spatially concentrated in the 
middle reaches, CH4 flux increased to more than 
150 kg ha-1 yr-1,  while  more  variation  was observed 
 
 

 
 
Figure 1. Changes in mean water level with green 
and blue colours indicating raised water level. The 
landscape is clustered into sub-areas: 
1  =  downstream, 2 = transition down-middle 
reaches, 3 = middle reaches, 4 = transition middle-
upper reaches, 5 = source area. 
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in downstream areas (Figure 2b). In terms of GWP, 
the increase in CH4 fluxes (expressed as CO2-eq) 
offset 33 %, or nearly 400 t yr-1, of the overall 
reduction in CO2 emissions (Table 2). Nonetheless, 
rewetting of the Drentsche Aa brook valley still 
effected a 20 % emissions reduction overall. 
 
Comparison with other estimation approaches 
Extracting the rewetted areas from the overlaid maps 

indicated that the annual average (CO2-eq) GWP 
reduction was 5 t ha-1 yr-1 (Figure 3a). Applying the 
IPCC emission factors resulted in a GWP reduction 
of 2 t ha-1 yr-1. The GWP reduction estimated from 
monitoring data, derived by extrapolating rises in 
water level of 10 cm from ‘Measurement A & B’, 
15 cm from ‘Measurement C & D’ and 5 cm from 
‘Measurement E’ (Figure 3c) to nearby locations and 
applying the general regression models,  was  4 t ha-1 

 
 

 
 
Figure 2. GHG fluxes changes of (a) CO2 and (b) CH4 after rewetting. Green and yellow colours show 
reduction and reddish colours show increase on corresponding GHG fluxes. 
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Table 2. Changes in mean GHG fluxes and total emissions before and after rewetting. 
 
 Mean fluxes Annual total emissions 

 CO2 

(t ha-1 yr-1) 
CH4 

(kg ha-1 yr-1) 
CO2-eq GWP 

(t ha-1 yr-1) 
CO2 

(t) 
CH4 

(t) 
CO2-eq GWP 

(t) 

Before 14.39 30 15.10 3584 7 3761 

After 9.60 90 11.88 2392 23 2958 

Changes -4.79 60 -3.22 -1192 16 -803 

 
 
yr-1. Despite having the same order of magnitude, the 
resulting estimates of emission reductions differed 
significantly in terms of spatial patterns. 

Compared to our approach, the IPCC emission 
factor approach showed a similar pattern but at lower 
resolution, since the land categories failed to capture 
minor changes in water level (Figure 3b). The 
extrapolation of water level measurements showed a 
highly homogeneous pattern without the 
recognisable trend shown by the other two 
approaches (Figure 3c). 
 
 
DISCUSSION 
 
Linking vegetation types to mean annual water levels 
The occurrence and abundance of plant species can 
provide integrated indication values for various 
environmental parameters over longer time periods 
(Schaffers & Sýkora 2000, Bartelheimer & Poschlod 
2016) but, since new species need time to disperse 
and establish, vegetation changes may ‘limp behind’ 
shifts in environmental conditions (Diekmann 2003). 
Although the vegetation maps may not represent the 
latest site conditions, the interval of more than ten 
years between the two maps (1994 and 2015) is 
sufficient to give representative water level values 
integrating conditions before and after rewetting in 
1996. By taking annual mean water level values from 
direct observations or interpolations based on plant 
communities rather than individual species, our 
approach can arguably improve the accuracy of 
bioindication. Although many other factors besides 
water level also influence the occurrence of plant 
communities, there will be no effect on accuracy 
because the plant association will change with such 
factors (e.g. pH, nutrient levels, etc.) and 
corresponding water level measurements would be 
considered according to our approach. However, 
extra uncertainties will be introduced by the grouping 
up of sub-associations to obtain the ten main types 

presented in Table A1. 
More than 70 plant communities were considered 

in this study, which has given a rather complex 
spatial pattern of the water levels and their changes. 
Although the landscape-scale average change of 
annual mean water level isn’t substantial, changes of 
the sub-areas are in accordance with the rewetting 
measures implemented, since middle stream areas 
where ditch closure was applied had the highest 
annual mean water level rise, while water levels of 
lower stream areas that are strongly influenced by the 
surrounding agricultural land and human settlements 
showed hardly any change. The dynamics of 
groundwater differ between different landscape or 
hydrological units with different topographic 
positions, for example distance from stream 
(Blumstock et al. 2016). This may have resulted in 
lower water levels occurring even in small patches of 
the middle stream after rewetting. Thus, the real-
world situation cannot be summarised by one average 
value. Higher resolution provided by our more 
detailed indication could highlight contrasting 
changes within different landscape units, which 
could help with troubleshooting of the management 
and provide reference states for later-stage planning. 
 
GHG emissions reduction and its spatial patterns 
The annual mean CO2-eq GWP values derived from 
the vegetation - water level proxies before and after 
rewetting were 15.10 and 11.88 t ha-1 yr-1, 
respectively. This matches the 12.57 t ha-1 yr-1 

CO2-eq emission factor for rewetted nutrient-rich 
temperate grassland updated from the IPCC 
Wetlands Supplement by Wilson et al. (2016a). 
Annual mean GWP was dominated by CO2 both 
before and after rewetting, with annual mean CO2 
emissions of 14.39 and 9.60 t ha-1 yr-1 contributing 
95 % and 81 % of the GHG balances, respectively. 
Peacock et al. (2019) reported a CO2 balance roughly 
in the same order of magnitude (4.88 t ha-1 yr-1) and 
negligible  CH4  fluxes for a rewetted cropland.  Such
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Figure 3. Comparison of GWP reduction from 3 approaches at rewetted areas in the middle reaches of the Drentsche Aa: a) the vegetation - water level proxy 
approach; b) the IPCC emission factors approach; c) the measurement-based approach. Points represent locations of measurement wells used. 



W. Liu et al.   USING VEGETATION TO ESTIMATE GHG EMISSION REDUCTIONS AFTER REWETTING 

 
Mires and Peat, Volume 26 (2020), Article 02, 14 pp, http://www.mires-and-peat.net/, ISSN 1819-754X 

International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2019.OMB.StA.1767 
 

                                                                                                                                                                         9 

carbon balances with high CO2 fluxes are closer to 
the GHG budgets of grasslands on peat (e.g. Teh et 
al. 2011, Schrier-Uijl et al. 2014, Tiemeyer et al. 
2016) than to the CH4-dominant balances reported 
from some rewetted cases (e.g. Vanselow-Algan et al. 
2015, Windham-Myers et al. 2018), although they 
did show increasing importance of CH4 fluxes. They 
are far from the re-established net carbon sink 
(despite relatively high CH4 emissions) that could 
potentially be achieved (e.g. Schrier-Uijl et al. 2014, 
Wilson et al. 2016b, Windham-Myers et al. 2018). 

Higher water level (especially higher than 20 cm 
depth) and presence of aerenchyma plants can 
substantially increase CH4 production and effluxes 
(Waddington & Day 2007, Couwenberg & Fritz 2012, 
Shao et al. 2017, Strack et al. 2017). For example, on 
a temperate wetland rewetted for 12 years, Kandel et 
al. (2019) observed CO2 fluxes similar to our 
estimation (8.07 t ha -1 yr -1) but CH4 fluxes an order 
of magnitude higher (CO2-eq 14.85 t ha -1 yr -1), due 
to annual mean water level close to surface and an 
inundation period in winter. In our case, the relatively 
low CH4 fluxes were mainly due to a smaller effect of 
rewetting at catchment scale, leading to a generally 
lower water level than in rewetted sites where 
emissions are CH4 dominated. Notably, influence of 
plant species and possible high water level from the 
inter-annual fluctuation were not considered in our 
estimation. Therefore, when incorporating emissions 
in future conservation management, extra caution is 
needed to prevent high CH4 emissions since the 
increase of CH4 emissions already neutralised almost 
one third of the CO2 reduction in our case (Table A1). 
Carbon fluxes at landscape scale are strongly 
dependent on spatial heterogeneity and diversity 
(Premke et al. 2016). Hotspots of increasing CH4 
fluxes (Figure 2) should have more attention for a 
spatial-specific mitigation measure. For instance, 
downstream locations with lower average water level 
should receive more intensive rewetting measures, 
while water management in middle stream areas with 
generally higher water level should focus towards a 
more even and stable water level. Meanwhile, inter-
annual fluctuation of water level that may lead to 
temporarily high water levels should also be taken 
into account, for identifying the possible peaks of 
CH4 fluxes that could influence the accuracy of an 
annual emissions estimation. 

Notably, the 21 % reduction of total GWP 
(Table A1) estimated in this study is solely a side-
effect of the restoration measures designed for the 
recovery of rich fen vegetation with no consideration 
for emission reduction. The potential for co-benefits 
of biodiversity conservation and climate change 
mitigation has been frequently noted (Bryan et al. 

2016, Essl et al. 2018). Such potential could be better 
exploited with additional attention on emission 
reduction to create a combined strategy. The possible 
use of such reductions as carbon credits in carbon 
markets (Newell et al. 2014) also opens up 
opportunities to expand the current business model of 
conservation management. In this case our approach 
provided an option for using existing knowledge, i.e. 
biodiversity monitoring data, as alternative input 
(rather than using direct measurements) to produce 
reliable quantification of the emission reductions. 
 
Comparison with other estimation approaches 
The problem of applying the IPCC Wetlands 
Supplement was the adoption of its category system 
to the landscape. At landscape scale, the brook valley 
cannot be defined as ‘wet soil’ according to the IPCC 
guideline (IPCC 2013) with a rather ‘moist’ water 
level condition. Applying the ‘rewetted’ category 
widely on the landscape based on management would 
give a substantial overestimation of the reductions. 
Applying the IPCC categories according to water 
level definitions showed a lower sensitivity, because 
small annual mean water level changes will not result 
in category changes, and the corresponding emission 
changes will thus be ignored. This explains the 
overall underestimation from the IPCC approach. 
Results from the measurement-based approach were 
more similar to our estimation. However, 
extrapolation of very limited number of 
measurements resulted in a highly uniform spatial 
pattern. Therefore, although measurements from 
groundwater level wells have been widely used for 
plot-scale flux analysis (Wilson et al. 2015, Minke et 
al. 2016, Chimner et al. 2017), they would not be 
reliable as input for finer-scale estimations 
considering their lack of spatial variation and 
representativeness. Substitution of both detailed 
water level indication and continuous emission 
functions resulted in loss of spatial information in this 
comparison. Small patches identified by the proxy 
approach that have increased emissions or higher 
reductions do not have major effects on the average 
GWP reduction value but will affect the evaluation of 
conservation by providing information on the 
specific locations of strong effects or failure. 
Although more detailed inputs are required, such 
spatially explicit information is more valuable for 
landscape-scale assessments than an average value 
with management-oriented aims. 
 
Prospects 
As a compromise to insufficient measurement data 
and model uncertainties, our approach focuses on 
providing details on spatial patterns that could 
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contribute to the optimisation of a location-specific 
strategy for long-term landscape management. 
However, the accuracy of this approach still needs 
improvements or at least evaluation. It has been 
shown that the inclusion of flux measurements in a 
carbon credit scheme could still be profitable, and a 
higher price of certificates could be achieved with 
more reliable methodology (Günther et al. 2018). 
One direct way is to validate and calibrate the 
relationships that the proxy relies on, i.e. the 
bioindication of groundwater level by vegetation and 
the correlations between water level and GHG fluxes, 
by collecting higher-quality region-specific flux data 
with adequate monitoring of environmental factors. 
On the other hand, given the difficulty of gathering 
enough flux measurements, reliability of the 
estimation could also be enhanced by quantifying the 
uncertainties. Besides providing mean annual flux 
values, emissions could be estimated as confidence 
intervals if more statistical characteristics of the input 
data (e.g. annual mean water level for each vegetation 
type) and model parameters (e.g. coefficients of the 
linear models) could be identified, which could help 
decision makers to fully grasp the possible effects of 
their conservation strategies and the associated 
benefits or risks. 
 
 
ACKNOWLEDGEMENTS 
 
We thank Sanderine Nonhebel for fruitful discussions 
and constructive remarks on the manuscript. Weier 
Liu is supported by the China Scholarship Council. 
 
 
AUTHOR CONTRIBUTIONS 
 
APG supervised the project and provided data on the 
relationship between vegetation and groundwater 
fluctuation. HE and NdV provided the vegetation 
maps and developed the vegetation typology and GIS 
datasets. WL performed the GIS analyses and wrote 
the first draft of the manuscript. APG, CF and HE 
contributed to writing of the manuscript. 
 
 
REFERENCES 
 
Audet, J., Johansen, J.R., Andersen, P.M., Baattrup-

Pedersen, A., Brask-Jensen, K.M., Elsgaard, L., 
Kjaergaard, C., Larsen, S.E., Hoffmann, C.C. 
(2013) Methane emissions in Danish riparian 
wetlands: ecosystem comparison and pursuit of 
vegetation indexes as predictive tools. Ecological 
Indicators, 34, 548–559. 

Balátova-Tuláčková, E. (1968) Grundwasser-
Ganglinien und Wiesengesellschaften 
(Groundwater hydrographs and meadow 
communities). Acta Academiae Scientiarum 
Bohemoslovacae Brno, 2, 1–37 (in German). 

Bartelheimer, M., Poschlod, P. (2016) Functional 
characterizations of Ellenberg indicator values - a 
review on ecophysiological determinants. 
Functional Ecology, 30, 506–516. 

Berglund, Ö., Berglund, K. (2011) Influence of water 
table level and soil properties on emissions of 
greenhouse gases from cultivated peat soil. Soil 
Biology and Biochemistry, 43, 923–931. 

Blumstock, M., Tetzlaff, D., Dick, J.J., Nuetzmann, 
G., Soulsby, C. (2016) Spatial organization of 
groundwater dynamics and streamflow response 
from different hydropedological units in a montane 
catchment. Hydrological Processes, 30, 3735–3753. 

Bonn, A., Reed, M.S., Evans, C.D., Joosten, H., Bain, 
C., Farmer, J., Emmer, I., Couwenberg, J., Moxey, 
A., Artz, R., Tanneberger, F., von Unger, M., 
Smyth, M.-A., Birnie, D. (2014) Investing in nature: 
developing ecosystem service markets for peatland 
restoration. Ecosystem Services, 9, 54–65. 

Bryan, B.A., Runting, R.K., Capon, T., Perring, M.P., 
Cunningham, S.C., Kragt, M.E., Nolan, M., Law, 
E.A., Renwick, A.R., Eber, S., Christian, R., 
Wilson, K.A. (2016) Designer policy for carbon 
and biodiversity co-benefits under global change. 
Nature Climate Change, 6, 301–305. 

Chimner, R.A., Pypker, T.G., Hribljan, J.A., Moore, 
P.A., Waddington, J.M. (2017) Multi-decadal 
changes in water table levels alter peatland carbon 
cycling. Ecosystems, 20, 1042–1057. 

Couwenberg, J. (2011) Greenhouse gas emissions 
from managed peat soils : Is the IPCC reporting 
guidance realistic? Mires and Peat, 8, 02, 10 pp. 

Couwenberg, J., Fritz, C. (2012) Towards developing 
IPCC methane “emission factors” for peatlands 
(organic soils). Mires and Peat, 10, 03, 17 pp. 

Couwenberg, J., Thiele, A., Tanneberger, F., 
Augustin, J., Bärisch, S., Dubovik, D., 
Liashchynskaya, N., Michaelis, D., Minke, M., 
Skuratovich, A., Joosten, H. (2011) Assessing 
greenhouse gas emissions from peatlands using 
vegetation as a proxy. Hydrobiologia, 674, 67–89. 

Cui, L., Kang, X., Li, W., Hao, Y., Zhang, Y., Wang, J., 
Yan, L., Zhang, X., Zhang, M., Zhou, J., Kardol, 
P. (2017) Rewetting decreases carbon emissions from 
the Zoige alpine peatland on the Tibetan Plateau. 
Sustainability (Switzerland), 9(6), 948, 13 pp. 

de Haan, M.W.A. (1992) De karakteristieken van 
duurlijnen van enige grondwaterafhankelijke 
vegetatietypen: het Junco-Molinion, Violion 
caninae, Calluno-Genistion pilosae, Caricion 



W. Liu et al.   USING VEGETATION TO ESTIMATE GHG EMISSION REDUCTIONS AFTER REWETTING 

 
Mires and Peat, Volume 26 (2020), Article 02, 14 pp, http://www.mires-and-peat.net/, ISSN 1819-754X 

International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2019.OMB.StA.1767 
 

                                                                                                                                                                         11 

curto-nigrae en Caricion lasiocarpae (The 
Characteristics of Duration Lines of Selected 
Groundwater-Dependent Vegetation Types). 
KIWA Water Cycle Research Institute, 
Nieuwegein, 98 pp. (in Dutch). Online at: 
https://edepot.wur.nl/319370 

de Vries, F., Brus, D.J., Kempen, B., Brouwer, F., 
Heidema, A.H. (2014) Actualisatie Bodemkaart 
Veengebieden; Deelgebied 1 en 2 in Noord 
Nederland (Upgrading the Soil Map of Peat Areas; 
Sub Areas 1 and 2 in Northern Netherlands). 
Report 2556, Alterra, Wageningen, 60 pp. (in Dutch). 

Dias, A.T.C., Hoorens, B., Van Logtestijn, R.S.P., 
Vermaat, J.E., Aerts, R. (2010) Plant species 
composition can be used as a proxy to predict 
methane emissions in peatland ecosystems after 
land-use changes. Ecosystems, 13, 526–538. 

Diekmann, M. (2003) Species indicator values as an 
important tool in applied plant ecology - A review. 
Basic and Applied Ecology, 4, 493–506. 

Dierssen, K., Dierssen, B. (1985) Suggestions for a 
common approach in phytosociology for 
Scandinavian and Central European mire 
ecologists. Aquilo Series Botanica, 21, 33–44. 

Dunn, C., Jones, T.G., Roberts, S., Freeman, C. (2016) 
Plant species effects on the carbon storage 
capabilities of a blanket bog complex. Wetlands, 
36(1), 47–58. 

Ellenberg, H., Weber, H.E., Düll, R., Wirth, V., 
Werner, W., Paulißen, D. (1992) Zeigerwerte von 
Pflanzen in Mitteleuropa (Indicator Values of 
Plants in Central Europe). Second edition, 
Scripta Geobotanica 18, Goltze, Göttingen, 
258 pp. (in German). 

Elshehawi, S., Bregman, E., Schot, P., Grootjans, A. 
(2019) Natural isotopes and ion compositions 
identify changes in groundwater flows affecting 
wetland vegetation in the Drentsche Aa brook 
valley, The Netherlands. Journal of Ecological 
Engineering, 20(3), 112–125. 

Ertsen, A.C.D., Alkemade, J.R.M., Wassen, M.J. 
(1998) Calibrating Ellenberg indicator values for 
moisture, acidity, nutrient availability and salinity 

in The Netherlands. Plant Ecology, 135(1), 113–124. 
Essl, F., Erb, K.H., Glatzel, S., Pauchard, A. (2018) 

Climate change, carbon market instruments, and 
biodiversity: focusing on synergies and avoiding 
pitfalls. Wiley Interdisciplinary Reviews: Climate 
Change, 9, 1–12. 

Everts, F.H., de Vries, N.P.J. (1991) De 
vegetatieontwikkeling van beekdalsystemen (The 
Vegetation Development of Brook Valley Systems). 
Historische Uitgeverij Groningen, 222 pp. (in Dutch). 

Frolking, S., Talbot, J., Jones, M.C., Treat, C.C., 
Kauffman, J.B., Tuittila, E.-S., Roulet, N. (2011) 

Peatlands in the Earth’s 21st century climate 
system. Environmental Reviews, 19, 371–396. 

Geurts, J., Fritz, C. (2018) Paludiculture Pilots and 
Experiments with Focus on Cattail and Reed in 
The Netherlands. Technical Report (CINDERELLA 
Project), University of Nijmegen, 71 pp. 

Goud, E.M., Moore, T.R., Roulet, N.T. (2017) 
Predicting peatland carbon fluxes from non-
destructive plant traits. Functional Ecology, 31, 
1824–1833. 

Gray, A., Levy, P.E., Cooper, M.D.A., Jones, T., 
Gaiawyn, J., Leeson, S.R., Ward, S.E., Dinsmore, 
K.J., Drewer, J., Sheppard, L.J., Ostle, N.J., Evans, 
C.D., Burden, A., Zieliński, P. (2013) Methane 
indicator values for peatlands: a comparison of 
species and functional groups. Global Change 
Biology, 19, 1141–1150. 

Griscom, B.W., Adams, J., Ellis, P.W., Houghton, 
R.A. and 28 others (2017) Natural climate 
solutions. Proceedings of the National Academy 
of Sciences (PNAS), 114(44), 11645–11650. 

Grootjans, A.P., Ten Klooster, W.P. (1980) Changes 
of ground water regime in wet meadows. Acta 
Botanica Neerlandica, 29, 541–554. 

Grootjans, A.P., van Tooren, B.F. (1984) Ecological 
notes on Carex aquatilis communities. Vegetatio, 
57, 79–89. 

Grootjans, A.P., Schipper, P.C., Van der Windt, H.J. 
(1985) Influence of drainage on N-mineralization 
and vegetation response in wet meadows: I. 
Calthion palustris stands. Eocologia Plantarum, 
6(4), 403–417. 

Günther, A., Böther, S., Couwenberg, J., Hüttel, S., 
Jurasinski, G. (2018) Profitability of Direct 
Greenhouse Gas Measurements in Carbon Credit 
Schemes of Peatland Rewetting. Ecological 
Economics, 146, 766–771. 

Guo, J., Jiang, H., Bian, H., Sheng, L., He, C., Gao, 
Y. (2017) Natural succession is a feasible approach 
for cultivated peatland restoration in Northeast 
China. Ecological Engineering, 104, 39–44. 

Hoetz, C. (2013) Environmental Impacts of 
Groundwater Extraction at the Drentsche Aa 
Brook Valley. Master thesis, University of 
Groningen, The Netherlands, 84 pp. 

Holtland, W.J., Ter Braak, C.J.F., Schouten, M.G.C. 
(2010) Iteratio: calculating environmental 
indicator values for species and relevés. Applied 
Vegetation Science, 13(3), 369–377. 

Hoogland, T., van den Akker, J.J.H., Brus, D.J. (2012) 
Modeling the subsidence of peat soils in the Dutch 
coastal area. Geoderma, 171–172, 92–97. 

IPCC (2013) 2013 Supplement to the 2006 IPCC 
Guidelines for National Greenhouse Gas 
Inventories: Wetlands. Hiraishi, T., Krug, T., 



W. Liu et al.   USING VEGETATION TO ESTIMATE GHG EMISSION REDUCTIONS AFTER REWETTING 

 
Mires and Peat, Volume 26 (2020), Article 02, 14 pp, http://www.mires-and-peat.net/, ISSN 1819-754X 

International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2019.OMB.StA.1767 
 

                                                                                                                                                                         12 

Tanabe, K., Srivastava, N., Baasansuren, J., 
Fukuda, M., Troxler, T.G. (eds.), IPCC, 
Switzerland. Online at: http://www.ipcc- 
nggip.iges.or.jp/public/wetlands/index.html 

Joosten, H. (2010) The Global Peatland CO2 Picture. 
Peatland Status and Drainage Related Emissions 
in all Countries of the World. Wetlands 
International, Ede, The Netherlands, 36 pp. 

Jurasinski, G., Günther, A., Huth, V., Couwenberg, 
J., Glatzel, S. (2016) Greenhouse gas emissions. 
In: Wichtmann, W., Schröder, C., Joosten, H. 
(eds.) Paludiculture - Productive Use of Wet 
Peatlands. Schweizerbart Science Publishers, 
Stuttgart, 79–93. 

Kandel, T.P., Lærke, P.E., Hoffmann, C.C., Elsgaard, 
L. (2019) Complete annual CO2, CH4, and N2O 
balance of a temperate riparian wetland 12 years 
after rewetting. Ecological Engineering, 127, 527–535. 

Karu, H., Pensa, M., Rõõm, E.I., Portsmuth, A., 
Triisberg, T. (2014) Carbon fluxes in forested bog 
margins along a human impact gradient: Could 
vegetation structure be used as an indicator of peat 
carbon emissions? Wetlands Ecology and 
Management, 22, 399–417. 

Koska, I., Succow, M., Clausnitzer, U., Timmermann, 
T., Roth, S. (2001) Vegetationskundlische Kenn-
zeichnung von Mooren (topische Betrachtung) 
(Vegetation characterisation of mires (a topological 
point of view)). In: Succow, M., Joosten, H. (eds.) 
Landschaftsokologische Moorkunde, Schweizerbart, 
Stuttgart, 112–184 (in German). 

Kotowski, W., van Diggelen, R., Kleinke, J. (1998) 
Behaviour of wetland plant species along a 
moisture gradient in two geographically distant 
areas. Acta Botanica Neerlandica, 47, 337–349. 

Kozlov, S.A., Lundin, L., Avetov, N.A. (2016) 
Revegetation dynamics after 15 years of rewetting 
in two extracted peatlands in Sweden. Mires and 
Peat, 18, 05, 17 pp. 

Landry, J., Rochefort, L. (2012) The Drainage of 
Peatlands: Impacts and Rewetting Techniques. 
Peatland Ecology Research Group, Université 
Laval, Québec, Canada, 62 pp. Online at: 
http://www.gret-perg.ulaval.ca/uploads/tx_centre 
recherche/Drainage_guide_Web_02.pdf 

Lee, S.C., Christen, A., Black, A.T., Johnson, M.S., 
Jassal, R.S., Ketler, R., Nesic, Z., Merkens, M. 
(2017) Annual greenhouse gas budget for a bog 
ecosystem undergoing restoration by rewetting. 
Biogeosciences, 14, 2799–2814. 

Leifeld, J., Menichetti, L. (2018) The under-
appreciated potential of peatlands in global 
climate change mitigation strategies. Nature 
Communications, 9(1071), 1–7. 

Minayeva, T.Yu., Bragg, O.M., Sirin, A.A. (2017) 

Towards ecosystem-based restoration of peatland 
biodiversity. Mires and Peat, 19, 01, 36 pp. 

Minke, M., Augustin, J., Burlo, A., Yarmashuk, T., 
Chuvashova, H., Thiele, A., Freibaure, A., 
Tikhonov, V., Hoffmann, M. (2016) Water level, 
vegetation composition, and plant productivity 
explain greenhouse gas fluxes in temperate cutover 
fens after inundation. Biogeosciences, 13, 3945–3970. 

Newell, R.G., Pizer, W.A., Raimi, D. (2014) Carbon 
market lessons and global policy outlook. Science, 
343, 1316–1317. 

Niemann, E. (1973) Beziehungen zwischen 
Vegetation und Grundwasser (Relationships 
Between Vegetation and Groundwater). Nova 
Acta Leopoldina, Johann Ambrosius Barth, 
Leipzich, 172 pp. (in German). 

Page, S.E., Baird, A.J. (2016) Peatlands and global 
change: response and resilience. Annual Review of 
Environment and Resources, 41, 35–57. 

Peacock, M., Gauci, V., Baird, A.J., Burden, A., 
Chapman, P.J., Cumming, A., Evans, J.G., 
Grayson, R.P., Holden, J., Kaduk, J., Morrison, R., 
Page, S., Ridley, L.M., Williamson, J., Worrall, F., 
Evans, C.D. (2019) The full carbon balance of a 
rewetted cropland fen and a conservation-
managed fen. Agriculture, Ecosystems and 
Environment, 269, 1–12. 

Premke, K., Attermeyer, K., Augustin, J., Cabezas, 
A., Casper, P., Deumlich, D., Jörg Gelbrecht, J., 
Horst, H., Gerke, H.H., Gessler, A., Grossart, H.-
P., Hilt, S., Hupfer, M., Kalettka, T., Kayler, Z., 
Lischeid, G., Sommer, M., Zak, D. (2016) The 
importance of landscape diversity for carbon 
fluxes at the landscape level: small-scale 
heterogeneity matters. Wiley Interdisciplinary 
Reviews: Water, 3, 601–617. 

Reed, M.S., Bonn, A., Evans, C., Glenk, K., 
Hansjürgens, B. (2014) Assessing and valuing 
peatland ecosystem services for sustainable 
management. Ecosystem Services, 9, 1–4. 

Renou-Wilson, F., Moser, G., Fallon, D., Farrell, 
C.A., Müller, C., Wilson, D. (2019) Rewetting 
degraded peatlands for climate and biodiversity 
benefits: Results from two raised bogs. Ecological 
Engineering, 127, 547–560. 

Schaffers, A.P., Sýkora, K.V. (2000) Reliability of 
Ellenberg indicator values for moisture, nitrogen 
and soil reaction: a comparison with field 
measurements. Journal of Vegetation Science, 11, 
225–244. 

Schrier-Uijl, A.P., Kroon, P.S., Hendriks, D.M.D., 
Hensen, A., Van Huissteden, J., Berendse, F., 
Veenendaal, E.M. (2014) Agricultural peatlands: 
towards a greenhouse gas sink - a synthesis of a 
Dutch landscape study. Biogeosciences, 11, 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Gelbrecht%2C+J%C3%B6rg


W. Liu et al.   USING VEGETATION TO ESTIMATE GHG EMISSION REDUCTIONS AFTER REWETTING 

 
Mires and Peat, Volume 26 (2020), Article 02, 14 pp, http://www.mires-and-peat.net/, ISSN 1819-754X 

International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2019.OMB.StA.1767 
 

                                                                                                                                                                         13 

4559–4576. 
Shao, X., Sheng, X., Wu, M., Wu, H., Ning, X. (2017) 

Methane production potential and emission at 
different water levels in the restored reed wetland of 
Hangzhou Bay. PloS ONE, 12(10), e0185709, 13 pp. 

Strack, M., Mwakanyamale, K., Hassanpour Fard, G., 
Bird, M., Bérubé, V., Rochefort, L. (2017) Effect 
of plant functional type on methane dynamics in a 
restored minerotrophic peatland. Plant and Soil, 
410, 231–246. 

Tanneberger, F., Tegetmeyer, C., Busse, S., 
Barthelmes, A. and 55 others (2017) The peatland 
map of Europe. Mires and Peat, 19, 22, 18 pp. 

Teh, Y.A., Silver, W.L., Sonnentag, O., Detto, M., 
Kelly, M., Baldocchi, D.D. (2011). Large 
greenhouse gas emissions from a temperate 
peatland pasture. Ecosystems, 14(2), 311–325. 

Tiemeyer, B., Albiac Borraz, E., Augustin, J., 
Bechtold, M. and 19 others (2016) High emissions 
of greenhouse gases from grasslands on peat and 
other organic soils. Global Change Biology, 22, 
4134–4149. 

Tüxen, R. (1954) Grundwasser-Ganglinien 
(Groundwater hydrographs). Angewandte 
Pflanzensoziologie, 8, 64–98 (in German). 

Vanselow-Algan, M., Schmidt, S.R., Greven, M., 
Fiencke, C., Kutzbach, L., Pfeiffer, E.M. (2015) 
High methane emissions dominated annual 
greenhouse gas balances 30 years after bog 
rewetting. Biogeosciences, 12, 4361–4371. 

Waddington, J.M., Day, S.M. (2007) Methane 
emissions from a peatland following restoration. 
Journal of Geophysical Research: 
Biogeosciences, 112(G3), G03018, 11 pp. 

Whitfield, S., Reed, M., Thomson, K., Christie, M., 
Stringer, L.C., Quinn, C.H., Anderson, R, Moxey, 
A., Hubacek, K. (2011) Managing peatland 
ecosystem services: current UK policy and future 
challenges in a changing world. Scottish 
Geographical Journal, 127, 209–230. 

Wiedenroth, E.M. (1971) Wechzelbeziehungen 
zwischen Grünland Vegetation und Standort unter 
besondere Berücksichtigung des Wasserstandes 
(Interrelationships between grassland vegetation 
and its location with special consideration of the 
water level). Archief für Natuurschutz und 
Landschafsforschung, 11, 71–97 (in German). 

Wijedasa, L.S., Sloan, S., Page, S.E., Clements, G.R., 

Lupascu, M., Evans, T.A. (2018) Carbon 
emissions from South-East Asian peatlands will 
increase despite emission-reduction schemes. 
Global Change Biology, 24, 4598–4613. 

Wilson, D., Dixon, S.D., Artz, R.R.E., Smith, T.E.L., 
Evans, C.D., Owen, H.J.F., Archer, E., Renou-
Wilson, F. (2015) Derivation of greenhouse gas 
emission factors for peatlands managed for 
extraction in the Republic of Ireland and the 
United Kingdom. Biogeosciences, 12, 5291–5308. 

Wilson, S., Blain, D., Couwenberg, J., Evans, C.D., 
Murdiyarso, D., Page, S.E., Renou-Wilson, F., 
Rieley, J.O., Sirin, A., Strack, M., Tuittila, E.-S. 
(2016a) Greenhouse gas emission factors 
associated with rewetting of organic soils. Mires 
and Peat, 17, 04, 28 pp. 

Wilson, D., Farrell, C.A., Fallon, D., Moser, G., 
Müller, C., Renou‐Wilson, F. (2016b) Multiyear 
greenhouse gas balances at a rewetted temperate 
peatland. Global Change Biology, 22(12), 4080–
4095. 

Windham-Myers, L., Bergamaschi, B., Anderson, F., 
Knox, S., Miller, R., Fujii, R. (2018) Potential for 
negative emissions of greenhouse gases (CO2, 
CH4 and N2O) through coastal peatland re-
establishment: Novel insights from high 
frequency flux data at meter and kilometer scales. 
Environmental Research Letters, 13(4), 045005, 
13 pp. 

Worrall, F., Bell, M.J., Bhogal, A. (2010) Assessing 
the probability of carbon and greenhouse gas 
benefit from the management of peat soils. Science 
of the Total Environment, 408, 2657–2666. 

Yu, Z.C. (2012) Northern peatland carbon stocks and 
dynamics: A review. Biogeosciences, 9, 4071–4085. 

Yu, Z., Loisel, J., Brosseau, D.P., Beilman, D.W., 
Hunt, S.J. (2010) Global peatland dynamics since 
the Last Glacial Maximum. Geophysical 
Research Letters, 37, 1–5. 

Zarzycki, K. (1958) Wazniejsze zespoly lakowe 
doliny górnej Wisly a poziomy wod gruntowych 
(Groundwater level fluctuation patterns in 
important lake bordering plant communities of the 
upper Vistula valley). Acta Societatis 
Botanicorum Poloniae, 27, 383–428 (in Polish). 

 
Submitted 12 Mar 2019, final revision 09 Feb 2020 
Editor: Olivia Bragg 

_______________________________________________________________________________________ 
 
Author for correspondence: Weier Liu, Centre for Energy and Environmental Sciences (IVEM), University of 
Groningen, Groningen, The Netherlands.   E-mail: weier.liu@rug.nl 
 



W. Liu et al.   USING VEGETATION TO ESTIMATE GHG EMISSION REDUCTIONS AFTER REWETTING 

 
Mires and Peat, Volume 26 (2020), Article 02, 14 pp, http://www.mires-and-peat.net/, ISSN 1819-754X 

International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2019.OMB.StA.1767 
 

                                                                                                                                                                                                                                                                            14 

Appendix 
 
Table A1. Water level bioindicator values of vegetation types. Water levels of main and sub types are presented as annual means, together with years of measurements 
(n), standard deviations, maximum and minimum values and references. 

  Vegetation type 
(Scientific name) 

Years of 
measurement (n) 

Annual mean 
water level 

(cm below surface) 

Standard 
deviation Max Min References 

1 Vegetation of open water -   0 -    0  0 -  
2 Reed communities (Typho-Phragmitetum)      
 with Typha 13 11 12 -15 20 Geurts & Fritz 2018 
 with Glyceria    5  -20 40  
 with Phragmites   3 12 10    0 20 Geurts & Fritz 2018 
3 Tall sedges (Caricetum gracilis)            
 with Carex gracilis   1   5 - -20 10 Tüxen 1954, Balátova-Tuláčková 1968, Wiedenroth 1971 
 with Carex aquatilis   1   5 - -20 10 Grootjans & Ten Klooster 1980 
 with Carex acutiformis   1 20 -    0 45  

  with Phalaris   1 30 -  10 70 Everts & De Vries 1991 
4 Small sedges (Caricetum nigrae)            
 typicum 15   6 8   -7 20 de Haan 1992 
 with Carex lasiocarpa   4 13 4    8 18 de Haan 1992, Dierssen & Dierssen 1985 
 with Carex aquatilis   1   9 -    0 18 Grootjans & Van Tooren 1984 
  with Carex rostrata   1   9 -    0 18 de Haan 1992, Zarzycki 1958 
5  Acid small sedges   1   7 -    0 30 Grootjans & Ten Klooster 1980 

6 Wet meadows 
(Calthion palustris)   1 19 -    0 42 Tüxen 1954, Balátova-Tuláčková 1968, 

Grootjans & Ten Klooster 1980 

7 Poor wet meadows 
(Cirsio-Molinietum) 13 26 7  14 36 de Haan 1992 

8 Drained wet meadows   1 30 - -20 70 Grootjans et al. 1985 
9 Flooded fertilised meadows   1 40 -  20 80 Everts & De Vries 1991 
10 Unmanaged meadows   1 15 -    0 45 Everts & De Vries 1991 
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