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ARTICLE INFO ABSTRACT

Keywords: Drained organic soils are large sources of anthropogenic greenhouse gases (GHG) in many European and Asian
Peatland countries. Therefore, these soils urgently need to be considered and adequately accounted for when attempting
MRV to decrease emissions from the Agriculture and Land Use, Land Use Change and Forestry (LULUCF) sectors. Here,
Drainage

we describe the methodology, data and results of the German approach for measurement, reporting and ver-
ification (MRV) of anthropogenic GHG emissions from drained organic soils and outline ways forward towards
tracking drainage and rewetting. The methodology was developed for and is currently applied in the German
GHG inventory under the United Nations Framework Convention on Climate Change (UNFCCC) and the Kyoto
Protocol.

Spatial activity data comprise high resolution maps of land-use, type of organic soil and mean annual water
table (WT). The WT map was derived by a boosted regression trees model from data of more than 1000 dipwells.
Emissions of carbon dioxide (CO,), nitrous oxide (N,O) and methane (CH4) were synthesized from a unique
national data set comprising more than 250 annual GHG balances from 118 sites in most land-use categories and
types of organic soils. Measurements were performed with harmonized protocols using manual chambers. Non-
linear response functions describe the dependency of CO, and CH, fluxes on mean annual WT, stratified by land-
use where appropriate. Modelling results were aggregated into “implied emission factors” for each land-use
category, taking into account the uncertainty of the response functions, the frequency distribution of the WT
within each land-use category and further GHG sources such as dissolved organic carbon or CH, emissions from
ditches. IPCC default emission factors were used for these minor GHG sources. In future, response functions
could be applied directly when appropriate WT data is available. As no functional relationship was found for
N>O emissions, emission factors were calculated as the mean observed flux per land-use category. In Germany,
drained organic soils emit more than 55 million tons of GHGs per year, of which 91% are CO,. This is equivalent
to around 6.6% of the national GHG emissions in 2014. Thus, they are the largest GHG source from agriculture

Rewetting, mitigation measures
Greenhouse gases
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and LULUCF. The described methodology is applicable on the project scale as well as in other countries where

similar data are collected.

1. Introduction

Globally, drained peatlands and peat fires emit about 1 Gt carbon
dioxide (COy)-equivalents per year which corresponds to 10% of the
greenhouse gas (GHG) emissions from agriculture, land-use change and
forestry (Smith et al., 2014). Furthermore, drainage and conversion to
agriculture, forestry or peat extraction destroys valuable ecosystems
with rare species (Succow and Joosten, 2001) and increases the losses
of nutrients (Holden et al., 2004). Drained peatlands rank among the
largest GHG sources from agriculture and forestry in many European
and Asian countries, even when they cover only a small percentage of
the national area (Tubiello et al., 2016; Drosler et al., 2008). To achieve
implementation of the goals given by the Paris Agreement, reducing
emissions from drained peatlands is urgently required. The current “4
per mille” initiative aims to increase carbon stocks in soils as a com-
pensation for anthropogenic GHG emissions (Minasny et al., 2017).
However, the protection of the large carbon stocks in natural peatlands
and the reduction of emissions from drained organic soils by rewetting
is direly needed to not counterbalance any potential success in the
management of mineral soils.

National inventory reports under the United Nations Framework
Convention on Climate Change (UNFCCC) and the Kyoto Protocol re-
port anthropogenic emissions from organic soils in the Agriculture and
Land use, Land use change and Forestry (LULUCF) sectors. Basically,
nitrous oxide (N,O) emissions are reported in the sector agriculture,
while carbon dioxide (CO,) and methane (CH,) emissions are reported
in the LULUCF sector. Mandatory land use categories are forest land,
cropland, grassland, wetland, settlement and other land.

According to the recent methodological guidance by the
Intergovernmental Panel on Climate Change (IPCC) in the IPCC
Wetlands Supplement (2014), rewetting is “the deliberate action of
raising the water table on drained soils to re-establish water saturated
conditions”. In most cases, rewetting of peatlands significantly reduces
GHG emissions, sometimes even to values close to zero (IPCC, 2014;
Wilson et al., 2016) at moderate costs (Bonn et al., 2015). Estimating
the emissions of drained peatland and thus the emission reduction
potential prior to taking any measures is much more challenging as
values strongly vary depending on hydrological dynamics, soil prop-
erties and other factors (Tiemeyer et al., 2016). The emission reductions
are accountable under the Kyoto Protocol (UNFCCC, 1998) and ad-
ditionally in Europe under the so-called LULUCF Decision (EC, 2013)
and its recent amendment (EC, 2018). Peatland rewetting can con-
tribute to various land-based activities under the Kyoto Protocol de-
pending on the mandatory or chosen activities and on the land use in
the base year: Forest Management, Grazing Land Management, Crop-
land Management and the newly introduced activity Wetland Drainage
and Rewetting, which has specifically been designed for peatland re-
wetting (Decision 2/CMP.7, UNFCCC, 2012). Furthermore, the recent
update of EU LULUCF regulation (EC, 2018) demands mandatory ac-
counting of “managed wetlands” from 2026 onwards.

National GHG inventories must comply with the IPCC quality cri-
teria of transparency — i.e. complete, accessible and timely documenta-
tion, completeness of anthropogenic GHG sources and sinks, consistency
in time and space, comparability between countries, and accuracy (IPCC,
2000, 2003, 2006). This requires spatial and temporal activity data
detailed enough to detect the drainage and rewetting activities, and
adequate methodological detail to detect responses of all GHG species,
sources and sinks to changes in land-use, management and water table.

In parallel, peatland rewetting projects have emerged in the voluntary
carbon market. Several project standards have been developed for guiding
monitoring, reporting and verification (MRV) of avoided or reduced GHG
emissions. Examples are the Verified Carbon Standard (VCS, now Verra)
(WWF, 2014), Tanneberger and Wichtmann (2011), MoorFutures (Joosten
et al., 2013) and the Peatland Code (Smyth et al., 2015). The MRV re-
quirements refer to the measurement and calculation of GHGs (“Mon-
itoring”), the documentation and presentation (“Reporting”) and the proof
of correctness by an independent review (“Verification”) and apply con-
ceptually to projects and to national GHG inventories. The criteria of
transparency, consistency and comparability exist as well in the voluntary
carbon market — at least among projects in the same voluntary project
standard. Voluntary projects also have to prove additionality, which means
that the GHG mitigation would not have occurred without the project. The
criteria of completeness and accuracy, however, have been deemed im-
practicable for voluntary projects and have been replaced by the criterion
conservativeness. This means that GHG species, sources or sinks may be
neglected if they are small or if it is clear that the project will reduce, but
not increase emissions. For instance, the VCS standard only considers CO-,
but not CH, and N,O for rewetting projects in tropical peatlands (WWF,
2014), while the MoorFutures standard and Tanneberger and Wichtmann
(2011) consider CO, and CHy4, but not N,O for rewetting projects in
Northern Germany and Belarus.

So far, large-scale approaches to estimate GHG emissions have been
restricted to emission factors stratified by coarse classifications of cli-
mate, nutrient status and drainage (IPCC, 2014), or to national classi-
fications by peat type and land-use (Nielsen et al., 2016) or peat type
and drainage status (Arets et al., 2018). Project scale approaches often
suggest vegetation-based proxies (e.g. Couwenberg et al., 2011), for
which data are not available in adequate detail, temporal resolution or
wall-to-wall at national level. Thus, vegetation-based methods do not
comply with the national requirements of accuracy and completeness.
However, project standards also allow alternative approaches by direct
measurements or such models as the ones described in this paper.

Consistent MRV from project to national scale could be based on
emission factors or response functions related to site conditions for
which national data are available. Response functions of GHGs to site
conditions, in particular land-use, nutrient status and water table, have
been developed for some GHGs, e.g. for N,O from all land-use types in
Europe (Leppelt et al., 2014), for CO5 and CH, from German grasslands
(Tiemeyer et al., 2016) and for the net climate effect for German
peatlands (Drosler et al, 2013). Such functions depending on site con-
ditions and management help designing effective mitigation strategies
and are the prerequisite for reporting consistently on mitigation activ-
ities in projects and national GHG inventories.

This paper aims to describe a detailed and novel national metho-
dology for reporting anthropogenic GHG emissions from drained and —
in future — rewetted organic soils. The general approach has been de-
veloped for, and applied in, the German GHG inventory under the
UNFCCC and the Kyoto Protocol (UBA, 2016) and has successfully
passed the in-country review by the UNFCCC Secretariat in 2016
(FCCC, 2017). Rewetting is currently not considered in the German
inventory due to a lack of national time series of drainage status, but
here we provide emission factors for future use. As new GHG data has
emerged since 2015, we will report updated response functions here.
Thus, the results differ from the values reported for 2014 (UBA, 2016).
While results are specific to Germany, the methodology can be applied
elsewhere on project, regional, and national scale.
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2. Material and methods
2.1. Methodological overview and IPCC requirements

The IPCC Guidelines (2006, 2014) describe the methodologies and
present default emission factors (EF) for the national estimates (“Tier 1”
level) of GHG emissions from organic soils. These represent minimum
standards for the completeness and the degree of detail in the in-
ventory. The default EFs are only meant for the calculation of minor
national GHG sources to guarantee resource-efficient reporting. All
other so-called “key categories” have to be reported based on national
data and, if possible, with more detailed data or methodologies than the
default ones. A “key category” is defined as one that contributes to the
95% major national GHG sources in terms of the absolute level of
emissions, the trend in emissions, or the uncertainty in level or trend
(IPCC, 2000). Briefly, key categories are identified by sorting emissions
by their magnitude, calculating the cumulative emissions and identi-
fying all categories contributing to 95% of the total emissions. National
methodologies and data shall be representative of national circum-
stances. Methodologies are classified into “Tier 2” approaches with si-
milar equations, and possibly finer aggregation levels as Tier 1 based on
national data sources. The “Tier 3” approach includes more detailed
emission response functions to driving factors or process-based models
(IPCC, 1996). Our approach is

® a Tier 3 approach simplified to Tier 2,

e compliant with the Wetlands Supplement,

e based on an unprecedented large GHG data set,

e and, to our best knowledge, the first reporting method to combine
representative water table distributions with response functions.

The IPCC Wetlands Supplement (IPCC, 2014) has provided globally
applicable methodologies and EFs for national GHG inventories for
drained and rewetted organic soils. The guidance is mandatory for GHG
emission estimates for the eligible activity of Wetland Drainage and
Rewetting under the Kyoto Protocol and voluntary for national GHG
inventories until 2020 only. The basic calculations for the national in-
ventories are the same under the UNFCCC and the Kyoto Protocol.
Reporting land based activities under the Kyoto Protocol additionally
sets a minimum size for the activities, which defines the necessary
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spatial resolution, and requires spatially explicit tracking of land on
which the activities occur.

In the following, the methodology and terminology for GHG emis-
sion reporting on drained and rewetted organic soils based on the
Wetlands Supplement (IPCC, 2014) is described in brief. Organic soils
are stratified into drained and wet areas. A time series of the drainage
status is needed to distinguish between drained, rewetted and naturally
wet organic soils. The area of drained organic soils Aggineg and the
respective EFs are stratified by climate zone, land-use, nutrient and
drainage status where possible (IPCC, 2014). GHGs are converted to the
common metrics of CO,-equivalents (COz.q) by their global warming
potentials (GWP) over a time horizon of 100 years according to the 4th
IPCC assessment report (Forster et al., 2007): 1kg CH, = 25kg CO»,
1 kg N,O = 298kg CO,. Here, uncertainties are reported as the 95%
percentiles of either the modelled emissions (CO5, CH4) or the data
(N,0).

The Wetlands Supplement considers the GHGs CO, (Eq. (1)), CH4
(Eq. (2)) and N,O. Here, we use the terms “CO2-Corganic”> “CHa organic”
and “N5O-Norganic” for the composite emission factors (e.g., t C ha™!
yr_l), and not for the total emissions (e.g., t C yr_l) as in the Wetlands
Supplement which does not supply any specific terminology for com-
posite emission factors themselves (see also Fig. 1).

COZ'Corganic = CO2-Consite + CO2-Cpoc + Liire (€8]

With

L4 CCOTCorganic:
CO,-C emissions from organic soils (t Cha™! yr~1)

L4 Coz'consite:
on-site CO,-C emissions from organic soils (t C ha~! yr= 1)

® CO2-Cpoc:
indirect CO, emissions from leaching of dissolved organic carbon
(DOC) (t Cha™! yr’l)

® Lie COy-C:
emissions from burning of drained organic soils (t C ha™* yr™1),
currently not reported in Germany.

Carbon dioxide emissions from organic soil areas comprise the di-
rect CO, emissions from the drained organic soil area Ag;aineq [ha] itself
including the ditch area (CO5-Cypsite OF, in the chapter on rewetted

Flux data pmmmmmmmmmmnsmmmenen N
COZ_C RF () co,-C onsite, LUcat + | CO;Cpoc Co,-C organic, LUcat
Flux data
CH —> RF () —> CH4 land, LUcat X 1- fracditch X —> CH4 organic, LUcat
—
+ | CHygieen
X fracgic
Mean of site averages > N;0-Nyrgore. et
Flux data per LU category BN 2L
direct N,O-N . ..
N,O-N Irect NoPMiveat Implied emission factors

(Table 2)

[ Flux data from Germany

[ WT map (Bechtold et al., 2014) ]

(Table 5)

| | Default values (ipcc, 2014)

Digital land cover model (AdV, 2014)

Fig. 1. Calculation of national implied emission factors for the individual land-use categories (LU, of the German greenhouse gas inventory by response functions
(RF) including data sources. WTppy: water table probability density distribution.



B. Tiemeyer, et al.

organic soils, CO2-Ccomposite) as well as indirect CO, emissions from
leaching of dissolved organic carbon (DOC) emitted downstream. CO,-
Consite includes the carbon export by harvested biomass.

Methane emissions from drained organic soil areas (CH4 organic OF, in
the chapter on rewetted organic soils, CH, ;) comprise the CHy
emissions from the drained area (CH4 1nq) excluding ditches plus the
CH, emissions from the ditches (CH4 gircn) Which cover a certain frac-
tion (fracgin) of the organic soil area (Eq. (2)). Methane emissions from
peat fires are currently not reported in Germany, but guidance is
available in IPCC (2014). In future, both CO, and CH,4 emissions from
peat fire will be included in the German inventory. For rewetted areas,
Eq. (2) can be simplified by neglecting the ditches, which are assumed
to disappear over time or emit similar amounts of CH, as the sur-
rounding land (IPCC, 2014).

CHy4 organic = (1-fracgicn) * CHglana + fracqich * CHy ditch 2)

N30-Norganic considers the nitrogen source from the mineralized
peat. IPCC (2014) sets N,O emissions from re-wetted areas to zero by
default, but here we calculate emission factors for all land-use types.

2.2. Activity data

The German GHG inventory stratifies land into nine land-use cate-
gories: forest, cropland, grassland, shrubland, unutilized land (e.g.
natural and degraded peatlands without a clear type of land-use, fre-
quently influenced by former or surrounding drainage), water bodies,
peat extraction areas, settlements, and other lands (e.g. rocks, glaciers;
not occurring on organic soils).

Land-use data is derived from various sources for the entire national
territory with complex decision trees according to data source quality.
Most land-use data on organic soils originate from the Authoritative
Topographic-Cartographic Information Systems - Digital Basic
Landscape Model (ATKIS®-Basic DLM) with a spatial resolution of at
least 1:25,000 (AdV, 2003). Land-use is represented in a spatially ex-
plicit way by grid-point sampling, which resulted in a sample raster
of > 250,000 points for organic soils (UBA, 2016). The grid is derived
from the national forest inventory. Each sample point represents
roughly 6.4 ha (Agridpoind)- Ditch area is also estimated from the ATKIS®-
Basic DLM, which contains ditches as line objects classified in three
width classes.

Organic soils were defined according to IPCC (2006) as Histosols
and other soils with histic horizons. The IPCC definition was matched as
closely as possible with German soil types (RoBkopf et al., 2015). The
area and location of organic soils is based on the map by Rol3kopf et al.
(2015), which has harmonized the best nationally available data pro-
vided by the German Federal States. The map shows organic soils on a
conceptual 25 m grid, but is based on soil maps of heterogeneous spatial
accuracy and age. The spatial scale ranges from 1:10,000 to 1:200,000,
while the data age ranges from recently generated to the early 20th
century. The area of organic soils was considered constant, neglecting a
highly uncertain conversion of shallow organic soils into mineral soils
by mineralization (Rof3kopf et al., 2015).

The distribution of the mean annual water table (WT) of each land-
use category was derived from the map of water tables in organic soils
of Bechtold et al. (2014). This map provides the long-term WT re-
presentative of the situation of around 2010 as a 25m grid. Using a
machine learning algorithm (boosted regression trees), the WT map is
based on information from the map of organic soils (RoBkopf et al.,
2015), climate data, land use and drainage characteristics at landscape
level, topographic information and long-term dipwell data from 1054
dipwells in 53 peatlands across Germany. The distributions of WTs per
land use class used in this study represent the land-use specific varia-
bility, which has been obtained from the variation of the WT estimates
(explained variability) plus their uncertainty (unexplained variability).
Here, we define a water table below ground surface as negative and vice
versa. Grid points were identified as drained organic soils by a WT
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deeper than —0.1 m below ground surface, while naturally wet and
rewetted grid points are defined by a WT shallower than —0.1 m. The
boundary was set according to the typical WT range in natural peat-
lands between 0 and —0.1 m (e.g. Jabtoniska et al., 2011). So far, there
is no time series of spatially explicit water table data available in
Germany. In consequence, organic soils with naturally wet conditions
cannot be differentiated yet from rewetted soils at national level. Si-
milarly, we would not be able to identify newly drained areas, but as
the few remaining natural or semi-natural peatlands are strictly pro-
tected, this is unlikely to have taken place after 1990. However, we can
neither detect the effects of deepened drainage.

The amount of extracted peat was taken from national production
statistics and converted to carbon by the IPCC (2006) default conver-
sion factor of 0.07 t C m~* air-dry peat. In Germany, peat is extracted
nearly entirely for use in horticulture, but not for energy (Caspers and
Schmatzler, 2009).

2.3. GHG measurement data

GHG flux data were synthesized from a unique data set of both
published and unpublished GHG flux measurements in the five ag-
gregated land-use categories forest and shrubland, cropland, grassland,
unutilized land, and peat extraction areas, on bogs, fens and other or-
ganic soils in Germany (Tables S1 and S2). The data set included forest
sites with sparse trees or large shrubs, which may not match the na-
tional forest definition. Therefore, forest and shrubland was combined
into one joint land-use category here, which deviates from the national
inventory where shrubland is combined with grassland.

The exchange of all GHGs was measured with harmonized proto-
cols. Data originate from up to — depending on the gas — 21 different
peatland areas, 149 sites and 320 annual GHG budgets over a wide
range of site conditions representative of the organic soils in Germany
(Tables 1 and S1). Data published previously (Beetz et al., 2013; Beyer,
2014; Beyer et al., 2015; Beyer and Hoper, 2014; Drosler, 2005; Drosler
et al., 2013; Eickenscheidt et al., 2014a, 2014b, 2015; Forster, 2016;
Hoffmann et al., 2015; Leiber-Sauheitl et al., 2014; Metzger et al., 2015;
Peichl-Brak, 2013; Poyda et al., 2016; Tiemeyer et al., 2016) were re-
assessed and harmonized. For detailed methods of GHG measurements
and calculation of annual GHG budgets see Tiemeyer et al. (2016) and
the references listed in Table S1. The N,O data were synthesized as part
of a European study by Leppelt et al. (2014), but re-assessed and re-
classified here to represent German conditions and the land-use cate-
gories in the GHG inventory. Additional recent data from Buchen et al.
(2017) and Poyda et al. (2016) were added. Due to the small number of
measurement sites (Hommeltenberg et al., 2014) forest on-site CO,
emissions were derived from a general response function comprising all
land-use categories.

Permanently flooded sites without or with lake vegetation were

Table 1

Number of annual GHG flux data by gas and land-use category: Number of
annual budgets/number of sites/number of peatland areas (details on study
areas and data sources in the supplementary data Table S1).

Land-use category Number of annual GHG flux data

CO2 onsite CHy 1and N2Oorganic
Forest and shrubland 0* 22/13/6 26/13/7
Cropland 34/15/6 42/17/7 43/19/9
Grassland 142/57/14 147/59/14 163/68/16
Unutilized land (undrained, 81/44/11 81/46/10 84/47/12

degraded and rewetted sites)

Peat extraction 4/2/1 4/2/1 4/2/1
SUM 261/118/17  296/137/17  320/149/21

* data of Hommeltenberg et al. (2014) was not used for the derivation of
emission factors due to differing methodological approaches, but for the ver-
ification of the forest emission factor.
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excluded from this study as they represent flooded land on organic
soils. GHG emissions from flooded land are excluded from mandatory
reporting in GHG inventories as there is no agreed methodological
guidance (IPCC, 2006, 2014). Sites with WT > Om and typical peat-
land vegetation were included. In line with the Wetlands Supplement
(IPCC, 2014) and Wilson et al. (2016), undrained and rewetted peat-
lands were not distinguished for the derivation of EFs.

2.4. GHG emission response functions

Emission response functions were tested for CO5-Copsite; CHg 1ang and
direct N,O emissions, for which national measurements were available.
For CO,-Copsite, mean annual data of each site was used. Due to the
strong non-linearity of the response individual annual values of CHy janqg
were related to WT. The GHG response to multiple drivers was statis-
tically analysed with univariate and multivariate linear and non-linear
models, e.g. linear mixed effect models and fuzzy logic approaches (e.g.
Leppelt et al., 2014; Tiemeyer et al., 2016). Here, drivers were re-
stricted to those available at the national level:

o land use category
e type of organic soil (Rof3kopf et al., 2015)
e Water table (WT, Bechtold et al., 2014)

Other drivers have also been identified as important proxies for
some of the GHGs (soil properties, dynamic water table indicators, land
use intensity, fertilization; Drosler et al., 2013; Leppelt et al., 2014,
Tiemeyer et al., 2016), but are currently not available at national level.
We parametrize non-linear response functions for both CO, (Gompertz,
Eq. (3)) and CH4 (exponential, Eq. (4)) in relation to WT with non-
linear least squares (nls) estimation using R (R Core Team, 2016). Un-
certainties of the function fit have been estimated by bootstrapping
(n = 20,000) using the package nistools (Baty et al., 2015).

COy-C(WT) = COy-Crin + CO,-Cagre""" ®3)

Here, CO5-Cyy, is the lower asymptote, CO5-Cy;gr the difference be-
tween upper and lower asymptote, while a and b are fitting parameters
related to the displacement along the x-axis and the growth rate, re-
spectively.

CH,(WT) = CHypip + ce= T (©))

CH4 min is the lower asymptote and c and d are fitting parameters.

For CHy4, we fitted separate response functions to flux data from a)
forest land, b) cropland and grassland, and c) unutilized organic soils
and tested the difference of the bootstrapped parameter values by
analysis of variance and a Tukey HSD (Honestly Significant Differences)
post-hoc test (package multcompView, Graves et al., 2015)

WT can only act as driver of soil GHG emissions along the gradient
of water saturation to dry conditions. Once the soil is saturated, WT
relations lose their biogeochemical justification and would just indicate
artefacts resulting from scatter in the multi-site data analysis (IPCC,
2014: Fig. 3A.2 for CO,, Fig. 3A.4 for CH,). Therefore, the para-
meterization of the CO, response function was constrained to an
asymptotic value (CO2-Cin)- In the current German GHG inventory,
CO, and CH4 response functions were only applied for reporting
emissions from drained organic soils (WT < —0.1m). As long as un-
drained and rewetted soils cannot be distinguished, emissions from wet
organic soils are assumed to be zero. Nonetheless, we have derived
emission factors for rewetted organic soils in Germany by applying the
CO, response functions for the water table range from —0.1m to, in
analogy with IPCC (2014), 0.2 m.

Nitrous oxide emissions did not show a clear response to any
available driver. Therefore, the mean site averages of the N,O mea-
surements of each land-use category were used. As in the Wetlands
Supplement, uncertainties were given by the 2.5 and 97.5 percentiles of
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the data. For rewetted organic soils, mean annual fluxes of all sites
within the WT range of —0.1 to 0.2m have been averaged.

2.5. Reporting: national emission factors for organic soils

IPCC default EFs (IPCC, 2014) were used as estimates for GHG
sources which were assumed to be non-significant and for which
German data was missing, i.e. downstream CO, emissions from DOC
leaching (CO5-Cpoc) and CH,4 emissions from drainage ditches (CH,4
diteh) (Fig. 1). As there is no CO, data from forests in our data set
(Table 1), we used the general CO, response function (Eq. (3)) de-
scribing CO5 losses from the soil for forest land, too. Carbon uptake by
trees is reported under the biomass, litter and dead wood carbon pool in
the inventory. Settlements were treated as drained grassland.

A detailed Tier 3 approach is resource intensive and will only be
reasonable if the anthropogenic activity data show a high temporal
dynamics and are available at high detail and frequency, e.g. annually.
As WT data is not available as time series, the Tier 3 approach is sim-
plified to spatially representative Tier 2 EFs. National EFs for drained
organic soils CO2-Copsite and CH4 1anq Were derived by applying the
response functions for CO, and CH,4 to the WT at the grid points with a
WT < —0.1m of each land-use category and aggregating them to
spatially representative EFs (Fig. 1, Egs. (5) and (6)). For peat extrac-
tion areas mean values were used.

For wet organic soils, the same approach was used for grid points
with a WT range of —0.1 to 0.2m and, in case of CHy, a response
function with different coefficients (Eqgs. (7) and (8)). Here, the WT
distribution of the WT map was used to estimate the distribution of
water tables within wet sites, but as we currently cannot distinguish
between naturally wet and rewetted areas, these sites are currently not
included in the emission inventory.

1 Mgrid,LUcat DWT:
COZ'Consile, LUcat = Ai Z (CO2-Cin + COp-Cppaxe™ l) * Agn'dpoin[
drained,LUcat i=1
)
1 Ngrid,LUcat
CHyland, LUcat = yy— (CHamin,Luear + Crucare™ 00t WTi) s Agripoins
drained,LUcat i=1
(6)
With
® Ngrid,LUcat:
number of grid points for each drained land-use category
o Adrained, LUcat
drained area of each land-use category (ha)
L4 Agridpoint:
Area of each grid point (6.4 ha, see Section 2.2)
Ngrid,wet BWT:
COZ'Consite, rewetted = Z (COZ'Cmin + COZ'Cmaxe_ae l) * Agridpuim
AM]E[ i=1 (7)
1 Ngrid,wet
— —dwet W) 4
CH4SOil = A Z (CH4min,wet + Cpere™ l) * Agridpuint
wet =1 (8)
With
L4 l-lgrid,wet:

number of grid points with a WT range of —0.1 to 0.2m
® Ayer

area of wet organic soils (ha)

Uncertainties of the EFs were estimated by the 2.5 and 97.5 per-
centiles of all grid values and reflect the variability of emissions caused
by the WT distribution and its uncertainty of each land use class. Then,
the EFs were combined with the IPCC defaults for CO5-Cpoc and CH4
diteh (Egs. (1) and (2)). The wet land-use area with zero reportable
emissions (fracye:, Lucar) Was fixed for each land-use category to the
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Forest land, drained
Forest land, undrained
Cropland, all drained
Grassland, drained
Grassland, undrained
Shrubland, drained
Shrubland, undrained
Unutilzed land, drained
Unutilized land, undrained
Open water bodies

Peat extraction, all drained

JROTACROEE0ON

Settlement, all drained

Fig. 2. Fractions of organic soils in Germany by land-use category (ATKIS®-
Basic DLM 2014), split into “drained” (water table < —0.1m) and “un-
drained” areas (water table = —0.1 m).

percentage derived from the WT map (Fig. 2). Any drainage and re-
wetting activities from 2010 (WT estimate of Bechtold et al., 2014)
onwards could be reported when new WT data or activity data will
become available. The national implied EFs were calculated as
weighted mean of the emissions from the drained and the wet land-use
fraction without any anthropogenic GHG emissions (Fig. 1). To calcu-
late total emissions for each land use category, the implied emission
factors are multiplied with the total area [ha] of each land use category.

The GHG inventory tracks land-use changes on organic soils. Such
land-use changes usually occur on drained land and are reported by a
switch of the GHG emission EF from the old to the new land-use cate-
gory. Accordingly, the land-use remains constant on undrained organic
soils, but varies on drained organic soils. Therefore, the resulting time-
series of GHG emissions from organic soils is derived from the time-
series of land-use, while the WT distribution within each land-use ca-
tegory is assumed to be constant.

2.6. Verification

In the context of national emission inventories, “verification” means
e.g. quality checks, independent reviews or the comparison against
other data or other inventories. Verification is mandatory for national
approaches. The national EFs were compared with the IPCC default
values (IPCC, 2014) and with national approaches in The Netherlands
(Arets et al., 2018), Denmark (Elsgaard et al., 2012; Nielsen et al.,
2016) and the UK (Evans et al., 2017). The methodology was checked
by reviewers of the UNFCCC Secretariat during the In Country Review
of the German National Inventory under the UNFCCC and the Kyoto
Protocol in September 2016 and was principally accepted (FCCC,
2017).

3. Results

We present the activity data, emission factors, methodology and the
anthropogenic GHG emissions from drained organic soils in Germany
for the land-use given by the ATKIS®-Basic DLM for 2014. Results are
presented along the logical chain of Monitoring — Reporting —
Verification.

3.1. Activity data

Organic soils as defined for the German GHG inventory cover 1.82
Mio ha, equivalent to 5.1% of Germanys land area. This area differs
slightly from Rofkopf et al. (2015) due to partially updated data
sources. Dominant land-use categories are grassland (53% or
9691 km?), cropland (20% or 3567 km?), forests and shrubland (16% or
2927 km?), while only 6% (1013 km?) are classified as unutilized or-
ganic soils (Fig. 2). Most of the organic soils are drained for agriculture
and forestry (Fig. 2). Drained organic soils dominate in all land-use
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categories except, of course, water bodies. Even the majority of the
unutilized organic soils are drained (Figs. 2, 3). Only around
150,000 ha or 8% of organic soils are estimated to be undrained
(WT = —0.1m).

Each land-use category encompasses a wide range of WT (Fig. 3).
The fraction of undrained organic soil is largest in unutilized land (23%
or 236 km?), followed by forest and shrubland (12% or 362 km?), and
grassland (7% or 709 km?). All croplands and settlements are drained
(Figs. 2 and 3). When including undrained areas, mean water table
depths decrease in the order unutilized land (—0.28 m), forest and
shrubland (-0.38 m), grassland (—0.48 m), and cropland (—0.60 m)
(Fig. 3). Mean WT excluding undrained land were —0.38 m (unutilized
land), —0.43m (forest and shrubland), —0.51m (grassland) and
—0.60 m (cropland). The relatively large share of very dry organic soils
in most land use categories (Fig. 3) is caused by an artefact due to WT
data transformation and by the uncertainty propagation of the WT map
(methodological details see Bechtold et al., 2014). Due to the asymp-
totic shape of the response functions (Egs. (3) and (4)) in dry condi-
tions, this does not affect the results. Similarly, the relatively high
percentage of wet organic soils might partially be a consequence of the
error propagation.

Ditches covered 1.3% of the organic soil area (237 km?). This value
of fracgircn Was applied to all land-use categories, as ditch spacing and
width depend more on peat properties and terrain than on land-use.
The German value for fracgip, is lower than both the indicative values
given by IPCC (2014) and the Danish GHG Inventory (Nielsen et al.,
2016) of 2.5 to 5%. As pipe drainage is common in Germany, a lower
value of fracg;, is plausible.

3.2. GHG emission response functions and national emission factors

3.2.1. CO; emissions from drained and rewetted organic soils (CO5-C opsite)

CO5-Copsite €missions increased steeply with deeper mean annual
WT and level out at a WT of around —0.40 m where additional drai-
nage would, on average, not further increase CO,-Cypsite €missions
(Fig. 4). There are, however, peatlands in our data set where further
drainage up to nearly —1.0 m does strongly increase CO,-C emissions
(Tiemeyer et al., 2016). Under shallow drainage, CO5-Cgpsite €missions
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Fig. 3. Frequency distribution of mean annual water table (WT) of the major
land-use categories in Germany (WT data from Bechtold et al., 2014) and mean
annual water table of the GHG measurement sites with complete GHG budgets
(forest land: sites with methane and nitrous oxide measurements).
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Table 3
Coefficients of the CH4 jang response functions.
Land-use category CH4 min (kg CHsha™' ¢ (9 dm™bH
yr~h
Forest land -29 2260 -31.3
Cropland, grassland, settlement 3.5 17,055 —42.3
Drained unutilized land, rewetted 1.3 292 -5.6

organic soils

20 — e
S °
_ .
= 15 ° e o o, ° °
5 ®
> 4 °
©
£ 10 S
e °
2 ° °
g 57 ° °
Q |
o)
O 0— @© measured .
—| e~ model s
-5 T T T T T T T T T T T T T
-1.20 -0.90 -0.60 -0.30 0.00

Water table (m)

Fig. 4. Response of on-site CO,-C emissions from organic soils to mean annual
water table and coefficients of the fitted Gompertz function (Eq. (3)) with CO»-
Cmin = —0.93t C ha™! yr™!, CO,-Cyiee = 11.00t C ha™! yr™!, a = 7.52 and
b=1297m™ .

increased almost linearly with deeper WT. Overall, CO5-Cypsite €mis-
sions showed a large scatter which can partially be explained by site
conditions such as nutrient status and intra-annual WT dynamics, while
CO,-C emissions within single study areas clearly depended on WT
(Leiber-Sauheitl et al., 2014; Tiemeyer et al., 2016). As there were no
clear differences between the responses to WT in different land-use
classes, all CO, data were lumped to derive one generic response
function (Fig. 4). The relationship is statistically very robust despite
substantial scatter in the underlying data.

CO,-C emissions from wet (WT = —0.1 m) organic soils were gen-
erally close to zero. Applying Eq. (7) resulted in an EF of —0.42t CO,-C
ha~! yr~! for wet organic soils (Table 3). Taking into account the
uncertainty ranges, this agrees reasonably well with the mean of the
CO, flux data from sites within the same WT range (—0.38t CO,-C
ha™! yr™') and with the value of the response function at WT = 0
(—0.83t COx-Cha~ ! yr™1).

The EFs were derived as the mean CO5-C,site €mission with the 95%
percentiles from the frequency distribution of the grid points in the
resulting CO»-Copsite €mission map (Table 2). Thus, the German EFs
generally show a wide range as this represents the spatial heterogeneity
of the WT within each land use class.

3.2.2. CH,4 emissions from drained and rewetted organic soils (CHy jqnq)

As expected, annual methane fluxes range around zero or are small
sinks in German deep drained organic soils (Fig. 5-c; Tiemeyer et al.,
2016 for grassland). Starting at a WT of around —0.2m, CHy jang
emissions generally increase either linearly (Levy et al., 2012) or ex-
ponentially (Drosler, 2005, Turetsky et al., 2014) with WT. This is also
the case in this study (Fig. 5a). However, a high WT is only a necessary
but not a sufficient condition for high emissions as low CH, fluxes also
occur under wet conditions (Fig. 5c).

Table 2

* Fixed at the mean value of all measurements with WT < —0.3m.

Exponential response functions of CHy 1,nq to WT were fitted in-
dividually to the measured data from a) forest land, b) cropland and
grassland, c¢) unutilized wet organic soils. The bootstrapped coefficients
of Eq. (5) were significantly different from each other (p < 0.01)
(Table 3). As the response functions for drained organic soils were fitted
to data with a WT of —0.1 m or lower, they may not be extrapolated to
sites with higher WT as the exponential function may produce un-
realistically high values.

Methane emissions from fully saturated, rewetted organic soils
could also be reported by using Eq. (5). However, we emphasise that
this function should not be extrapolated as there is considerable un-
certainty of the response function in the very wet range, especially
when the mean WT is above ground surface (Fig. 5c¢, Wilson et al.,
2016). Its applicability is thus restricted to organic soils sites with ty-
pical peatland vegetation and water table dynamics, but not to ditches
or flooded land.

The national EFs for CH, 1a,q Were derived analogously to the EF for
CO,-Consite by applying the response functions to the WT map of Bechtold
et al. (2014). The EFs were derived as the mean CHj, 1,4 emission with the
2.5 and 97.5% percentiles from the frequency distribution of the grid
points in the resulting CH, 1,59 emission map (Table 2).

3.2.3. Direct N;O emissions from drained and rewetted organic soils

As we could not find any robust functional relations between N,O
and nationally available drivers, the EFs were derived from the means
of site average (measured data) by LU category (Table 2, Fig. 6).

3.2.4. Aggregated GHG emission factors for organic soils (implied emission
factors)

In addition to CO5-Copsites; CH4 1ana and direct N,O-N, final national
EFs consider all other anthropogenic GHG sources and sinks as shown
in Egs. (1)-(3); particularly CO, emissions from the export of dissolved
organic carbon (drained: CO,-Cpoc = 0.31t C ha™! yr™!, rewetted:
CO5-Cpoc = 0.24t Cha™! yrfl, IPCC, 2014) and CH, emissions from
ditches (Table 4).

The so-called implied emission factors (IEFs) shown in Table 5 refer
to all organic soils in each land-use category including eventual un-
drained fractions without any anthropogenic GHG emissions. They can

German average emission factors and their 95% percentiles (values in brackets) for drained organic soils with a mean annual water table lower than —0.1 m below
surface and for rewetted organic soils. CO2-Copsite and CHy jang are derived from a Tier 3 methodology and compared with the IPCC default (Tier 1) emission factors
for the temperate climate zone from the IPCC 2013 Wetlands Supplement (IPCC, 2014).

Land-use category CO3 onsite (£ Cha™lyr™1)

CHy tana (kg CH, ha™ ! yr™1)

direct N,O (kg N,O-N ha™! yr™1)

German EF Default EF (Tables 2.1 and 3.1) German EF Default EF (Tables 2.3 and 3.3) German EF Default EF (Table 2.5)
Forest land 7.7 (1.0-10.9) 2.6 (2.0-3.3) 4.0 (—12.4-45.7) 2.5(-0.6-5.7) 2.0 (0.1-8.3) 2.8 (—0.57-6.1)
Cropland 9.2 (3.8-11.2) 7.9 (6.5-9.4) 5.5 (0.5-17.9) 0(-2.8-2.8) 11.1 (1.8-40.5) 13 (8.2-18)
Grassland, settlement 8.3 (1.4-11.0) 3.6-6.1 (1.8-7.3)* 11.2 (0.6-86.4) 1.8-39 (—2.8-81)* 4.6 (0.3-22.2) 1.6-8.2 (0.56-11)*
Drained unutilized land 7.1 (0.7-10.8) No EF 70.2 (1.3-184) No EF 0.7 (-0.1-2.9) No EF
Peat extraction 1.3 (1.2-1.4) 2.8 (1.1-4.2) 4.2 (-0.4-13.1) 6.1 (1.6-11) 0.9 (0.3-1.4) 0.3 (0-0.6)
Rewetted organic soils ~ —0.4 (-2.4-1.3) —0.23-2.5 (—-0.71-1.71) 279 (140-700) 123-288 (0-1141)"" 0.1(-05t01.0) 0

* values represent the range of (1) nutrient-poor, (2) shallow-drained, nutrient-rich and (3) deep-drained, nutrient rich-grasslands.

** without extracted peat, on-site emissions from peat deposits only

values represent the range of nutrient-poor and nutrient-rich rewetted organic soils.
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Fig. 5. Response of methane emissions from organic soils (CH4 1anq) to mean annual water table (WT) for a) forest land, b) cropland and grassland, ¢) unutilized
organic soils and wet, i.e. semi-natural and rewetted sites. The grey bands show the bootstrapped 95% confidence intervals. Flux data with a WT < —0.40 m is not

shown to improve clarity.

thus be multiplied with the total area of each land use category to
derive total emissions. CO,-C emissions from peat extraction areas ex-
clude the peat extracted for horticulture.

3.3. Anthropogenic GHG emissions from drained organic soils in Germarny

Fig. 7 shows the GHG emissions from German organic soils by land-
use category and GHG including peat extracted for horticulture (CO,
peat offsite), Which has been derived from the production statistics. The
national emissions reflect the spatial extent of the land-use categories,
i.e. 51% of the total emissions originate from grassland (30.5 Mio t
CO2¢q), 24% from cropland (14.4 Mio t COzeq) and 13% from forest
land (7.8 Mio t COsq), while the other categories play a minor role.
CO,, accounts for most of the emissions (91% or 54.2 Mio t CO5¢q) and is
thus by far the most important GHG. Mitigation measures should
therefore primarily target CO,. 93% of the CO, emissions could be at-
tributed directly to the soil (CO5-Copsite), While DOC (CO,-Cpoc) and
peat extraction (CO2-Cpeat offsite) €ach account for 3 and 4%, respec-
tively.

Nitrous oxide emissions account for 7% of the total emissions (4.2
Mio t COyq) and are distinctly higher for cropland than for grassland.

The contribution of CH4 emissions is 2% of the total emissions (0.9 Mio
t CO2¢q). More than half (55%) of the CH4 emissions are estimated to
originate from ditches, which cover only 1.3% of the land area. This is
especially noticeable for cropland and peat extraction areas, where 73%
and 63% of the CH4 emissions originated from ditches.

Overall, drained organic soils annually emitted 59.3 Mio t CO5cq which
corresponded to 6.6% of the national GHG emissions in 2014 (including
the net CO,, sink in the LULUCF sector). The value is 26% above the 47.2
Mio t COeq reported in the national inventory 2016 (UBA, 2016). One
reason is the higher EF for forest and shrubland introduced here, and the
second one the use of recent GHG data which was not yet available when
first implementing the method in 2016. Thus, drained organic soils remain
a significant GHG source. If other sectors continue to reduce GHG emis-
sions, the relative importance of GHG emissions from organic soils will
increase in the future. The time series of GHG emissions from organic soils
is relatively stable as remaining unutilized and semi-natural areas are
protected from more intensive use and as rewetting is not yet taking place
at large scale and not yet considered outside land-use changes. Therefore,
the GHG emission time series from organic soils is currently driven by
land-use changes alone.
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Fig. 6. Average annual N,O budgets and implied national emission factors (EF)
for the land-use categories in the German GHG inventory in comparison to the
respective IPCC EFs with 95% percentiles. The IPCC default value for rewetted
organic soils is zero.

4. Discussion
4.1. Verification of emission factors

4.1.1. Carbon dioxide

Verified against the IPCC default EFs (Table 2), the German CO, EFs
for drained organic soils are similar for cropland, higher for forest land
and grassland, and lower for peat extraction areas. While some of the
data used to derive the German EFs have also been used to derive the
IPCC default values, these data have largely been recalculated or
amended by longer measurements at the same sites. The divergence
from the defaults can be explained by a high drainage and land-use
intensity in grasslands (Bechtold et al., 2014, Tiemeyer et al. 2016,
Untenecker et al., 2017). The German forest EF agrees reasonably well
with the long-term estimate 5.0 t CO,-C ha™! yr™*! for a nutrient-poor
drained spruce stand by Hommeltenberg et al. (2014). In contrast, IPCC
used comparatively wet and cold forest sites to derive the forest land
default values (Section 4.3.2). In contrast to some other countries, peat
extraction is restricted to nutrient-poor peat in Germany. Additionally,
Wilson et al. (2015) derived an EF of 1.70 ( = 0.47) t CO»-C ha™! yr_1
for industrial peat cutting in Ireland and the UK, which is much closer
to our values than to the IPCC default value. Wilson et al. (2016) pro-
pose CO,-C emission factors of —0.23 and 0.50t CO,-C ha™! yr~! for
re-wetted nutrient-poor and nutrient-rich sites in the temperate zone.
This is slightly less optimistic than our value of —0.4t CO,-C ha™!
yr~ 1, but could be explained by the fact that we used an optimum WT
range (> —0.1 m) for the derivation of our EF.

Based on the 8 sites measured by Elsgaard et al. (2012), the Danish
National Inventory Report (Nielsen et al., 2016) applies emission factors of
11.5 = 2.0and 8.4 + 1.0t CO,-C ha™! yr™! for cropland and grassland,

Table 4
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Table 5

Implied national emission factors (IEF) for CO2-Corganic» CH4 organics N2O-Norganic
and total greenhouse gas emissions using global warming potentials (GWP) as
given in IPCC AR4 (Forster et al., 2007). The IEFs are representative of the total
area of each land-use category including undrained organic soil (reported as
zero) and - for CH, - the ditch area.

Land use category  COCorganic  CHa organic (k8 NoO-Norgame ~ GHG (t

(tCha™! CHsha 'yr™") (kgNha ' COgeq.
yr™h yr™h ha™!yr 1)
Forest land 7.0 6.0 1.7 26.6
Cropland 9.5 20.6 11.1 40.4
Grassland 8.0 21.7 4.2 31.7
Drained unutilized 5.7 55.3 0.5 22,5
land
Peat extraction* 1.6 11.2 0.9 6.5
Settlement 8.6 23.4 4.6 34.2
Rewetted organic -0.4 279 0.1 5.5
soils

* without extracted peat, emissions from peat deposits only.
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Fig. 7. Greenhouse gas (GHG) emissions from German organic soils by land-use
category and GHG including peat extracted for horticulture (CO2 peat offsite)
based on the land-use in 2014.

respectively, which agrees well with our EFs. However, they assume or-
ganic soils with a low content of soil organic carbon (6 to 12%) to emit
only 50% of these values. This contradicts measurements at German
agricultural sites where no difference between such soils and “true peat”
(soil organic matter content > 30% according to the German classification
system) could be found (Eickenscheidt et al., 2015; Leiber-Sauheitl et al.,
2014; Tiemeyer et al., 2016). The EFs for grassland in the NIR of The
Netherlands are based on subsidence measurements and are stratified
according to drainage and nutrient status as well as substrate of the upper
soil layer (Arets et al., 2018). Discounting clay-covered organic soils, va-
lues range from 4.9 to 7.2t CO,-C ha™! yr™!, which is slightly less than
our values. Finally, UK emission factors for grassland were again lower
than our values (3.6 and 6.4t CO,-C ha™! yr™! for nutrient-poor and
nutrient-rich sites, respectively), which can again be explained by the re-
latively low land-use intensity especially of UK uplands (Evans et al.,
2017). The cropland EF (7.2t CO»-C ha™! yr_l), on the other hand, is

closer to our value of 9.2t CO,-C ha™! yr™ ™.

Emission factors for emissions from ditches (CHy gjty) used in German GHG inventory.

Land-use category CHy giten (kg CHyha™'yr™!)  Comment

Forest land 217 IPCC, 2014

Cropland 1165 IPCC, 2014

Grassland, settlement 948 Weighted average of shallow and deep drained grassland (IPCC, 2014) with 34% shallow drained grassland (Bechtold

et al., 2014)
Drained unutilized land 217
Peat extraction 542
Rewetted organic soils -

IPCC, 2014

as Forest land (no fertilization)

Refilled and blocked ditches assumed to be part of the landscape mosaic (IPCC, 2014)
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4.1.2. Methane

Verified against the IPCC default EFs (Table 2), the German EFs for
drained organic soils turn out relatively high for cropland. This is jus-
tified by occasional measurements of high CH, fluxes when strong
rainfall led to waterlogged conditions on the soil surface and, in some
cases, partial to complete dieback of the vegetation. In contrast, CH,
emissions from grasslands and peat extraction tend towards the low end
of the IPCC defaults (Table 2). The divergence from the defaults could
also be explained by strong drainage intensity in grasslands and peat
extraction sites. Our CH, EF for rewetted organic soil is well within the
range of the IPCC default values.

4.1.3. Nitrous oxide

Verified against the IPCC default EFs (Fig. 6), the German EFs for
drained organic soils turn out comparable to the IPCC default EFs but
with a larger uncertainty range, particularly for cropland. Cropland EF
derived for the UK inventory are clearly higher than our values (19.1 kg
N,O-N yr~ !, Evans et al., 2017). As there was no significant difference
in the German EFs between the IPCC grassland types, a common EF is
used for all grasslands. Given the high partially high land-use intensity
of German grasslands on organic soils, the mean EF of 4.6 kg N,O-N
yr~ ! is within the IPCC default range, but still somewhat surprising and
will probably need some consideration in future (Section 4.3.2). Mea-
sured N,O data support the IPCC default approach that direct N,O
emissions from fully saturated, rewetted organic soils could be reported
as approximately zero (IPCC, 2014), although there is some variation
around this value, probably due to atmospheric input or previous fer-
tilization of the sites.

4.2. Importance of representativeness in methodology and data

The basis for developing our MRV system for organic soils is a un-
ique, entirely harmonized nationally coordinated set of measurement
data produced in two national joint projects and adjacent activities.
This was amended by appropriate literature data (Leppelt et al., 2014;
Poyda et al., 2016, Buchen et al., 2017). The measurement data set
covers all important regions with organic soils and the most important
land-use categories and GHG sources. Relatively extreme cases of
management such as, for example very wet low intensity grassland
systems or high intensity grassland systems with up to five cuts per
year, or years with extreme weather conditions are also considered in
the data set. This allowed for the first time to develop robust GHG re-
sponse functions applicable from local to national level (Tier 3 meth-
odology).

In parallel, substantial effort has been invested to improve the na-
tional activity data for organic soils, including a new high resolution
map of organic soils in line with the IPCC definition of organic soils
(RoBkopf et al., 2015) and a high resolution WT map (Bechtold et al.,
2014). However, the improvement of activity data is lacking behind the
progress in point-scale measurements (Section 4.4).

We could show that spatial resolution of soil maps can substantially
bias land-use distribution on organic soils. In the past, Germany used a
soil map at a scale of 1:1,000,000 (BGR, 2007) in its national GHG
inventory to delineate organic from mineral soils. The total organic soil
area amounted to 1.73 million ha, which is relatively close to the recent
estimate of 1.82 million ha. The substantially improved resolution of
1:25,000, however, had drastic implications for the spatial position of
the organic soils: new small areas of organic soils were ‘detected’ while
the boundaries of larger peatlands were corrected. This had a major
effect on the land-use distribution on organic soils: According to the
coarse soil map (BGR, 2007), 37 and 34% of the organic soils are used
as cropland and grassland, respectively, while the new map assigns only
20% to cropland, but 53% to grassland (Fig. 2). This does not have a
large impact on the total GHG emissions, but on targeting appropriate
mitigation measures.

Furthermore, we aimed at avoiding bias by using spatially weighted
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EFs. While we covered the whole range of WT within our flux data set
(Fig. 3), mean and distribution of WT still differ between the national
level and the measurement sites. Therefore, we used response functions
to scale observations to nationally representative IEFs. If only the mean
of the flux measurements had been used as it was the case for devel-
opment of IPCC default EFs, this would have introduced only a small
bias in the total CO, emissions when not considering forests (— 3%), but
a large bias in the CH, emissions (69%). The comparatively small bias
in the CO, emission estimates can be explained by the relatively deep
WT in most of the drained peatlands and “early” levelling out of the
response function: For WTs of around —0.40 to —0.50 m and deeper,
the calculated emissions reach the asymptotic value of Eq. (3) (Fig. 4),
which represents the mean value of the measurement sites with such
water tables. The bias in the CO, emissions would, however, have been
large in the case of unutilized organic soils (—68%). This would
hamper evaluating the effects of land-use changes, which currently
drive the emission time-series due to the static representation of the
WT. In the case of CHy, spatially representative values deviated strongly
from site means in the land use categories forest land and grassland,
where the bias would have been very large (+101% and +107%, re-
spectively) due to the strong non-linearity of the CH,4 response function.
Neglecting spatial WT patterns would have a strong effect on evaluating
mitigation measures and policies.

4.3. Towards reducing uncertainties

4.3.1. Response functions and differentiated emission factors for N2O

While the CH,4 flux data from grassland, cropland, forest land and
unutilized organic soils could be very well described with our response
functions (Fig. 5a and b), there is substantial scatter in the CO, flux data
(Fig. 4) and uncertainty in the response function for CH4 emissions from
wet organic soils (Fig. 5¢).

For grassland sites, it could be shown that taking into account both
soil properties and the intra-annual WT distribution substantially im-
proves the prediction of CO, emissions (Tiemeyer et al., 2016). In
particular, the aerated nitrogen (N) stock, i.e. the stock of N which is
exposed to oxygen at any time of a year, has turned out to be an im-
portant parameter. Unfortunately, the idealized soil profiles linked to
the map of organic soils do not contain any information on N con-
centrations or stocks (Ro3kopf et al., 2015). Therefore, the develop-
ment and application of more sophisticated response functions would
require an update of these idealized soil profiles. Further, under very
dry conditions, there might be lower emissions due to either moisture
limitation or very shallow organic layers (Fig. 4), but accounting for
such effects would also need parametrized soil maps. Stratifying the
data by nutrient-poor and nutrient-rich peat only as done by IPCC
(2014) did not reduce the scatter in the CO, response function although
emissions from grassland on bog peat tended to be lower than from
nutrient-rich fen peat, but intensively used bog grasslands are strongly
underrepresented in our data set (Tiemeyer et al., 2016). However, due
to their high bulk density and, accordingly, high aerated N stocks, “low
carbon organic soils” emit as much CO, as “true” peat soils (Tiemeyer
et al., 2016). Therefore, approaches such as reporting only 50% of the
CO, emissions of true peat soils as done in the Danish NIR (Nielsen
et al., 2016) are not supported by the German observations.

In the case of CH4, WT became an uncertain predictor at very wet
sites. This has also been observed when deriving the IPCC emission
factor (Wilson et al., 2016) although the spread of the data is less ob-
vious if presented with a logarithmic scale. The large scatter (Fig. 5c)
might be explained by the nutrient status (Wilson et al., 2016), land-use
history (e.g. peat extraction vs. nutrient-rich topsoil; Harpenslager
et al.,, 2015), dieback of non-adapted vegetation (Tiemeyer et al.,
2016), the influence of aerenchymous plants (Levy et al., 2012) or the
combination of WT and leaf area of aerenchymous plants (Drosler,
2005). However, the data set is not yet large enough to derive stratified
response functions or robust vegetation-based approaches due to the



B. Tiemeyer, et al.

large variability especially at fen peat sites.

Similarly as in the case of CO,, the N content (Tiemeyer et al.,
2016), the N fertilization (Leppelt et al., 2014; Tiemeyer et al., 2016),
and the pH-value (Leppelt et al., 2014) are likely to control N,O
emissions to a certain extent. Therefore, the development of stratified
N,O EFs requires parametrized soil maps. Finally, all N,O data origi-
nates from chamber measurements with a comparatively low temporal
resolution. Using automatic chambers (Briimmer et al., 2017) or the
eddy covariance approach (Shurpali et al., 2016) could shed light on
the temporal dynamics of N,O emissions and even enable the devel-
opment of appropriate models.

4.3.2. Carbon budget of forests on organic soils

We applied the general response function for CO, also to forest land,
although none of the data points originates from a forested site. The
resulting national EF of forest land is 7.7 t CO,-C ha™! yr~! und thus
significantly higher compared to the IPCC (2014) default EF of 2.6 t
CO,-C ha™! yr~? (Table 2).

While our approach certainly does have the shortcoming of missing
actual measurements on forested sites, we are nonetheless convinced
that the high emission factor is plausible for a number of reasons. First,
the five studies used to derive the default EF (IPCC, 2014) reported a)
colder mean annual air temperatures (sites range from —0.2 to 5.6 °C
(von Arnold et al., 2005a,b; Minkkinen et al., 2007)) compared to
German conditions (mean annual air temperature of 8.9 °C), and b) had
higher mean WT (—0.15m to —0.32m (von Arnold et al., 2005a,b;
Yamulki et al., 2013)) than German drained forests (—0.43 m according
to the WT map, see Fig. 2). Second, some of the studied tree species
such Prunus spp. (Glenn et al.,, 1993) are not common in Germany.
Third, Hommeltenberg et al. (2014) estimated emissions of 5.0 t CO5-C
ha™! yr~! based on subsidence measurements for a Bavarian drained
spruce forest (Picea abies L. Karst) on bog peat, which is in between our
EF (7.7t CO-C ha™! yr™!) and the IPCC default value (2.6t CO5-C
ha~! yr™1). As the site of Hommeltenberg et al. (2014) is on bog peat
and rather wet (—0.20 m), the lower value compared to the German EF
is not surprising. Still, the assumption of high CO, emissions from
forests on organic soils needs to be validated by measurements.

4.3.3. Importance of DOC losses and CH,4 emissions from ditches
Available data suggest that DOC losses of drained sites constitute
only a minor part of the total carbon budget even at sites with high DOC
concentrations (Frank et al., 2017, Tiemeyer and Kahle, 2014). For
example Frank (2016) and Frank et al. (2017) report mean DOC losses
of 430 kgha™! yr™! at a deeply drained grassland on bog peat (“Ah-
lenmoor”, Table S1), and of ~200kgha™! yr~! at a shallow drained
grassland (“Grof3es Moor”, Table S1), corresponding to 9% and 3% of
the carbon budget of the respective site. In contrast to these relatively
high values, Tiemeyer and Kahle (2014) measured DOC losses of
53kgha~! yr~! from a catchment with fen peat and other organic
soils, which equals only around 1% of the carbon budget within this
catchment (“Dummerstorf”, Table S1). These numbers cover or even
exceed the range of values (mean 340 kgha™! yr~?, uncertainty range
210 to 510kgha™! yr~! before applying the factor fracpoc.coz of 0.9
for the conversion of DOC to CO,-C) suggested by IPCC (2014) for
drained organic soils. Therefore, the IPCC default value may serve as a
good first estimate for drained organic soils although the uncertainty at
the scale of individual peatlands is likely very high. At wet sites with
lower net ecosystem exchange (or even a slight uptake) DOC might
become a more relevant component of the carbon budget as found in
other studies (Evans et al., 2016). Frank (2016) measured average DOC
losses of 120kgha™! yr~! from a bog rewetted after peat cutting
(“Ahlenmoor”, Table S1), which is clearly lower than the IPCC (2014)
default value (mean 260kgha™' yr~!, uncertainty range 170 to
360kgha~! yr™1) for rewetted organic soils. To date, DOC data for
drained and unutilized or rewetted sites is extremely sparse in Ger-
many. Therefore, the IPCC default value has to be applied, but
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especially for rewetted sites and at the project scale, additional mea-
surements might be useful.

Methane emissions from ditches constitute a “significant source” of
the total CH, emissions, but data in Germany are still missing apart
from those by Giinther et al. (2017) for ditches in a Sphagnum culti-
vation site. According to IPCC (2014), ditches in rewetted peatlands are
not reported separately, but interpreted as typical feature of the peat-
land’s microtopography, and indeed the values of 48-144 kg CH, ha™!
yr~! measured by Giinther et al. (2017) are well within the uncertainty
range of rewetted nutrient-poor peatlands (4-607 kg CH, ha™! yr™?,
IPCC, 2014). Using IPCC (2014) default EFs (Table 4) and a ditch
density of 0.013 m* m ™2, methane emission from ditches accounted for
55% of the total CH,4 emissions from drained organic soils, but they
constituted only around 1% of the total GHG emissions. As the data
base of the current EFs is rather sparse (Evans et al., 2016), additional
measurements and more refined activity data on ditches could greatly
improve emission estimates. There is substantial uncertainty in fracgjccn,
not only due to the conversion of ditch classes of the ATKIS®-Basic DLM
to ditch area, but also due to the uncertain ditch geometry and the
(seasonally variable) ditch area actually covered by water. The default
value of fracy;c., Was compared to results of an analysis of aerial photos
around the GHG measurement sites: The average ditch density of
0.010 m? m ™2 confirms that the order of magnitude in fracgi, Seems to
be adequate, keeping in mind that the ditch densities ranged from 0.002
to 0.029 m? m~2 may result in a variability of more than 100%.

4.4. Towards tracking drainage and rewetting

The EU LULUCF Decision (EC, 2013) implies that any changes
(drainage, partial or full rewetting) in water table in organic soils on
forest, cropland and grassland have to be reported and accounted for by
EU Member States. The recent amendment (EC, 2018) of this regulation
additionally requires “managed wetlands” to be accounted for from
2026 onwards. Emission factors for organic soils that were completely
rewetted to near-natural hydrological conditions (as assumed by both
the IPCC default values and our EF for rewetted organic soils, Tables 2
and 5) are now readily available. Due to the large number of mea-
surement sites (Table 1), they might be even further stratified in future
e.g. according to nutrient status, should suitable activity data be
available at the scale of interest. The response functions presented in
this paper could be applied for all other activities leading to deeper
drainage and partial rewetting. Proxies such as ditch water levels could
be used to estimate groundwater levels.

While considerable and extremely valuable effort has been put into
improving EFs, the acquisition of suitable activity data has un-
fortunately received much less attention, especially considering the
development of consistent time series. The WT map of Bechtold et al.
(2014) is roughly representative of the situation in 2010, for which
most dipwell data were available. This may include some rewetting
since 1990 and is based on more wet than dry sites as monitoring ac-
tivities generally concentrated on nature conservation or rewetting
projects, but not on intensively managed and drained agricultural areas.
While the WT map might have missed some deepened drainage since
1990, nature conservation legislation would not have allowed any new
drainage of natural areas since before 1990. Overall, most drainage of
German peatlands started decades to centuries ago, and was intensified
after the Second World War (Succow and Joosten, 2001). However,
deriving consistent time series of WT or even land-use of (German)
organic soils is challenging for a number of reasons:

First, field drainage is not regulated by national or regional legis-
lation in Germany. Water management is frequently in the hands of
local associations or administrative units which might differ at the level
of federal states, administrative regions or districts. Therefore, there is
no central data archive of dipwell or ditch water table data, drainage
maps or water management projects in organic soils for the whole
country or for single federal states.
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Second, rewetting projects have very diverse backgrounds, finan-
cing sources, levels of documentation and have mainly been conducted
for nature conservation purposes so far (Belting and Freibauer, 2013).
Generally, documentation is more comprehensive for biodiversity than
for abiotic parameters except for some exemplary projects as e.g.
Nature Park Dromling (Untenecker et al., 2016) or Schwébisches Do-
naumoos (Mick, 1998). Peatland conservation programmes of the
federal states also comprise rewetting. While many sites have been
target of rewetting measures of some kind, not all of them reach near-
natural hydrological conditions. As in the case of drainage, there is no
central database of rewetting projects at the national level. Generally,
the highly diverse project and programme documentation does not
comply with the IPCC quality criteria of consistency and completeness.
However, good local or regional data is extremely valuable for the
development and verification of large scale approaches (e.g.
Untenecker et al., 2016, 2017).

Third, land-use data is only available from different data-sets with
contrasting thematic and spatial resolution, which requires adequate
methods to translate between different data sources (Untenecker et al.,
2016). Historical tracking via land-use change may misestimate the
changes in GHG emissions caused by drainage and rewetting, yet effects
are likely to compensate each other to an unknown extent, even more
so as land-use change does not always imply WT change (Untenecker
et al., 2016). There is no national-scale biotope type or vegetation data
(even less so as a time-series) which would enable the use of vegetation-
based proxies.

Consequently, the most promising approach might be a combination
of the use of airborne and spaceborne remote sensing data and a well-
organised data base on rewetting projects. Remote sensing could aim at
identifying vegetation classes or WT/soil moisture. As the most im-
portant land-use category “grassland” shows very variable emissions for
the same vegetation class (Tiemeyer et al., 2016), the latter approach
would be preferable. Still, the reconstruction of the moisture status in
the current base year 1990 will remain challenging. In some federal
states of Germany, existing classified colour infrared (CIR) data might
be used, but extrapolation to other federal states is not advisable due to
differences in political and agro-environmental trajectories (Untenecker
et al., 2017). Although not yet complete, the attribute “wet soil” in the
ATKIS®-Basic DLM which is available since 2008 might serve as a sui-
table conservative proxy of rewetting activities, but not of deepened
drainage (Untenecker et al., 2016). In future, it will become even more
important to both improve remote-sensing approaches (using e.g.
Sentinel or other radar data, Bechtold et al., 2018) and to collect
“ground-truthed” activity data on water management and WT data
using the data base of Bechtold et al. (2014) as starting point. This
should result in a nationally coordinated, representative dipwell mon-
itoring to a) track drainage and rewetting, b) derive information on the
status quo before any mitigation measure, c¢) account for land-based
Kyoto activities, and d) serve as ground-truthing for remote sensing
approaches. Ideally, this should be combined with the measurement of
GHG emission proxies such as subsidence and the evaluation of policy
measures.

4.5. Suitability for improving other national GHG inventories

The combination of considerable effort for improved activity data
and a unique observational basis of GHG fluxes allow for a Tier 3 re-
presentation of Germany’s largest GHG source from agriculture and
land-use sectors as soon as time series of WT are available.
Methodology and — under comparable climatic and agricultural condi-
tions — EFs are generally transferable to other national GHG inventories.

Overall, the CO, EFs derived from the response function can par-
tially deviate strongly from the IPCC (2014) default values: While the
cropland EF is relatively close to the default value (16% higher), the
grassland EF strongly exceeds the EFs for nutrient-poor grassland
(56%), deep-drained nutrient-rich grassland (36%), and shallow-
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drained nutrient-rich grassland (130%). Similarly, the forest land EF
was 195% higher than the default value (see Section 4.2.2). This de-
monstrates that the default IPCC EFs are inappropriate for Germany
(even though some of the data were used for deriving the default va-
lues), and probably for other countries with similarly intensive drainage
and comparable climatic and site conditions as well.

Methane and N,O emission factors are closer to the default values
(Table 2) and of minor importance for the national GHG balance of
organic soils. However, CH, might gain in importance when scaling
down to project level or when evaluating the effect of rewetting ac-
tivities.

The developed methodology could be adopted by other countries by
linking national activity data to our response function or using a similar
approach to developing country specific response functions, possibly
using data from our data set if conditions are comparable. GHG data
might need to be harmonized, but probably much less effort might be
needed for GHG fluxes than for activity data depending on data het-
erogeneity and availability of land management information. In a si-
tuation with a large share of drained organic soils, it might be advisable
to focus on CO32-Cypsie in the largest land-use categories as CO, emis-
sions from soils are likely to be the most important GHG source. There
might be exceptions, however, in situations where large peat fires occur
frequently.

5. Conclusions

In this study, we presented the scientific background, data and
methodology for a detailed GHG estimate for organic soils at national
level based on spatially explicit modelling. This methodology is ade-
quate for reporting a “key source” such as emissions from organic soils
under UNFCCC and the Kyoto Protocol including land-based activities.

We found that CO, has by far the highest contribution to the total
GHG emissions from organic soils in Germany (> 90%). Therefore, any
mitigation measures should be targeted at reducing the CO, emissions
which can be partially even higher than assumed so far by the IPCC
default values. For inventory purposes, results have been aggregated to
implied EFs ensuring Transparency, Consistency and Comparability.
The methodology is also applicable at project level given that WT es-
timates are available. The general approach is suitable for other
countries, but it might be necessary to adjust the response functions to
national circumstances if an estimate of the WT is available. Under si-
milar conditions with a large percentage of drained organic soils,
monitoring should focus on CO,. Improved and updated activity data
from both remote sensing and a coordinated rewetting project data base
is necessary to a) improve the inventory by using more sophisticated
response functions or other spatially explicit models, b) adequately
represent water management measures including rewetting, and c)
evaluate policies and measures.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The projects “Climate protection by peatland protection” and
“Organic soils in the emission reporting” were funded by the German
Ministry of Education (BMBF, Grant No. 01LS05046, 01LS05048,
01LS05051, and 01LS05049) and the Thiinen-Institute, respectively.
Parts of the measurements in Graben-Neudorf were funded by the
Federal State Baden-Wiirttemberg (EmMo, Grant No. BWM11005).
Measurements at the Hammelwarder Moor were funded by the
European Regional Development Fund, the Lower Saxony Ministry of
Food, Agriculture and Consumer Protection and the Lower Saxony



B. Tiemeyer, et al.

Ministry of the Environment, Energy and Climate Protection. We would
like to thank all the technical staff, students and anyone else who
helped in the field and in the laboratory as well as farmers and Nature
Protection Agencies who granted access to the measurement sites.
Furthermore, we thank Carla Bockermann (HSWT) for language
editing.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecolind.2019.105838.

References

AdV (Arbeitsgemeinschaft der Vermessungsverwaltung der Lander der Bundesrepublik
Deutschland), 2003. ATKIS - Objektkartenkatalog Basis-DLM. http://www.atkis.de/
dstinfo/dstinfo.dst_start4?dst_oar = 1000&inf _sprache = deu&cl = 1&dst_typ =25&
dst_ver = dst&dst_land = ADV (accessed 09.05.2017).

Arets, E.J.M.M,, van der Kolk, J.W.H., Hengeveld, G.M., Lesschen, J.P., Kramer, H.
Kuikman, P.J., Schelhaas, M.J., 2018. Greenhouse gas reporting for the LULUCF
sector in the Netherlands, Methodological background, update 2018. Statutory
Research Tasks Unit for Nature & the Environment, WOt-technical report 113,
Wageningen, The Netherlands, DOI: 10.18174/441617.

Baty, F., Ritz, C., Charles, S., Brutsche, M., Flandrois, J.-P., Delignette-Muller, M.-L., 2015.
A Toolbox for nonlinear regression in R: The package nlstools. J. Statist. Software 66
(5), 1-21. https://doi.org/10.18637/jss.v066.i05.

Bechtold, M., Tiemeyer, B., Laggner, A., Leppelt, T., Frahm, E., Belting, S., 2014. Large-
scale regionalization of water table depth in peatlands optimized for greenhouse gas
emission upscaling. Hydrol. Earth Syst. Sci. 18, 3319-3339. https://doi.org/10.
5194/hess-18-3319-2014.

Bechtold, M., Schlaffer, S., Tiemeyer, B., de Lannoy, G., 2018. Inferring water table depth
dynamics from ENVISAT-ASAR C-band backscatter over a range of peatlands from
deeply-drained to natural conditions. Remote Sens. 10, 536. https://doi.org/10.
3390/rs10040536.

Belting, S., Freibauer, A., 2013. Datenbank Wiederverndssungsprojekte, Fachtagung
“Klimarelevanz von Mooren und Anmooren”, 23.-24.09.2013, Freising, Germany.

Beetz, S., Liebersbach, H., Glatzel, S., Jurasinski, G., Buczko, U., Hoper, H., 2013. Effects
of land use intensity on the full greenhouse gas balance in an Atlantic peat bog.
Biogeosciences 10, 1067-1082. https://doi.org/10.5194/bg-10-1067-2013.

Beyer, C., 2014. Greenhouse Gas Exchange of Organic Soils in Northwest Germany —
Effects of Organic Soil Cultivation, Agricultural Land Use and Restoration. PhD
thesis. University of Bremen, Bremen, Germany. https://elib.suub.uni-bremen.de/
edocs/00103939-1.pdf.

Beyer, C., Hoper, H., 2014. Greenhouse gas emissions from rewetted bog peat extraction
sites and a Sphagnum cultivation site in Northwest Germany. Biogeosciences 12,
2101-2117. https://doi.org/10.5194/bg-12-2101-2015.

Beyer, C., Liebersbach, H., Hoper, H., 2015. Multiyear greenhouse gas flux measurements
on a temperate fen soil used for cropland or grassland. J. Plant Nutr. Soil Sci. 178,
99-111. https://doi.org/10.1002/jpln.201300396.

BGR (Federal Institute for Geosciences and Natural Resources), 2007. Soil Map of the
Federal Republic of Germany 1:1,000,000, Hannover, Germany.

Bonn, A., Berghofer, A., Couwenberg, J., Drosler, M., Jensen, R., Kantelhardt, J., Luthardt,
V., Permien, T., Roder, N., Schaller, L., Schweppe-Kraft, B., Tanneberger, F., Trepel,
M., Wichmann, S., 2015. Klimaschutz durch Wiedervernéssung von kohlenstof-
freichen Boden. In: Hartje, V., Wiistemann, H., Bonn, A. (Eds.), Naturkapital
Deutschland — TEEB DE: Naturkapital und Klimapolitik — Synergien und Konflikt.
Technische Universitét Berlin, Helmholtz-Zentrum fiir Umweltforschung — UFZ,
Berlin, Leipzig, Germany, pp. 124-147.

Briimmer, C., Lyshede, B., Lempio, D., Delorme, J.-P., Riiffer, J.J., Fu, R., Moffat, A.,
Hurkuck, M., Ibrom, A., Ambus, P., Flessa, H., Kutsch, W., 2017. Gas chromatography
vs. quantum cascade laser-based N,O flux measurements using a novel chamber
design. Biogeosciences 14, 1365-1381. https://doi.org/10.5194/bg-14-1365-2017.

Buchen, C., Well, R., Helfrich, M., Fuf3, R., Kayer, M., Gensior, A., Benke, M., Flessa, H.,
2017. Soil mineral N dynamics and N,O emission following grassland renewal.
Agric., Ecosyst. Environ. 246, 325-342. https://doi.org/10.1016/j.agee.2017.06.
013.

Caspers, G., Schmatzler, E., 2009. Vorkommen und Verwendung von Torf in Deutschland.
Telma 39, 75-98. https://doi.org/10.23689/fidgeo-3016.

Couwenberg, J., Thiele, A., Tanneberger, F., Augustin, J., Bérisch, 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. https://doi.org/10.1007/s10750-011-0729-x.

Drosler, M., 2005. Trace Gas Exchange of Bog Ecosystems, Southern Germany. PhD
thesis. Technical University Munich, Freising, Germany. http://mediatum.ub.tum.
de?id=603619.

Drosler, M., Freibauer, A., Christensen, T., Friborg, T., 2008. Observation and status of
peatland greenhouse gas emission in Europe. In: Dolman, H., Valentini, R., Freibauer,
A. (Eds.), The Continental-Scale Greenhouse Gas Balance of Europe. Ecological
Studies, pp. 237-255.

Drosler, M., Adelmann, W., Augustin, J., Bergman, L., Beyer, C., Chojnicki, B., Forster, C.,
Freibauer, A., Giebels, M., Gorlitz, S., Hoper, H., Kantelhardt, J., Liebersbach, H.,

Ecological Indicators 109 (2020) 105838

Hahn-Schofl, M., Minke, M., Petschow, U., Pfadenhauer, J., Schaller, L., Schégner,
J.P., Sommer, M., Thuille, A., Wehrhan, M., 2013. In: Klimaschutz durch Moorschutz:
Schlussbericht des Vorhabens “Klimaschutz - Moorschutzstrategien” 2006-2010.
Technical University Munich, pp. 201. http://edok01.tib.uni-hannover.de/edoks/
e01fb13/735500762.pdf.

EC, 2013. Decision No 529/2013/EU of the European Parliament and of the Council of 21
May 2013 on accounting rules on greenhouse gas emissions and removals resulting
from activities relating to land use, land-use change and forestry and on information
concerning actions relating to those activities. http://eur-lex.europa.eu/eli/dec/
2013/529/0j, (accessed 09.05.2017).

EC, 2018. Regulation (EU) 2018/841 of the European Parliament and of the Council of 30
May 2018 on the inclusion of greenhouse gas emissions and removals from land use,
land use change and forestry in the 2030 climate and energy framework, and
amending Regulation (EU) No 525/2013 and Decision No 529/2013/EU. http://data.
europa.eu/eli/reg/2018/841/0j (accessed 10.06.2019).

Eickenscheidt, T., Freibauer, A., Heinichen, J., Augustin, J., Drésler, M., 2014a. Short-
term effects of biogas digestate and cattle slurry application on greenhouse gas
emissions from high organic carbon grasslands. Biogeosciences 11, 6187-6207.
https://doi.org/10.5194/bg-11-6187-2014.

Eickenscheidt, T., Heinichen, J., Augustin, J., Freibauer, A., Drosler, M., 2014b. Nitrogen
mineralization and gaseous nitrogen losses from waterlogged and drained organic
soils in a black alder (Alnus glutinosa (L.) Gaertn.) forest. Biogeosciences 11,
2961-2976. https://doi.org/10.5194/bg-11-2961-2014.

Eickenscheidt, T., Heinichen, J., Drosler, M., 2015. The greenhouse gas balance of a
drained fen peatland is mainly controlled by land-use rather than soil organic carbon
content. Biogeosciences 12, 5161-5184. https://doi.org/10.5194/bg-12-5161-2015.

Elsgaard, L., Gorres, C.-M., Hoffmann, C.C., Blicher-Mathiesen, G., Schelde, K., Petersen,
S.0., 2012. Net ecosystem exchange of CO, and carbon balance for eight temperate
organic soils under agricultural management. Agric. Ecosyst. Environ. 162, 52-67.
https://doi.org/10.1016/j.agee.2012.09.001.

Evans, C., Artz, R., Moxley, J., Smyth, M.-A., Taylor, E., Archer, N., Burden, A.,
Williamson, J., Donnelly, D., Thomson, A., Buys, G., Malcolm, H., Wilson, D., Renou-
Wilson, F., 2017. Implementation of an Emission Inventory for UK Peatlands. Report
to the Department for Business, Energy and Industrial Strategy, Centre for Ecology
and Hydrology, Bangor, pp. 88.

Evans, C.D., Renou-Wilson, F., Strack, M., 2016. The role of waterborne carbon in the
greenhouse gas balance of drained and re-wetted peatlands. Aquat. Sci. 78, 573-590.
https://doi.org/10.1007/500027-015-0447-y.

FCCC, 2017. Report on the individual review of the annual submission of Germany
submitted in 2016, FCCC/ARR/2016/DEU, GE.17-05960(E). https://unfccc.int/files/
kyoto_protocol/compliance/application/pdf/2016_arr_of germany_complete.pdf (ac-
cessed 01.04.2017).

Forster, C., 2016. Influence of Management and Restoration on CO, Balances of a Drained
Bog. PhD thesis. Technical University of Munich, Germany, in cooperation with the
University of Applied Sciences Weihenstephan-Triesdorf, Freising, Germany.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D.W., Haywood, J.,
Lean, J., Lowe, D.C., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M., van
Dorland, R., 2007. Changes in Atmospheric Constituents and in Radiative Forcing. In:
Solomon, S., Qin, D., Manning, M. (Eds.), Climate Change 2007: The Physical Science
Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.

Frank, S., 2016. Factors Controlling Concentrations And Losses of Dissolved Carbon and
Nitrogen From Disturbed bogs in Lower Saxony (Germany). PhD thesis. Leibniz-
Universitdt Hannover, Hannover, Germany.

Frank, S., Tiemeyer, B., Bechtold, M., Liicke, A., Bol, R., 2017. Effect of past peat culti-
vation practices on present dynamics of dissolved organic carbon. Sci. Total Environ.
574, 1243-1253.

Glenn, S., Heyes, A., Moore, T., 1993. Carbon dioxide and methane fluxes from drained
peat soils, Southern Quebec. Global Biogeochem. Cycles 7, 247-257. https://doi.org/
10.1029/93GB00469.

Graves, S., Piepho, H.P, Selzer L., Dorai-Raj, S., 2015. multcompView: Visualizations of
Paired Comparisons. R package version 0.1-7.

Giinther, A., Jurasinski, G., Albrecht, K., Gaudig, G., Krebs, M., Glatzel, S., 2017.
Greenhouse gas balance of an establishing Sphagnum culture on a former bog
grassland in Germany. Mire Peat 02, 1-16. https://doi.org/10.19189/MaP.2015.
OMB.210.

Harpenslager, S.F., van den Elzen, E., Kox, M.A.R., Smolders, A.J.P., Ettwick, K.F.,
Lamers, L.P.M., 2015. Rewetting former agricultural peatlands: topsoil removal as a
prerequisite to avoid strong nutrient and greenhouse gas emissions. Ecol. Eng. 85,
159-168. https://doi.org/10.1016/j.ecoleng.2015.08.002.

Hoffmann, M., Jurisch, N., Albiac Borraz, E., Hagemann, U., Drésler, M., Sommer, M.,
Augustin, J., 2015. Automated modeling of ecosystem CO, fluxes based on periodic
closed chamber measurements: a standardized conceptual and practical approach.
Agric. For. Meteorol. 200, 30-45. https://doi.org/10.1016/j.agrformet.2014.09.005.

Holden, J., Chapman, P.J., Labadz, J.C., 2004. Artificial drainage of peatlands:
Hydrological and hydrochemical process and wetland restoration. Prog. Phys. Geogr.
28, 95-123. https://doi.org/10.1191/0309133304 pp403ra.

Hommeltenberg, J., Schmid, H.P., Drésler, M., Werle, P., 2014. Can a bog drained for
forestry be a stronger carbon sink than a natural bog forest? Biogeosciences 11,
3477-3493. https://doi.org/10.5194/bg-11-3477-2014.

IPCC (Intergovernmental Panel on Climate Change), 1996. Revised 1996 IPCC Guidelines
for National Greenhouse Gas Inventories.

IPCC (Intergovernmental Panel on Climate Change), 2000: Good Practice Guidance and
Uncertainty Management in National Greenhouse Gas Inventories.

IPCC (Intergovernmental Panel on Climate Change), 2003. Good Practice Guidance for


https://doi.org/10.1016/j.ecolind.2019.105838
https://doi.org/10.1016/j.ecolind.2019.105838
http://www.atkis.de/dstinfo/dstinfo.dst_start4%3fdst_oar%3d1000%26inf_sprache%3ddeu%26c1%3d1%26dst_typ%3d25%26dst_ver%3ddst%26dst_land%3dADV
http://www.atkis.de/dstinfo/dstinfo.dst_start4%3fdst_oar%3d1000%26inf_sprache%3ddeu%26c1%3d1%26dst_typ%3d25%26dst_ver%3ddst%26dst_land%3dADV
http://www.atkis.de/dstinfo/dstinfo.dst_start4%3fdst_oar%3d1000%26inf_sprache%3ddeu%26c1%3d1%26dst_typ%3d25%26dst_ver%3ddst%26dst_land%3dADV
https://doi.org/10.18637/jss.v066.i05
https://doi.org/10.5194/hess-18-3319-2014
https://doi.org/10.5194/hess-18-3319-2014
https://doi.org/10.3390/rs10040536
https://doi.org/10.3390/rs10040536
https://doi.org/10.5194/bg-10-1067-2013
https://elib.suub.uni-bremen.de/edocs/00103939-1.pdf
https://elib.suub.uni-bremen.de/edocs/00103939-1.pdf
https://doi.org/10.5194/bg-12-2101-2015
https://doi.org/10.1002/jpln.201300396
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0060
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0060
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0060
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0060
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0060
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0060
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0060
https://doi.org/10.5194/bg-14-1365-2017
https://doi.org/10.1016/j.agee.2017.06.013
https://doi.org/10.1016/j.agee.2017.06.013
https://doi.org/10.23689/fidgeo-3016
https://doi.org/10.1007/s10750-011-0729-x
http://mediatum.ub.tum.de%3fid%3d603619
http://mediatum.ub.tum.de%3fid%3d603619
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0090
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0090
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0090
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0090
http://edok01.tib.uni-hannover.de/edoks/e01fb13/735500762.pdf
http://edok01.tib.uni-hannover.de/edoks/e01fb13/735500762.pdf
http://eur-lex.europa.eu/eli/dec/2013/529/oj
http://eur-lex.europa.eu/eli/dec/2013/529/oj
http://data.europa.eu/eli/reg/2018/841/oj
http://data.europa.eu/eli/reg/2018/841/oj
https://doi.org/10.5194/bg-11-6187-2014
https://doi.org/10.5194/bg-11-2961-2014
https://doi.org/10.5194/bg-12-5161-2015
https://doi.org/10.1016/j.agee.2012.09.001
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0130
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0130
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0130
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0130
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0130
https://doi.org/10.1007/s00027-015-0447-y
https://unfccc.int/files/kyoto_protocol/compliance/application/pdf/2016_arr_of_germany_complete.pdf
https://unfccc.int/files/kyoto_protocol/compliance/application/pdf/2016_arr_of_germany_complete.pdf
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0145
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0145
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0145
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0150
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0150
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0150
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0150
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0150
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0150
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0150
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0155
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0155
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0155
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0165
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0165
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0165
https://doi.org/10.1029/93GB00469
https://doi.org/10.1029/93GB00469
https://doi.org/10.19189/MaP.2015.OMB.210
https://doi.org/10.19189/MaP.2015.OMB.210
https://doi.org/10.1016/j.ecoleng.2015.08.002
https://doi.org/10.1016/j.agrformet.2014.09.005
https://doi.org/10.1191/0309133304 pp403ra
https://doi.org/10.5194/bg-11-3477-2014

B. Tiemeyer, et al.

Land Use, Land-Use Change and Forestry, prepared by the IPCC National Greenhouse
Gas Inventories Programme, In: Penman, J., Gytarsky, M., Hiraishi, T., Krug, T.,
Kruger, D., Pipatti, R., Buendia, L., Miwa, K., Ngara, T., Tanabe K., and Wagner, F.
(Eds.), Kanagawa, Japan.

IPCC (Intergovernmental Panel on Climate Change), 2006 IPCC Guidelines for National
Greenhouse Gas Inventories, Prepared by the National Greenhouse Gas Inventories
Programme, Eggleston, In: H. S., Buendia L., Miwa K., Ngara T., and Tanabe K. (Eds.),
IGES, Japan.

IPCC (Intergovernmental Panel on Climate Change), 2014: 2013 Supplement to the 2006
IPCC Guidelines for National Greenhouse Gas Inventories: Wetlands, In: Hiraishi, T.,
Krug, T., Tanabe, K., Srivastava, N., Baasansuren, J., Fukuda, M. and Troxler, T.G.
(Eds.), IPCC, Switzerland.

Jabtofiska, E., Pawlikowski, P., Jarzombkowski, F., Chormanski, J., Okruszko, T.,
Klosowski, S., 2011. Importance of water level dynamics for vegetation patterns in a
natural percolation mire (Rospuda fen, NE Poland). Hydrobiologia 674 (105-117),
2011. https://doi.org/10.1007/s10750-011-0735-z.

Joosten, H., Brust, K., Couwenberg, J., Gerner, A., Holsten, B., Permien, T., Schifer, A.,
Tanneberger, F., Trepel, M., Wahren, A., 2013: MoorFutures®. Integration von wei-
teren Okosystemdienstleistungen einschlieBlich Biodiversitit in
Kohlenstoffzertifikate — Standard, Methodologie und Ubertragbarkeit in andere
Regionen. BfN-Skript 350, Bonn.

Leiber-Sauheitl, K., Fuf}, R., Voigt, C., Freibauer, A., 2014. High CO, fluxes from grassland
on histic Gleysol along soil carbon and drainage gradients. Biogeosciences 11,
749-761. https://doi.org/10.5194/bg-11-749-2014.

Leppelt, T., Dechow, R., Gebbert, S., Freibauer, A., Lohila, A., Augustin, J., Drosler, M.,
Fiedler, S., Glatzel, S., Hoper, H., Jirveoja, J., Lerke, P.E., Maljanen, M., Mander, U.,
Makiranta, P., Minkkinen, K., Ojanen, P., Regina, K., Stromgren, M., 2014. Nitrous
oxide emission budgets and land-use-driven hotspots for organic soils in Europe.
Biogeosciences 11, 6595-6612. https://doi.org/10.5194/bg-11-6595-2014.

Levy, P.E., Burden, A., Cooper, M.D.A., Dinsmore, K.J., Drewer, J., Evans, C., Fowler, D.,
Gaiawyn, J., Gray, A., Jones, S.K., Jones, T., McNamara, N., Mills, R., Ostle, N.,
Sheppard, L.J., Skiba, U., Sowerby, A., Ward, S.E., Zielifiski, P., 2012. Methane
emissions form soils: synthesis and analysis of a large UK data set. Glob. Change Biol.
18, 1657-1669. https://doi.org/10.1111/j.1365-2486.2011.02616.x.

Maick, U., 1998. Restoration of the 'Schwébisches Donaumoos' — Hidden difficulties,
preventive measurements, aims — Telma 28, 237-249.

Metzger, C., Jansson, P.-E., Lohila, A., Aurela, M., Eickenscheidt, T., Belelli-Marchesini,
L., Dinsmore, K.J., Drewer, J., van Huissteden, J., Drosler, M., 2015. CO, fluxes and
ecosystem dynamics at five European treeless peatlands — merging data and process
oriented modelling. Biogeosciences 12, 125-146. https://doi.org/10.5194/bg-12-
125-2015.

Minasny, B., Malone, B.P., McBratney, A.B., Angers, D.A., Arrouays, D., Chambers, A.,
Chaplot, V., Chen, Z.-S., Cheng, K., Das, B.S., Field, D.J., Gimona, A., Hedley, C.B.,
Hong, S.Y., Mandal, B., Marchant, B.P., Martin, M., McConkey, B.G., Mulder, V.L.,
O’Rourke, S., Richer-de-Forges, A.C., Odeh, I., Padarian, J., Paustian, K., Pan, G.,
Poggio, L., Savin, 1., Stolbovoy, V., Stockmann, U., Sulaeman, Y., Tsui, C.-C., Vigen,
T.-G., van Wesemael, B., Winowiecki, L., 2017. Soil carbon 4 per mille. Geoderma
292, 59-86. https://doi.org/10.1016/j.geoderma.2017.01.002.

Minkkinen, K., Laine, J., Shurpali, N.J., Makiranta, P., Alm, J., Penttild, T., 2007.
Heterotrophic soil respiration in forestry-drained peatlands. Boreal Environ. Res. 12,
115-126.

Nielsen, O.-K., Plejdrup, M. S., Winther, M., Nielsen, M., Gyldenkarne, S., Mikkelsen, M.
H., Albrektsen, R., Thomsen, M., Hjelgaard, K., Fauser, P., Bruun, H.G., Johannsen, V.
K., Nord-Larsen, T., Vesterdal, L., Callesen, I., Schou, E., Suadicani, K., Rasmussen, E.,
Petersen, S.B., Baunbak, L., and Hansen, M.G., 2016: Denmark's National Inventory
Report 2015 and 2016, Emission Inventories 1990-2014 - Submitted under the United
Nations Framework Convention on Climate Change and the Kyoto Protocol, Scientific
Report from DCE - Danish Centre for Environment and Energy No. 189, Aarhus,
Denmark.

Peichl-Brak, M., 2013. The Influence of Land Management on the Fluxes of Greenhouse
Gases in Organic Soils. PhD thesis. University of Hohenheim, Stuttgart, Germany.

Poyda, A., Reinsch, T., Kluf}, C., Loges, R., Taube, F., 2016. Greenhouse gas emissions
from fen soils used for forage production in northern Germany. Biogeosciences 13,
5221-5244. https://doi.org/10.5194/bg-13-5221-2016.

R Core Team, 2016. R: A language and environment for statistical computing, R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org.

Rofkopf, N., Fell, H., Zeitz, J., 2015. Organic soils in Germany, their distribution and
carbon stocks. Catena 133, 157-170. https://doi.org/10.1016/j.catena.2015.05.004.

Shurpali, N.J., Rannik, U., Jokinen, S., Lind, S., Biasi, C., Mammarella, I., Peltola, O.,
Pihlatie, M., Hyvonen, N., Rity, M., Haapanala, S., Zahniser, M., Virkajarvi, P.,
Vesala, T., Martikainen, P.J., 2016. Neglecting diurnal variations leads to un-
certainties in terrestrial nitrous oxide emissions. Sci. Rep. 6, 25739. https://doi.org/
10.1038/srep25739.

Smith, P., Bustamante, M., Ahammad, H., Clark, H., Dong, H., Elsiddig, E.A., Haberl, H.,
Harper, R., House, J., Jafari, M., Masera, O., Mbow, C., Ravindranath, N.H., Rice,
C.W., Robledo Abad, C., Romanovskaya, A., Sperling, F., Tubiello, F., 2014.

14

Ecological Indicators 109 (2020) 105838

Agriculture, Forestry and Other Land Use (AFOLU). In: Edenhofer, O., Pichs-
Madruga, R., Sokona, Y., Farahani, E., Kadner, S., Seyboth, K., Adler, A., Baum, L.,
Brunner, S., Eickemeier, P., Kriemann, B., Savolainen, J., Schlomer, S., von Stechow,
C., Zwickel, T., Minx, J.C. (Eds.), Climate Change 2014: Mitigation of Climate
Change. Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.

Smyth, M.A,, Taylor, E.S., Birnie, R.V., Artz, R.R.E., Dickie, 1., Evans, C., Gray, A., Moxey,
A., Prior, S., Littlewood, N., Bonaventura, M., 2015. Developing peatland carbon
metrics and financial modelling to inform the pilot phase UK Peatland Code. Report
to Defra for Project NRO165, Crichton Carbon Centre, Dumfries, UK.

Succow, M., Joosten, H. (Eds.), 2001. Landschafts6kologische Moorkunde. 2nd edition, E.
Schweizerbart’sche Verlagsbuchhandlung, Stuttgart, Germany.

Tanneberger, F., Wichtmann, W. (Eds), 2011. Carbon credits from peatland rewetting, E.
Schweizerbart’sche Verlagsbuchhandlung, Stuttgart, Germany.

Tiemeyer, B., Albiac Borraz, E., Augustin, J., Bechtold, M., Beetz, S., Beyer, C., Drosler,
M., Eickenscheidt, T., Ebli, M., Fiedler, S., Forster, C., Freibauer, A., Giebels, M.,
Glatzel, S., Heinichen, J., Hoffmann, M., Hoper, H., Jurasinski, G., Leiber-Sauheitl, K.,
Peichl-Brak, M., RoBkopf, N., Sommer, M., Zeitz, J., 2016. High emissions of
greenhouse gases from grasslands on peat and other organic soils. Glob. Change Biol.
22, 4134-4149. https://doi.org/10.1111/gcb.13303.

Tiemeyer, B., Kahle, P., 2014. Nitrogen and dissolved organic carbon (DOC) losses from
an artificially drained grassland on organic soils. Biogeosciences 11, 4123-4137.
https://doi.org/10.5194/bg-11-4123-2014.

Tubiello, F.N., Biancalani, R., Salvatore, M., Rossi, S., Conchedda, G., 2016. A worldwide
assessment of greenhouse gas emissions from drained organic soils. Sustainability 8
(4), 1-13. https://doi.org/10.3390/5u8040371.

Turetsky, M.R., Kotowska, A., Bubier, J., Dise, N.B., Crill, P., Hornibrook, E.R.C.,
Minkkinen, K., Moore, T.R., Myers-Smith, I.H., Nykéanen, H., Olefeldt, D., Rinne, J.,
Saarnio, S., Shurpali, N., Tuittila, E.-S., Waddington, J.M., White, J.R., Wickland,
K.P., Wilmking, M., 2014. A synthesis of methane emissions from 71 northern,
temperate, and subtropical wetlands. Glob. Change Biol. 20, 2183-2197. https://doi.
org/10.1111/gcb.12580.

UBA (Federal Environment Agency), 2016. Submission under the United Nations
Framework Convention on Climate Change and the Kyoto Protocol 2016, National
Inventory Report for the German Greenhouse Gas Inventory 1990 — 2014.
Umweltbundesamt, Dessau-Rof3lau, Germany.

UNFCCC (United Nations Framework Convention on Climate Change), 1998. Kyoto
Protocol to the United Nations Framework Convention on Climate Change.

UNFCCC (United Nations Framework Convention on Climate Change), 2012: Report of
the Conference of the Parties serving as the meeting of the Parties to the Kyoto
Protocol on its seventh session, held in Durban from 28 November to 11 December
2011, Addendum Part Two. http://unfccc.int/resource/docs/2011/cmp7/eng/
10a01.pdf (accessed 09.05.2017).

Untenecker, J., Tiemeyer, B., Freibauer, A., Laggner, A., Braumann, F., Luterbacher, J.,
2016. Fine-grained detection of land use and water table changes on organic soils
over the period 1992-2012 using multiple data sources in the Dromling nature park,
Germany. Land Use Policy 57, 164-178. https://doi.org/10.1016/j.landusepol.2016.
04.016.

Untenecker, J., Tiemeyer, B., Freibauer, A., Laggner, Luterbacher, J., 2017. Tracking
changes in the land use, management and drainage status of organic soils as in-
dicators of the effectiveness of mitigation strategies for climate change. Ecol. Indic.
72, 459-472. https://doi.org/10.1016/j.ecolind.2016.08.004.

von Arnold, K., Nilsson, M., Hanell, B., Weslien, P., Klemedtsson, L., 2005a. Fluxes of CO,,
CH,4 and N0 from drained organic soils in deciduous forests. Soil Biol. Biochem. 37,
1059-1071. https://doi.org/10.1016/j.s0ilbio.2004.11.004.

von Arnold, K., Weslien, P., Nilsson, M., Svensson, B.H., Klemedtsson, L., 2005b. Fluxes of
CO,, CH4 and N,O from drained coniferous forests on organic soils. For. Ecol.
Manage. 210, 239-254. https://doi.org/10.1016/j.foreco.2005.02.031.

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. https://doi.org/10.5194/bg-12-5291-2015.

Wilson, D., 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., 2016. Greenhouse gas
emission factors associated with rewetting of organic soils. Mire Peat 17, 1-28.
https://doi.org/10.19189/MaP.2016.0MB.222.

WWF (World Wildlife Fund Indonesia and Germany), 2014. Methodology for Rewetting
Drained Tropical Peatlands. Approved Verified Carbon Standard (VCS) Methodology
'VMO0027 Version 1.0, https://verra.org/wp-content/uploads/2018/03/VM0027-
Rewetting-of-drained-tropical-peatlands-v1.0.pdf (accessed 25.09.2019).

Yamulki, S., Anderson, R., Peace, A., Morison, J.I.L., 2013. Soil CO,, CH4 and N,O fluxes
from an afforested lowland raised peatbog in Scotland: implications for drainage and
restoration. Biogeosciences 10, 1051-1065. https://doi.org/10.5194/bg-10-1051-
2013.


https://doi.org/10.1007/s10750-011-0735-z
https://doi.org/10.5194/bg-11-749-2014
https://doi.org/10.5194/bg-11-6595-2014
https://doi.org/10.1111/j.1365-2486.2011.02616.x
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0255
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0255
https://doi.org/10.5194/bg-12-125-2015
https://doi.org/10.5194/bg-12-125-2015
https://doi.org/10.1016/j.geoderma.2017.01.002
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0270
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0270
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0270
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0280
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0280
https://doi.org/10.5194/bg-13-5221-2016
https://www.R-project.org
https://doi.org/10.1016/j.catena.2015.05.004
https://doi.org/10.1038/srep25739
https://doi.org/10.1038/srep25739
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
http://refhub.elsevier.com/S1470-160X(19)30832-5/h0305
https://doi.org/10.1111/gcb.13303
https://doi.org/10.5194/bg-11-4123-2014
https://doi.org/10.3390/su8040371
https://doi.org/10.1111/gcb.12580
https://doi.org/10.1111/gcb.12580
http://unfccc.int/resource/docs/2011/cmp7/eng/10a01.pdf
http://unfccc.int/resource/docs/2011/cmp7/eng/10a01.pdf
https://doi.org/10.1016/j.landusepol.2016.04.016
https://doi.org/10.1016/j.landusepol.2016.04.016
https://doi.org/10.1016/j.ecolind.2016.08.004
https://doi.org/10.1016/j.soilbio.2004.11.004
https://doi.org/10.1016/j.foreco.2005.02.031
https://doi.org/10.5194/bg-12-5291-2015
https://doi.org/10.19189/MaP.2016.OMB.222
https://verra.org/wp-content/uploads/2018/03/VM0027-Rewetting-of-drained-tropical-peatlands-v1.0.pdf
https://verra.org/wp-content/uploads/2018/03/VM0027-Rewetting-of-drained-tropical-peatlands-v1.0.pdf
https://doi.org/10.5194/bg-10-1051-2013
https://doi.org/10.5194/bg-10-1051-2013

	A new methodology for organic soils in national greenhouse gas inventories: Data synthesis, derivation and application
	Introduction
	Material and methods
	Methodological overview and IPCC requirements
	Activity data
	GHG measurement data
	GHG emission response functions
	Reporting: national emission factors for organic soils
	Verification

	Results
	Activity data
	GHG emission response functions and national emission factors
	CO2 emissions from drained and rewetted organic soils (CO2-C onsite)
	CH4 emissions from drained and rewetted organic soils (CH4 land)
	Direct N2O emissions from drained and rewetted organic soils
	Aggregated GHG emission factors for organic soils (implied emission factors)

	Anthropogenic GHG emissions from drained organic soils in Germany

	Discussion
	Verification of emission factors
	Carbon dioxide
	Methane
	Nitrous oxide

	Importance of representativeness in methodology and data
	Towards reducing uncertainties
	Response functions and differentiated emission factors for N2O
	Carbon budget of forests on organic soils
	Importance of DOC losses and CH4 emissions from ditches

	Towards tracking drainage and rewetting
	Suitability for improving other national GHG inventories

	Conclusions
	mk:H1_30
	Acknowledgments
	Supplementary data
	References




