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| Summary

Naturally functioning peatlands, referred to as ‘mires’, are of high biodiversity value and
fulfil a wide range of ecosystem functions, such as landscape-scale water regulation or
the long-term storage of carbon and nutrients. Due to drainage, mainly for agriculture
and forestry, more than 95% of German peatlands are degraded, resulting in the loss of
biodiversity and the vital ecosystem functions of mires. Therefore, in a time of
anthropogenic climate change and biodiversity loss, restoration efforts have increased in
the past few decades, and international programmes and policies have progressively
recognised the importance of peatland restoration. A central part of restoration is
monitoring to evaluate success, inform on restoration outcomes and adapt restoration
practices. However, the monitoring of peatland restoration is not standardised, and a
methodology to assess mire-specific biodiversity is missing. Raising the water table, re-
establishing peat accumulation and peatlands as carbon sinks, enhancing mire-specific
biodiversity and saving GHG emissions are central goals of peatland restoration, but
collectively analysed monitoring data is scarce. Although peatland restoration was found
to enhance peatland ecosystem functioning and biodiversity, the outcome is not
comparable to pristine mires, and factors influencing restoration success remain

unclear.
Therefore, this thesis presents the results of three studies:

In Study I, a user-friendly, robust indicator system to assess mire-specific biodiversity is
developed for north-east Germany, encompassing the different levels of mire-specific
biodiversity and enabling an overall assessment. Value scales to rate mire-specific
biodiversity in six categories are derived based on data from 30 study sites. To ensure
robustness, the indicator system assessment is compared with assessments made by
experts and practitioners. The comparison shows high correspondence. Furthermore, a
practical example is given, demonstrating the indicator system's use for restoration

projects.



In Study II, the results for total organic carbon content (TOC), total nitrogen content (TN),
the C/N ratio, pH value and dry bulk density (BD) sampling, as well as a description of the
structure of near-surface peats in six restored fens in north-east Germany before (2002-
2004) and after (2019-2021) restoration, are presented. Following successful rewetting
with a water table at the surface, TOC increased comparable to values of undisturbed
peats. In addition, the C/N ratio increased, meaning a decrease in nutrient availability.
BD decreased, and values of sedge-dominated sites were similar to undisturbed peats.
The PH value remained stable over time. A new, slightly decomposed peat moss layer on
top of the degraded peat in peat moss-dominated sites was determined, as well as a
structural change in the degraded near-surface peat in sedge-dominated peatlands to a

more homogenous sludge mass with larger re-aggregates.

In Study III, the effects of peatland restoration on the water table, peat accumulation,
mire-specific biodiversity and GHG emissions of 33 forest peatlands in north-east
Germany are described. In peatlands drained by ditches, hydraulic restoration led to a
rise in the water table and the peat-accumulating area, increased mire-specific
biodiversity, and decreased estimated GHG emissions. Still, the highest positive values in
all analysed parameters were rarely determined. In contrast, peatlands, not drained by
ditches but showing early signs of degradation, were restored by management measures
- in this context the removal of tall vegetation or upcoming trees, as well as forest
restructuring in the peatland catchment area. These peatlands were in a better initial
state and management measures did not significantly enhance but instead preserved pre-
measure conditions. In general, groundwater-abstracting facilities in the peatland
catchment area hindered restoration success. Principal component analysis showed that
the acid-base-ratio and tropic conditions of the peatland before restoration, hydrogenetic
mire type and peatland size were not correlated with restoration success. In contrast,

years since restoration had a positive relation.

By using an easily applicable monitoring methodology, including the newly developed
indicator system, to assess mire-specific biodiversity, the effects of peatland restoration

on central restoration aims were robustly evaluated.
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The results of this thesis highlight the importance of preserving all remaining mires, as
restoring peatlands to near-natural conditions is rarely achieved in the short term.
However, as peatland rewetting especially quickly raises the water table, leading to peat
accumulating conditions, TOC values in near-surface peats comparable to values of
undisturbed peats, estimated savings in GHG emissions and greater habitat
heterogeneity, it is necessary to rewet all degraded peatland as one key factor in
mitigating climate change and fighting biodiversity loss. Mire-specific species increase
slightly and not significantly after restoration, but the determined lower nutrient
availability is assumed to favour re-colonisation by mire-specific species in the long term.
Management measures preserve pre-measure conditions within the study’s time frame.
As the positive effects of forest restructuring in peatland catchment areas are estimated
to be long-term, this approach should be implemented immediately and considered for
still functioning mires in the context of reduced water availability due to climate change.
The decrease in BD and the newly accumulated peat layers in peat moss-dominated
peatlands indicate the development of a new acrotelm, an essential factor in restoring

peatlands to self-regulating mires.

In conclusion, peatland restoration enhances ecosystem functionality and biodiversity,
thus enhancing peatlands' resilience against the negative influences of global warming,

mitigating climate change, and fighting biodiversity loss.






1. Introduction

1.1. Research background and gap

Peatlands have been increasingly recognised by society and politics in the past decades
as one key factor in climate change mitigation and the conservation of biodiversity
(Convention on Wetlands 2021; Tanneberger et al. 2021). Nations and actors worldwide
are urged by the United Nations Environment Assembly, through the resolution on
“Conservation and Sustainable Management of Peatlands” (UNEA 2019), to place greater
emphasis on conserving, sustainably managing and restoring peatlands, in recognition
of them as a major global carbon (C) store and for their provision of vital ecosystem
functions and biodiversity value. Peatlands are one of eight ecosystem categories focused
on within the United Nations Decade on Ecosystem Restoration (2021-2030), and their
protection and restoration are important elements in meeting the targets of the Global
Biodiversity Framework of the Convention on Biological Diversity (CBD) (UN 2020; CBD
2022). Preventing, halting and reversing peatland degradation is classed as a nature-
based solution to meet the goals of the United Nations Framework Convention on Climate

Change (UNFCCC) and the Paris Agreement (Fuchs & Noebel 2022).

1.1.1. Mires - ecosystem functions and biodiversity

These and other policy and action programmes arise from the several ecosystem
properties and functions of peatlands, especially mires (cf. Kimmel & Mander 2010). The
term ‘peatland’ refers to an area with a naturally accumulated layer of peat at the surface,
while the term ‘mire’ addresses naturally functioning peatlands in which peat is currently
being formed and accumulated (Joosten et al. 2017).

In mires, based on water-saturated conditions in the soil due to a water table close to the
surface, plant remains of the mostly highly adapted, peat-forming vegetation is only
partially decomposed, and organic matter accumulates as peat (Parish et al. 2008). This
sedentarily accumulated material is defined by at least 30% dry mass of dead organic
matter (Joosten et al. 2017). Through this process, high amounts of C and nutrients are
removed from the matter cycle, as water-saturated conditions and the filtering

characteristics of the peat result in the conversion of C, nutrients as well as pollutants or
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their sequestration in the newly accumulated peat (Joosten & Clark 2002; Luthardt &
Wichmann 2016; Price et al. 2016). Their function as a C-sink has led to an estimated
global C store of over 600 gigatons, which accounts for 44% of all soil C (IUCN 2021),
making peatlands a significant C store and an important regulator of the global climate
(Joosten & Clarke 2002; Kimmel & Mander 2010).

Furthermore, mires fulfil diverse hydrological functions. Depending on their location
and integration within the landscape, they can act as flood retention areas, water storage
basins or groundwater nourishment areas (Luthardt & Wichmann 2016). The mires’
catchment hydrology is regulated by water storage, groundwater recharge and discharge
(Joosten & Clarke 2002; Kimmel & Mander 2010). By filtering inflowing water, mires
improve water quality and regulate catchment hydrochemistry, benefitting, for example,
the quality of drinking water supplies or adjacent water bodies (Price et al. 2016). In
addition, compared to mineral soils, they have 10 - 15% greater evaporation capacity, and
in hot periods, the release of dew and water vapour can have a cooling effect, which has
a stress-reducing outcome on the surrounding landscape (Luthardt 2014; Luthardt &
Wichmann 2016).

In addition to the abovementioned regulating functions, mires provide production and
informational functions, for example, in producing wild plants, animals and woodland

or as places for recreation, tourism and spirituality (Kimmel & Mander 2010).

This variety of ecosystem functions is closely linked to the biodiversity of mires (Bonn et
al. 2016; Luthardt & Wichmann 2016), which is highly heterogenic on all levels (Minayeva
et al. 2017). Although all mire ecosystems are characterised by permanent water
saturation and the formation of peat (Parish et al. 2008), they range highly in terms of
genesis, geomorphology, hydrology and ecology (Joosten et al. 2017a). Furthermore, they
vary in physiognomy (morphological forms) and structural heterogeneity on different
scales. Moen et al. (2017) describe 13 mire massif types in 10 mire regions and 52 sub-
regions for Europe alone. On a smaller spatial unit, Minayeva & Sirin (2012) describe the
structural diversity for microtopes (e.g., hummock-hollow-complex), macroforms (e.g.,
hummock) and microcenosis (e.g., an element of the vegetation mosaic). The often rare

and endangered species found in mire areas are highly specialised, as they need to be
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adapted to water-saturated conditions and mostly extreme nutrient and pH values
(Minayeva et al. 2008; Littlewood et al. 2010; Prentice 2011; Aapala et al. 2014). Although
rarely researched, a wide range of genetic diversity has been verified, e.g., for Drosera

and Sphagnum species (Shaw et al. 2008; Yousefi et al. 2019; Eschenbrenner et al. 2019).

1.1.2. Peatlands - distribution, degradation and consequences of drainage

Mire biodiversity is present in peatland ecosystems worldwide, which are widely but not
homogenously distributed (Moen et al. 2017; Xu et al. 2019). The total peatland area is
estimated to be 4.23 million km? globally (Xu et al. 2018), and although roughly 80% of
this is still in a natural state, 20% has been drained for agriculture, forestry, peat
extraction and infrastructure. Natural peatlands are located in secluded parts of Canada,
Alaska and Siberia, whilst the drained sites are mainly situated in the temperate zone and
the (sub)-tropics (Joosten 2016). Currently, 594,018 km? of peatland area is present in
Europe (Joosten & Tanneberger 2017), occurring in all countries but with a higher
existence in the north than in the south (Moen et al. 2017). 50% of the European Union
peatland area is degraded (Tanneberger et al. 2021), with over 95% of the total 1,280,000
ha in Germany, for instance, in this condition (GPD 2017). In total, 72% of German
peatlands are drained for agriculture, 14% for forestry, 7% for infrastructure, 1.5% for
peat extraction and 1.5% for other land use types. This leaves only 4% of unused areas or
those under nature conservation (Trepel et al. 2017). The main distribution of peatlands
within Germany is found around the northern states of Schleswig-Holstein, Lower
Saxony, Mecklenburg-Vorpommern and Brandenburg (Succow und Joosten 2001). An
evaluation in some states (Lower Saxony, Schleswig-Holstein and Brandenburg) shows
that 30% of peatland area has been lost compared to 50-60 years ago, mainly due to
agricultural use and subsidence (Bauriegel 2014; Burbaum & Filipinski 2015; Trepel et al.
2017). In the study area (Brandenburg, north-east Germany), the usage of peatlands,
mainly for agriculture and forestry, has reduced the total area in Brandenburg from

270,000 ha (based on the Prussian geological map) to 163,000 ha in 2013 (LfU 2016).

Drainage results in the loss of ecosystem functions and the biodiversity of mires.
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Is the water table drained below surface, peat formation is interrupted and secondary
pedogenetic processes, namely consolidation, compaction, shrinkage, humification and
mineralisation alongside dislocation, leaching and the accumulation of soil substances,
are initiated. The resulting peat subsidence of up to 25 mm yearly often leads to deeper
drainage that lowers the water table even further, therefore leading to ongoing, ever-
deepening peat degradation and loss (Zeitz 2016).

These processes in particular reduce the regulating functions of mires (Luthardt &
Wichmann 2016); for instance, climate regulation changes from a ‘cooling’ effect via the
long-term storage of C to a ‘heating’ effect caused by ceasing C sequestration and the
release of formerly stored C as carbon dioxide (CO,) and nitrous oxide (N,O) (Drossler et
al. 2014; Joosten et al. 2016). In Germany, peat soils caused emissions of 53.7 Mio t CO,-
eq. in 2021, accounting for 7% of total annual GHG emissions. Most of these emissions,
79.8% or 42.8 Mio t CO»-eq., result from the agricultural use of drained peat soils (UBA
2022). In the study area, i.e., Brandenburg, the total amount of GHG emissions from peat
soils is estimated at 6.3 Mio t CO,-eq. per year, accounting for 11% of the state’s annual
GHG emissions (Reichelt 2021).

The hydrological functioning of peatlands is negatively affected by drainage (Gebhardt et
al. 2012; Zeitz 2016). As a result of soil structure changes, the water retention capacity of
the degraded peat is lowered, thereby leading to a hydrophobic topsoil and, therefore,
for example, impeded landscape water regulation, increased flood risk or limited storage
capacity of plant available water (Zeitz 2016; Word et al. 2022). Peatland drainage leads to
a complete change in nutrient cycling, which in turn results in severe consequences for
water quality regulation. Whereas a mire actively stores C, nitrogen, sulphur and toxic
substances, and shows only moderate exports of dissolved organic carbon (DOC), organic
acidity, particulate organic carbon (POC) and nutrients, severely drained and disturbed
areas export high amounts of DOC, POC, sulphate (SO.), nitrate (NO;), toxic substances
and acidity (Price et al. 2016). This export negatively affects inter alia adjacent water
bodies, leading to hydrochemical and ecological impacts, such as changing from an oligo
to an eutrophic lake or increasing algal biomass (Kondelin 2006).

With respect to biodiversity, the literature often refers to the loss of species following

drainage - a phenomenon reported worldwide, e.g., the reduction in Sphagnum cover and
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other peat-forming species in the northern Andes (Benavides 2014), the decline of the
Northern European bird population (Fraixedas et al. 2017) or the negative effects on
species richness and the abundance of Odonata species of bogs in Finland (Elo et al. 2015).
On an ecosystem level, the International Union for Conservation of Nature lists 11 out of
13 mire biotopes as “threatened,” 23% of which is “endangered” or “critically
endangered”, and 62% is vulnerable (Jannsen et al. 2016). In Brandenburg, 62% of mire-

»

specific vascular plants have a Red-List Status of “extinct,” “at risk of extinction” or
“highly endangered” (cf. LUA 2006; Luthardt 2014c; Hammerich et al. 2022).

Next to drainage, anthropogenic climate change is already influencing - and will
continue to affect - peatland hydrology and soil temperature with consequences for their
ecology, biochemistry, biodiversity and interactions with the earth system (Gallego-Sala
et al. 2016; Antala et al. 2022; Loisel & Gallego-Sala 2022). Climate change will cause a
further increase in temperature with extreme weather events, such as intensive
precipitation events and droughts and global warming is more likely than not to reach 1.5
°C in the near term (IPCC 2023). In Brandenburg, the average temperature has increased
by 1.3 K between 1881 and 2018 (DWD 2019). Negative impacts affecting peatlands in
Brandenburg are expected to include decreasing seepage water rates, and thus lower
groundwater recharge, the drying out of the upper soil layers and increased peat

mineralisation as well as changes in vegetation (Schulz-Sternberg et al. 2009; Nusko &

Luthardt 2014).

1.1.3. Peatland restoration

To stop the loss of mire biodiversity and ecosystem functions, conservation started over
100 years ago, moving slowly from local initiatives, to national strategies and then to
international programmes and conventions (Kaakinen & Salminen 2006; Tanneberger et
al. 2017). Peatland restoration is a far newer activity, beginning in the late 20" century by
initially restoring biodiversity components and later ecosystem functions, with
increasing experience worldwide (Bonn et al. 2016a; Tanneberger et al. 2017). Generally,
the ecological restoration of ecosystems is the “process of assisting the recovery of an

ecosystem that has been degraded, damaged, or destroyed” (SER 2004). In respect to
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peatlands, a differentiation is made between restoration and rewetting. While restoration
aims at turning the peatland back as closely to its natural condition before human-
induced degradation, rewetting aims at raising the water table to a peat-accumulating
state; the latter option is always the first step towards restoration (GMC & Wetlands
International 2023).

Peatland restoration is often carried out by reconstructing the hydrological regime and
raising the water table through hydraulic measures such as blocking drainage systems.
Furthermore, techniques such as topsoil extraction, removing non-native trees or
reintroducing typical vegetation are commonly used (Gonzales et al. 2014; Pfeifenberger
& Fock 2015; Bonn et al. 2016).

The need to conserve and restore peatlands is now internationally recognised, among
others, in the Ramsar-Wetland-Convention, the CBD, the UNFCCC and the Common
Agricultural Policy of the European Union. On a national German basis, since 2022/2023,
the need has been recognised in the German Peatland Protection Strategy (Nationale
Moorschutzstrategie) and the Action Programme for Natural Climate Protection
(Aktionsprogramm Natiirlicher Klimaschutz). The Convention on Wetlands (2021) estimates
that rewetting all drained peatlands, with a global area covering 50 million ha, is
necessary to meet the objectives of the UNFCCC and the Paris Agreement. How much has
already been rewetted or restored, however, is unclear. For example, Indonesia rewetted
300,000 ha in 2021, targeting 1.2 million ha by 2024 as part of its restoration programme
for tropical peatlands (Jong 2022). In Germanyj, it is estimated that since 1980, 70,000 ha
have been rewetted (Abel et al. 2019). The National Environmental Ministry is financially
supporting four projects, running over the next ten years, to restore and sustainably use
peat soils (Bundesregierung 2022). Additionally, the Federal Ministry of Food and
Agriculture is funding demonstration projects on paludiculture, namely the use of wet
peatland for agriculture or forestry, with approximately €10 million per year for ten years
(BMEL 2023). In Brandenburg, the ‘WetNetBB - Management and biomass utilisation of
wet fens: Network of model and demonstration projects in Brandenburg’s peatland
regions’ project is funded within this programme. A further local example is the
‘Protection programme for forest peatlands in Brandenburg (Waldmoorschutzprogramm

Brandenburg)’, currently running at around 120 restoration sites (Hammerich et al.
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2022b). Nevertheless, political and restoration activities are presently insufficient in this
regard and are progressing very slowly (Roe et al. 2019; GMC & Wetlands International

2022).

1.1.4. Monitoring peatland restoration - current state of research, challenges and gaps

In order to ensure success in future peatland restoration activities, it is essential to
monitor projects and transfer lessons learned to other restoration schemes (Rochefort &
Andersen 2017; Convention on Wetlands 2021). Although peatland restoration has
developed from trial and error to more knowledge-, experience- and scientific-based
practices, many research gaps still exist (Chimner et al. 2016; Tanneberger et al. 2017). A
wide range of monitoring studies focus on the development of different peatland
properties and functions following restoration, varying from single to multiple case

studies (e.g., Milson et al. 2008; Laine et al. 2011; Mrotzek et al. 2020; Kreyling et al. 2021).

In general, peatland properties react in different timelines following restoration. Rises in
the water table, and thereby savings in CO, emissions, are usually achieved in the short
term, but changes in vegetation in the medium to long term require longer monitoring
timelines (Haapalehto et al. 2011; Aapala et al. 2014a; Kareksela et al. 2015; Renou-Wilson
et al. 2018). Drainage and degradation intensity have resulted in diverse conditions of
peatlands from near-natural and undisturbed to non-natural, highly degraded, and
restored sites (cf. Wagner & Wagner 2004). Therefore, peatland conditions,
characteristics, applied restoration measures, and the duration after rewetting, which
supposedly influence restoration success, vary highly between sites. Monitoring data,
which is often collected for individual sites, has rarely been analysed collectively (cf.
Bonnett et al. 2009; Grand-Clement et al. 2013; Renou-Wilson et al. 2018). Existing data in
this regard is often not published, and the availability of long-term monitoring
information, compared to restoration projects, is rare and non-standardised.
Additionally, robust monitoring schemes for peatland ecosystem functions and

biodiversity are lacking (Andersen et al. 2016).
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Regardless of the type of peatland, restoring their hydrologic regime is the basis for a
successful restoration project (Chimner et al. 2016). Still, unstable and low water tables,
due to anthropogenic changes, seem to be the central challenge in this endeavour
(Convention on Wetlands 2021). Many studies report a successful rise in the water table
after restoration (Haapalehto et al. 2011; Laine et al. 2011), but the effects are not always
comparable to pristine sites, with larger water table amplitudes in rewetted sites and only
successful rewetting of certain - often central — lower areas within the peatland (e.g.,
Strobel et al. 2019; Krejéovao et al. 2021; Kreyling et al. 2021).

The new formation of the ‘acrotelm’, namely highly dynamic near-surface peat, which
can actively store water (Tolonen & Turunen 1996), is seen as a critical challenge in
successfully restoring peatlands to self-regulating mires (Convention on Wetlands 2021).
Whereas changes in peat properties following drainage are widely researched and
understood (e.g., Stegmann & Zeitz 2001; Gebhardt et al. 2009; Zeitz 2016), the processes
involved in recovering formerly degraded peat and the accumulation of new peat after
rewetting, are only beginning to be comprehended (Chimner et al. 2016; Word et al. 2022).
This is especially the case for non-moss peats (Kotowski et al. 2016; Michaelis et al. 2020;
Mrotzek et al. 2020) compared to Sphagnum peats (e.g., Rochefort et al. 2003; Rochefort
2009; Kareksela et al. 2015; Gaffney et al. 2020; Rochefort & Andersen 2017). As reported
by Strobel et al. (2019), when a favourable water table is achieved after rewetting, better
water-holding capacity and lower decomposition in near-surface peats occurred in
Sphagnum-dominated peatlands. Kareksela et al. (2015) found comparable growth rates
of Sphagnum peat surface layers to pristine sites within 5 and 10 years of rewetting, albeit
C sequestration was lower than in pristine sites. Word et al. (2022) observed higher
microporosity and lower macroporosity alongside key water retention parameters in
formerly degraded, non-moss peats after rewetting and high water saturation frequency,
indicating potential recovery to pre-disturbed conditions. A ‘proto-peat’, consisting of
newly deposited material (roots, radicals, litter), is described by Michaelis et al. (2020)
and Mrotzek et al. (2020) for fens in north-east Germany, indicating the recovery of peat-
accumulating systems within 20 years of restoration. Additionally, values for standard
soil properties for describing the state of peat soil, namely total organic carbon (TOC),

total nitrogen content (TN), C/N ratio, bulk density (BD) and structural description, exist
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for natural and degraded peats in north-east Germany and comparable regions (e.g.,
Succow 1988; Grosse-Braukmann 1990; Naucke 1990; Loisel et al. 2014) but barely for
restored peats (Mrotzek et al. 2020). This leaves a gap in estimating the recovery of a
functioning near-surface peat layer after restoration, inter alia, based on key soil
properties.

Mires are characterised by a high level of maturity, due to their longevity and, therefore,
resilience against natural disturbances (Meier-Uhlherr et al. 2014; Loisel & Gallego-Sala
2022; Luthardt et al. 2023). Once this continuity is disturbed to a certain degree, however,
their natural functioning and biodiversity become challenging in terms of restoration (cf.
Loisel & Gallego-Sala 2022). Concerning mire biodiversity, most research focuses on the
development of vegetation or specific fauna following restoration. It has been shown that
although plant species favouring wet conditions seem to recover after water table rises
following restoration, mire-specific species appear to be absent within the studied
timeframes and only slowly ‘move back’ (Haapalehto et al. 2011; Laine et al. 2011). The
plant community composition of rewetted fens is dissimilar to pristine sites (e.g.,
Krejcovao et al. 2021), whilst a trend towards the dominance of tall, graminoid wetland
plants (Kreyling et al. 2021) and a more homogenous species composition, dominated by
afew high-coverage species (Milson et al. 2008), has been observed. Overall, assessments
of mire biodiversity are rare, and only a few examples are found in multi-indicator
assessment approaches (Gorn & Fischer 2011; Joosten et al. 2015; Strobel et al. 2019). As
such, a standardised, cost-effective, practitioner-friendly and reproducible methodology
to assess mire-specific biodiversity is missing.

Currently, the most frequently researched field in peatland science is quantifying GHG
emissions from degraded, near-natural and restored peatlands (Van Bellen & Lariviere
2020). Whereas degraded peatlands emit CO, and N,O (Drdssler et al. 2014; Joosten et al.
2016), mires are considered moderate to climate-neutral net GHG sinks (Barthelmes et al.
2015; Humpenoder et al. 2020). Shallow water bodies following restoration, especially in
the first few years, lead to high methane emissions, which counteract savings in CO, and
N,O (Zak et al. 2015), albeit peatland restoration is estimated to generally lead to savings
in GHG emissions compared to the previously drained state (Wilson et al. 2016;

Humpendder et al. 2020). However, emission reductions vary over time and in different
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climatic regions and are therefore difficult to generalise. Furthermore, measuring GHG
flux data is costly and requires expert knowledge. Using an easily applicable approach,
such as the Greenhouse Gas Emission Site Type (GEST) model by Couwenberg et al.
(2011), to estimate GHG data of restoration projects has rarely been done (cf. Herrmann
et al. 2018; Jarasius et al. 2022; Martens et al. 2022), and collectively analysed data in the

context of other restoration goals is missing.

1.2. Research Aim

This thesis aims to contribute an easily applicable methodology for monitoring peatland
restoration, apply this methodology on peatland restoration cases and then use the
results to learn for future restoration projects. It therefore attempts to close the
knowledge gap in terms of measuring mire-specific biodiversity and contribute
experience to the development of water tables, peat properties and peat accumulation,
mire-specific biodiversity and estimated GHG emissions following restoration, as well as
determine possible factors influencing restoration success. The studies herein were

carried out in Brandenburg, north-east Germany.

Within this framework, specific research questions were set and investigated across three

different studies:

Study I: Hammerich J, Dammann C, Schulz C, Tanneberger F, Zeitz J, Luthardt V. (2022)
Assessing mire-specific biodiversity with an indicator based approach. Mires and Peat

28/32:1-29 DOI: 10.19189/MaP.2021.S].S5tA.2205

a. Which indicators, attributes and measure values are suitable for assessing mire-
specific biodiversity on different levels?

b. Which value scales for each indicator represent the degree (none to very high) of
mire-specific biodiversity?

c. Is the assessment via indicators comparable to the assessment by experts and

practitioners in peatland restoration?

18



Study II: Hammerich J, Schulz C, Probst R, Liidicke T, Luthardt V (2024) Carbon content
and other soil properties of near-surface peats before and after peatland restoration.

Peer] (in press)

a. How do TOC, TN, C/N ratio, pH value, BD and structure - as important indicators in
the recovery of near-surface peat and carbon sink function - change, from before to
after restoration?

b. Are the results comparable to pristine site values (based on a comparison of the

literature)?

Study III: Hammerich J, Schulz C, von Wehrden H, Zeitz J, Luthardt V (n.d.) Monitoring
peatland restoration in forests — The effects of hydraulic and management measures on
the water table, peat accumulation, mire-specific biodiversity and greenhouse gas

emissions. Restoration Ecology (submitted April 2024)

a. Which easy applicable monitoring methodology can be used to assess changes in the
water table, peat-accumulating area, mire-specific biodiversity and GHG emissions,
before and after peatland restoration?

b. How, and to what extent, do water tables, peat-accumulating areas, mire-specific
biodiversity and GHG emissions change from before to after restoration?

c. How do restoration measures, groundwater-abstracting facilities in the peatland
catchment areas, trophic conditions, the acid-base ratio before restoration,
hydrogenetic mire type, peatland size and years since restoration influence

restoration success?

An overview on the studies and their linkages is shown in Figure 1.1.
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PhD thesis
Assessing the effects of peatland restoration

Overall aim: Contribute an easy-applicable methodology for monitoring peatland restoration, apply
this methodology to assess the effects of peatland restoration, determine factors influencing

restoration success and use the results to learn for future restoration projects.

Study | Study Il
Assessing mire-specific biodiversity Carbon content and other soil
with an indicator based approach properties of near-surface peats before and

after peatland restoration

Outcome

Knowledge of peat properties of near-
surface peats as an indicator for new
peat accumulation

Use for monitoring programme Use for monitoring programme
(measure mire-specific biodiversity) (determine peat accumulation)

Study Il

Monitoring peatland restoration in forests - The effects of hydraulic and
management measures on the water table, peat accumulation, mire-specific
biodiversity and greenhouse gas emissions

Outcome

=> Quantification of peatland restoration effects based on a multicase analysis
=> Knowledge gain of different factors influencing peatland restoration success
=> Set of easy-applicable monitoring tools to assess key aims of peatland restoration

PhD candidate Study area Timeframe
Jenny Hammerich Brandenburg, north-east-Germany 2019 - 2024

Figure 1.1: Different studies and their linkages of the PhD-Thesis “Assessing the effects of
peatland restoration” by Jenny Hammerich
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2. Study I: Assessing mire-specific biodiversity with an indicator based

approach

2.1. Authors and affiliations

Jenny Hammerich'*, Christin Dammann', Corinna Schulz', Franziska Tanneberger?,

Jutta Zeitz®, Vera Luthardt!

! Faculty of Landscape Management & Nature Conservation, Eberswalde University for
Sustainable Development, Germany; * Institute of Botany and Landscape Ecology,
Greifswald University, partner in the Greifswald Mire Centre, Germany; * Division of Soil
Science & Site Science, Faculty of Life Sciences, Humboldt-Universitit zu Berlin,
Germany; * Institute of Ecology, Faculty of Sustainability & Centre of Methods, Leuphana

University, Liineburg, Germany

2.2. Abstract

The biodiversity of mires is characterised by a small number of highly specialised
species, mostly high spatial heterogeneity and a strong influence of abiotic factors such
as high water table and soil substrate (peat). To assess mire-specific biodiversity,
indicators that represent and value all of these characteristics are needed. In this study,
we present a system of such indicators for the example of north-east Germany. Our
indicators encompass different levels of mire-specific biodiversity and enable an overall
assessment. We place special emphasis on high user-friendliness. The attributes
considered have been well researched in the study area. Based on data from 30 study
sites, we developed scales for rating mire-specific biodiversity in six categories. To
evaluate the indicator system, we compared the assessment of selected peatlands via the
indicator system with the assessments of experts and practitioners in peatland research
and management. This evaluation showed high correspondence. We also demonstrate
the use of the indicator system as a practical tool for assessing the effects of peatland

restoration, and provide suggestions for its application in other geographical regions.
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2.3. Keywords

Biocoenosis, ecosystem, monitoring, peatland, species, value, vegetation

2.4. Introduction

Biodiversity is the complex of diversity within species, between species, and of
biocoenosis within their habitats, i.e. ecosystems (UN 1992; Kiichler-Krischung & Walter
2007; Wittig & Niekisch 2014). It has gained global importance owing to its drastic decline.
In recent decades, the effort to maintain existing biodiversity and restore lost biodiversity
has been driven by various international treaties (e.g. Convention on Biological Diversity,
Ramsar Convention, Bonn Convention, etc.) and their national implementations as well
as by an increasing number of biodiversity conservation projects. This creates an
immediate need for assessment methods to quantify biodiversity loss or gain in general,
and to judge the success of privately or publicly funded restoration projects in particular.
However, because biodiversity is complex, methods which are not only validated but also

cost effective and practitioner friendly are scarce (Brunbjerg et al. 2018).

Peatlands (areas with a naturally accumulated layer of peat) and in particular mires
(peatlands with a vegetation that forms peat) (Joosten et al. 2017) are of great and often
unrecognised biodiversity value (Parish et al. 2008; Prentice 2011; Minayeva et al. 2017).
The biodiversity of mires is the key element for a wide range of ecosystem services, such
as landscape-scale water regulation as well as nutrient and carbon storage (Bonn et al.
2016; Luthardt & Wichmann 2016). Nonetheless, around 10 % of the former total peatland
area in Europe has been lost due to a long history of drainage for agriculture and other
land uses. Forty-eight percent of the remaining European peatland area is degraded, in
Germany only 4 % of all peatlands are unused and/or nature conservation areas (Joosten
& Tanneberger 2017; Trepel et al. 2017). Of the 163,150 ha of peatlands remaining in the
federal state of Brandenburg in north-east Germany, only around 3,000ha are still mires
and another 4,000 ha are under restoration (Luthardt 2014a; LfU 2016). A primary focus

for rewetting projects is the re-establishment of mire biodiversity. Therefore, its
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assessment is of great importance for gauging the success of restoration (cf. Luthardt &

Wichmann 2016).

Typical biodiversity assessments based upon species richness - such as the concept of
alpha, beta and gamma biodiversity (Whittaker 1972) - are not suitable for mires
(Littlewood et al. 2010). A broader approach is needed, encompassing heterogeneity at
different levels and a variety of functional elements (Minayeva et al. 2017). In order to
evaluate the biodiversity of mires, their naturalness as well as their natural ecosystem
functions and processes must be considered (Bragg & Lindsay 2003; Prentice 2011). This
is shown in recent multifunctional restoration assessments focussing not on single taxa
but on plant diversity, water table, peat decomposition, water holding capacity, and
nutrient level (Strobel et al. 2019). The unique characteristics of each mire biodiversity
component should be key elements for its assessment and all components of mire
biodiversity including specialist species, habitat conditions and morphological
heterogeneity must be examined (Bragg & Lindsay 2003; Prentice 2011; Minayeva et al.

2017).

Genetic diversity is regarded as the basis of biodiversity because it enables the adaptation
of species to selective pressures (Laikre et al. 2016). It determines important factors such
as extinction risk, resilience to environmental change and the fitness of populations or
individuals, but is influenced by habitat size and quality and can, therefore, be threatened
by the fragmentation and isolation of habitats (Struebig et al. 2011; Crawford &
Keyghobadi 2018). In the context of peatlands, there have been some investigations on
the genetic variation of e.g. Sphagnum species (Stengien & Flatberg 2000; Shaw et al.
2008; Yousefi et al. 2019), species interactions in bog-plant communities (Schwarzer et al.
2013), and the implications of conservation and management strategies for genetic
diversity (Crawford & Keyghobadi 2018; Eschenbrenner et al. 2019). It is estimated that in
future, the role of genetics will gain more importance and recognition in conservation
practice due to the currently intensive research effort and the increasing number of

available genome sequences for species (Allendorf et al. 2013).

Plant species play an important role in the function, characterisation and assessment of

habitats (Kaiser et al. 2002). They are used in (biodiversity) monitoring programmes
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because they are sessile, provide an indication of their abiotic environment (e.g.
Ellenberg et al. 2010), occur in a wide variety of ecosystems, exhibit fairly low seasonality
and dependency on weather conditions, and the availability of field botanists with
expertise in vascular plants is generally good (cf. Brunbjerg et al. 2018). More than other
ecosystems, mires are characterised by highly specialised plant species that are adapted
to water-saturated, often extreme pH and nutrient conditions; and are mostly very rare,
endangered and declining (Minayeva et al. 2008; Littlewood et al. 2010; Prentice 2011;
Aapala et al. 2014). Following drainage, the specialised species disappear in favour of
more numerous but ubiquitous species (Luthardt & Wichmann 2016). Various
publications (inter alia Landgraf 2007; Penttinen et al. 2014; Joosten et al. 2015) advise
that vascular plants and mosses should be considered in any assessment or monitoring

of the biodiversity of peatlands.

In general, animal taxa are more demanding of habitat properties than plants, and
indicate environmental changes more promptly (Gorn & Fischer 2011; Lehmitz et al.
2020). Because it is generally impossible to record all taxa within one biocoenosis,
surrogate taxa that allow broad assumptions about the peatland’s status are commonly
chosen. A surrogate taxon should include a broad range of typical peatland species with
wellknown ecology, that express sensitivity to habitat changes as changes in abundance
(GOrn 2016). Multi-taxon approaches for ecological assessment of peatlands which have
been researched and/or applied have considered birds, butterflies, orthoptera, ground
beetles, dragonflies, ants, oribatid mites and spiders in different combinations (e.g. Gorn
& Fischer 2011; Penttinen et al. 2014; Joosten et al. 2015; Tiemeyer et al. 2015; Lehmitz et

al. 2020).

Spatial heterogeneity and morphological variation positively affect biodiversity by
influencing the occurrence and distribution of species (Dauber et al. 2003; Walz 2011).
They can enhance connectivity, the potential for niche formation and the availability of
habitats (Ludwig 1991; Wulf 2001; Fontaine et al. 2007, Walz 2011). Mires show a wide
range of physiognomy (morphological forms), and structural heterogeneity at different
scales (biogeographic zone, mire massif, complex of phytocoenoses/microtope,

phytocoenosis/microform, microcoenosis) is an essential part of mire biodiversity (Bragg
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& Lindsay 2003; Minayeva et al. 2017). The juxtaposition of typical microhabitats such as
hollows, lawns and hummocks, offering conditions ranging from wet to dry, favours the
development of vegetation patterns and plant species diversity at small scale (Luthardt
2014b; Korpela et al. 2020). Habitat heterogeneity has also been identified as a key

determinant of faunistic diversity in bogs (Krieger et al. 2019).

Connectivity between habitats can positively influence genetic exchange and, therefore,
the potential of a population for adaptation; whereas isolation can increase the extinction
risk (e.g. Herrmann et al. 2013; De Vriendt et al. 2016). Mires maintain relatively stable
conditions of, for example, microclimate and water availability, and thus play an
important role in the connectivity between ecosystems by offering refuge to species
(Minayeva & Sirin 2012). It has been shown that the sizes and connectivity of peatland
ecosystems are important for the long-term abundance of butterflies, due to possible
genetic exchange as well as the effectiveness of protection from natural enemies and/or

local weather extremes (Settele & Reinhardt 1999).

Ecosystem ecology links the biota to their physical surroundings, describing the
integrated system of interactions between organisms and their environment. The
essential biota of a terrestrial ecosystem are its animals, plants and decomposers;
whereas the abiotic components are soil, water and atmosphere (Chapin et al. 2011).
Although numerous regional types of mire ecosystems can be distinguished on the basis
of differences in hydrology, ecology, geomorphology or genesis (Joosten et al. 2017a), all
mires share many ecological functions and features due to similar ecohydrological
processes which are based on permanent water saturation and the accumulation of
organic matter as peat (Parish et al. 2008). In mires, the water table is maintained at a
level close to the ground surface by groundwater, surface water inflow or an excess of
precipitation over evapotranspiration resulting in a positive climatic water balance
(Edom 2001; Parish et al. 2008). Peat accumulates naturally under water-saturated
conditions. When a mire is drained, peat formation is replaced by secondary pedogenetic
processes (mineralisation, humification, shrinkage, consolidation, compaction,
dislocation, leaching and accumulation of soil substances), leading to a hydrophobic

topsoil with reduced water regulation and storage functions (Stegmann & Zeitz 2001; Zeitz

25



2016). Therefore, water table depth (below ground surface) and topsoil condition are used
in peatland biodiversity assessments as indicators of the overall state of the ecosystem

(Landgraf 2007; Klingenful$ et al. 2015).

As the assessment and monitoring of peatlands is often focussed only on parts of
biodiversity components (mainly vegetation) and is often based on case studies (inter alia
Duinen et al. 2002; Malson et al. 2008; Gonzdlez et al. 2014; Renou-Wilson et al. 2019),
tools that allow comparison and specifically address mire-specific biodiversity, are
missing. In this article, we describe the development of a method for assessment of mire-
specific biodiversity, aiming to provide a system that is practitioner friendly and
transferable between geographical regions. Assuming that the complex composition of
biodiversity cannot be assessed effectively on the basis of a single indicator (Hill et al.
2016), we adopted a multi-indicator approach that allows mire-specific biodiversity to be
rated in terms of its heterogeneity at different levels. To calibrate the system we sampled
30 peatlands in the federal state of Brandenburg in north-east Germany, and carried out

a validation exercise in collaboration with peatland experts and practitioners.

2.5. Methods

2.5.1. Basiccriteria

We set the following five basic criteria for the eventual assessment method:

1. Different levels of mire-specific biodiversity shall be considered in the assessment. A
single surrogate (e.g. vegetation) cannot be used successfully to assess the different
levels of mire biodiversity, due to the different time delays in reactions to change of
individual mire-specific factors and the spatial and morphological heterogeneity of
mire-specific biodiversity at different levels and scales.

2. The focus will be on mire-specific characteristics. Thus, for example, the number of
mire-specific species will be evaluated, rather than the total number of species.

3. All states of peatlands shall be represented, ranging from natural/unused to highly

degraded/used as well as restored.
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4. To ensure usefulness of the assessment method in practice, only features whose mire-
specific attributes or components have been well researched and are accessible for
the focus region shall be considered.

5. The final indicator system shall be practitioner friendly and cost effective.

2.5.2. Literature screening

We identified the relevant components of mire-specific biodiversity according to
literature (Bragg & Lindsay 2003; Landgraf 2007; Parish et al. 2008; Littlewood et al. 2010;
GOrn & Fischer 2011; Prentice 2011; Minayeva & Sirin 2012; Aapala et al. 2014; Penttinen
et al. 2014; Joosten et al. 2015; Klingenful$ et al. 2015; Tiemeyer et al. 2015; Minayeva et
al. 2017; see also Introduction). We defined ‘mire-specific biodiversity’ as all biodiversity
components that are exclusively adapted to functioning mires; and ‘mire-typical
biodiversity’ as all biodiversity components that are highly adapted to mires but also
occur in degraded mires and other peat and non-peat-forming wetlands. For each
component, we identified suitable measurable indicators. The integrated system of
indicators was developed for our study area in north-east Germany, but we place special
emphasis on describing the methods we applied in order to demonstrate and enable

transferability to other regions.

2.5.3. Field data and scaling

During the period 2002 to 2020, members of Eberswalde University for Sustainable
Development collected biodiversity data from peatlands in the German federal state of
Brandenburg, which encompass a wide range of different hydroecological mire types
arising from the effects of different glacial influences (cf. Succow & Jeschke 1986; Kiihn
2014). Although peatlands in the state have been drained intensively, about 3000 ha of
mires are present (Luthardt 2014a). These peatlands were classified from natural to non-
natural following the method for defining hemeroby as the level of human influence of
peatlands developed by Wagner & Wagner (2005) (Table 2.1). For each of the hemeroby

classes the data for six peatlands belonging to diverse ecological mire types (acidic to
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calcareous and nutrient poor to nutrient rich) were analysed (see Figure 2.3 for locations
of the 30 sites selected and Table 2.7 for mire types). Due to degradation processes
resulting from drainage (particularly mineralisation and the release of nutrients),
eutrophic peatlands were represented more frequently in the three ‘anthropogenic’
categories. Based on the analysed data, ordinal scales defining ‘low’ to ‘high’ mire-specific
biodiversity for each attribute of the indicator system were defined. The scale values
range from 0 (not mire-specific) to 5 (highly mire-specific) in each case. This aligns with
the five stages of peatland naturalness described by Wagner & Wagner (2005), with
addition of a ‘stage 0’ for no mire-specific biodiversity as described by Tiemeyer et al.
(2015). To reach an overall assessment, the values for all indicators were summed and

again classified from ‘no mire-specific biodiversity’ to ‘high mire-specific biodiversity’

Table 2.1: Stages of naturalness and hemeroby (human modification) of peatlands (translated
and slightly modified from Wagner & Wagner 2005).

Stage of Level of Nutrient Hydrology Vegetation
naturalness/ human balance (drainage) (indicator species)
hemeroby influence (input/output)
Natural None to Undisturbed Undisturbed Undisturbed

__ | (ahemerob to very low

© o

5  oligohemerob)

é Near-natural Low Slightly Slightly Slightly disturbed
(oligohemerob to disturbed disturbed
mesohemerob)
Culturally- Moderate Moderately Moderately Moderately disturbed
accentuated disturbed disturbed

2 (mesohemerob)

& Culturally- High Highly Highly Highly disturbed,

8  characterised disturbed disturbed species indicating wet

o .y .

= | (euhemerob) conditions still present

£ Non-natural Very high Very highly Very highly Very highly disturbed;
(polyhemerob) disturbed disturbed species indicating wet

conditions missing

2.5.4. Expertvalidation and final calibration

Eleven experts in peatland restoration and 42 practitioners with experience in peatland
restoration were interviewed, either individually (experts) or in a group workshop
(practitioners). During these meetings, data on vegetation (complete list of vascular

plants and mosses, highlighting mirespecific ones), physiognomy (plant formations and
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mire-typical special habitats), dominant water table and soil conditions as well as aerial
pictures and representative photos for four (practitioners) or five (experts) peatlands was
presented for assessment of the individual indicators and overall mire-specific
biodiversity. To be able to compare these assessments with the assessment of our
indicator system, the practitioners and experts were asked to assess each peatland
subjectively. Therefore, they estimated the value for each indicator and overall mire-
specific biodiversity based on their knowledge and expertise with peatlands using the
scale from 0 to 5. The assessments by experts and practitioners were then compared with
the assessment of our indicator system, and the outcome was used to optimise the

calibration of our scales for assessment of biodiversity value.

2.5.5. Practical example

The ‘Grof3es Brennbruch’ (Brandenburg, Germany) is a complex of mesotrophic-acidic
terrestrialisation mire and eutrophic paludification mire, which has been drained for
forestry for over 130 years although the most intense interventions were applied in the
late 1970s. In 2005 and 2006, the drainage systems within the ‘Grof3es Brennbruch’ and its
catchment were dismantled in order to rewet the peatland (Koch 2007). To demonstrate
the potential usage of our indicator system as a monitoring tool, we applied it to data

collected before and after restoration of this peatland.

2.6. Results

2.6.1. The indicator system

The indicator system for measuring mire-specific biodiversity consists of three indicators
representing (a) species level, (b) biocoenosis level and (c) ecosystem level. Genetic
diversity is not included due to insufficient genetic research in our study area to support
a genetic component for the assessment tool. Each indicator consists of two sub-
indicators, each with defined mire attributes and metrics representing the essential
components of the biodiversity level. The attributes and values to be measured have been

well researched within the study area and are highly mire-specific or, at minimum, mire-
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typical (Figure 2.1). The indicators are based upon the cited literature and explained in

detail below.

Level of biodiversity
Species Biocoenosis Ecosystem
Indicator
Mire-specific species Spatial structure Site characteristics

Sub-indicator

Mire-specific Mire-specific Habitat Habitat .
P P . ) . Soil ‘Water table
flora fauna diversity connectivity
Attributes
. Plant f t1 _ . .
Vascular plants & Butterflies or ant formations Integration into . . Soil moisture
. & special . Topsoil condition
mosses spiders . biotope-network class
habitats
Measure value
Number of Number of Number of Located within a Degree of .
. o specialised . . Distance of water
specialised specialised . peatland biotope- degradation of
. . formations/special = table to surface
species species habitats network topsoil peat

Figure 2.1: System of indicators for assessing mire-specific biodiversity. The attribute
‘Butterflies or spiders’ within the level of species was proposed as possibly available, but needed
to be excluded within the suggested approach due to lack of data.

Species

The indicator for the species level is ‘mire-specific species’. It consists of two sub-
indicators: ‘mirespecific flora’ and ‘mire-specific fauna’. For both sub-indicators, the
value measured is the number of mire-specific species. ‘Mire-specific flora’ is described
by the attribute ‘vascular plants and mosses’. For our study area there is a complete
revision of mire-typical and mire-specific vascular plants and mosses which lists 69 mire-
specific vascular plants and 58 mire-specific mosses (Table 2.2; Klawitter 2014; Klawitter
& Luthardt 2014; Luthardt 2014c). The species lists were derived from botanical and
peatland literature (e.g. Zimmermann et al. 2004) and was checked by regional experts in

botany and peatland science. To describe ‘Mire-specific fauna’ we only suggest the
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attribute ‘butterflies or spiders’. Data for butterflies and araneomorph spiders were not
available for the sampled peatlands, so the subindicator ‘mire-specific fauna’ was
excluded. There is no complete list of mire-specific and mire-typical fauna for our study
region although some insights are provided by Luthardt & Zeitz (2014) who describe
specialisation of mammals (Dolch 2014), birds (Flade 2014), amphibians (Brauner 2014a),
butterflies (Gelbrecht 2014), dragonflies (Mauersberger 2014) and locusts (Brauner
2014b) as well as ground beetles, cicada, bugs, web spiders, pseudoscorpions and
millipedes (Barndt 2014). Within this research, butterflies show a high specialisation on
mires and peatlands and there are many practising lepidopterists (Gelbrecht 2014).
Furthermore, araneomorph spiders show potential usability for a biodiversity

assessment and 17 species are known to be mire-specific (Barndt 2014; Platen 1989).

Biocoenosis

The indicator for the biocoenosis level is the ‘spatial structure’ representing different
plant sociologies and their associated fauna. It consists of two subindicators, ‘habitat

diversity’ and ‘habitat connectivity’.

‘Habitat diversity’ is described by the attribute ‘plant formations and special habitats’. To
assess the diversity of spatial structures at microtope level (Minayeva et al. 2017), we used
the classification of physiognomic heterogeneity “Tentative physiognomic-ecological
classification of plant formations of the earth”, which describes plant formations as
“combinations of plant life forms, i.e. as physiognomic units” (Ellenberg &
MiillerDombois 1966) and can be applied to describe different, adjoining formations in a
single peatland area. Plant formations have the advantage of being globally recognisable
and can easily be defined and described at regional level. By reviewing the zonation of
vegetation on natural mires in our study area, we derived 15 regionally occurring mire-
specific and mire-typical plant formations (Table 2.3). To represent a smaller-scale
physiognomic level we also defined special habitats (based on Luthardt 2014b, Minayeva

et al. 2017) that are mire-specific or mire-typical and occur in natural mire ecosystems
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(Table 2.4). The attribute ‘habitat diversity’ is evaluated as the number of different

specialised plant formations and special habitats.

Table 2.2: Mire-specific vascular plant and moss species occurring in the federal state of
Brandenburg (north-east Germany).

Mire-specific vascular plant species

(Luthardt 2014c)

Andromeda polifolia, Betula humilis, Betula nana,
Betula pubescens, Blysmus compressus, Calla

palustris, Carex (C.) appropinquata, C. cespitosa, C.
chordorrhiza, C. davalliana, C. diandra, C. dioica, C.

echinata, C. elata, C. flacca, C. flava, C. lasiocarpa,
C. lepidocarpa, C. limosa, C. panicea, C.
paniculata, C. pulicaris, C. rostrata, C. vesicaria,
Cladium mariscus, Comarum palustre, Drosera
intermedia, Drosera longifolia, Drosera x obovata,
Drosera rotundifolia, Eleocharis mamillata,
Eleocharis multicaulis, Eleocharis quinqueflora,
Epipactis palustris, Eriophorum (E.) angustifolium,
E. gracile, E. latifolium, E. vaginatum, Gentianella
uliginosa, Hammarbya paludosa, Hottonia
palustris, Juncus alpinus, Juncus filiformis, Juncus
subnodulosus, Ledum palustre, Liparis loeselii,
Lycopodiella inundata, Menyanthes trifoliata,
Myrica gale, Parnassia palustris, Pedicularis
palustris, Pedicularis sylvatica, Rhynchospora
alba, Rhynchospora fusca, Saxifraga hirculus,
Scheuchzeria palustris, Schoenus ferrugineus,
Schoenus nigricans, Stellaria crassifolia,
Trichophorum alpinum, Trichophorum cespitosum,
Triglochin palustre, Utricularia australis,
Utricularia intermedia, Utricularia minor,
Utricularia stygia, Vaccinium macrocarpon,
Vaccinium oxycoccus, Viola epipsila
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Mire-specific moss species

(Klawitter & Luthardt 2014)

Bryum longisetum, Calliergon stramineum,
Calliergon trifarium, Calypogeia sphagnicola,
Cephalozia connivens, Cephalozia macrostachya,
Cephalozia pleniceps, Cephaloziella elachista,
Cephaloziella spinigera, Cladopodiella fluitans,
Dicranum bergeri, Drepanocladus cossonii,
Drepanocladus lycopodioides, Drepanocladus
revolvens, Fissidens osmundoides, Hamatocaulis
vernicosus, Helodium blandowii, Leiocolea
rutheana, Lophozia laxa, Meesia hexasticha,
Meesia longiseta, Meesia triquetra, Meesia
uliginosa, Mylia anomala, Paludella squarrosa,
Pohlia sphagnicola, Polytrichum commune,
Polytrichum strictum, Scapania paludicola,
Sphagnum (S.) affine, S. angustifolium, S.
balticum, S. capillifolium, S. centrale, Sphagnum
compactum, S. contortum, S. cuspidatum, S.
denticulatum var. denticulatum, S. denticulatum
var. inundatum, S. fallax, S. fimbriatum,
Sphagnum flexuosum, S. fuscum, S.
magellanicum, S. majus, Sphagnum molle, S.
obtusum, S. papillosum, S. platyphyllum, S.
riparium, S. rubellum, S. subsecundum, S.
tenellum, S. teres, S. warnstorfii, Splachnum
ampullaceum, Tomentypnum nitens, Warnstorfia
fluitans



Table 2.3: Mire-specific and mire-typical plant formations occurring in the federal state of
Brandenburg (northeast Germany). Remark: Species inventory and micro-relief as described in
Ellenberg & Miiller-Dombois 1966, but hydromorphologically no bogs are present in
Brandenburg).

Formations Formation Formation group Formation
class subclass
Closed forests Mainly deciduous = Cold-dedicious Cold-deciduous swamp or peat
forests forests without forest
evergreen leaves
Fourrés (shrubs) = Mainly deciduous = Cold deciduous Deciduous peat shrubland (or
fourrés (shrubs) shrublands (or thicket)
thickets)
Dwarf-shrubs Mossy bog Raised bogs Subcontinental woodland bog
and related formations with Non-raised bog Blanket bog
communities dwarf-shrubs
Terrestrial Sedge swamps Sedge peat swamps Tall sedge swamp with creeping
herbaceous and flushes and similar swamps sedges
communities Tall sedge swamp with caespitose
sedges
Low sedge swamp
Flushes Forb flushes (calcareous)

Forb flushes (non calcareous)
Moss flush (calceareous)
Moss flush (non calcareous)

Aquatic plant Floating meadows = Mainly herbaceous Temperate and subpolar

formations floating meadows herbaceous floating meadows
Mainly mossy floating = Mossy floating meadow
meadows

Reed swamps Reed-swamp Temperate and subpolar fresh

formations of fresh water reed-swamps
water lakes
Reed-swamp Temperate reed swamps on river
formations of flowing = banks
water

Table 2.4: Mire-specific and mire-typical special habitats occurring in the federal state of
Brandenburg (northeast Germany).

Mire-specific special habitats Mire-typical special habitats

Hummock, hollow, lagg (“fen strip separating a Lying and upright dead wood, root plates, open

bog from the surrounding mineral soil” (Joosten = water body (temporary or permanent), mineral

etal. 2017), running spring water islands, solitary trees, areas with no vegetation
(e.g. mudbanks)
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‘Habitat connectivity’ is described by the attribute ‘integration into biotope network’. The
biotope networks described for the federal state of Brandenburg (Herrmann et al. 2013)
identify core and connecting areas within which species exchange is possible. They
include two well-connected networks involving peatlands, namely ‘small mires and
peatlands in forests’ and ‘wet pastures and fens of the glacial valley’ (Figure 2.2). These
were derived by defining criteria (size, protected areas, wet biotopes) for delineation of
the core zones, then adding 1000 m buffer areas to form the networks. An indicator value
(1) is recorded for this attribute if the peatland under examination is located within one
network, using the network ‘small mires and peatlands in forests’ for peatlands located
in forests and the network ‘wet pastures and fens of the glacial valley' for peatlands

located in the glacial valley and/or in agriculturally characterized surroundings.

Biotope network Biotope network
‘Small mires and peatlands in forests’ ‘Wet pastures and fens of the glacial valley’
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Figure 2.2: Biotope network of peatlands in Brandenburg, north-east Germany (Herrmann et al.

2013).




Ecosystem

The indicator for this level refers to the abiotic components of the ecosystem, or ‘site

characteristics’. It consists of two sub-indicators, namely ‘soil’ and ‘water table’.

‘Soil’ is described by the attribute ‘topsoil condition’ and is measured in terms of degree

of degradation of the first upper homogenous horizon of the soil profile. To assess peat

degradation, different development stages of the topsoil ranging from peat accumulation

(undegraded peat) to murshified peat (highly degraded peat) are defined, based on Schulz

et al. (2019) (Table 2.5).

Table 2.5: Stages of peat topsoil (uppermost 30 c¢cm) degradation from non-degraded peat
(currently forming) to no peat.

Stage
Non-degraded peat
(currently forming)

Non-degraded peat
(currently not
forming) or gyttja

Slightly degraded

peat (highly
decomposed peat)

Moderately degraded
peat (earthified peat)

Highly degraded peat
(murshified peat)

No peat

Description

Peat of low decomposition (‘fibric’ (Joosten et al. 2017)) in nutrient poor,
acidic, base-rich or calcareous mires (e.g. moss peats, herbaceous peats
with radicels and rhizomes); in naturally eutrophic mire ecosystems with or
without natural water level fluctuations, such as alder forests, also
moderately decomposed (‘hemic’) peat can occur (e.g. herbaceous peats
with radicels and rhizomes or wood peat) (Schulz et al. 2019).

Dry peat of low to moderate decomposition (‘hemic’ (Joosten et al. 2017))
(divisions as above) as well as gyttja, meaning a sedentarily accumulated
material that consist of at least 5 % (dry mass) of organic matter (Schulz et
al. 2019).

Highly decomposed peat (‘sapric’ (Joosten et al. 2017)); ‘Compact, mainly
homogeneous, dark brown to black mass; unstructured (amorphous) or
aggregated into larger pieces; muddy to mushy consistency when wet,
comparable to a squeezed-dry sponge when dry; no or a small amount of
recognisable plant remains; plant remains usually limited to more highly
decomposed wood or fibre fragments’ (Schulz et al. 2019).

‘Dark brown to black-brown mass with crumb grain structure, consisting of
bonded soil particles of various sizes (but mainly >1 mm); similar to garden
mould; smeary consistency when wet, crumbly but never powdery-dusty
when dry; nooronly a

small amount of recognisable plant remains’ (Schulz et al. 2019).
‘Black-brown to deep black, loose mass with fine granular structure,
consisting of small (mainly <1 mm) bonded soil particles; thick, silty mass
when very wet, smeary-granular when moist, distinctly granular and
powdery-dusty when dry (resembling loose coal slack); no recognisable
plant remains’ (Schulz et al. 2019).

All soil substrates that are not peat (defined in Germany as sedentarily
accumulated material that consists of more than 30 % (dry mass) of
incompletely decomposed plant remains and humic substances or gyttja
(Schulz et al. 2019).
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‘Water table’ is described by the ‘soil moisture class’. Koska (2001) developed the concept
of ‘vegetation forms’ for peatlands and wetlands in north-eastern Germany, which
employs vegetation as a proxy for water table relative to the ground surface. It is thus
possible to determine areas with different water tables, which are described by long-term
median values of (positive or negative) standing water depth during wet and dry seasons
(Table 2.6). The soil moisture class 5+ is most favourable for peat formation (cf. Parish et
al. 2008; Joosten et al. 2015). The attribute ‘soil moisture class’ is evaluated as the distance

from the water table to the soil surface, which is close to zero in natural mires.

Table 2.6: Soil moisture classes and associated water tables for peatlands (Joosten et al. 2015 after
Koska 2001). NV = no value.

Soil Verbal description ~ Water table relative to ground surface (+ above, - below)
moisture Long-term median = Long-term median = Water supply deficit
class water table in the water table in the
wet season dry season
6+ Lower eulitoral +150 to +10 +140to+0cm No value
5+ Wet +10to-5cm +0to-10cm No value
4+ Very moist -5to-15cm -10to-20cm No value
3+ Moist -15t0-35¢cm -20to-45¢cm No value
2+ Moderately moist | -35t0-70cm -45to-85cm No value
2- Moderately dry No value No value <60 |/m?

In order to determine the dominant soil moisture class as well as the dominant degree of
topsoil degradation, each site is subdivided into homogenous vegetation units (if there is
more than one) firstly. Therefore, areas with homogenous floristic dominances and
physiognomic structure are segregated from each other. All units are outlined on recent
satellite images and transferred into a geographic information system to create spatial
maps of each site. For each vegetation unit all plant species and their cover are recorded.
To transfer these data into soil moisture classes, the water table indication of each plant
species described by Koska (2001) is applied to determine the soil moisture class of each
vegetation unit. Further, for each vegetation unit the first upper homogenous horizon of
topsoil peat is estimated in the field and classified into the different stages (Table 2.5).

Thereby, the dominant topsoil degradation can be spatially described, too.
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2.6.2. The ordinal scales for mire-specific biodiversity

The data from the 30 sampled peatlands is summarised in Table 2.7. In the sub-sections
that follow, we explain the scoring system for each level of biodiversity in turn, and then
the derivation of the overall site score for mire-specific biodiversity. The resulting survey
sheet for field assessment of mirespecific biodiversity is provided in Chapter 2.10

Appendix.

Species

Table 2.7 shows that the numbers of mire-specific vascular plants recorded for the 30
sampled peatlands range from a median value of 12 in natural peatlands to almost zero
in non-natural peatlands; whereas mire-specific mosses seem to occur in natural to
culturally-accentuated peatlands but hardly at all in culturally characterised and non-
natural peatlands. On the other hand, the number of mire-typical vascular plant species
is higher in degraded peatlands then in natural and near-natural sites. On this basis, we

excluded mire-typical plant species from the assessment.

The derivation of ordinal values for the ‘mirespecific species’ indicator is shown in Table
2.8. The final value is based mostly on the number of mirespecific vascular plants, with a
single point added if mire-specific mosses are also present. In other words, it is the
overall presence, rather than the number, of moss species that is rated; and if mosses are
not determined and cannot be accounted for, the effect on the overall evaluation is not
severe. This approach was adopted because mosses are not typically identified to species

level in common practice, on account of the need for expert knowledge.

Table 2.7: Mire type, mire-specific flora (total number and number of mire-typical and mire-
specific vascular plants and mosses), spatial structure (number of mire-typical plant formations
and special habitats, integration into biotope network), topsoil state (no peat to non-degraded peat
in % of total area) and soil moisture class (2- to 6+ in % of total area) for the 30 sampled peatlands
in Brandenburg (north-east Germany), classified according to stages of naturalness (Wagner &
Wagner 2005).
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Natu- Study Mire
ralness site type

1 a
_ 2 a
©
E 3 a
IS 4 b
oy
5 a,c
6 a
Mdn
7 c,b
© 8
2 9
c
L 10 c,a
3
o 11
12
Mdn
13 C
L8 14 bgc
T3 15 «cb
25 16 «ca
i
S 9 17T
18 a
Mdn
19 c,a
o
=8 20
T 2
28 22
>
ug 23
24 c,b
Mdn
25 C
© 26 ¢
>
E 27 C
z 28 C
e 29 ¢
30 C
Mdn

Abbreviations:

a: Nutrient poor, acidic

b: Nutrient poor, base-
rich/calcareous
c¢: Nutrient rich

Species Biocoenosis

Ecosystem

Mire-specific Spatial Site characteristics
species structure
Mire-specific flora Topsoil state (in % of = Soil moisture class (in
total peatland area) % of total peatland
area)*
A B C D E I m m 5 4 3 2 1 0 6+ 5+ 4+ 3+ 2+ 2-
47 9 /11 0 4 4 5 1 100 0 0 0O 0 O O 1000 O O O
64 21 13 2 3 5 7 1 8 150 0 0 0 12 8 0 0 0 O
31 17 6 0 1 3 5 1 54 46 0 0 O O O0 1000 O O O
102 43 19 11 7 7 5 1 nv nv nvnv nv nv 20 60 20 0 0 O
64 3115 1 4 5 5 1 5545 0 0 O 0 4555 0 0 O O
48 1611 1 2 3 5 1 503150 0 O 0 10000 0 0 O
56 1912 1 4 5 5 1 5525 0 0 0 0 6 99 0 0 O O
73 338 2 1 3| 4 1 0 O 4753 0 0 O 72 28 0 0 O
27 4 8 1 4 2 3 1 8 299 0 0 0 0 8 2 9 0 O
383 183 0 0 4 3 1 0 99 7 0 0 0 O 9% 7 0 0 O
66 26 7 0 1 5 7 1 0 8 6624 2 0 0 22 5820 0 O
48 2312 1 2 4 2 1 0 6040 0 O O O 60 0 40 0 O
42 19 4 0 1 1 3 1 0 1812 8 62 0 0 38 62 0 0 O
48 21 8 051 4 3 1 0 13444 0 O 0 49 1810 0 O
99 42 5 2 1 2 6 1 0 3112 0 0 57 0 31 1257 0 O
47 302 0 0 4 3 1 nv nvnvnv nv. nv. 0 100 0 0 0 O
97 46 2 1 0 3 4 1 0 0 0 0 9 1 0 0 3663 0 1
31 10 5 0 1 2 4 1 15 2055 0 0 10 0 15 15 45 25 O
143 46 4 1 0 3 7 0O 'nv nv,.nvnu nv. nv. 0 0 5545 0
29 10 5 0 1 2 3 1 0 8 /13 0 0 O O 13 0 87 0 O
72 36 5 051 3 4 1 0 26 13 0 0 55 0 14 1451 0 O
67 17 6 3 3 2 7 0 2 0 0 7424 0 0 2 246311 0
3116 0 3 2 2 nv 1 nv nvnwnv no. nv. 0 0 3268 0 O
83 44 2 0 0 3 3 1 0 0 0 0 25 75 0 0 307 0 O
106 41 1 0 0 3 7 1 0 1 38 5 2 0 2 2860 0 O
96 34/ 0 0 0 1 3 1 0 0 0 O 63 37 0 O 0 36 27 22
60 27 4 1 0 2 7 1 10 0 26 0 48316 0 10 26 64 0 O
75 31 2 050 2 7 1 0 0 O 0 25 16 0 1 2764 0 O
176 50 4 0 0 1 3 0O 'nv nv nv.nv nVv NV nVv nVv NV nv nv nv
81 26 0 0 0 3 2 1 0 0 0O O 4 54 0 0 3366 1 O
50 12 2 0 1 1 2 1 0 0 05545 0 0 O 0 60 40 O
21. 5 0 0 0 O 2 1 0 173746 0 0 O O O 8 17 O
75 26 0 0 0 2 2 1 0 0 0 O0 100 0 0 O 188 0 O
9 271 0 0 O 0 1 0 O 0 O 8 20 0 0 1961 0 20
78 261 0 0 1 2 1 0 0 O O 46 0 0 O 1866 1 O

I: Number of plant formations
II: Number of special habitats
II: Integrated into biotope
network (1=Part of network,
0=Not part network)

A:Total number of species of
vascular plants & mosses

B: Mire-typical vascula

r plants Mdn: Median

C: Mire-specific vascular plants *definitions see Table 2.7

D: Mire-typical mosses

E: Mire-specific mosses nv: No value
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5: Non degraded peat (currently
forming)

4: Non degraded peat (currently not
forming) or gyttja

3: Slightly degraded peat (highly
decomposed)

2. Moderately degraded peat
(earthified peat)

1. Highly degraded peat (murshified
peat)

0: No peat



Table 2.8: Value scale for indicator ‘mire-specific species’ based on number of mire-specific
vascular plants and presence of mire-specific mosses (species diversity).

Number of mire-specific Value | Mire-specific mosses Total value ‘mire-specific
vascular plants present? species’
=10 4 Yes 5
No 4
=7 3 Yes 4
No 3
=4 2 Yes 3
No 2
=1 1 Yes 2
No 1
0 0 Yes 1
No 0
Biocoenosis

Amongst the 30 sampled peatlands, the number of mire-specific and mire-typical plant
formations increases with increasing naturalness (Table 2.7). Most of the non-natural and
culturally-characterised peatlands have only one or two mire-specific and mire-typical
formations which are mainly dominated by reeds or sedges. In contrast, the formations
in natural and near-natural peatlands are divers, often comprising a combination of peat
forests with sedge, reed and moss dominated formations. The number of special habitats
per peatland fluctuates widely, but also generally increases with increasing naturalness.
Laggs, hummocks, hollows and open water bodies are mostly recorded in the less-
degraded peatlands. Almost all of the sampled peatlands are located within one of the

peatland biotope networks (Figure 2.2).

The calculation of ordinal values for the ‘spatial structure’ indicator is illustrated in Table
2.9. Scores up to 3 are awarded on the basis of ‘number of mire-specific and mire-typical
plant formations’, then one point is added if the number of special habitats is at least 3,

and another if the peatland lies within a biotope network.
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Table 2.9: Value scale for the indicator ‘spatial structure’ based on number of mire-specific and
mire-typical plant formations, number of special habitats and integration into biotope network
(biocoenosis diversity).

Number of mire Value Number of Added Located withina | Total added
specific & mire- special value biotope network | value ‘spatial
typical plant habitats structure”
formations
=25 3 >3 4 Yes 5
No 4
0-2 3 Yes 4
No 3
>3 2 =23 3 Yes 4
No 3
0-2 2 Yes 3
No 2
=1 1 =23 2 Yes 3
No 2
0-2 1 Yes 2
No 1
0 0 >3 1 Yes 2
No 1
0-2 0 Yes 1
No 0
Ecosystem

Topsoil condition in the sampled peatlands shows a shift from highly degraded in non-
natural peatlands to non-degraded with current peat formation in natural peatlands,
while the soil moisture class ranges from 2+/3+ in non-natural peatlands to mainly 5+ in

natural peatlands (Table 2.7).

The matrix of ordinal values for the ‘site characteristics’ indicator is shown in Table 2.10.
Each peatland is scored on the basis of the spatially dominant (most extensive) topsoil
condition and soil moisture classes observed. Although open water (soil moisture class
6+) was very seldom recorded in the sampled peatlands, the second highest ranking for
‘water table’ is awarded if the dominant soil moisture class is found to be 6+. Peatland
restoration measures can lead to surface flooding if the peat is so degraded that it cannot
absorb inflowing water, i.e. if the peatland has lost its ‘surface oscillation’ (Mooratmung)
function and acts hydrophobic due to oxidisation (Zeitz 2014 & 2016); and similar

scenarios may arise in less-disturbed peatlands as the incidence of drought conditions
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increases due to climate change. On this basis, we decided that areas of shallow open
water should score four points in order to attach value to the presence of a high water
table under such circumstances, even though gyttja rather than peat will form in this

situation.

Because the water table is the driving factor that enables peat accumulation (Joosten

2008), it is of higher impact than the topsoil state (Table 2.10)

Table 2.10: Matrix of values for the ‘site characteristics’ indicator, based on soil moisture class
and topsoil state (ecosystem diversity).

Topsoil | Non- Non- Slightly Moderately = Highly No peat or
state degraded degraded degraded degraded degraded gyttja

peat peat peat (highly | peat peat

Sail (currently | (currently decom- (earthified (murshfied

moisture forming) not forming) | posed peat) @ peat peat)

class or gyttja

5+ 5 5 4 4 3 3

4+ or 6+ 4 4 4 3 3 2

3+ 4 3 3 3 2 2

2+ 3 3 2 2 2 1

2- 3 2 2 1 1 1

lower than 2 2 1 1 0 0

2-

Overall assessment of mire-specific biodiversity

After assessing the levels of biodiversity individually, the ordinal scores (0 to 5) are
summed to give a cumulative score for the peatland and the cumulative scores are again
classified from zero (no mire-specific biodiversity) to five (very high mirespecific
biodiversity) in line with the five stages of naturalness by Wagner & Wagner (2005) (Table

2.11).

Using the scores as an overall description, the mire-specific biodiversity can be compared
between two or more sites or, for a single peatland, before and after rewetting or across
another defined time interval. Possible visualisations are shown in Figure 2.3 and, for the

example of our 30 study sites, in Figure 2.4.
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Table 2.11: Overall assessment of mire-specific biodiversity based on the accumulated indicator
values for species, biocoenosis and ecosystem levels.

Accumulated

Class Verbal description Colour code
values
5 14,15 Very high mire-specific biodiversity _
4 11,12,13 High mire-specific biodiversity
3 8,9,10 Moderate mire-specific biodiversity
2 5,6,7 Low mire-specific biodiversity
1 2,3,4 Very low mire-specific biodiversity O
0 0,1 No mire-specific biodiversity _

2.6.3. Expertvalidation

The experts and practitioners who participated in the evaluation returned very similar
assessments of mire-specific biodiversity, both overall and for the individual levels (Table
2.12). By comparing the assessment via the indicator system and the median of the
evaluation by practitioners, a high conformity is visible. Eighty-one percent of the
assessments were identical. Comparing the indicator assessment with expert assessment
(median), 70 % of the assessments were identical. The similar outcomes of the mire-
specific biodiversity assessments by the indicatorsystem and the practitioners and
experts confirms the indication by our objectified system. So further adaptations were

assessed as not necessary.
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Figure 2.3: Visualisation of mire-specific biodiversity for the 30 sampled study sites in
Brandenburg (northeast Germany (edited by J. Hammerich, source: County borders:

VG250°ATKIS, ©BKG 2006).
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Figure 2.4: Visualisation of overall mire-specific biodiversity of “GroRRes Brennbruch” before
(2006) and after (2018) restoration.

2.6.4. Case study

Before restoration in 2006, the topsoil at the ‘Grofies Brennbruch’ mainly consisted of
earthified peat and the dominant soil moisture class was 3+ (Table 2.13). Only the central
Sphagna-Betula pubescens-peat forest (15 % of total area) had a higher water table and non-
degraded peat profile. The other vegetation formations were mostly not mire-typical or
specific. Areas dominated by Calamagrostis epigejos and Rubus ideaus, an alder forest with
Dryopteris cathusiana in the herb layer and a Betula pendula pioneer forest were present
(Figure 2.5). The only mirespecific formations were a cold -deciduous peat forest with
Betula pubescens and Sphagna, and a temperate freshwater reedbed dominated by
Phragmites australis. Five different mire-specific vascular plants were present, namely
Betula pubescens, Eriophorum vaginatum and Oxycoccus palustris mainly in the central part

of the peatland, but with Carex elata and Carex paniculata in the periphery.
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Table 2.12: Comparison of assessment (species, biocenosis and ecosystem level as well as overall
biodiversity) via indicator system and experts/practitioners.

Practitioner Workshop (n=42)

Study Species level Biocoenosis level Ecosystem level Overall assessment
case
I Practitioners I Practitioners I Practitioners I Practitioners

M Mdn Min Max Mf M Mdn Min Max Mf M Mdn Min Max Mf M Mdn Min Max Mf
1 5 4550 3 5 5 4 4340 3 5 5 5 4545 4 5 5 5 4440 3 5 5
2 2 17201 3 2 221201 3 2 114101 4 1 2 1820 1 4 2
3 2 17201 3 2 219201 3 2 314101 2 1 2 19201 3 2
4 2 2420 1 4 3 3 2930 2 4 3 4 3640 2 5 4 3 3030 2 4 3
Expert Interviews (n=11)
Study Species level Biocoenosis level Ecosystem level Overall assessment
case

I Experts I Experts | Experts | Experts

M Mdn Min Max Mf M Mdn Min Max Mf M Mdn Min Max Mf M Mdn Min Max Mf
5 4 3430 2 4 4 4 4040 3 5 4 5 47504 5 5 4394 3 5 3
6 1 07100 2 0 324201 4 2 2 21201 5 2 2 17151 3 1
7 5 4550 3 5 5 5 4440 3 5 5 5 44502 5 5 5 485 4 5 5
8 1 1410 0 3 1 3 30302 4 3 322201 4 2 2 22201 4 2
9 1 12100 4 1 3 30300 5 4 4 4040 2 5 5 3 30301 4 3
Abbreviations: Study cases:
I= Indicator based assessment 1="‘GroRe Mooskute’
n=Total sample size 2 = ‘ROmerwiese’
M = Mean 3 ="‘Eiserbuder Erlenwald’
Mdn = Median 4 = ‘Kranichbruch’
Min = Minimum 5=‘GroRes Brennbruch’
Max = Maximum 6 = ‘Koppainz’
Mf = Most frequent value 7 = ‘Plotzendiebel’

8 =‘Sernitz’

9 =‘Rothsche Wiese’
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vascular plants.

Figure 2.5: Photo documentation ‘Grofles Brennbruch’ 2006 (before restoration) and 2018 (after
restoration).

In 2018, the topsoil showed reinstated peat formation, mainly by peat mosses over highly
decomposed peat, and the dominant soil moisture class was 5+. In addition to the cold
deciduous peat forest with Betula pubescens and peat mosses recorded in 2006, two other
mire-typical formations were present, namely a reed swamp dominated by Phragmitis
australis and a tall sedge swamp dominated by Carex acutiformis. The formerly dry alder
forest was characterised by species indicating wetness (e.g. Lemna minor, Hottonia
palustris, Utricularia vulgaris) and some sedges (e.g. Carex acutiformis, Carex riparia)
(Figure 2.5). Special habitats (dead wood, open water pools, hummocks) could be found
within all vegetation areas. Seven mire-specific vascular plants were present in nearly all

vegetation areas, and peat mosses were growing on more than 50 % of the total area.
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The overall rating for mire-specific biodiversity changed within 12 years from moderate

(8/15 points) to high (13/15 points) (Figure 2.3).

Table 2.13: Overview of mire-specific biodiversity components at ‘Grof3es Brennbruch’ in the

years 2006 (before restoration) and 2018 (after restoration).

Mire- Mire-specific Mire- Special Located Dominant Dominant
specific mosses specific habitats within topsoil soil
vascular plant peatland condition moisture
plants formations biotope class
network
2006
Betula Spagnum sp. cold- hummocks, | yes Moderately | 3+
pubescens, deciduous  upright degraded
Carexelata, peat forest, dead wood, peat
Carex temperate  mineral (earthified
paniculata, freshwater  islands, peat)
Eriophorum reed areas with
vaginatum, no
Oxycoccus vegetation
palustris
2018
Betula Polytrichum cold- hummocks, | yes Non- 5+
pubescens, commune, deciduous hollows, degraded
Calla Sphagnum peat forest, lying dead peat (peat
palustris, fallax, temperate = wood, forming)
Carexelata, = Sphagnum freshwater = upright
Carex fimbriatum, reed, tall- dead wood,
lasiocarpa, | Sphagnum sedge open water
Comarum magellanicum = swamp body,
palustre, mineral
Eriophorum islands,
vaginatum, areas with
Hottonia no
palustris vegetation
2.7. Discussion

2.7.1. Indicators, attributes, measured values

We developed a multi-indicator assessment tool for mire-specific biodiversity, which
considers the vegetation, habitat heterogeneity and connectivity, water table and topsoil
degradation of the focus peatland. Existing suggestions on how to assess peatland
biodiversity mainly focus on vegetation and fauna alone. Tiemeyer et al. (2015) suggest
an approach where mire-typical vegetation is assessed by biotope value. Biotope values

are a procedure that assigns a value to biotopes on the basis of their importance for nature
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conservation. This procedure is used in parts of Germany to compensate for
interventions in nature (Deutscher Bundestag 2018). This value is then augmented by
awarding ‘peatland points’ for natural, peat accumulating or peat preserving biotope
types and their degraded states. The method for biodiversity of fauna is not fully
developed, but the authors suggest an assessment based on the Red-List endangerment
and the binding of species to mire-typical biotope types. In the context of integrating
additional ecosystem services into carbon credits, Joosten et al. (2015) suggest two
assessments for the biodiversity of mires - a costeffective standard approach and a
premium approach. The first of these aims to compare the biotope value before and after
restoration. The second is based on field surveys and suggests rating the abundance of
vascular plants and mosses, amphibians, birds and arthropods. The model by Gorn &
Fischer (2011) is used for birds and arthropods, whereas no assessment model is
developed for amphibians, vascular plants and mosses. The Gorn & Fischer (2011)
approach is based on evaluation of fens for nature conservancy purposes via faunistic
indicators, rather than direct assessment of mire-typical or mire-specific biodiversity.
Therefore, they suggested locusts, ground beetles, butterflies and birds as suitable taxa,
listed all fen-typical species, chose criteria upon which they should be assessed, and
developed value scales based upon distribution as well as national and international
endangerment. Otherwise, where the term ‘biodiversity’ is used in various publications
on peatlands, the authors often research and refer to diversity of vegetation and fauna
only (e.g. Agus et al. 2019; Payne et al. 2018; Harrison & Rieley 2018; Renou-Wilson et al.

2019; Sundari et al. 2020).

In line with the literature (Bragg & Lindsay 2003; Prentice 2011; Minayeva et al. 2017) on
recommendations for mire-typical and mire-specific biodiversity assessment, we do not
think that individual taxa or a focus on vegetation and fauna alone are suitable indicators
for the entirety of mire-specific biodiversity, even though studies show that, for example,
vascular plants can function as strong indicators for overall biodiversity across
environmental gradients (Brunbjerg et al. 2018). In peatlands, often long degradation
processes due to drainage as well as peatland restoration lead to diverse states. For

example, vascular plants and mosses often remain in retention areas or still-natural
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central areas even though the site is increasingly degrading overall. Taking additionally
into account the dominant site conditions as well as structural heterogeneity gives a
better understanding of the overall mire-specific biodiversity. In this way the maturity
and functionality of the peatland ecosystem, which plays an important but often
undervalued role for less-researched taxa such as ground beetles (Barndt 2014), are better

taken into account.

The ecological conditions, in particular nutrient content and pH value, are commonly
used in conservation projects or peatland description (Klingenful} et al. 2015) to assess
the peatland’s state relative to the original or natural state (target state of restoration) of
a specific mire type. Bragg & Lindsay (2003) also stress that the evaluation of peatland
biodiversity needs to be based on assessment of the same mire type based on the criteria
naturalness and diversity (representativeness and rarity). Although the measurement of
nutrient content and pH is not directly included, these and other ecological traits are
represented within the ecological amplitudes of mire-specific vascular plants and
mosses. Furthermore, our indicator system targets a state of stable ecosystem
functioning where peat is dominantly accumulating, the water table is predominantly at
or above the ground surface, the mire-specific habitat structure is diverse, and mire-
specific species are present. In this way, we do not target a specific eco-hydrological mire

type, but rather we target the specific characteristics that all mire types share.

Each of the attributes chosen for inclusion in our assessment has been defined in terms

of regional characteristics, offers good data availability, and is practically applicable.

Tiemeyer et al. (2015) and Gorn & Fischer (2011) include endangerment (Red Lists) within
their assessment, whereas we evaluate peatland attributes in terms of mire-specificity.
We consider that integrating Red-List endangerment in an assessment of mire
biodiversity is not constructive, at least in the case of our study region. Of the mire-
specific vascular plants for Brandenburg, 62 % are listed as highly endangered, at risk of
extinction or extinct and only 7 % are not listed at all (LUA 2006). If we were to focus on
Red-List status, nearly all mire-specific species would be valued for endangerment, but
so would all other (not mire-specific) Red-List-species - such as species adapted to

degradation stages of mires or even dry ecosystems.
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Biotope values, as suggested by Joosten et al. (2015) and Tiemeyer et al. (2015), are not
widely developed and are based upon different characteristics in different regions, so
they would not be applicable across all regions. Also, they do not aim to directly highlight

mire-specific characteristics and could, therefore, be misleading.

We considered butterflies and araneomorph spiders for assessing peatland fauna, which
show high specialisation on mires. Gorn & Fischer (2011) suggest birds, butterflies,
locusts and ground beetles covering a range of different spatial scales. Lehmitz et al.
(2020) suggest the inclusion of vegetation, ground beetles, oribatid mites and
araneomorph spiders in an ecological assessment of peatlands, finding good correlations
concerning moisture and habitats for the last two. Dragonflies were considered, but were
excluded because their habitat is not the mire itself but the open water bodies within
mires (Mauersberger 2014). Batzer et al. (2016) evaluate the roles of terrestrial
invertebrates in peatlands of Europe, Canada, USA, and China and their value for
peatland biodiversity assessment and state that further research is greatly needed. In
general the use of fauna in environmental assessments is complicated by the effort
required for data acquisition due to their high mobility, transient or hidden lifestyles and
their adaptation to multiple spatially separated and differently structured habitats, as
well as the highly specialised knowledge required for determination of some species
(Bastian & Schreiber 1999). The use in practitioner friendly assessments is questionable.
Still, it is plausible that, with further research, additional taxa could be included in the

indicator system.

The assessment of biotope connectivity is based on a single study from the year 2006.
Therefore, it will only be possible to detect changes in biotope connectivity (for example
after rewetting) if the biotope network is updated on a regular basis. The plant formations
are described globally and can readily be adapted to individual regions by adding or
removing mire-specific and mire-typical formations based on their regional
manifestations. In the indicator system developed here, peatland size is addressed only
indirectly through the dataset, which includes peatlands with total areas ranging from 1
to 51 ha. The number of species belonging to a taxonomic group generally increases with

increasing area (species-area relationship; inter alia Preston 1962) whereas mire-specific
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species often show high specialisation but low demand on habitat size. To evaluate
whether peatland size influences the number of mire-specific species within the same

peatland hemeroby class, further research is needed.

2.7.2. Transferability

We placed special emphasis on explaining how the attributes and measured values were
developed and which data they were based on, in order to create an example for
adaptation to other regions. This form of assessment can be applied elsewhere, by
defining the mire-specific components (species, plant formations, special habitats,
biotope networks) of the region addressed and analysing data from degraded to natural
peatlands occurring within that region. A precondition is the availability of reference

systems, which are in a natural state.

To determine the degree of the peatlands naturalness we referred to Wagner & Wagner
(2005). Joosten & Clarke (2002) define the naturalness of peatlands as ‘the quality of not
having been deliberately influenced by human beings’. Bragg & Lindsay (2003) refer to
naturalness as either the ‘full display of all expected components of natural diversity’ or
the “lack of evident human disturbance” and name vegetation and surface patterns as
valuable components for the evaluation of a peatlands naturalness. Mendes et al. (2019)
show an example on how to cluster peatlands in four classes of naturalness based on the

level of human interference: disturbed, altered, conserved and wild.

We think the list of mire-specific plants and mosses provided by Klawitter (2014),
Klawitter & Luthardt (2014) and Luthardt (2014c) is valid for north-east Germany and
could be used for whole Germany with slight modifications. Concerning mire-typical and
mire-specific species, a good basis for determination of mire-specific plants is provided
by Joosten et al. (2017), who offer insights about the characteristic vascular plants and
mosses of mires and peatlands in various European countries at different levels of detail
(e.g. Risager et al. 2017 (Denmark); Krebs et al. 2017 (Georgia); Stefanut et al. 2017
(Romania)). Literature from the research fields of botany and environmental science

offers methodologies for developing a list of peatland-typical or peatland-specific
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vascular plants for a focus area; for example, Sotek 2010 (Pomerania) and Anderson &
Davis 1997 (Maine) researched distribution patterns and/or habitat conditions of peatland
plants. Also, routine publications from nature conservation can be taken into account,
such as the lists of characteristic species prepared for the European Union NATURA 2000

directive and descriptions of plant sociology or biotope types.

There are various publications on mire-typical and mire-specific fauna including ground
beetles ((Holmes et al. 1993 (Wales); aquatic invertebrates (Horwitz 1997 (Australia); non-
biting midges (Rosenberg et al. 1988 (Canada) and oribatid mites (Behan-Pelletier &
Bissett 1994 (Canada); Wisdom et al. 2011 (Ireland)). As mentioned above, the major
challenge will be listing all mire-specific species and setting value scales for the region

under consideration.

Plant formations for each region can be derived from Ellenberg & Miiller-Dombois (1966).
Special habitats will need to be adjusted for the focus region. Examples of possible
additions to reflect habitat heterogeneity in different regions are frailejones (Espleletia
spp.) for the paramo region of South America (Cardenas et al. 2018) and palsa formations

for Norway (Moen et al. 2017).

Concerning biotope connectivity, previous research can be applied either to develop a
regional biotope network or to implement data on existing networks. Available guidelines
for developing a biotope network employ different approaches, for example spatial
conservation prioritisation (Jalkanen et al. 2020) or the use of focal species (Bani et al.
2002). A good overview of international (transboundary) networks which include (but do
not focus on) peatland habitats can be found in Bennett & Wit (2001). Established regional
biotope networks often provide descriptions of the methodology employed in their
development and can, therefore, be used not only directly but also as guidelines/models

for new networks (e.g. Metropolregion Hamburg 2019).

The sub-indicators ‘soil’ and ‘water table’ show good transferability, due to the ubiquitous
ecohydrological processes (based on permanent water saturation and the accumulation
of organic matter as peat) of peatlands (Parish et al. 2008). In this study, we chose to work

with soil moisture classes because that is a regionally accepted methodology with good
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spatial resolution. For other regions it might be practical to use water tables measured at
gauging stations. In some locations it may be necessary to consider other influencing

factors, such as permafrost.

We encourage scientists to apply our research as a model for other geographical regions.
Assessing the biodiversity of peatlands on the basis of mire-specific characteristics
highlights their importance for biodiversity in general, and provides tangible evidence to

support conservation planning at regional to global scales.
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2.10. Appendix

Mire-specific biodiversity — Assessment sheet

Mire-specific biodiversity is measured af three levels: species (Section 2), biscoenosis (Section 3) and ecosysiem
{Section 4.). For each level, arivibutes are evaliated and recorded on this form. At the end of each section is a point
classification which will be summed up at the end of the evaluation sheet for an overall assessment aof the mive-
specific biodiversity of the peatland in focus.

1. General information

Site: Latitude/T ongitude:

Date: Size (hal:

Editor’Edinng organization:

Hydrological mire tyvpe: o known O presumed
Ecological mire type (current):

Ecological mire type (former): o known o presumed

2. Species diversity

2.1 Mire-specific vascular plants

Instruictions: Please mark all of the mire-rpecific vascular plants occinring within the peatland area.

o Andromeda polifolia,

o Betula humilis

o Semla nena

o Betula pribescens

o Blvsmus compressus

o Calla palustris

0 Carex dpprogingudta

o Carex cespitosa

o Carex chardorrhiza

& Carex davalliana

& Carex digndra

& Carex divica

o Carex echinara

o Carex elara

o Carex flacca

0 Carex flava

o Carex lasiocarpa

o Carex lepidocarpa

0 Carex limosa

o Carex panicea

o Carex pamicnlata

o Carex pulicaris

O Carex rasfrala

B Carex vesicaria

o Cladinm mariscus

o Comarum palustre

o Drosera intermedia

o Dirosera longifolic

o Drosera x obovata

o Dhrosera rotundifolia

o Elzockariz mamillara

o Eleocharis multicanlis

o Eleocharis quingueflora

o Epipactiz palusiris

o Eriophorim angustifolium

o Eriopharum gracile

o Erioplrornem latifolitm

o Eriophornm vaginatum

o Gentianella wliginosa

0 Hammarbva paludosa

o Hottonia palustriz

0 Suncus afpins

o Juncus filiformis

o Juncus subrodulosis

o Ledim palusive

o Liparis loeselii

o Lveopadiella inundata

o Menvanthes trifoliata

o Myrica gale

o Parnassia palustris

o Pedicularis palusiris

o Pedicularis sylvatica

o Ribywchospora alba

o Riwvnchospora fusca

o Saxifraga hirculus

& Scheuchzeria palusiris

o Schoenus ferrugineus

0 Schoenus nigricans

o Steflaria crassifolia

o Trichaphorum alpinum

O Frichopharum cespitosum

o Friglochin palustre

o Ultricularia australiz

o Utricslaria intermedia

o Utricularia minar

o Utricuwlaria stvgia

o VPaeccimium macrocarpan

o Paccinium axyoocous

o Viela epipsila

2.2 Mire-specific mosses

Insiructions: Please mark all of the mire-specific mosses occuwrving within the peatland area.

o Bryum longisetum

o Calliergon strarineim

o Calliergon trifarinm

o Calvpogeia sphagnicola

o Cephalazia connivens

o Cephalozia macrostachya

o Cephalozia pleniceps

o Cephalaziella efachista

o Cephaloziella spinigera

o Cladopodiella flitans

o Dicramum bergeri

o Drepanociadus cossanii,

o Drepanoctadus lycopodioides

o Drepanocladus revolvens

o Fissidens asmundoides

o Hamatocaulis vernicosus

o Helodium blandowii

o Leiocolea mitheana

o Lophozia laxa

o Meesia hexastich

0 Meesia longizeta

o Meesia triguetra

o Meesia wliginmsa

o Mylia anomala

o Pahwdella squarrosa

a Pohlia sphagnicola

o Palvtrichum commune

o Polytrichum sivictum

o Scapania paludicola

o Sphagnum affine

o Sphagnum angustifolinm

o Sphagnum balticum

o Sphagnum capillifolinm

o Sphagnum centrale

o1 Sphagnum compaciim

O Sphagnim contortum

0 Sphagnum cuspidatum

o Sphagnum denticalatum var, denticulahem

0 Sphagnum denticilanem var, ingndatam

o Sphagnum fallax

o Sphagnum fimbriatum

o Sphagmum flexuosum

o Spfagnum fuscum

o Sphagnum magellanicum

O Sphagmim majiis

0 Sphagnum molle

o Sphagnum obiusim

o Sphagnum papillosam

0 Sphagrnum platyphyiinm

o Sphagmum riparium

0 Sphagnum rubellum
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& Sphagnum spec. & Sphagmum subsecundum B Sphagnum tenellum

o Sphagnum teres o Sphagnum warnstorfii o Splachmum ampulleceum

o Fomeniypnim nitens o Fomeniypnum nitens

Total number of mire-specific vascular plants:

Total number of mire-specific mosses:

2.3 Classification for ‘species diversity”

MNumber of mire-specific vazcular plants: Mosses present? Total score for species diversity

=10 =7 =4 =1 0 Yes No Sum of points for mire-specific
vascular plants and mosses

04 pomtsjp 3 peintsjp 2 pointsp | point b 0 points [o 1 peint |0 0 points of 5 poinis

3. Biocoenosis diversity

3.1 Habitat diversity

3.1.1 Mire-specific & typical plant formations (Ellenberg & Miiller-Domboiz 1963, descripfions shortened).
Remark: Speciez inventory and micro-relief as described in Ellenbere & Miiller-Domboiz 1968, but
hydromorpholagically no bogs are present in Brandenburg.

Instructions: Please mark all of the mire-specific and mire-nypical plant formatians that are present within the
peatland area.

]

Cold-deciduous swamp or peat forest (mainly broadleaved)
iFlooded until lnte spring or early summer, relatively poor in free species; ground cover mostly
cantinuaus; mainly broadleaved.)

Deciduous peat shrubland (or thicket)
{Uprieht caespitese nano-phanerophyres with Sphaenum and (or} other peat mosses.)

Blanket bog

(The micrasurface of the bog is less undulating and lezs vich in actively growing mosses than in a hpical
raised bog. Scattered evergreen dwarf shrubs, caespitose hemicryprophytes (sedges or grasses) and
some rhicomarous geophytes.)

Subcontinental woodland bog
i Temporarily covered by low-productivity apen woodland which, in a seguence of werter years, may be
replaced by Sphagnum formations similar to these of a typical raised bag )

Tall sedge swamp (with creeping sedges)

iFrequently flooded, aften for long perieds; as a rule natural. Faliage taller than 30=40 cm, sedges
dominant throughout, creeping sedges forming large homogeneous stands, with very few other life
forms. )

Tall sedge swamp (with caespitose sedges)
(Frequently flooded, aften for long perieds; as a rule natiral. Foltage taller than 30=40 cm, sedges
dominant throtighout; caespitose sedges forming hifiz or hwmmacks, with very few other life forms.)

Low sedge swamp

(Flooded only Iittle or anly for short periods, mostly anthropogeneons. Dominated by small sedges
i{Carex, Juncus, Scirpus, etc. with foliage no taller than 30 em) af low productivity, intermixed with many
other herbaceous life farms.)

Forb flushes (subdivision: calcareouns)
Mastly deminated by small forbs - calcareous; older parts af plants covered by a white or brownizh
erust of precipitated carbenaie.)

Forb flushes (subdivision: non calcareous)
tMasthy deminared by small forbs - non-caleareous.)

Moss flush (subdivision calcareons)
{Dominated by mosses = calcareous,; older parts ef plants covered by a white or brownish erust of
vecipitated carbonate)

Moss flush (subdivision non calcareous)
{Dominated by masses - non calcareous.)

Temperate and subpolar herbaceous floating meadows
(Denzely interwoven forbs covering permanent freshwater accumulations. Most of the phaneragams
being halephytes, not rue water plants. Herbacous floating meadow with pronounced seasonal aspecis.)

Mossy floating meadow
Mainly mosses covering permanent freshwater accumulations. Mosses dominating throughout, but

phaneraogams mav be present. )

55




O Temperate and subpolar freshwater reedswamps

iMostly broadleaved plants which cannot endure high salt concentration. All shoots upright, only
exceptionally floating in the water. In remperate and subpolar_freshwarer reedswamp, mest plants yellow
or darmant in winter.J

o Temperate reedswamps on riverbanks
(Shoots more flexible than in freshwater reedswamps ar reedswamp formations af saltwarer lakes.
Somatimes with loafing leaves )

Total number of mire-specific and mire-typical plant formations: |

3.1.2 Mire-specific and mire-tvpical special habitats

Insiructions: Please mark all mire-specific and mive-nypical special habifats present within the peatland area.

O Lapgpg o Hummuock o Hollow

o Solitary trees o Running spring water o Upright dead wood

o Lying dead wood o Open water body (tlemporary or O areas with no vegetation (e.g.
peTmanent) mudbanks)

o Mineral isles

Total number of mire-specific and mire-typical special habitats:

3.2 Habitat connectivity

3.2.1 Integration into biotope network

Insirctions: The peatland biotope nerwork of Brandenburg can be accessed at hitp.dwww.oeko-log.com/. For
smrall mires and peatlands in forest, please choose the shapefile "Small mires and peatiands in forests '; and for wet
ipastures and peatlands of the glacial valley, choose the shapefile "Wet pastures and fens of the glacial vallev . The
eatland needs to be part of a core or connecting area ta be scored.

Chosen hiotope network: O Small mires and peatlands in forests o Wet pastures and fens of the glacial valley

Peatland 15 part of o0 Core area 0 Connecting area 0 Development area o Not part of biotope network

3.3 Classification for *biocoenosis diversity’

MNumber of plant formations Number of special  |Part of core or Total value
habitats connecting area in
bictope network?
=3 =3 =1 o] =13 < 2 Yeas Mo Sum of plant formations,

special habitats & integration
mto biotope network

o 3 pointsp 2 pointsjo 1 point o 0 pomtsp 1 pomt |o 0 points o1 point |o 0 points|  of 5 poinis

4. Ecosystem diversity

In order to determine the domimant sail maisiure class as well as the dominant degree of soil degradanion, each site
is subdivided into homagenous vegetation units {if there is more than one) firsily. Therefore areas with homagenons
(oristic dominances and physiagnomic strictire ars segregated from each other. Al units are outlined on recent
satellite images and ransferred info a geo formation system to create sparial maps of each sive. For each
vegetation unit all plant species and theiv cover ave recorded. To fransfer this data into seil moistures classes, the
water table indicatien af each plant species described by Keska 2001 is applied to derermine the soil moisture class
af each vegetation unit. Further, for each vegetation unit the upper 30 em of topsoil pear ave estimated in the field
and classified into the different stages. Theveby also the dominant soil degradarion can be spatially described.

4.1 Condition of topsoil peat

Instructions: For the condition of topseil peat, please choase the spatially dominant stage.

Stage Description

O [Won-degraded peat  |Peat of low decomposition (*fibric’ (Joosten ef al. 2017h)) in nutrient poor, acidic,
(currently forming)  |base-rich or calcarsous mires (e g moss peats, herbaceous peats with radicels and
rhizemes): m naturally eutrophic mire ecosystems with or without natural water level
fluctuations, such as alder forests, also moderately decomposed (*hemic”) peat can
oceur (e.g. herbaceous peats with radicels and thizomes or weod peat) (Schulz e al.

2019).
o [|MNon-degraded peat  |Dry peat of low to moderate decomposition (*hemic” {Joosten ef al. 20174)} (divisions
(currently not as above) as well as gyitja, meaning a sedentarily accumulated material that consist of

forming) or gvttja at least 5 % (drv mass) of organic matter (Schulz ef al. 2019).
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o |Slightly degraded Highly decomposed peat {*sapric’ {(Joosten e al. 2017h)); *Compact, mainly
peat (highly homogeneous, dark brown to black mass; unstructured (amorphous) or aggregated into
decomposed peat)  |larger pieces; muddy to mushy consistency when wet, comparable to a squeezed-dry
sponge when dry; no or a small amount of recognisable plant remains; plant remains
usually limited to more highly decomposed wood or fibre fragments’ (Schulz et al.
20193
o [Moderately degraded |*Dark brown to black-brown mass with crumb grain structure, consisting of bonded soil
peat (earthified peat) |particles of various sizes (but mainly =1 mm); similar to garden mould; smeary
consistency when wet, crumbly but never powdery-dusty when dry; no or only a small
amount of recognisable plant remains’ (Schulz er gl. 2019).
o |Highly degraded peat |*Black-brown to deep black, loose mass with fine gramular structure, consisting of small
(murshified peat) (mainly <1 mm) bonded soil particles; thick silty mass when very wet, smeary-granular
when moist, distinctly sranular and powdery-dusty when dry (resembling loose coal
slack): no recognisable plant remains’ (Schulz et al. 2019).
g |Nopeat All soil substrates that are not peat (defined in Germany as sedentarily accamulated
material that consists of more than 30 % (dry mass) of incompletely decomposed plant
remains and humic substances or ayttja (Schmlz ef al. 2019).
4.2 Water table

Instructions: For the water table, choose the spatially dominant soil maisture class.

Soil moisture class Water table relative to surface (+ above, - below)
Long-term median water table in the |Long-term median water table in
Wet season the dry season
o &+ (lower enlitoral) +1350 to +10 +140 to +0 cm
o 5+ (wet) +10to -5 cm +0 to -10 cm
O 4+ {very moist) Sto-15cm -10 to -20 cm
n| 3+ (moist) -15to-35cm - to 45 cm
O 2+ (moderately moist) [-35 to-70 cm -45 to -85 cm
o 2- (moderately dry) mo value, water supply deficit =60 L m™ |no value, water supply deficit <60 L
[
4.3 Classification for “ecosystem diversity’
Topsoil peat | MNon- Non- degraded Shghily Moderately Highly Mo peat or
degraded | peat{currently decomposed degraded peat | degraded Zyitja
peat not forming) or | peat (haghly {earthifiad peat
{currentl | zyvitja decomposed peat) {(murshfied
¥ peat) peat)
Soil moisture clas formmg)
5 os oS o4 o4 o3 o3
4+ 6+ o4 o4 o4 o3 o3 o2
3t o4 o3 o3 o3 o2 jm
FE o3 o Ji] = [ o2 o2 ol
2- o3 o2 o2 ol il ol
2 or lower ol o2 ol ol o od

5. Classification for *total mire-specific biodiversity’

Total points for species diversity:

Total points for biocenosis diversity:

Total pomts for ecosystem diversity:

Sum:

Class |Accumulate [Verbal description Colour code

d points
5 1415 Very hugh mire-specific biodiversity 1
4 11,1213 |High mire-specific biodiversity
3 8910 Moderate mire-specific biodiversity !
2 5,67 Low mire-specific biodiversity
1 23,4 Very low mire-specific biodiversity
0 0.1 No mire-specific biodiversity
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3. Study Il: Carbon content and other soil properties of near-surface

peats before and after peatland restoration

3.1. Authors and affiliations
Jenny Hammerich'? Corinna Schulz?, Robert Probst!, Thomas Liidicke*, Vera Luthardt!

! Faculty of Landscape Management & Nature Conservation, Eberswalde University for
Sustainable Development, Eberswalde, Brandenburg, Germany; * Center of Methods &
Faculty of Sustainability, Leuphana University, Liineburg, Lower Saxony, Germany; *
Institute of Botany and Landscape Ecology, Greifswald University, Greifswald,
Mecklenburg-Western Pomerania, Germany; * UWEG Engineers & Analytics GmbH,

Eberswalde, Brandenburg, Germany

3.2. Abstract

Peatland restoration usually aims at restarting the peatlands’ function to store carbon
within peat. The soil properties of the near-surface peat can give a first understanding of
this process. Therefore, we sampled pH value, total organic carbon content (TOC), total
nitrogen content (TN), C/N ratio as well as dry bulk density (BD), and describe the
structure of near-surface peats in six restored fens in North-East Germany before (2002-
2004) and after (2019-2021) restoration. Before restoration, the study sites showed peat
degradation to various extents in their near-surface peats. PH values remained relatively
stable over time. Comparing the degraded peat horizons, TOC increased significantly in
four study sites, ranging from 35.7% to 47.8% in 2002-2004 and from 42.5% to 54.0% in
2019-2021. TN varied from 1.5% to 3.5% in 2002-2004 and from 1.8% to 3.2% in 2019-2021,
but changes were only significant in one site, showing a slight decrease. In three sites,
the increase in C/N ratio was significant, indicating lower nutrient availability. BD ranged
from 0.08 to 0.48 g/cm3 in 2002-2004 and from 0.10 to 0.16 g/cm3in 2019-2021, decreasing
significantly in four sites. The structure of the degraded peat horizons changed after

restoration to a more homogenous, sludge mass with larger re-aggregates. In three sites,
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new peat moss peat layers above the degraded soil horizon were present in 2019-2021,
with a mean thickness of 6.8 to 36.1 cm. The structure was comparable to typical, slightly
decomposed peat moss peat. Our findings suggest that within about 17 years after fen
restoration, and thereby a water table rise close to surface, TOC of the near-surface peats
increased to values that are typical for undisturbed peatlands. This indicates that
restoration can lead to the re-establishment of peatlands as potential carbon sinks, with
TOC within the near-surface peat as one key factor in this process. Further, we assume
that the decrease in nutrient availability, decrease of BD, and new, undisturbed peat
layers can favor the establishment of mire-specific biodiversity and support ecosystem

services similar to near-natural mires.

3.3. Keywords

Mire, rewetting, pH value, nitrogen content, C/N ratio, dry bulk density

3.4. Introduction

Peatlands are a major global carbon store, containing more carbon than any other
terrestrial ecosystem in vegetation and peat (Joosten et al. 2016). They are characterized
by the presence of a naturally accumulated layer of peat, which is sedentarily
accumulated material whose dry mass is at least 30% dead organic material, meaning
15% of total organic carbon, according to Joosten & Clarke (2002) and the German
definition of mires (Ad-hoc-AG Boden 2005). Due to the water saturated and therefore
anaerobic milieu in the soil, the decomposition of the on-site dead biomass is very slow
and organic matter in the form of plant remains is stored as peat (Zeitz 2014a). The
anaerobic conditions usually lead to the emission of methane (Lai 2009). If peatlands are
drained, peat formation stops. Oxygen enters the near-surface peat and secondary
pedogenetic processes, such as humification and mineralization are initiated, resulting
in the release of the previously stored carbon and nitrogen as greenhouse gases carbon

dioxide (CO,) and nitrous oxide (N,0) (Zeitz 2016).
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Nearly 50% of the remaining European peatland area is degraded, in particular due to
drainage for agriculture and forestry (Joosten & Tanneberger 2017). In the federal state
of Brandenburg in North-East Germany, where the study area is located, only about 2%
of the remaining 163.000 ha peatland area is in a natural state (LfU 2016; Luthardt 2014a).
This results in estimated total emissions of 6.3 million t CO»-Eq. per year, accounting for
11% of the state’s annual greenhouse gas emissions (Reichelt 2021). The once existing
specific biodiversity of mires (peatlands with a vegetation that actively forms peat
(Joosten et al. 2017)) is lost, resulting for example in the decline of species, as 62% of mire-
specific vascular plants in Brandenburg are listed as highly endangered, at risk of
extinction or extinct (cf. LUA 2006; Luthardt 2014c; Hammerich et al. 2022). Ecosystem
functions, such as stabilization of the landscape water balance or functioning as flood
retention areas, water storage basins, groundwater nourishment areas and regulators of
microclimate, are changed completely for the benefit of provisioning services (Luthardt
& Wichmann 2016). In order to reduce CO, emissions and restore the function as carbon
sinks, as well as biodiversity and other ecosystem functions of mires, peatland restoration
efforts have risen (Bonn et al. 2016). Peatland restoration activities in Europe started in
the late 20th century, but are estimated to be insufficient and slowly progressing (Roe et

al. 2019; Tanneberger et al. 2021; Greifswald Mire Centre & Wetlands International 2022).

The near-surface peat is the location where carbon is accumulated for transfer into the
long-term carbon store. Researching changes in carbon content in near-surface peat is
therefore one key factor within this process (cf. Tolonen & Turunen 1996; Price et al.

2016).

With regard to peatlands as global carbon store, total organic carbon content (TOC)
appears to be the most relevant soil parameter. TOC accounts for about 58% of the total
organic matter formed by plant remains (Montanarella et al. 2006). Klingenful et al.
(2014) specify this relation for peat soils in North-East Germany, giving values from 49%

to 58%, depending on peat type.

The carbon to nitrogen (C/N) ratio is a key parameter regarding the trophic conditions in
peatlands. The smaller the ratio, the more nutrients are plant-available (Succow &

Stegmann 2001). In addition to organic matter, peat soils consist of varying proportions
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of mineral matter, also referred to as ‘ash’ (Succow 1988). This can involve allochthonous
mineral matter that is carried in by surface waters, contributed by some form of soil
amendment associated with agriculture or is attributable to the loss of organic matter

during drainage-based peat mineralization (Klingenful et al. 2014).

Dry bulk density (BD) is an essential physical parameter and necessary to estimate
peatland carbon stocks. Higher BD values are associated with a lower carbon content and
increase from near-natural sites to sites impacted by drainage (Chapman et al. 2017;

Wittnebel et al. 2021).

Due to the relatively short time period of peatland restoration activities and the restricted
availability of long-term monitoring data (cf. Andersen et al. 2016), there is only little
research focusing on carbon gained over time in the near-surface peats, especially
regarding fens as geogenous peatlands in contrast to rainwater-fed bogs (Kotowski et al.

2016; Mrotzek et al. 2020).

In order to fill the knowledge gap concerning the re-establishment of restored peatlands,
especially fens, as potential carbon sinks, we report changes in the soil parameters pH
value, TOC, total nitrogen content (TN), C/N ratio, BD and structure of near-surface peats
of six restored fens in North-East Germany before (2002-2004) and after (2019-2021)
restoration measures were initiated. We refer to different hydrological and ecological site

conditions as well as different soil degradation stages.

3.5. Materials and Methods

3.5.1. Studysites

The study sites, six fens in the nature park ‘Stechlin-Ruppiner Land’ (Table 3.1), are
located in the federal state of Brandenburg, North-East Germany in the nemoral zone.
The landscape formed in the late Pleistocene and is therefore characterized by large
differences in height of the various landscape elements (high relief energy) and diversity

of peatland types (Luthardt et al. 2002).
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Table 3.1: Study sites, characteristics and restoration measures implemented in the EU-Life-
Project ‘Restoration of clear water lakes, mires and swamp forests of Lake Stechlin’. The data is
modified from Luthardt et al. (2021). The classification of ecological and hydrogenetic peatland
type follows Succow (1988), classification of peat degradation according to Schulz et al. (2019)

te and Ecologicaland | Degra- Main Area share (%) of water  Trend Dominant
size (ha)  hydrogenetic dation of | restoration  table typical for near- of vegetation
peatland type near- measures natural mires water  after
surface Before After table restora-
peat restora- restora- after  tion on soil
tion (2002- tion (2019- resto- plots
2004) 2021) ration
Beeren-  Mesotrophicto | Earthi- Water table 49 51 Rising Sedges
wiese eutrophic fication risein (Carex
(10.5) subneutral adjacent lake spec.)
terrestrialisation (+30cm)
peatland (achieved in
2007)
Boberow- Eutrophic Murshi- | Partial 5 68 Rising Sedges
seewiese subneutral fication  closure of (Carex
(6.3) percolation drainage spec.)
peatland ditch, water
tablerisein
adjacent lake
(+20cm)
(2003)
Jager- Mesotrophicto | Beginning  Closure of 3 51 Rising Sedges
wiese eutrophic acidic | earthi- drainage (Carex
(1.4) terrestrialisation fication ditch (2003) spec.) with
peatland few peat
mosses
(Sphagnum
spec.)
Miiller- Mesotrophicto | Earthi- Closure of 15 15 Rising | Peat
wiese eutrophic acidic  fication | drainage mosses
(2.0) terrestrialisation ditch (2003) (Sphagnum
peatland spec.)
Seggen-  Mesotrophicto | Beginning Removalof 45 100 Rising Peat
kuten eutrophic acidic | earthi- marginal mosses
(0.17) water rise fication  spruces, (Sphagnum
peatland stocking spec.)
reduction in
the above
ground
catchment
area (2003)
Teufels-  Mesotrophicto | Beginning Closure of 24 100 Rising | peat
seemoor  eutrophic acidic | earthi- drainage mosses
(0.95) kettle hole fication  ditch, pine (Sphagnum
peatland curling, spec.)
removal of
marginal
spruces
(2003)
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The ‘hydrogenetic peatland type’ provides information on the hydrological conditions of
formation and the resulting composition of the peatland. Thereby, Succow (1988)
distinguishes between ombrogenous bogs and seven different geogenous fen types, a
classification largely congruent to the suggestions given by Joosten & Clarke (2002) for a
global hydrogenetic classification of peatlands. The study sites comprise three
terrestrialization peatlands (Beerenwiese, Jagerwiese, Miillerwiese), one percolation
peatland (Boberowseewiese), one water rise peatland (Seggenkuten) and one kettle hole
peatland (Teufelsseemoor) (Table 3.1). The specifications regarding the ‘ecological
peatland type’ given in Table 3.1 also follow Succow (1988). These types provide
information on the chemical quality of the feeding water in terms of trophic conditions
(nutrient availability) and base saturation (acidity), which lead to the establishment of
different characteristic plant communities under undisturbed conditions. Regarding the
trophic conditions, which are quantified by the C/N ratio of the peat, Succow (1988)
distinguishes oligotrophic (>33), mesotrophic (33-20) and eutrophic (<20-10) peatlands.
The base saturation is deviated from the pH value of the peat: acidic (<4.8), subneutral
(4.8-6.4) and calcareous (>6.4). The study sites comprise a variety of ecological types: four
of them are meso-to eutrophic acidic (Jagerwiese, Miillerwiese, Seggenkuten,
Teufelsseemoor), one is meso- to eutrophic subneutral (Beerenwiese), and one is

eutrophic subneutral (Boberowseewiese).

The long-term annual rainfall in the study area is 528 mm, while the long-term annual
mean temperature is 9.3 °C (period 2002-2021). In comparison to the 30-year average from
1961-1990, the temperature increased by 1.2 K and the precipitation decreased by 59 mm
(DWD 2022). The climatic water balance is negative, so that the water content of the
peatlands is always dependent on inflowing water from the surrounding environment

(Luthardt 2014).

Until 2002, all six fens were drained, most of them directly by drainage ditches, some also
by indirect drainage due to evaporation-intensive stocking of conifers in the aboveground

catchment area or lowering of the water table of adjacent lakes.
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Figure 3.1: Water tables in the study sites from 2002 (before restoration) to 2019 (cm related to
peatland surface = 0).
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Water tables in all fens were several tens of centimeters below peatland surface.
Consequently, near-surface peats in all sites exhibited different stages of oxygen-induced
soil degradation. The natural peat structure changes gradually to a crumb or even fine
granular structure with substantially changed soil properties (Ilnicki & Zeitz 2003). In
German soil classification, moderate drainage leads to the development of ‘earthified’
peat, characterized by a crumb grain structure resembling garden mold. Under intensive
drainage, aeration and ongoing degradation, the crumb structure subsequently changes
into a structure of fine granular soil particles, referred to as ‘murshified’ peat (Ad-hoc-AG
Boden 2005; Schulz et al. 2019).Between 2002 and 2004, several restoration measures were
initiated as part of the EU Life-Project ‘Restoration of clear water lakes, mires and swamp
forests of the Lake Stechlin’ (Project-Ident: LIFE00 NAT/D/007057) (Luthardt et al. 2002;
Luthardt et al. 2021), for details of restoration measures see Table 3.1. The water table
was continuously measured monthly since June 2003 in the center of each fen in a
permanently installed water level tube with a water level meter. All sites exhibit a water
table rise following restoration (Figure 3.1), due to the increased water retention as a
consequence of the different restoration measures. A maximum was reached between
2011 and 2012, after years with high precipitation (2007, 2010, 2011). The percentage of
area with a water table typical for near-natural mires (annual mean at least at peatland
surface or higher) increased distinctly in four of the six sites about 15 years after
restoration (Table 3.1). The highest increase was recorded in Teufelsseemoor with a peak
water table up to 75 cm above surface, leading to a temporary shallow water body. In
contrast, Miillerwiese is the only site where the water table is mainly still below peatland
surface and the closure of the drainage ditch could not yet compensate for decades of
drainage. Further, potentially peat-forming plant species which are adapted to high water
tables, mainly sedges (Carex spec.) in Beerenwiese, Boberowseewiese, Jigerwiese or
mainly peat mosses (Sphagnum spec.) in Miillerwiese, Seggenkuten, Teufelseemoor,

could re-establish or expand (Figure 3.2) (Luthardt et al. 2021)
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3.5.2. Soil sampling

The field research was approved by the administration of nature park ‘Stechlin-Ruppiner
Land’ as representative of the State Environmental Agency of Brandenburg. Soil data
collection before restoration was conducted in 2002 and 2004 (Beerenwiese,
Boberowseewiese, southern part of Seggenkuten, Teufelsseemoor in 2002; Jagerwiese,
Miillerwiese, northern part of Seggenkuten in 2004). On each site, we installed two soil
measurement fields with five sampling plots, respectively, giving ten replicas per site.
Sampling plot locations were recorded via precision-GPS (LEICA GS 50). At each plot, we
collected soil samples in the uppermost homogenous soil horizon, the degraded near-
surface peat in a depth of 0-20 cm. Samples were taken volumetrically with sample rings
of 100 cm? volume and additionally a non-volumetrical bag sample of about 500 g at the

same depth for further analysis.

Repeated, analogous sampling was conducted in 2019 for Beerenwiese,
Boberowseewiese, Jiagerwiese, and in 2021 for Miillerwiese, Seggenkuten and
Teufelsseemoor. In some of the peat moss-dominated plots, we found a newly grown peat
moss peat layer above the degraded peat, which formed the original surface layer in 2002-
2004. In all cases, the newly formed peat moss peat was clearly distinguishable from the
degraded peat layer below by color and structure (compare Figure 3.3), appearing as a
sharp border. While sedge roots as peat forming plant parts grow vertically into existing
peat and form ‘displacement peat’, peat mosses grow upwards and form a new layer of
peat moss peat above the existing peat when dying (Michaelis et al. 2020). In plots with a
newly grown peat moss peat layer, we additionally collected soil samples from this new
layer. The comparative samples to 2002-2004 were collected in the layer below, which
corresponds to the original surface layer in 2002-2004. For Teufelsseemoor,
volumetrically sampling was not possible due to the distinct fluffiness of the newly

formed peat, which did not allow cutting without distorting its shape.
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Figure 3.2: Photo comparison of study sites before and after restoration.




Figure 3.3: Representative peat monoliths of displacement peat and newly formed peat moss peat.
A: wet and re-aggregated displacement peat formed by ingrowing and dying sedge roots in the
degraded near-surface peat after restoration. B: wet and re-aggregated degraded near-surface peat
after restoration with 10 cm of newly formed peat moss peat on top, distinguishable by colour and
structure.

3.5.3. Laboratory analysis of soil parameters

Analysis of soil parameters were conducted at the analytical laboratory of Eberswalde

University for Sustainable Development, Germany.

The determination of pH value was conducted according to DIN EN ISO 10390 (2005):
composition of air-dry samples (dried at 40 °C in a forced-air oven) with calcium chloride

solution and measurement after 1 h with an electrode (WTWMulti1970i).

Determination of BD was carried out according to DIN EN ISO 11272 (2017): samples were
dried at 105 °C in a forced-air oven to constant mass. BD (g/cm®) was calculated by
dividing the dry mass (g) by the volume of the sample ring (100 cm®) (Chambers et al.

2011).

Determination of total carbon content (TC) content was conducted according to DIN EN

15936 (2022) and TN according to DIN 13878 (1995). Samples were dried at 40 °C and 1 to
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2 g substrate were grounded in a fine mill to powder and dried again at 105 °C as
pretreatment for dry combustion (1,200 °C) with an elemental analyzer (LECO Trumac
CNS). Due to low pH values and conduction of a carbonate pre-test with 10% hydrochloric
acid, all samples were to be regarded as carbonate-free. Therefore, the measured TC

corresponds to TOC.

3.5.4. Statistical analysis of soil parameters

For each site and each time, mean values and standard deviations were calculated for the
soil parameters pH value, TOC, TN, C/N ratio and BD. The Wilcoxon-test was used to
detect possible significant differences of soil properties regarding time span before and
after restoration, since not all samples were normally distributed, indicated by the
ShapiroWilk-test. All statistics were carried out with R (R Core Team 2023), package
‘psych’ (Revelle 2023) and ‘EnvStats’ (Millard 2013). Figures were drawn with R-package
‘ggplot2’ (Wickham 2016).

3.6. Results

All mean values of soil parameters described in the following refer to the comparison of
the degraded peat layer before and after restoration about 17 years later. The parameters

are given in detail in Table 3.2 and Figures 3.4 to 3.8.

In five of the six sites, pH values remain relatively stable over time, ranging from 3.1 to
3.6 in the acidic fens and from 5.0 to 5.4 in the subneutral ones. Only in Beerenwiese,

there is a slight but significant decrease from 5.4 to 5.2 after restoration (Figure 3.4).

TOC between sites ranges from 35.7% to 47.8% in 2002-2004 before restoration and from
42.5% to 54.0% in 2019-2021 after restoration. TOC increases distinctly in five sites (four
significantly, thereof three sedge-dominated, one peat moss-dominated) and remains
stable in Miillerwiese. The highest gain (15.1%) is recorded in Teufelsseemoor (Figure

3.5).
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Differences in TN are less distinctive and only significant for one site (Beerenwiese
decrease from 3.5% to 3.2%). The TN decreases in four sites, increases in two sites and

ranges from 1.5% to 3.5% in 2002-2004 and from 1.8% to 3.2% in 2019-2021 after

restoration (Figure 3.6).

The C/N ratio increases in four sites (three significantly), indicating a lowered nutrient
availability. These four sites are the same with a recorded decrease in TN (Beerenwiese,

Boberowseewiese, Seggenkuten, Teufelsseemoor) (Figure 3.7).
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Figure 3.4: PH value of the degraded near-surface peats before (2002-2004) and after (2019-2021)

restoration.
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Figure 3.5: TOC-total organic carbon (%) of the degraded near-surface peats before (2002-2004)
and after (2019-2021) restoration.
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(2019-2021) restoration.
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Figure 3.7: C/N ratio of the degraded near-surface peats before (2002-2004) and after (2019-2021)
restoration.
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Table 3.2: PH value, TOC, TN, C/N ratio and BD of the degraded near-surface peats before (2002-
2004) and after (2019-2021) restoration. Mean values, standard deviations (SD, in brackets) and
respective number of replicas for the soil parameters pH value, TOC, TN, C/N ratio and BD of the
degraded near-surface peats of the study sites before (2002-2004) and after (2019-2021)
restoration. Asterisks indicate significant changes (p < 0.05) between both time series.

Site Sampling Number PHvalue  TOC-total TN-total C/Nratio, BD - dry bulk
year of organic nitrogen mean (SD) density
replicas carbon (%), (%), mean (g/cm?3), mean
mean (SD) (SD) (SD)

Beeren-  2002-2004 10 5.44(0.11) 36,18 (1,79) 3.54(0.53) 10,44 (1,69) 0.18(0.03)
wiese 2019-2021 10 5.22(0.18) * 43,06 (2,26) * 3.23(0.37)* 13,50(1,93)* 0.13(0.03)*
Boberow- 2002-2004 10 5.01(0.22) 35,67(1,72) 3.13(0.52) 11,69(1,99) 0.48(0.13)
seewiese 2019-2021 10 5.30(0.26) 42,49 (4,40)* 3.05(0.45) 14,36(3,91)* 0.15(0.05)*
Jager-  2002-2004 10 3.16(0.22) 46,23(1,76) 1.50(0.43) 33,12(9,31) 0.08(0.01)
wiese 2019-2021 10 3.26(0.12) 50,36 (1,31)* 1.89(0.29) 27,36(5,07) 0.10(0.02)
Miller-  2002-2004 10 3.53(0.33) 47,79(2,34) 2.02(0.37) 24,59 (5,72) 0.12(0.03)
wiese 2019-2021 10 3.56(0.22) 47,65(6,61) 2.32(0.27) 20,68(3,12) 0.14(0.07)
Seggen-  2002-2004 10 3.58(0.25) 44,79 (5,49) 2.81(1.05) 17,75(5,51) 0.21(0.07)
kuten 2019-2021 10 3.58(0.18) 47,61(3,09) 2.36(0.18) 20,28(1,92) 0.16(0.03)*
Teufelssee 2002-2004 10 3.26(0.13) 38,88(2,46) 1.88(0.70) 22,70 (6,44) 0.28(0.07)
-moor 2019-2021 10 3.09(0.13) 53,95(1,23)* 1.79(0.18) 30,48 (3,69) * 0.14(0.02)*

BD between sites ranges from 0.08 to 0.48 g/cm?® in 2002-2004 and from 0.10 to 0.16 g/ cm?
in 2019-2021. It significantly decreases in four sites (Beerenwiese, Boberowseewiese,
Seggenkuten and Teufelsseemoor), most remarkably in Boberowseewiese with the
formerly highest degree of peat degradation (murshification) from 0.48 g/ cm?® before
rewetting to 0.15 g/ cm?® afterwards. There are slight and not significant increases in

Jagerwiese (0.08 to 0.10 g/cm3) and in Miillerwiese (0.12 to 0.14 g/cm?®) (Figure 3.8).

The typical structure of the formerly degraded peat horizons (crumb grain structure for
earthified peat and fine granular structure for murshified peat according to Schulz et al.
2019) changed to a more homogenous, sludged mass with larger re-aggregates in the

rewetted peats.

In three sites, the formation of a new peat layer formed by peat mosses above the
degraded soil horizon was recorded in 2019-2021 (nine soil plots in Miillerwiese, four in
Seggenkuten and all ten plots in Teufelseemoor (Table 3.3). The mean thickness of this
layer ranges from 6.8 cm in Seggenkuten to 36.1 cm in Teufelsseemoor. This is equivalent
to mean accumulation rates of 0.38-2.01 cm/y considering the time since restoration

measures in 2003. The structure of the newly formed peat moss peat is analogous to
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slightly decomposed peat moss peat, as described by Schulz et al. (2019): loosely bedded,
felty and well preserved moss plants with a characteristic straw yellow to light brown
color (Figure 3.3). Mean TOC in new peat is comparable to TOC in older peat at two of the
three sites after restoration, whereas in Teufelsseemoor it is significantly higher in the
new peat (51.7%). TN is significantly lower in one site (Miillerwiese), significantly higher
in one site (Teufelsseemoor) and remains stable in Seggenkuten. Values for C/N ration
act reciprocal (Table 3.3). BD in this new peat is lower in all measured sites, but only

significantly in Miillerwiese.

Table 3.3: Thickness, pH value, TOC, TN, C/N ratio and BD of the newly formed peat moss peat
above the degraded peat of the study sites Miillerwiese, Seggenkuten and Teufelsseemoor in 2021.
Mean values, standard deviations (SD, in brackets) and respective number of replicas for thickness
and the soil parameters pH value, TOC, TN, C/N ratio and BD of the newly formed peat moss peat
above the degraded peat of the study sites Miillerwiese, Seggenkuten and Teufelsseemoor in 2021.
Asterisks indicate significant changes (p < 0.05) between newly formed peat and degraded peat
beneath.

Site Number Thickness of PHvalue  TOC - total TN -total | C/N ratio, BD - dry
of newly organic nitrogen mean (SD) bulk
replicas formed peat carbon (%), (%), mean density

moss peat mean (SD) (SD) (g/cm?3),
above mean (SD)
degraded

peat (cm),

mean (SD)

Miller- 9 15.78 (5.89)  3.24(0.10)* 48.83(0.51) 1.33(0.27)* 37.96(7.21)* 0.06 (0.02)*

wiese

Seggen- 4 6.75 (4.27) 3.45(0.19) 48.14(1.02) 2.25(0.50) | 22.57(6.68) |0.13(0.07)

kuten

Teufels- 10 36.10(8.58) 1 3.36(0.17)* 51.69(1.93)* 1.96(0.14)* 26.46(2.48)* n.s.

seemoor

3.7. Discussion

There are only a few comprehensive studies in North-East Germany regarding values for
TOC in degraded peat soils. Succow (1988) determines a mean of 35.0% (span: 7.2 to 49.6,
standard deviation: 12.5) for earthified peats. Kiihn et al. (2015) find a comparable mean
of 31.4% for earthified peats and a lower mean of 27.5% for murshified peats, since
organic carbon decreases with increasing soil aeration and degradation. With the

exception of Beerenwiese, the mean values for TOC in the study sites before restoration
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are higher than the comparative values given in literature. This is probably due to the
fact, that these fens have been drained only moderately during usage as extensive
grassland and therefore, there was only slight topsoil degradation and loss of organic
carbon in most of the study sites. Three of the six fens showed only a beginning
earthification before rewetting (Table 3.1). The non-organic mass of the six fens is mainly
attributable to the loss of organic content during peat degradation since there are no
surface waters carrying in allochthonous mineral material. Furthermore, the above
ground catchment areas have been forested for the past decades, so that soil erosion into

the fens is negligible.

The most comprehensive compilation of Holocene peat soil properties for the northern
hemisphere is given by Loisel et al. (2014), whereby ombrotrophic bogs are more strongly
represented than minerotrophic fens (20% of all sites), only few plots are located in
Germany, and the focus is on complete peat cores from surface to peatland base. Loisel
et al. (2014) determine a mean TOC of 47.4% (n = 96) for ‘humified’ peat, as highly
decomposed peat which is not assignable to a specific plant group. Succow (1988) found
a mean of 40.8% TOC for non-degraded sedge peat in North-East Germany. The TOC
values for sedge-dominated sites (Beerenwiese, Boberowseewiese, Jagerwiese) in the
near-surface peats are higher (42.5% to 50.4%) about 17 years after restoration. Loisel et
al. (2014) give a mean of 50.5% TOC in northern peatlands (n = 519) regarding ‘herbaceous’
peat (including peats formed by sedge roots), which is reached by one of the sites in 2019-
2021. For peat moss peat, Succow (1988) found a mean of 48.6% TOC. Values for degraded
near-surface peats in peat moss-dominated sites are comparable for two sites
(Miillerwiese: 47.7%, Seggenkuten: 47.6%) and are higher in Teufelsseemoor: 54.0% in
2019-2021. All three sites show higher TOC than the mean value for ‘Sphagnum’ peats in
the northern hemisphere: 46.0 (n = 1520) as given by Loisel et al. (2014) after restoration.
But, the comparison of TOC of the near surface peat with TOC of deeper layers must be
interpreted cautiously, as the deeper layers have been undergoing continuous
decomposition and the newly added material and TOC will only partially or even never

become part of the long-term carbon store (cf. Young et al. 2019).
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The distinct increase of TOC in five study sites (four significantly, whereof three sedge-
dominated, one peat moss-dominated) after rewetting as well as the comparison with
carbon contents of non-degraded sedge and peat moss peat indicate that only a few
decades after restoration, an organic carbon content typical for undisturbed peatlands
can be regained in degraded peat horizons. Prerequisite for these developments is a water
table typical for near-natural mires allowing for accumulation of peat and the re-
establishment of potentially peat forming plant species. These potentially peat forming
species, such as Sphagum spec. and most Carex species are not only dependent on wet
conditions to be competitive, but a high water table is a requirement to allow dying plant
parts of these species to form peat and not be oxidated. The divergent development of
TOC in Teufelsseemoor and Miillerwiese emphasizes the impact of the hydrological
conditions on carbon storage: Teufelsseemoor with the highest increase in water table
shows the highest gain in TOC in near-surface peats after restoration whereas
Miillerwiese with a water table mainly still below peatland surface and ongoing aeration

of peat shows no gain in TOC.

Research on the restoration of fen systems indicates, that the lower the degree of initial
degradation, the higher the potential for restoring fens to near natural conditions (cf.
Grootjans & Van Diggelen 1995; Klimkowska et al. 2010). However, research so far
focused mainly on the development of typical, sometimes highly endangered plant
species, not on soil properties. Our results do not indicate that a lower initial degree of
soil degradation leads to a higher restoration success concerning TOC, since we
determined a significant gain in TOC in sites with a beginning earthification (Jagerwiese,
Teufelsseemoor), an earthification (Beerenwiese) as well as a murshification
(Boberowseewiese) before restoration. We recommend additional research with a higher
number of study sites with different soil degradation stages to further investigate this

debate.

Regarding sedge-dominated fens, the input of new carbon happens by ingrowing and
later dying sedge roots (Michaelis et al. 2020). In the peat moss-dominated fens of our
study, new peat of dying peat mosses is deposited on top of the degraded peat. A possible

explanation for carbon enrichment in lower soil horizons may be the deposition of
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dissolved organic carbon released in case of high water tables. Mrotzek et al. (2020) and
Michaelis et al. (2020) report a newly deposited material after 20 years of restoration of
roots, radicals and litter, and describe it as a first accumulation of litter leading to a so-
called ‘proto-peat’. This indicates that also in sedge-dominated peatlands, new deposits

on degraded peat soil are possible within a time-frame comparable to our study.

Still, TOC values of our study within the near-surface peats cannot be directly transferred
to describe long-term carbon storage. Due to ongoing decay in the highly dynamic,
partially not water saturated near-surface peat (‘acrotelm’), our results can only be used
to describe the potential carbon to be transferred into the permanently water saturated,
long term carbon store (‘catotelm’), where decomposition is very slow (Tolonen &
Turunen 1996; Young et al. 2019). This process is influenced by various factors such as
climate, water table, vegetation and peatland type (cf. Tolonen & Turunen 1996; Malmer
et al. 1994; Charman et al. 2015; Milner et al. 2020). Young et al. (2019) show, that using
changes in carbon accumulation in near-surface peats for estimating long-term carbon
storage might be misleading and should not be used as the only source of evidence of
management strategies on peatland carbon. Especially in the study area, due to the
climatic change with higher temperatures and decreased precipitation, negative climatic
water balance (cf. DWD 2022) and therefore high dependency of the peatland on
inflowing water from the surrounding environment, the development of the carbon
transferred into long-term-store is unclear. However, the water tables in our study sites
are relatively stable after restoration also in years of low precipitation as in 2018. This
could be a hint for increasing resilience of the peatland systems after restoration by

increasing porosity and water storage capacity of the near-surface peats.

Regarding content of TN, there are also only few comprehensive studies in Germany.
Grosse-Brauckmann (1990) and Naucke (1990) state values of 2.0% to 4.0% and
respectively 2.5% to 4.5% for upper fen soils in general. Feige (1977) gives contents of
2.47% to 3.07% for undisturbed sedge peat and 0.5% to 1.33% for undisturbed peat moss
peat. Loisel et al. (2014) give for northern peatlands a mean of 1.5% (n = 96) for ‘humified’
peat, a mean of 1.7% (n = 518) for ‘herbaceous’ peat and a mean of 0.7 (n = 1,523) for

‘Sphagnum’ peat. TN values of our study sites are in line with comparative values in
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Germany but higher than values given for the northern hemisphere, presumably due to
the high share of ombrotrophic bogs having lower TN contents than fens which are
supplied with mineral water. The detected relative TN decrease in four sites (only one
significant) after rewetting can be mainly attributed to the gain of carbon, as described
by Malmer & Holm (1984), Ohlson & @kland (1998) or Turunen et al. (2001). Malmer &
Wallén (2004) assume that nitrogen is conserved quantitatively in the peat because of
hardly any losses during decay. This is also apparent regarding the C/N ratio. The ratio
increases in four sites (three significantly), indicating a lowered nutrient availability.
Again, this can be mainly attributed to the gain of carbon after rewetting. These findings
are of high importance for specific fen plant species, with a high share of adaption to

rather mesotrophic conditions.

Mean values for BD in North-East Germany are given by Kiihn et al. (2015) for earthified
peats: 0.3 g/cm® and murshified peats: 0.5 g/cm?® as well as by Schindler et al. (2003) for
earthified peats: 0.28 g/cm® and murshified peats: 0.42 g/cm?®. Values are comparable to
our sites before restoration, although some sites show a lower BD due to an only
beginning earthification. The significant decrease of BD after rewetting in four sites can
be attributed to the gain in carbon, as there is a clear relation between low BD and high
carbon content (Chapman et al. 2017; Wittnebel et al. 2021). The most remarkable
decrease of BD in Boberowseewiese, in particular, can only be fully explained by the
combination of the carbon increase due to ingrowing and dying sedge roots and the
loosening of peat by buoyancy after resaturation. Values after restoration in the sedge-
dominated sites are in line with values given by Loisel et al. (2014) for ‘herbaceous’ peat
in northern peatlands with a mean of 0.12% (n = 3,188). The values for our peat moss-
dominated sites are about double as the mean of 0.08 (n =4,372) for ‘Sphagnum’ peat given

by Loisel et al. (2014).

PH values remain relatively stable before and after restoration, since quantity but not

quality of the feeding water has changed by rewetting.
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3.8. Conclusion

Fen restoration with re-establishment of water tables typical for undisturbed peatlands,
with regard to our six study sites in North-East Germany, leads to stable pH values,
increased TOC comparable to contents of undisturbed peatlands, decreased nutrient
availability in terms of C/N ratio, and decreased BD (resembling values of undisturbed

peat for sedge-dominated sites) in the degraded, near-surface peats.

Further, as for mire-specific biodiversity described by Hammerich et al. (2022) not only
on the level of species, but with peat accumulation and water table close to surface as
determining eco-hydrological properties on the ecosystem level, the regeneration of the

near-surface peat can also be seen as central for re-establishing the biodiversity of mires.
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4. Study lll: Monitoring peatland restoration in forests - The effects of
hydraulic and management measures on the water table, peat
accumulation, mire-specific biodiversity and greenhouse gas

emissions
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4.2. Abstract

Peatland restoration aims to maintain and re-establish mire biodiversity and their
important ecosystem functions, such as carbon storage and landscape water regulation.
Restoration thereby affects diverse peatland properties differently due to varying site
conditions and associated factors. Herein, we present monitoring results for 33 restored
peatlands in north-east Germany. Data were collected prior to - and four to 27 years after
- the initiation of restoration measures. By using vegetation as a proxy for on-site
conditions, alongside the additional sampling of near-surface peats and the application
of established assessment tools, we determined water tables and peat-accumulating area,
assessed mire-specific biodiversity and approximated greenhouse gas (GHG) emissions.
Peatlands drained by ditches were generally in a higher initial degraded state. In this
regard, hydraulic measures led to a significant rise in the water table, the re-initiation of
peat accumulation, enhanced mire-specific biodiversity and savings in GHG emissions,

albeit not always comparable to near-natural conditions. Peatlands not drained by
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ditches but showing early signs of degradation have undergone management measures
such as the removal of tall vegetation and sapling trees, and forest restructuring in the
peatland catchment area. In contrast, these peatlands were in a better initial state, and
management measures resulted in preserving pre-measurement conditions.
Groundwater-abstracting facilities in the peatland catchment area significantly hindered
restoration success. Principal component analysis showed positive relations between
restoration success and years since restoration, whereas the acid-base ratio and trophic
condition of the peatland before restoration, the hydrogenetic mire type and peatland

size did not correlate with restoration success.

4.3. Implications for practice

e In terms of climate change and biodiversity loss, the top priorities of nature
conservation need to be protecting and stabilising mires and restoring peatlands.

e Forest restructuring to near-natural conditions within peatland catchment areas is
essential for conserving and restoring peatlands in forests. It should also be
considered for remaining mires, as the effects are long-lasting and must be
implemented immediately to counteract future reduced water availability due to
climate change.

e We recommend the methodology presented in this study as a practitioner-friendly,
cost-effective monitoring scheme for peatland restoration. By using vegetation as a
proxy, the sampling of near-surface peats and the application of assessment tools,
robust information is collected to inform on central goals relating to peatland

restoration.

4.4, Keywords

Assessment, conservation, drainage, ecosystem functions, restoration success, soil,

trophic condition, vegetation
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4.5. Introduction

Near natural peat-accumulating peatlands, referred to as ‘mires’ (Joosten et al. 2017), and
their biodiversity provide several ecosystem functions, such as nutrient and carbon
storage, and landscape water regulation (Luthardt & Wichmann 2016). Large-scale
drainage has reduced mires to only 10% of Europe’s and less than 2% of Germany’s
former peatland area, leading to the loss of mire-specific biodiversity and ecosystem
functions (Succow & Joosten 2001; Joosten & Tanneberger 2017). Whereas the majority of
German peatlands has been drained for agriculture (72%), the second main reason for

drainage is forestry (14%) (Trepel et al. 2017).

Pressure and efforts to restore peatlands have risen globally, as evidenced in numerous
political policies and guidelines, such as the United Nations Environment Assembly
(UNEA) resolution on ‘Conservation and Sustainable Management of Peatlands’ (UNEA
2019; Tanneberger et al. 2021). Ecological restoration is the ‘process of assisting the
recovery of an ecosystem that has been degraded, damaged, or destroyed’ (SER 2004),
with restoration measures reducing the source of degradation. The most common
measures in peatlands are hydraulic, e.g. blocking drainage systems. In addition,
techniques such as extracting topsoil, removing non-native trees or reintroducing typical
vegetation are applied (Gonzales et al. 2014; Pfeifenberger & Fock 2015; Bonn et al. 2016).
Peatland restoration aims at re-establishing ecological quality, natural structures and
functions as well as biodiversity (Vasander et al. 2003; Bonnett et al. 2009; Aapala & Simild
2014). Specifically, a water table close to the surface (and thereby the reduction of
greenhouse gas (GHG) emissions), the re-establishment of mire-specific biodiversity and,
ultimately, the re-establishment of peatlands as carbon sinks are common goals of

peatland restoration (Tanneberger et al. 2022).

To describe and evaluate change in respect to the set objective, and to learn from
experience for future projects, monitoring is an essential part of restoration (Bonnett et
al. 2009; Luthardt 2010). Studies in this regard on the effects of peatland restoration vary
in their focus, ranging from restoration effects following peat extraction (Lucchese et al.
2010; Gonzales et al. 2013; Rochefort et al. 2013) and agricultural use (Krejéova et al. 2021)

to peatlands drained for forestry (Aapala & Tukia 2008; Haapalehto et al 2011; Laine et al.
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2011). Some studies focus specifically on the restoration of fens (Mélson et al. 2008;
Kreyling et al. 2021), bogs (Strobel et al. 2019) or Sphagnum-dominated peatlands
(Kareksela et al. 2015). Monitored parameters include vegetation (Méalson et al. 2008;
Gonzdlez et al. 2013), fauna (Duinen et al. 2002), hydrology (McCarter & Price 2013), soil
and water properties (Armstrong et al. 2010; Ahmad et al. 2020, Hammerich et al. 2024)
or the measurement (Komulainen et al. 1999; Wilson et al. 2016a) or estimation

(Herrmann et al. 2018; Martens et al. 2022) of GHG emissions.

To date, these studies indicate that restoring peatlands to their natural state is a
challenge. Whereas rising water tables and savings in GHG emissions seem to apply in
the short term, mire-specific biodiversity or land cover characteristics are only, if at all,
reached medium- or long-term (e.g. Aapala et al. 2014; Renou-Wilson et al. 2018; Kreyling
et al. 2021). Furthermore, Sphagnum-dominated peatlands seem to re-gain natural peat
growth rates in the surface layer (Kareksela et al. 2015; Hammerich et al. 2024), but
depositing new peat after restoring non-moss peats appears to be complex and is only

starting to be understood (Michaelis et al. 2020; Mrotzek et al. 2020).

Conditions likely to influence restoration success vary highly between sites, and the
effects of restoration are still under investigation (e.g. Grand-Clement et al. 2013;
Kreyling et al. 2021; Hammerich et al. 2024). An essential element for future restoration
success involves collecting and publishing additional, long-term monitoring data on
peatland restoration and learning from these results (Vasander et al. 2003; Haapaletho et

al. 2011; Andersen et al. 2016).

The aim of the study presented herein is first to research the relations between
restoration measures, groundwater abstracting facilities in the peatland catchment area,
trophic conditions, acid-base ratios before restoration, hydrogenetic mire type, peatland
size and years since restoration on restoration success. Second, we demonstrate the
effects of peatland restoration in forests on the water table, peat accumulation, mire-
specific biodiversity and GHG emissions. Third, based on our results, we aim to reflect
on implications for future restoration projects. Finally, by using a cost-effective,

comparably easy applicable monitoring programme, we try to set an example for other
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restoration projects. The study is situated in north-east Germany (federal state of

Brandenburg).

4.6. Methods

4.6.1. Study area and study case

The study area (Brandenburg, north-east Germany, Figure 4.1) is characterised by
different glacial advances, which have led to a high range of geomorphological
formations and thereby favoured the development of different hydrogenetic and
ecological mire types (Succow 1988; Succow & Joosten 2001; Kiihn 2014). Succow (1988)
describes eight hydrogenetic mire types (seven geogenous fen types and one
ombrogenous bog type) based on their differences in hydrological conditions during
formation. Furthermore, Succow (1988) describes ecological mire types based on the
chemical quality of the water that feeds them, so oligotrophic, mesotrophic and eutrophic
mires are distinguished in terms of nutrient availability, whilst acidic, sub-neutral and

calcareous mires are classed in terms of base saturation.

The long-term annual mean temperature is 9.3 K (2002-2021), which is 1.2 K higher than
the reference period (1961-1990). The south of Brandenburg is generally warmer due to
rising continentalism. The long-term annual rainfall is 528 mm (period 2002-2021), which
is a decrease by 59 mm to the former period (DWD 2019; DWD 2022). Peatland water
supply in the area is dependent on the surrounding environment for inflowing water, as

the climatic water balance is negative (Luthardt & Zeitz 2014).

In Brandenburg, about 30,000 ha (18%) of peatlands are situated in forests, about 22,000
ha of which are wooded and 8,000 woodless (Riek et al. 2014; LfU 2016). At least 90% of
these peatlands are degraded, meaning a water deficit and, therefore, the often oxygen-
induced degradation of near-surface peats (NSF 2007). Hasch et al. (2007) define forest
peatlands as wooded or woodless peatlands, whose water balance is significantly
influenced by their completely or predominantly wooded catchment area. Since 2004, the
‘Protection programme for forest peatlands in Brandenburg (Waldmoorschutzprogramm

Brandenburg)’ has restored peatlands via hydraulic engineering and management
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measures within the peatland area and the above-ground catchment area (Table 4.1). The
programme aims at raising the water table to enhance water retention and thereby
benefit surrounding forests. Further restoration targets include protecting and re-
establishing of mire-specific biodiversity, reinitiating peat accumulation as well as

reducing GHG emissions (Miiller 2014).
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Figure 4.1: Location of the 33 study sites within the federal state of Brandenburg (north-east
Germany).

We studied 33 restored peatlands (Figure 4.1) included in or associated with the
‘Protection programme for forest peatlands in Brandenburg’. We chose the study sites
based upon the (a) availability and quality of data before restoration, (b) representative
distribution of hydrogenetic and ecological mire types (cf. Succow & Jeschke 1986) and
location within the study area, (c) diversity of different degradation stages before

restoration and (d) differences in restoration measures.
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Table 4.1: Overview of restoration measures in the ‘Protection programme for forest peatlands in
Brandenburg (Waldmoorschutzprogramm Brandenburg)’ (supplemented after LfU 2005; Miiller
2014; MLUL 2016)

1. Hydraulic management

1.1 Water retention All hydraulic measures that hinder the outflow of water, such as
blocking of ditches, removal of drainages or installation of sol sills.

2. Management measures

2.1. Forest restructuring in the above-ground peatland catchment area

2.1.1. Restructuring from pure = Reduction of Pinus sylvestris-stocking (regardless of age), support

stands of conifers to mixed (wildlife management, single-tree protection, light-favoured

stands with deciduous trees positioning) of upcoming deciduous trees or planting of deciduous
trees to improve groundwater recharge in the immediate above-
ground catchment area of the peatland.

2.1.2. Removal of spruces Picea species and other non-site-adapted conifers located on the
transition from peatland to the above-ground catchment area are
removed, regardless of age.

2.2. Management measures within peatland area

2.2.1. Removal of shrubs and Partial and successive removal of spontaneously upcoming Betula

trees species or Pinus sylvestris within the peatland area to reduce water
consumption by trees and favour light-demanding plants.

2.2.2. Removal of tall Mowing of tall sedges (e.g. Carex acutiformis) and reeds (e.g.,

vegetation Phragmitis australis) with the removal of mowed material to reduce

nutrient availability and favour light-demanding plant species.

The distance between study sites ranged from less than 0.1 to more than 193 km. The
study sites are fens, developed through terrestrialisation (n=10), percolation (n=9), water
rise /paludification (n=7), kettle holes (n=6) and springs (n=1). Sixteen of the study sites
are characterised as eutrophic, 14 as mesotrophic and three as oligotrophic. In 14 of the
peatlands, acidic conditions dominate, and in 19 of the sites, subneutral conditions

prevail. The study sites range in size from 0.2 to 42 ha with a median of 3.7 ha.

4.6.2. Field sampling

To map vegetation, we segregated areas within the peatland with homogenous
physiognomic structures and floristic features. All units were then outlined on recent
satellite images and, in unclear cases, with the use of GPS recordings. Data was
transferred into ESRI ArcMap 10.5.1 to create spatial maps of each site. For each

vegetation unit, all plant species were recorded with coverages, following Luthardt et al.
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(2006). Furthermore, we sampled the upper 30 cm of topsoil peat, determining soil
substrate, decomposition (according to Von Post 1924), colour and admixtures using

Schulz et al. (2019).

4.6.3. Determination of the water table, peat accumulation, mire-specific biodiversity

and GHG emissions

To transform the vegetation units into information on spatial water tables (soil moisture
classes), trophic conditions and the acid-base-ratio, we applied the vegetation form

concept created by Koska (2001), which uses vegetation as a proxy for on-site conditions.

To determine the areal water table for each vegetation unit, eco-sociological groups were
derived, which indicate soil moisture classes (Table 4.2). To calculate one value to
represent the whole peatland area, we addressed each soil moisture class by one
calculation factor (Table 4.2), then multiplied the percentage share of each vegetation
unit with the according calculation factor, added all values and then divided the sum by
100. For example, a value of 6 for the whole peatland area would mean a soil moisture
class of 6+ (lower eulitoral) across 100% of the area. The most favourable would be a value
of 5 and a soil moisture class of 5+ (wet) in 100% of the peatland area. However, this value
could also be derived in different scenarios, e.g. when 50% of the peatland area had a soil

moisture class of 4+ (very moist) and the other half had a soil moisture class of 6+.

The same calculation methodology was applied to calculate one value for determining
changes in trophic conditions. The trophic condition groups and calculation factors are

shown in Table 4.3.

We determined potential peat accumulation for each vegetation unit based on the
uppermost peat layer, the water table and the presence of potentially peat-forming
vegetation. We noted peat accumulation if the water table was close to the surface (soil
moisture class of 5+), potentially peat-forming vegetation dominated and the peat showed
slight to moderate decomposition (H1 to H7 according to Von Post 1924). Peat degradation
was determined when oxygen-induced change from a natural peat structure to highly

decomposed peat (H8 to H10 according to Von Post 1924), or a crumb structure
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(‘earthified’ peat) or even a fine granular structure (‘murshified’ peat) with a substantial
change in soil properties, was observed (Ilnicki & Zeitz 2003; Schulz et al. 2019). New peat
accumulation was noted when the water table was close to the surface and, additionally,
a new layer of organic material in acidic peat moss-dominated peatlands on top of the
degraded peat, or a recent root penetration within the degraded peat of peat-forming

herbaceous plants, was visible (cf. Schulz et al. 2019; Hammerich et al. 2024).

Table 4.2: Soil moisture classes according to the vegetation form concept (Joosten et al. 2015 after
Koska 2001).

Soil Verbal Water table relative to ground surface (+ above, - Calculation
moisture | description below) factor
class Long-term median water = Long-term median water
table in the wet season table in the dry season

6+ Lower eulitoral | +150 to +10 +140to 0 cm 6
5+ Wet +10to-5cm Oto-10cm 5
4+ Very moist -5to-15cm -10to-20cm 4
3+ Moist -15t0-35cm -20to-45cm 3
2+ Moderately -35to-70cm -45to-85cm 2

moist

Table 4.3: Trophic level groups and trophic levels of peatland sites based on the carbon-based
nitrogen content (Nc) of peat used in the vegetation form concept (Koska 2001; Succow &
Stegmann 2001).

Trophic condition group | Trophic condition Nc % C/N ratio Calculation
factor

Oligotrophic Very poor <25 >40 1
(nutrient poor) Poor 2.5-3.0 33-40 2
Mesotrophic Quite poor 3.0-3.8 26 -33 3
(moderatly nutrient Moderate 3.8-4.9 20-26 4
poor)

Eutrophic Strong 49-17 13-20 5
(nutrient rich) Rich 7.7-10 10-13 6
Polytrophic Very rich 10-13 7-10 7
(nutrient overloaded) Extremely rich >13 <7 8
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Using the assessment tool for mire-specific biodiversity provided by Hammerich et al.
(2022), we calculated values for each peatland site before and after restoration. The
indicator-based tool assesses species level (number of mire-specific vascular plants and
mosses), biocoenosis level (number of mire-specific and mire-typical plant formations
and special habitats, as well as biotope connectivity) and ecosystem level (water table
depth and near-surface peat conditions), scoring between 0 and 5 points for each factor.
The values for each level are summed up to categorise a peatland’s biodiversity, ranging

from ‘not mire-specific’ (0 points) to ‘very highly mire-specific’ (15 points) (Figure 4.2).

Biodiversity Assessment

¥4 Class  Accumulated Verbal description Colour
Icon Description vila code
Ecosystem diversit Species diversity

5 14-15 Very high mire-specific biodiversity -
4 11-13 High mire-specific biodiversity

Overall Study site 3 8-10 Moderate mire-specific biodiversity

rr?ire:speFEﬂc number 2 5-7 Low mire-specific biodiversity

biodiversity
1 2-4 Very low mire-specific biodiversity -

Biocenosis diversity 0 0-1 no mire-specific biodiversity -

Figure 4.2: Overall assessment of mire-specific biodiversity based on the accumulated indicator
values for species, biocoenosis and ecosystem levels, as well as an icon description for
visualisation (Hammerich et al. 2022).

To estimate GHG emissions before and after restoration, we used the Gas-Emissions-Site-
Type (GEST) model (Couwenberg et al. 2011; Spangenberg 2011; Reichelt 2015). By using
vegetation as a proxy, which indicates long-term water table and nutrient status, which
both affect GHG emissions, global warming potential (GWP) was estimated in t CO,-eq.

ha'year™.

To compare all factors for each peatland, before and after restoration, we checked and,
if necessary, converted the data from before restoration for usability and applied the

same assessment tools.
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4.6.4. Statistical analysis

We performed a principal component analysis (PCA) to find patterns in the variables
showing success (soil moisture class, gain in peat-accumulating area, gain in mire-
specific biodiversity, lower GHG emissions) and possible influencing factors (restoration
measures, groundwater abstracting facilities in the peatland catchment area, trophic
condition before restoration, the acid-base-ratio before restoration, hydrogenetic mire
type, peatland size and years since restoration). To describe changes in the water table,
peat accumulation, mire-specific biodiversity and GHG emissions, as well as mire-
specific species, plant formations and special habitats before and after restoration, we
first tested all data for normality by using the Kolmogorov-Smirnov test. We tested for
significant differences using paired t-tests for normally distributed samples, or a
Wilcoxon signed-rank test for not normally distributed samples. Statistical significance

was assumed if the p-value was < 0.05. All analyses were performed with R.

4.7. Results

Within the total sample (n=33, Table 4.4), all analysed components improved after
restoration, meaning a rise in the water table, a gain in the peat-accumulating area, an

increase in mire-specific biodiversity value and a reduction in GHG emissions (Table 4.5).

Table 4.5: Values for the soil moisture class, peat-accumulating area, mire-specific biodiversity
and GHG emissions before and after restoration of the total sample (n=33). The p-value indicates
whether there was a significant difference when comparing before and after the restoration

measures.

Soil moisture class Peat accumulating Mire-specific GHG emissions (t
area (% of total biodiversity (0-15 COz-eq. hat year?
area) points)

before after before after before after before | after

Mean 3.96 4.40 26.84 55.53 8.97 10.86 10.51 7.39
Median 4.04 4.46 12.94 59.22 9 10 8.60 7.21
p-value <0.01 <0.01 <0.01 <0.01
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Table 4.4: Overview of study sites with study site numbers (NO) and information on restoration
measures (RMs), groundwater abstracting facilities in the peatland catchment area (GWA),
dominant trophic condition group (TC) and the acid base ratio (ABR) before restoration,
hydrogenetic mire type (HM), peatland size (SIZE), years since restoration (YSR) and soil moisture
class, mire-specific biodiversity, peat accumulating area, GHG emissions and trophic conditions
before (B) and after (A) restoration as well difference (BA). A grey background highlights an
improvement in respect to restoration success, in this case a rise in the soil moisture class value,
a higher mire-specific biodiversity value, a rise in the peat-accumulating area, lower GHG
emissions and, additionally, lower nutrient availability.
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Results of the PCA are shown in Figure 4.3. The proportion of variance explained by PC 1
is 39.3% and for PC 2 15.6%, amounting to a cumulative proportion of 54.9% on the first
two axes. The PCA indicates a positive correlation between gains in the soil moisture
class, in the peat formation area and in mire-specific biodiversity, along with the negative
correlation of these with GHG emissions from before to after restoration. Variables
describing restoration success (gains in the soil moisture class, the peat-accumulating
area, mire-specific biodiversity and lower GHG emissions) are not correlated with the
acid-base ratio and trophic conditions before restoration, hydrogenetic mire type,
peatland size and change in trophic conditions from before to after restoration, but they
are positively correlated with years since restoration. Peatlands undergoing management
measures were distinguishable from peatland undergoing hydraulic measures in terms
of restoration success. Whereas kettle hole mires were only represented in peatlands
undergoing management measures, terrestrialisation and water rise mires were mainly
represented in study sites undergoing hydraulic measures. We also found a significant
negative effect, i.e., a loss of 0.5 points in mire-specific biodiversity (Figure 4.4), where

groundwater-abstracting facilities were present in the peatland catchment area (n=4).

Restoration success was significantly higher where hydraulic measures were applied.
Therefore, we divided the sample into peatlands undergoing hydraulic measures and
peatlands undergoing management measures. We excluded all peatlands (n=4) where
groundwater-abstracting facilities were present in the catchment area because we argue
that the applied restoration measure did not have the highest impact on restoration
success but groundwater abstraction did in this regard. In this analysis, peatlands
undergoing management measures did not show significant changes in any of the

analysed components (Figure 4.5).
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Figure 4.3: Principal component analysis showing the variables gain/loss in soil moisture class
(SMC), peat accumulating area (PA), mire-specific biodiversity (BD) and GHG emissions which
describe restoration success. Further the associated factors of the acid base ratio before
restoration (ABR), trophic conditions before restoration (TC), hydrogenetic mire type (HM), years
since restoration (YSR), peatland size (size) and changes in trophic conditions from before to after
restoration (cTC) are shown.
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Figure 4.4: Impact of groundwater-abstracting facilities in the peatland catchment area in terms
of gains in mire-specific biodiversity after restoration.
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Figure 4.5: Change in the soil moisture class, peat accumulating area, mire-specific biodiversity
and GHG emissions before and after restoration, shown for the reduced sample (n=29, study sites
with groundwater abstracting facilities in the peatland catchment area were excluded), for study
sites which have undergone hydraulic measures (n=20) and for the study sites which have
undergone management measures (n=9).
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The soil moisture class within the total sample increased from before to after restoration
from a median of 4 to 4.5. Peatlands restored by hydraulic measures improved
significantly from a median of 3.8 before to 4.6 after restoration. Peatland undergoing
management measures showed a median of 4.3 before and 4.4 after restoration, but the

slightly higher values were not significantly different.

The percentage of peat-accumulating area within the total sample increased from before
to after restoration from a median of 3.5% to 59.2%. The peatlands restored by hydraulic
measures improved significantly from a median of 7% before to 62.6% after restoration.
Peatlands undergoing management measures showed a median of 0% before and 41.6%

after restoration, yet the higher values were not significantly different.

Mire-specific biodiversity within the total sample improved from before to after
restoration from a median of 9 to 11 points. Peatland restored by hydraulic measures
improved significantly from a median of 8.5 before to 10.5 points after restoration.
Peatlands undergoing management measures showed no change with a median of 11
points before and after restoration. Furthermore, the number of mire-typical vascular
plants, plant formations and special habitats increased significantly after rewetting. In
contrast, the slight increase in the highly specialised mire-specific vascular plants was

not significant (Table 4.6).

Table 4.6: Comparison of mire-typical and mire-specific vascular plants, plant formations and
special habitats before and after restoration measures were initiated. The p-value indicates
whether there was a significant difference when comparing before and after the restoration
measures.

Mire-typical Mire-specific Plant formations Special habitats

vascular plants vascular plants

Before  After Before  After Before After Before | After
Mean 12.4 22 5 5.7 2 2.88 3.12 4.12
Median @ 8.5 20,5 2 5,5 2 3 3 4
p-value <0.01 =0.15 <0.01 <0.01
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GHG emissions estimated via GEST approach within the total sample decreased from
before to after restoration from a median of 8.5 to 6.8 t CO,-eq. ha' year'. Peatlands
restored by hydraulic measures showed a significant decrease from a median of 10.7
before to 7.1 t CO,-eq. ha year™ after restoration. Peatlands undergoing management
measures showed a median of 7.5 before and 6.6 t CO,-eq. ha™ year™ after restoration, but

the slightly lower values were not significantly different.

A visual example of development after hydraulic in comparison to management

measures for all researched parameters is given in Figure 4.6.

4.8. Discussion

4.8.1. Restoration outcome

Herein, we demonstrate that peatland restoration generally leads to higher water tables,
an increase in the peat-accumulating area, higher mire-specific biodiversity and lower
GHG emissions. However, our results also indicate that although positive effects can be
achieved, peatlands are not returned comparably to near-natural conditions within the

studied time frame of 27 years.

Of our studied peatlands, 26 out of 33 showed, even if just slightly, higher water tables
after restoration. Only eight were wet with a soil moisture class 5+ or higher in at least
90% of the peatland area (Table 4.4). Although restoring peatland hydrology and raising
the water table closer to the surface is a cornerstone in successful restoration, getting
peatlands wet seems to be a challenge. The main reason is high anthropogenic alteration,
which leads to total changes in vegetation, a lower water table in surrounding lands or
peat subsidence - and therefore a different surface structure (Convention on Wetlands
2021). Comparable studies show that the water table can often be raised by rewetting
efforts (Haapalehto et al. 2011; Laine et al. 2011; Luthardt et al. 2021), but outcomes differ

in comparison to pristine sites (Krejcova et al. 2021; Kreyling et al. 2021).
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Figure 4.6: Changes in the soil moisture class, peat degradation stage, mire-specific biodiversity
and GHG emissions before and 12 years after hydraulic measures or management measures were
initiated are shown for two examples. Brennbruch (study site 32) was restored by hydraulic
measures, while Ziegenhalsmoor (study site 5) has undergone management measures, as no
drainage ditches were installed but signs indicating a water deficit were present. Whereas
Brennbruch showed a high rise in the water table, the peat accumulating area, mire-specific
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biodiversity and savings in GHG emissions, Ziegenhalsmoor was in a better initial state when
management measures were initiated, and it remained relatively stable over the 12-year period.

First, water table amplitudes in rewetted fens were found to be larger than in pristine
sites, most likely due to the loss of a functioning ‘acrotelm’ (Tolonen & Turunen 1996),
namely the highly dynamic near-surface peat layer, which actively takes up water. The
mineralisation and subsidence of the near-surface peat layer following drainage results
in lower organic matter and higher bulk density, which in turn results in decreased
hydraulic conductivity and decreased porosity (Convention on Wetlands 2021; Kreyling
et al. 2021). Second, rewetting affects areas within the peatland differently, as drainage
results in often strong relief differences. Most commonly, areas around ditches are lower
than their surroundings, due to high peat subsidence through effective drainage. After
rewetting, water flows into these lower areas, which leads to drier sites further away from
the ditch, especially the higher they are compared to other areas within the peatland (e.g.
Haapalehto et al. 2011; Hedberg et al. 2012; Strobel et al. 2019). Third, vegetation
influences water table dynamics. The vegetation of mires is characterised by great water
storage capability, e.g. peat mosses, which can take up around 20% of their dry weight in
water (Rice 2009). In this context, we observed in study sites 25, 32 and 33 near-natural,
often central areas remaining with peat-forming mire-typical or mire-specific vegetation
(e.g. peat mosses, tall sedges), successful rewetting with the quick re-colonisation of
higher degraded areas (Figure 4.7) and an additional new acrotelm formation. This is in
line with comparable literature, as Grootjans & van Diggelen (1995) describe that the most

effective, short-term restoration should focus on the least degraded peat systems.
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Figure 4.7: Comparison of peat moss (Sphagnum sp.) occurrence in Teufelsbruch (study site 25)
before (2006) and 12 years after restoration (2018). Peat mosses have grown over the degraded,
highly decomposed peat and initiated new peat accumulation. Abundance based on Luthardt et
al. (2006).

Peat accumulating areas in our study sites increased by 46%. Especially peat moss-
dominated peatlands seem to quickly start accumulating dead organic matter, up to 1.5
cm/y (study site 25). Hammerich et al. (2024) found new peat moss peat layers with a
mean thickness of 6.8 cm to 36.1 cm, with mean accumulation rates of 0.38-2.01 cm/y in
restored fens within 17 years after restoration. Kareksela et al. (2015) found that within 5
and 10 years after restoration, the surface layer growth of restored peatlands was similar
to pristine sites of Sphagnum-dominated peatlands, but the carbon sequestration rate
within the surface layer was lower. Hammerich et al. (2024) describe a general gain in
total organic carbon and a decrease in dry bulk density in near-surface peat after
restoration, citing it as one key factor in re-establishing peatlands as carbon sinks. In
respect to sedge-dominated peatlands, Mrotzek et al. (2020) and Michaelis et al. (2020)
determine a ‘proto-peat’ consisting of roots, radicals and litter 20 years following
restoration. Furthermore, next to new peat accumulation on top of older, degraded peat,
a structural change in the former degraded peat, showing larger re-aggregates in a sludge
mass and actively in-growing roots forming displacement peat, has been described

(Hammerich et al. 2024). In our study sites 24 and 33, where sedges re-colonialised
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degraded earthified or murshified peat soils, the latter was also evident. In conclusion,
our - and comparable - findings indicate that restoration can positively influence key
processes which lead to the re-establishment of the peatland function to accumulate peat
and store carbon. However, as near-surface peat is highly dynamic, due to a fluctuating
water table, the newly added material will undergo continuous decomposition, and the
amount of carbon transferred into long-term storage remains unclear (Young et al. 2019).
This is especially important in respect to climatic change. In the context of reducing GHG
emissions, far more important than restoring the carbon sink function is the

conservation of the already accumulated peat body (Convention on Wetlands 2021).

Our results show that through peatland restoration, mire-specific biodiversity is
enhanced, albeit only slightly. Only six out of 33 study sites are highly mire-specific after
restoration, which is in line with the literature stating, that peatland restoration increases
biodiversity, although it is not comparable to near-natural conditions (e.g., Hedberg et
al. 2012; Krejcova et al. 2021; Kreyling et al. 2021). Study sites with a very high value (study
sites 5, 8, 16, 19, 24 and 25), which indicates near-natural conditions, showed high to very
high mire-specific biodiversity before restoration. Highly degraded sites (very low to
moderate value) showed the highest rises in mire-specific biodiversity (28, 29, 31, 32) of 4
to 5 points, but only study site 32 of this cohort achieved a high biodiversity value after
restoration. The water table in particular can be raised in the short term, leading to peat
accumulating conditions, higher plant formation heterogeneity in the midterm and a
slow rise in mire-specific species. It is important to state that in comparable studies,
biodiversity often refers to vegetation or fauna, whereas Hammerich et al. (2022) describe
mire-specific biodiversity based on mire-specific species, typical structures, biotope
connectivity, water table depth and peat formation. Vegetation recovery towards pristine
conditions seems slow after restoration (Malson et al. 2008). Strobel et al. (2019) found
that whereas mire-specific plant species cover increased within an 18-year period after
restoration, plant species number did not do so. Plant community composition was
observed similarly when comparing drained peatlands after five years of restoration,
whereas plant community composition of 10 years following restoration moved closer to

comparable pristine sites (Karksela et al. 2015). Kreyling et al. (2021) describe for 222
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rewetted fens a shift towards tall helophytes after rewetting as one main difference in
plant community composition compared to near-natural sites. Within our dataset, mire-
specific vascular plants only increased slightly in number, although not significantly
(Table 4.6), but we observed a generally wider distribution after a favourable water table
set in. The shift to vegetation with lower nutrient requirements (see Table 4.4) in most of
the restored peatlands might positively influence the diversity of mire-specific species,
which are often adapted to extreme nutrient conditions and pH values (cf. Minayeva et
al. 2008). Furthermore, the number of plant formations and special habitats increased
significantly after rewetting (Table 4.6), leading to a mosaic of vegetation formations and

a more diverse habitat.

By using the GEST approach, we estimated a reduction of GHG emissions in 26 of the 33
studied peatlands at between 0.15 and 16.19 t CO,-eq. ha' year™. In the remaining seven
peatlands GHG emissions were estimated to be slightly higher, ranging from 0.13 to 3.87
t CO»-eq. ha' year™. This is coherent with no apparent water table rise (n=3) or an even
deeper water table (n=4) as well as a change in vegetation, especially the higher
occurrence of shunt species, i.e., plant species with coarse aerenchyma that provide
bypasses for methane fluxes (Couwenberg et al. 2011). All study sites remain contributors
of GHG emissions with values of 2.32 to 16.27 t CO,-eq. ha year™. This is comparable to
the current literature, stating that in general rewetted peatlands emit more CO-eq. than
pristine sites, but savings compared to their drained stages are still high (Couwenberg et
al. 2011; Wilson et al. 2016; Humpenoder et al. 2020). The IPCC calculates a reduction of
6 t CO»-eq. ha' year® for previously forested land use and 20 t CO,-eq. ha' year" for
previous grassland use in the temperate zone (Barthelmes et al. 2015). Wilson et al. (2016),
who include additional values post-2013, calculate an emission reduction of -0.32 t CO,-
eq. ha'’ year® (forest land, nutrient-rich) to 8.47 t CO,-eq. ha year™ (forest land, nutrient-
poor) and from 4.68 t CO»-eq. ha™ year” (grassland, nutrient-rich, shallow drained) to
20.84 t COs-eq. ha' year™® (grassland, nutrient-poor). The slightly lower estimates in our
study can be explained by a comparably low degree of drainage, with only one study site
(n=33) being drained mostly -45 to -85 cm in the long-term median water table in the dry

season. Peatlands in forests are usually characterised by less intensive use than peatlands
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under agriculture, often due to their smaller size and difficult accessibility. GEST types
for wooded vegetation units (Spangenberg 2011) are interpolated from woodless GEST
types and therefore present some uncertainties. Furthermore, GEST types for open,
woodless vegetation units are relatively old from 2011 and 2015 (Couwenberg et al. 2011,
updated by Reichelt 2015), and additional measurements since then are currently
included in a revision of GEST values. We did not account for potentially high methane
emissions directly after rewetting, as we compared the pre-drainage stage to a stage
several years after restoration measures were initiated, not a timeline. However, some
studies reveal high remaining methane emissions up to 10 years after restoration
(Antonijevié et al. 2023), while other studies argue that although methane emissions peak
within the first few years, the climate change mitigation potential of peatland rewetting

is not undermined (Couwenberg et al. 2011; Giinther et al. 2020).

As restoring peatlands to functioning mires is evidently challenging, the necessity to
conserve all remaining mires is clear. Still, even if a peat-accumulating, highly biodiverse
state cannot always be restored, any improvement in the peatland’s state is worth a try,
as preservating the peat body and favouring wetland plants are important rewetting
outcomes. Furthermore, the ecosystem function as a water storage basin, within the
context of climatic change with increasing heavy rainfall events and a shift towards
precipitation in winter (DWD 2019), is an important function to positively influence and

regulate landscape water balance.

4.8.2. Hydraulic measures, management measures and other factors influencing

restoration success

Our results reveal that positive restoration effects are mainly connected to hydraulic
measures. Peatlands in our study drained by ditches were often in a worse condition
before restoration and therefore have greater potential for improvement. On the
contrary, the peatlands in our study undergoing management measures were still in a
good overall conservation condition before measures were initiated, indicated by the

median value of 11 points of mire-specific biodiversity. Commonly, no drainage ditch was
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installed, but the peatlands were characterised by a visible water deficiency, such as
heavy tree growth or the colonisation of Molinia grass. The removal of trees within the
peatland, forest restructuring in the above ground peatland catchment area and mowing
were usually the only feasible management options. Although management measures did
not lead to any significant improvement in the peatland’s condition, they nevertheless
preserved the pre-measurement conditions of the peatlands during the period under
review. In the relevant literature, management strategies are assumed to enhance
restoration success. Mowing, for example, can successfully restore species-rich fen
vegetation in hydrologically well-preserved fen meadows (Grootjans & van Diggelen
1995). Mélson et al. (2008) argue that to maintain or support mire-specific vegetation,
management intervention, such as the continuous removal of dominant trees, shrubs and
tall vegetation, might be necessary. In the context of our study, however, climatic
changes and reduced water supply in recent decades must also be considered, as they
might have counteracted possible positive effects. In Brandenburg, mean annual
temperature has risen by 1.3 K, with the driest year in 2018 since recording in 1881 (DWD
2019). We estimate that especially forest restructuring in the above-ground peatland
catchment area is the only long-term option to positively influence peatlands, even
though only slow positive effects can be expected due to the time required for changes to

mixed or pure stands of deciduous trees.

Groundwater-abstracting facilities within the peatland catchment area had a negative
effect on restoration success. Grootjans & van Diggelen (1995) state that due to intensive
land-use practices and large-scale groundwater abstraction, the water discharge

necessary for sustaining or reinitiating peat formation in fens is not sufficient.

In our study, years since restoration positively indicated restoration success, which is in
line with the literature, stating that time since restoration has a significant positive
influence on, for example, plant diversity or mire-typical vegetation (Karksela et al. 2015;
Strobel et al. 2019). The variables trophic condition and acid-base-ratio before
restoration, hydrogenetic mire type and peatland size were not correlated with
restoration success. Nonetheless, in respect to hydrogenetic mire type, kettle hole mires

in our study were commonly under management measures, not drained by ditches and
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in a better initial state than other hydrogenetic mire types. Possible explanations are the
often difficult accessibility due to the high relief surrounding kettle hole mires and their
usually small size. Heikkila & Lindholm (1995) argue that mires in areas with a positive
climatic water balance are easier to restore, because water is generally available.
Furthermore, central parts of large mires are more likely improved by restoration,
because they are not at all or less influenced by their surroundings; moreover, especially
small peatlands (here bogs) with tree coverage and missing hollows might be very
difficult to restore, or even not at all. Twenty-four out of the 33 studied peatlands are
smaller than 6 ha, and they have a high dependency on the surrounding catchment area
(cf. Luthardt & Zeitz 2014). The climatic water balance in the state of Brandenburg is
negative. Therefore, to fully rewet peatlands in the long term, restoration needs to

emphasise the peatland catchment area.

4.8.3. Monitoring approach

Monitoring of peatland restoration is not yet standardised and in particular faces the
challenge of short timeframes, often related to project duration and funding (Bonnett et
al. 2009; Andersen et al. 2016). Currently comparable monitoring studies are commonly
based on vegetation plots or transects (e.g. Kareksela et al. 2015, Strobel et al. 2019,
Krejcova et al. 2021). GHG emission factors are normally based on CO, flux measurements
taken by chamber techniques or the eddy covariance method (Poyda et al. 2017). We
recommend the methodological approach applied herein as a user-friendly, efficient and
robust monitoring programme to evaluate peatland restoration success. One
precondition is areal vegetation mapping with the additional sampling of near-surface
peats in each vegetation unit before and at any time after restoration measures were
initiated. We argue that by using vegetation as a proxy for on-site conditions, which
reflect water table depth over several years and do not react directly to weather extremes
such as draughts, robust information on the current state of the peatland can be derived.
By analysing the entire area of the peatland, a holistic picture is created in contrast to
single vegetation plots. Furthermore, the areal vegetation mapping can be used to apply

the GEST approach for estimating GHG emissions and with small additions of special
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habitats and evaluating near-surface peat degradation the indicator system for mire-

specific biodiversity can be applied.
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5. Synoptic Discussion

5.1. Choice of monitoring parameters

In this thesis, the water table, peat properties (pH value, TOC, N, C/N ratio, BD, peat type
and structure), peat accumulation, mire-specific biodiversity and GHG emissions were
the areas chosen for monitoring and assessing the success of peatland restoration. This
choice of monitoring parameters is supported by various publications, in which one or
more of them has been selected to describe the effects of peatland restoration projects
(e.g., Hedberg et al. 2012; Kareksela et al. 2015; Herrmann et al. 2018). Van Bellen &
Lariviere (2020) reviewed peatland research literature from 1991 and found that the nine
most researched topics were carbon, botany, carbon dioxide, methane, climate change,
Holocene, nitrogen, biodiversity and hydrology (in order of number of publications),
thereby proving that the parameters chosen herein reflect the most common research
topics in current peatland science. A comprehensive, consensus-based study on what to
monitor in peatland restoration is presented by Reed et al. (2022). Core areas with broad
domains are described, namely climate (peatland condition, peat accumulation, GHG
flux, water quality, fire damage, erosion), hydrology (topography, hydrological
connectivity, water balance, groundwater flow, water table, surface water,
moisture/water content) and biodiversity (habitat, vegetation, birds, invertebrates). For

these broad domains, contextual variables are defined for monitoring purposes.

I argue that the chosen monitoring parameters of this thesis are the fundamental
requirements for monitoring peatland restoration effects, as they reflect the central
ecosystem components and functions of mires (cf. Parish et al. 2008) and are most
commonly used in describing change after peatland restoration. In equal measure, they
represent the restoration goals of the two studied restoration projects: The ‘Protection
programme for forest peatlands in Brandenburg’ and peatland restoration projects with
the EU-Life project ‘Restoration of clear water lakes, mires and swamp forests of the Lake
Stechlin’ (Luthardt et al. 2002; Luthardt et al. 2021; Miiller 2014). However, based on
project goals, funding and specific research questions, I suggest integrating additional

monitoring parameters (see e.g., Strobel et al. 2019; Tanneberger et al. n.d.). A good basis
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on which to choose them, depending on the research focus or the objective of a

restoration project, is provided by Reed et al. (2022).

5.2. Assessment methodology

The research question addressed in the following chapter:

IlTa Which easy applicable monitoring methodology can be used to assess
changes in the water table, peat-accumulating area, mire-specific

biodiversity and GHG emissions, before and after peatland restoration?

Generally, the assessment methodology developed and applied in this thesis uses the
areal mapping of vegetation in vegetation units, which are homogenous in floristic
features and physiognomic structures (Koska 2001; Luthardt et al. 2006). Although, due
to the persistence of species or slow immigration pathways, vegetation reacts slowly to
change, such as changes in water table depth or nutrient availability (cf. Kareksela et al.
2015), the advantage over sampling plots in specific areas or along transects is the area-
wide statement (cf. Luthardt et al. 2006). Additionally, the upper 30 cm of near-surface
peat is sampled in each vegetation unit to determine the soil substrate, decomposition
(according to Von Post 1924), colour and admixtures, using Schulz et al. (2019). This field
data is then applied through different tools to evaluate changes before and after
restoration. While discussing the assessment methodology, remarks and suggestions for

transferability are made.

Water table

4

The vegetation typology in this thesis is based on the “vegetation form” concept
developed by Koska (2001), which uses vegetation as a proxy to indicate on-site
conditions. Consequently, soil moisture classes for wet and dry seasons can be

determined for each vegetation unit, representing long-term median values for water

table depth in relation to surface. The vegetation form concept is a widely accepted
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methodology in the study region (Succow & Joosten 2001; Couwenberg et al. 2015;
Luthardt et al. 2021). Another commonly used tool in research to describe changes in the
water table is water gauge measurement (e.g., in Ahmad et al. 2020; Strobel et al. 2019).
Although continuous data can be provided, only the area where the water gauge is
installed is represented, which is often central, near the (former) ditch and known to be
wetter than marginal areas (cf. Hedberg et al. 2012; Strobel et al. 2019). Nevertheless,
measuring water table depth in the first years following restoration can be helpful, when

vegetation has not yet adapted to the changed conditions.

The vegetation typology used for his study, developed especially for north-east Germany,
needs to be adapted for other biogeographical and climatic zones. Water gauges are
recommended if similar vegetation typologies are unavailable or adaptable. To represent
water table depth for the whole peatland, more than one water gauge might be necessary,

and interpolation may also be required.

Peat properties and accumulation

In the six Stechlinsee peatlands within the current research, we analysed the peat
properties pH value, TOC, N, C/N ratio, BD, peat type and structure. TOC values in
successfully rewetted fens are comparable to values of undisturbed peats.
Simultaneously, a lower BD was determined, and new peat accumulation was estimated
in the form of new peat layers and displacement peat. Therefore, it is indicated that with
a favourable water table and the dominance of peat-forming vegetation, peat
accumulation can be re-established. These findings were used to estimate peat
accumulation in the uppermost peat layer for each vegetation unit in the 33 ‘Protection
programme for forest peatlands in Brandenburg’ study sites. When the near-surface peat
showed signs of previous drainage, and therefore peat degradation (high decomposition,
earthification, murshification), new peat accumulation was determined if the water table
was close to the surface, peat-forming vegetation prevailed and a new layer of organic
material in acidic peat moss dominated or recent root penetration in sedge-dominated

peatlands was determined. For undisturbed peats, peat accumulation was determined
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when the water table was close to the surface, peat-forming vegetation prevailed, and
near-surface peat decomposition was slight to moderate (H1 to H7 according to Von Post

(1924)).

As the process of peat accumulation is comparable worldwide, good transferability is
expected; however, the methodological approach presented herein can only be used to
describe the potential for new material being transferred into long-term C storage, as the
highly dynamic near-surface peat will undergo continuous decomposition (see also

Chapter 5.3 on restoration effects on peat accumulation; Young et al. (2019)).

Mire-specific biodiversity

The research questions addressed in the following section:

Ia Which indicators, attributes and measure values are suitable for assessing

mire-specific biodiversity on different levels?

Ib Which value scales for each indicator represent the degree (none to very

high) of mire-specific biodiversity?

Ic Is the assessment via indicators comparable to the assessment by experts and

practitioners in peatland restoration?

A user-friendly, easy applicable indicator system was developed to assess mire-specific
biodiversity, as existing assessment tools were insufficient or focused only on the species
level of mire biodiversity. In contrast, the developed indicator system equally rates the
levels of species, biocoenosis and ecosystem diversity. The integration of genetic
diversity requires significant expert knowledge, and genetic research in the study area

was found to be insufficient for usage in the indicator system.

Ranging from 0 (no mire-specific biodiversity) to 15 (very high mire biodiversity) points
for the overall evaluation, mire-specific biodiversity was assessed against three indicators

for the three levels of biodiversity, each rated with up to 5 points. The number of mire-
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specific vascular plants and mosses was measured for the indicator ‘mire-specific species’
for the species level. Numbers of specialised plant formations, special habitats and
integration into peatland biotope networks were measured for the indicator ‘spatial
structure’, representing the biocoenosis level. The degree of topsoil degradation and
water table depth were measured for the indicator ‘site characteristics’, representing the
ecosystem level. Our assessment via the indicator system was consistent with the
assessments of experts (n=11) and practitioners (n=42) in peatland science, nature

conservation and forestry.

The few comparable approaches assessing mire biodiversity focus mainly on fauna or
vegetation and are often not completed (Tiemeyer et al. 2015; Joosten et al. 2015; Gorn &
Fischer 2011). Tiemeyer et al. (2015) and Joosten et al. (2015) suggest the assessment of
mire biodiversity based on biotope values, and Gorn & Fischer (2011) suggest an
assessment of fauna, albeit, as fauna specialists are rare, we argue that this is not easily
applicable. Further, literature on mire biodiversity (Bragg & Lindsay 2003; Prentice 2011;
Minayeva et al. 2017; Strobel et al. 2019) argues that any assessment of mire biodiversity
needs to be multifunctional and include heterogeneity on all levels. Through addressing
different levels of biodiversity, the indicator system used to assess mire-specific
biodiversity not only helps to differentiate between near-natural and degraded peatlands,
but also to rate different stages of degradation gradually. Similarly, different stages
following restoration are reliably represented, as shown in this thesis. This is supported
by Luthardt et al. (2023), who show, by using the indicator system, that although an
improvement in biodiversity values can be detected, restored peatlands differ from mires
that have matured over time and with high continuity. Tanneberger et al. (n.d.) apply the
indicator system in the context of quantifying the ecosystem services of rewetted
peatlands and illustrate that it allows scenario building to estimate the development of

mire-specific biodiversity after peatland rewetting.

The indicator system can best be applied using the vegetation form concept (Koska 2001),
along with soil sampling to determine peat degradation in each vegetation unit and the
additional notation of special habitats in the field. An assessment sheet was developed to

allow easy application, which can be filled in during fieldwork. The indicator system can
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be adapted elsewhere by following the approach of Hammerich et al. (2022). First,
reference systems (see Wagner & Wagner (2004) or Mendes et al. (2019), as examples of
how to cluster peatlands based on naturalness) need to be analysed for their mire-specific
components, especially species, plant formations, special habitats and integration into
the biotope network. Vascular plants and moss species native to mires, for example, are
provided by Joosten et al. (2017a) for European countries. Plant formations (Ellenberg &
Miiller-Dombois 1966) are a global concept and can be adapted to how they are regionally
manifested. As mires worldwide share the same hydrological processes (Parish et al.

2008), good transferability in soil and water table assessments is expected.

GHG emissions

GHG emission factors are generally based on CO, flux measurements, measured by
chamber technique or eddy covariance method (Poyda et al. 2017). Building on existing
data, the GEST approach has been employed to meta-analyse annual GHG fluxes in
relation to the peatland site parameters water table, soil type, vegetation composition,
trophic condition and acidity, with the end result being that mean annual water table
values best explain CO, and CH, fluxes. Vegetation is used as a proxy to indicate soil
moisture classes with mean annual groundwater tables (vegetation forms by Koska
(2001)) and to allocate GEST types accordingly (Couwenberg et al. 2011). We used the
GEST values provided by Reichelt (2015), who updated the original work done by
Couwenberg et al. (2011) for open vegetation units. Spangenberg (2011) was applied for
forested vegetation units. New publications on GEST values are being prepared, as the
work by Spangenberg (2011) was interpolated from open GESTs and has shown some
inaccuracies. Furthermore, newly measured flux data from 2015 onwards will be

included to revise GESTs for open vegetation types.

The GEST approach is applicable for lowlands in north-west Europe. For other climatic
and biogeographical zones, calibration is needed - as attempted for Belarus
(Tanneberger & Wichtmann 2011) and the Baltic states (Jarasius et al. 2022). Calibration

seems possible, as studies on GHG emissions from peatlands and measuring flux data
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have increased over the past years, being the main research topic in peatland science
(Van Bellen & Lariviere 2020). Generally, regular updates of GEST values are necessary to
reflect the current state of knowledge. I argue that measuring fluxes for every restoration
project will not be possible, especially over a long period, as flux measurements are
expensive and require significant expert knowledge. Moreover, they usually do not
represent all areas in a peatland. Therefore, interpolation and meta-analyses will be
necessary to estimate GHG emissions. In this context, the GEST approach presents a
robust methodology and an alternative to direct flux measurements. The main challenge
for transferability is the use of the underlying vegetation typology, which is currently only

applicable in north-east Germany (see above).

5.3. Restoration effects

The research question addressed in the following chapter:

IIIb How and to what extent do water tables, peat-accumulating areas, mire-
specific biodiversity and GHG emissions change from before to after

restoration?

The restoration projects assessed in the context of this thesis illustrate that peatland
restoration generally leads to rises in water table depth, increased TOC values
comparable to undisturbed peats and an increased peat accumulation area, an increase
in mire-specific biodiversity and an estimated decrease in GHG emissions. The chosen
monitoring parameters detected changes reliably in these peatland properties. However,
peatlands are mostly not restored to near-natural conditions within the studied
timeframe, as confirmed in comparable studies (e.g., Mélson et al. 2008; Krejéova et al.
2021; Kreyling et al. 2021). Pristine mires are characterised by a high degree of maturity
and continuity (in the study region, up to 13,000 years) and, as a result, largely stable
conditions in terms of species composition, nutrient ratios, vegetation zoning, water
tables, structural diversity and peat formation over centuries (cf. Parish et al. 2008;

Luthardt 2014a; Wulf 2001). Therefore, mires are mostly resilient to natural disturbances
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(Meier-Uhlherr et al. 2014). Once this continuity is interrupted and a certain threshold is
reached, turning them back to their former selves is questionable and not achievable in
the short term (Loisel & Gallego-Sala 2022). This does not mean that peatlands cannot
generally be restored to pristine conditions, but it could take a long time - evidently
longer than the relatively short timeframe of peatland restoration and its monitoring. As
such, the goal of peatland restoration should be to enhance ecosystem functioning (cf.
Chimner et al. 2016). The closer a peatland is to undisturbed conditions, the higher its
resilience to disturbances, which is especially relevant in the context of adapting to
climate change (Meier-Uhlherr et al. 2014; Loisel & Gallego-Sala 2022; Luthardt et al.
2023). Additionally, the positive effects of enhanced ecosystem functioning of rewetted
peatlands for adjacent ecosystems need to be accounted for, such as increased water
retention and, therefore, water availability for forests in the peatland catchment areas or
the enhancement of water quality and biodiversity of water bodies (cf. Ramchunder et al.

2012), which additionally promote peatland restoration.

Water table

Through restoration, the water table could be raised in the majority of studied peatlands.
By using the soil moisture class methodology, it could be distinctly determined that only
about 25% of the ‘Protection programme for forest peatlands in Brandenburg’ study sites
showed a water table at the surface in at least 90% of the peatland area. Two of the six
Stechlinsee peatlands could be fully rewetted with a surface-level water table in 100% of
the peatland area (Luthardt et al. 2021). Although the water table can successfully be
raised (e.g., Haapalehto et al. 2011; Laine et al. 2011), it is challenging to fully rewet
peatlands due to the high anthropogenic alteration of the majority of peatlands and their
catchment areas (Convention on Wetlands 2021). Near-surface peat degradation, and
therefore the loss of a functioning, self-regulating acrotelm, altered surface structures,
changes from vegetation with high water storage capacity to ubiquitous species and
interference with the groundwater balance on a landscape scale are known to influence
rewetting success negatively (e.g., Grootjans & van Diggelen 1995; Haapalehto et al. 2011;

Hedberg et al. 2012; Strobel et al. 2019; Kreyling et al. 2021). However, especially in
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peatlands, where near-natural areas remained, successful rewetting by hydraulic
measures led to a quick re-colonisation of peat-forming vegetation into the degraded
areas, resulting in the new formation of the acrotelm (see also below on peat properties
and accumulation). The acrotelm’s significant water storage capacity and vertical
gradient in terms of hydraulic conductivity stabilise the water table and are seen as key

challenges in restoring peatlands to self-regulating mires (Convention on Wetlands 2021).

Peat properties and accumulation

The research questions addressed in the following section:

ITa How do TOC, TN, C/N ratio, pH value, BD and structure - as important
indicators in the recovery of near-surface peat and carbon sink function -

change, from before to after restoration?

IIb Are the results comparable to pristine site values (based on a comparison of

the literature)?

The peat properties pH-value, TOC, TN, C/N ratio and BD were sampled before and 17
years after restoration in the Stechlinsee peatlands. PH value remained stable over time.
The mainly significantly increased values in TOC, from a mean of 35.7% to 47.8% in 2002-
2004 (before restoration) to a mean of 42.5% to 54.0% in 2019-2021 (after restoration), are
comparable to values of undisturbed peats. After restoring Stechlinsee peatlands, TOC
values are 42.5% to 50.4% for sedge-dominated peatlands and 47.7% to 54% in peat moss-
dominated sites. For north-east Germany, Succow (1988) states a mean of 40.8% TOC for
non-degraded sedge peat and 48.6% TOC for non-degraded moss peats. For peatlands in
the northern hemisphere, Loisel et al. (2014) determined for herbaceous peat, including

sedge peats, a mean of 50.5% TOC and for Sphagnum peat, 46% TOC.

Furthermore, a decrease in nutrient availability was determined, highlighted by a
dominant increase in the C/N ratio. This resulted from a slight decrease in TN values at

four sites (one significant) and, at the same time, an increase in TOC. A decrease in
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nutrient availability was also determined at the ‘Protection programme for forest
peatlands in Brandenburg’ study sites, indicated by the change in vegetation to species
with lower nutrient demands. This decrease is expected to positively influence the
diversity of mire-specific plant species, which are often adapted to moderately to very

nutrient-poor conditions (cf. Minayeva et al. 2017).

A mainly significant decrease in BD was detected, ranging from 0.08 g/cm? to 0.48 g/cm?®
in 2002-2004 and from 0.10 g/cm?to 0.16 g/cm?®in 2019-2021. Values after restoring sedge-
dominated sites are comparable to those for undisturbed herbaceous peat with a mean of
0.12 g/cm? (Loisel et al. 2014). The BD of peat moss-dominated sites was twice as high as
the mean of 0.08 g/cm? given by Loisel et al. (2014) for Sphagnum peat in the northern
hemisphere. As there is a clear relation between high C content and low BD, the decrease
in BD is likely due to a rise in C (Chapman et al. 2017; Wittnebel et al. 2021). The loosening
of peat by buoyancy most likely led to a further decrease in BD at the site, which had the

highest decrease in this factor.

A structural change was visible in the degraded, rewetted near-surface peats. The
structure of the earthified and murshified near-surface peats changed to a more
homogenous sludge mass showing larger re-aggregates. Additionally, in peat moss-
dominated areas, a layer of low decomposed peat moss peat accumulated on top of the
older, degraded peat horizons. This new layer was clearly distinguishable by colour and
structure compared to the degraded layer beneath. The new peat moss layers at three
Stechlinsee sites had a mean thickness of 6.8 cm to 36.1 cm and a mean accumulation rate
of 0.38 to 2.01 cm/y. At the ‘Protection programme for forest peatlands in Brandenburg’
study sites, new peat moss layers had an accumulation rate of up to 1.5 cm/y. In peatlands
dominated by herbaceous plants, on the other hand, new material is added at varying
depths into an older matrix by vertically ingrown rhizomes and roots (Michaelis et al.
2020). This so-called ‘displacement peat’ was visible in the sedge-dominated peatlands,
where the degraded peat layer functions as this matrix. Both phenomena were
determined in both the Stechlinsee peatlands and the ‘Protection programme for forest
peatlands in Brandenburg’ study sites. In addition to the formation of displacement peat,

Mrotzek et al. (2020) and Michaelis et al. (2020) describe a ‘proto peat’ 20 years following
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restoration, consisting of newly deposited roots, radicals and litter on top of the degraded
peat in sedge-dominated areas. In very few, very wet sedge-dominated areas in the
‘Protection programme for forest peatlands in Brandenburg’ study sites, we determined
a very thin layer of newly accumulated litter, mainly consisting of above-ground plant
parts of tall sedges, which did not appear to be peat at that point but has the potential to
become peat when continuous wet conditions prevail. These developments led to the
conclusion that within 20 years of restoration, the formation of a new acrotelm is

possible.

However, the results shown herein need to be interpreted with respect to ongoing
decomposition, especially in the highly dynamic near-surface peat layer. The added
material and TOC might never, or only partially, become part of the long-term C store
(Young et al. 2019). This is an especially important notion in the context of climate
change, in terms of potentially longer dry periods in the summer and expected longer

periods of aerobic conditions in the topsoil peat (cf. DWD 2019).

Mire-specific biodiversity

By using the indicator system to assess mire-specific biodiversity, we determined a
general increase in its value after restoration. This increase mainly resulted from higher
water tables, increased peat-accumulating area, and habitat heterogeneity. Mire-specific
species, on the other hand, increased just slightly and not significantly after restoration.
The parameters and measure values of the indicator system well represented these
different developments in the different biodiversity levels following restoration. High
mire-specific biodiversity values are rarely achieved, as supported by Tanneberger et al.
(n.d.), who established - also by using the indicator system - that an increase in
biodiversity following restoration did not reach high or even projected moderate values.
In general, the biodiversity of mires, which is commonly assessed in relation to
vegetation or species alone, recovers slowly and is not comparable to near-natural
conditions (Benayas et al. 2009; Hedberg et al. 2012; Kareksela et al. 2015; Krejéova et al.
2021; Milson et al. 2008). For fen systems in temperate Europe, helophytisation, i.e., a

shift towards tall-growing, species-poor vegetation, was observed (Kreyling et al. 2021).
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Only when biodiversity value was still high before restoration, representing a low degree
of degradation or near-natural, often central areas remained within the peatland,
functioning as a starting point for the re-colonisation of mire-typical and mire-specific
vegetation and the formation of a new acrotelm, were high biodiversity values reached.
Similar findings on the restoration of fen systems support these results, as the potential
for restoring them to near-natural conditions is higher, the lower the degree of initial
degradation and change in vegetation (Grootjans & van Diggelen 1995; Klimkowska et al.
2010; Laine et al. 2011). The shift towards lower nutrient availability might also positively
influence the re-colonisation of mire-specific species in the long term, which are often
adapted to extreme nutrient conditions (cf. Minayeva et al. 2017). In this context,

additional long-term monitoring data is needed.

GHG emissions

For the ‘Protection programme for forest peatlands in Brandenburg’ study sites, we
estimated GHG emissions via the GEST approach (Couwenberg et al. 2011; Spangenberg
2011; Reichelt 2015). In the reduced sample of 29 study sites, where peatlands with a
negative influence of groundwater abstraction in the peatland catchment areas were
excluded, GHG emissions decreased from before to after restoration from a median of
8.5t0 6.8t CO2-eq. ha'year'. This reduction was higher in peatlands undergoing hydraulic
measures, from a median of 10.7to 7.1t CO--eq. ha* year™. It was lower and not significant
in peatlands undergoing management measures, from a median of 7.5t0 6.6 t CO,-eq. ha’
! year™. The estimated GHG reduction at 80% of the study sites ranged between 0.15to
16.19 t CO,-eq. ha™ year™. The slight increases in GHG emissions of 0.13 to 3.87 t CO,-eq.
ha' year® in the remaining 20% were coherent with a slightly deeper water table or no
apparent water table rise (n=3) and/or a change in vegetation with a shift towards shunt
species. All study sites contributed GHG emissions after restoration, with values ranging
from 2.32to0 16.27 t CO,-eq. ha' year™.

Our estimated values for GHG reduction are comparable, but slightly lower, than the
values provided by Wilson et al. (2016) for GHG emission reduction through peatland

rewetting in the temperate zone: for grassland 4.68 t CO»-eq. ha' year™ (nutrient-rich,
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shallow drained) to 20.84 t CO,-eq. ha' year™ (nutrient-poor), and for forest land -0.32 t
CO.-eq. ha' year' (nutrient-rich) to 8.47 t CO,-eq. ha' year™ (forest land, nutrient-poor).
This can be related to the less intensive usage — and therefore less intensive drainage - of
the smaller, hardly accessible forest peatlands in the study area compared to larger areas
used for agriculture (cf. Kiihn et al. 2014).

In general, the restoration of the ‘Protection programme for forest peatlands in
Brandenburg’ study sites led to significant reductions in GHG emissions compared to
their drained states, but all peatlands remained contributors of GHG emissions, which is
comparable to the literature (Couwenberg et al. 2011; Wilson et al. 2016; Humpendder et
al. 2020). In this context, dissimilar vegetation composition after restoration, e.g., the
absence of brown mosses and a shift to graminoid wetland plants in fens, is suspected to
influence the total GHG effects of rewetting (Zak et al. 2015; Kreyling et al. 2021). For the
Stechlinsee peatlands, although no GHG emissions were estimated, we suspect a
reduction in GHG emissions due to higher water table depths at the majority of the study
sites.

However, in this respect, it is important to state that the GEST approach can result in
some uncertainties (see Chapter 5.3). Furthermore, potentially high methane emissions
(cf. Antonijevi¢ et al. 2023), directly after hydraulic measures were applied, were not
accounted for, as the study sites were mapped before and 4 to 27 years after restoration.
Whereas some studies revealed high methane emissions following rewetting, potentially
lasting decades (Zak et al. 2015; Antonijevié et al. 2023), others argue that these methane
emissions do not counteract the climate change mitigation potential of peatland
rewetting in the long term (Couwenberg et al. 2011; Glinther et al. 2020). In this case, then,

further long-term monitoring data is required.
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5.4. Factorsinfluencing restoration success

Research question addressed in the following chapter:

IlIc How do restoration measures, groundwater-abstracting facilities in the
peatland catchment areas, trophic conditions, the acid-base ratio before
restoration, hydrogenetic mire type, peatland size and years since

restoration influence restoration success?

We demonstrated that variables indicating the success of peatland restoration, i.e.,
higher water tables, an increase in the peat-accumulating area and mire-specific
biodiversity as well as lower GHG emissions, are highly related. Whereas variables such
as trophic conditions and the acid-base ratio before restoration, hydrogenetic mire type,
peatland size and changes in trophic conditions are not related to restoration success, we
found a positive relation with years since restoration. The few comparable studies
support the contention that time since restoration can positively influence mire-typical
vegetation and plant diversity (Karksela et al. 2015; Strobel et al. 2019). Comparable
studies on the influence of trophic conditions and the acid-base ratio, hydrogenetic mire
type and peatland size are rare, in which case it is indicated that peatlands with a
percolating hydrological regime are especially hard to restore, due to specific water table
dynamics. Alkaline fens are among the most threatened mire types, and successful
restoration requires intensive measures, such as topsoil removal and diaspor transfer
(Klimkowska et al. 2007; Nilson 2015). In respect to peatland size, Heikkild & Lindholm
(1995) argue that small peatlands, aligned with high dependency on their surroundings,
are generally harder to restore, especially in regions with a negative climatic water
balance. Both, Stechlinsee peatlands and ‘Protection programme for forest peatlands in
Brandenburg’ study sites are highly dependent on the surrounding catchment area, as
the climatic water balance in Brandenburg is negative (cf. Luthardt & Zeitz 2014) and they
are small, mostly under 6 ha in size. In respect to the ‘Protection programme for forest
peatlands in Brandenburg’ study sites, groundwater abstracting facilities significantly

hindered restoration success, as supported, for example, by Grootjans & van Diggelen
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1995, who have stated that successful fen restoration can only be achieved on a landscape

scale.

We found great differences in restoration outcomes rooted in the applied restoration
measures. Management measures, for instance, did not significantly improve peatland
conditions but rather maintained the initial state. In contrast, hydraulic measures led to
arise in the water table, mire-specific biodiversity and peat-accumulating area as well as
lower estimated GHG emissions. This contrasting restoration outcome is based on the
difference in peatland conditions prior to initiating restoration measures. In this regard,
peatlands undergoing management measures were in a better initial state (mire-specific
biodiversity of 11 points), showed no active drainage ditches and management measures
were the only option for action. Peatlands undergoing hydraulic measures were in a
worse initial state (mire-specific biodiversity of 9 points) and actively drained by ditches,
thereby showing a greater potential for improvement. A higher water table especially is
attained in the short term, which then kickstarts the re-colonisation of peat-accumulating
species, peat accumulation and a more diverse habitat. The increase in mire-specific
plant species seems to be long term. Hedberg et al. (2012) revealed that rewetting, in
combination with clear cutting, is effective in restoring wetland vegetation and mowing
is estimated to enhance successful fen vegetation recovery (Grootjans & Van Diggelen
1995; Milson et al. 2008) which indicates that management, in combination with prior
hydraulic measures, has highest restoration success prospects. Generally, it is possible
that the conceivable positive effects of management measures have been counteracted
by climate change and reduced water supply in recent decades in the study area.
Furthermore, forest restructuring in the peatland catchment areas is a measure via which
only long-term effects can be expected. The effects of different management measures

on restoration success require further multi-case research encompassing long-term data.
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6. Conclusion with implications for practice

As it is challenging to restore peatlands to near-natural conditions, the first priority
needs to be the conservation and stabilisation of all pristine mires for their high
biodiversity value and several ecosystem functions. Second, as peatland rewetting
generally leads to a rise in the water table, increases in the peat-accumulating area,
increases in mire-specific biodiversity and a decrease in GHG emissions, it is
necessary to rewet all degraded peatland as one key factor in mitigating climate
change and fighting biodiversity loss. As GHG emissions resulting from human
activities have already had negative effects on the diverse ecosystems of the Earth,
and global warming is more likely than not to reach 1.5 °C in the near term (IPCC
2023), peatland restoration is more urgent than ever in getting closer to meeting the
goals of the UNFCCC and the Paris Agreement. International efforts to stop
biodiversity loss have fallen short of meeting set targets (XU et al. 2021), and the
conservation of mires and restoration of peatlands is necessary to achieve the 2050
vision of the post-2020 Global Biodiversity Framework of CBD.

We should ask if the goal of peatland restoration should be to reconstruct past
conditions or rather to assist peatland ecosystems in increasing ecological
functioning (cf. Chimner et al. 2016). Even if near-natural conditions are not always
attained by restoration, it is evident that rewetting by hydraulic measures enhances
ecosystem functioning and favours wetland species (see also Luthardt et al. 2021;
Tanneberger et al. n.d.). Especially in the context of adaptation to climate change, the
priority must be to strengthen peatland ecosystems’ resilience by moving them closer
to undisturbed conditions. Moreover, the positive effects for adjacent ecosystems,
such as increased water retention and water availability for forests in peatland
catchment areas, highlight the importance of peatland restoration.

As rewetting fully is a challenging undertaking, but is nonetheless the first step in
successfully restoring peatlands, the focus of restoration efforts needs to be on how
to achieve this outcome. In this context, water availability on a landscape scale,
aligned with land-use in catchment areas, is of major importance. In respect to forest
peatlands, this means, among others, restructuring forests back to near-natural
conditions.
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Although management measures have not led to significant improvements in the
context of our study sites, they should be considered for maintaining peatland
conditions or even enhancing peatland restoration success in addition to hydraulic
measures (cf. Hedberg et al. 2012). Forest restructuring within peatland catchment
areas, as a long-term measure, should be implemented not only for restoration areas
but also for largely functioning mires to enhance water availability in the context of
future shortages in water availability due to global warming. As forest restructuring
has a medium- to long-term effect, it must be realised as quickly as possible.
Therefore, it is also advisable to start with forest restructuring if restrictions on
hydraulic measures or groundwater-reducing forms of land use in the catchment area
exist. If the restrictions or negative effects are lifted, the positive effects of forest
restructuring can already be effective.

After successful rewetting and, therefore, a water table close to the surface, we
determined an increase in TOC in near-surface peats comparable to values of
undisturbed peats. Therefore, the re-establishment of peatlands as C sinks seems
possible, as TOC in near-surface peats is a key factor in this process. Nevertheless,
due to ongoing decay in highly dynamic near-surface peat, and potential negative
effects due to climatic change, transfer into the long-term C store is questionable.
Still, the decrease in BD and newly accumulated peat-moss layers indicate the
development of a new acrotelm, which is a key factor in restoring peatlands to self-
regulating mires, due to their capability to stabilise the water table.

Whereas changes in the water table can be achieved in the short term, leading to the
expansion of peat-forming vegetation and, therefore, new peat accumulation and
increased habitat heterogeneity, the recovery of mire-specific species is rather slow.
The mid-term recovery of mire-specific biodiversity can be expected from
comparably low-degraded peatlands when near-natural areas within the peatland
remain. Additionally, decreased nutrient availability is expected to support the re-
colonisation of mire-specific species in the long term.

Although restored peatlands remain contributors of GHG emissions, a reduction
compared to their drained state was found, which highlights the importance of

peatland restoration for climate change mitigation. That said, uncertainties still
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remain in relation to the formation of shallow water bodies and, therefore, rather
long-lasting methane emissions following rewetting, which counteract GHG emission
savings through preserving the peat body.

Water tables, peat accumulation, mire-specific biodiversity and GHG emissions,
assessed with the proposed or comparable methodologies suggested herein, should
be considered as standard monitoring parameters for controlling the success of
peatland restoration projects in the study region and other geographical regions. As
most assessments are based on spatial vegetation mapping and topsoil sampling, our
proposed monitoring tools are relatively cost-effective and produce robust results.
The collected information can be used to adapt restoration practices and enhance
restoration success. Science-based and robust data is needed to justify the use of
public funds and in the context of raising efforts to quantify ecosystem services (cf.
La Notte et al. 2017; SBTN 2023). Additionally, if restoration aims require and project
resources allow, additional sampling is recommended, e.g., peat properties (TOC,
TN, C/N ratio, BD, pH value). A holistic overview in this regard is provided by Reed et
al. (2022) and can be used as a ‘tool box’ for choosing monitoring parameters.

The novel indicator system employed to assess mire-specific biodiversity, based on
the specific characteristics of mires, highlights the importance of peatland areas for
biodiversity in general and provides information for further planning and adapting
conservation practices. In the context of payments for ecosystem services relating to
peatland rewetting, as shown in Tanneberger et al. (n.d.), the indicator system can

quantify mire-specific biodiversity.

124



I Literature

Aapala K, Similda M (2014) Introduction. Pages 3-6 In: Simild M, Aapala K, Penttinen ] (eds)
Ecological Restoration in Drained Peatlands — Best Practices from Finland. Metséhallitus -
Natural Heritage Services, Vantaa

Aapala K, Tukia H (2008) Restoration as a tool to improve the quality of drained spruce mires in
conservation areas. Pages 17-20 In: Farrell C, Feehan J (eds) After Wise Use - The Future of
Peatlands. Proceedings of the 13th International Peat Congress, IPS, Tullamore

Aapala K, Rehell S, Simild M (2014) Peatland biodiversity. Pages 26-32 In: Simild M, Aapala K,
Penttinen J (eds) Ecological Restoration in Drained Peatlands - Best Practices from Finland.
Metsidhallitus - Natural Heritage Services, Vantaa

Aapala K, Rehell S, Simild M, Haapalehto T (2014a) Peatland restoration — needs and goals. Pages
8-10 In: Simil4d M, Aapala K, Penttinen ] (eds) Ecological Restoration in Drained Peatlands -
Best Practices from Finland. Metsdhallitus - Natural Heritage Services, Vantaa

Abel S, Barthelmes A, Gaudig G, Joosten H, Nordt A, Peters J (2019) Klimaschutz auf Moorb6den
- Losungsansitze und Best-Practice-Beispiele (Climate Protection on Peat Soils - Solutions and
Best Practice Examples). Greifswald Moor Centrum, Greifswald. In German.

Ad-hoc-AG Boden (2005) Bodenkundliche Kartieranleitung (Soil Mapping Manual). E.
Schweizerbart, Hannover. In German.

Agus C, Azmi FF, Widiyatno, IlIfana ZR, Wulandari D, Rachmanadi D, Harun MK, Yuwati TW
(2019) The impact of forest fire on the biodiversity and the soil characteristics of tropical
peatlands. Pages 287-303 In: Filho WL, Barbir J, Preziosi R (eds) Handbook of Climate Change
and Biodiversity. Springer, Cham

Ahmad S, Liu H, Giinther A, Couwenberg J, Lennartz B (2020) Long-term rewetting of degraded
peatlands restores hydrological buffer function. Science of The Total Environment 749/141571:1-
10 DOI: 10.1016/j.scitotenv.2020.141571

Allendorf FW, Aitken SN, Luikart G (2013) Conservation and the Genetics of Populations. John
Wiley & Sons, Hoboken

Andersen R, Farrell C, Graf M, Muller F, Calvar E, Frankard P, Caporn S, Anderson P (2016) An
overview of the progress and challenges of peatland restoration in Western Europe. Restoration
Ecology 25/2:271-282 DOI: 10.1111/rec.12415

Anderson DS, Davis RB (1997) The vegetation and its environments in Maine peatlands. Canadian
Journal of Botany 75/10:1785-1805 DOI: 10.1139/b97-893

Antala M, Juszczak R, van der Tol C, Rastogi A (2022) Impact of climate change-induced
alterations in peatland vegetation phenology and composition on carbon balance. Science of The
Total Environment 827/154294:1-15 DOI: 10.1016/j.scitotenv.2022.154294

Antonijevi¢ D, Hoffmann M, Prochnow A, Krabbe K, Weituschat M, Couwenberg J, Ehlert S, Zak
D, Augustin J (2023) The unexpected long period of elevated CH4 emissions from an inundated
fen meadow ended only with the occurrence of cattail (Typha latifolia). Global Change Biology
29:3678-3691 DOI: 10.1111/gcb.16713

Armstrong A, Holden J, Kay P, Francis B, Foulger M, Gledhill S, Mcdonald A, Walker A (2010) The
impact of peatland drain-blocking on dissolved organic carbon loss and discolouration of
water; results from a national survey. Journal of Hydrology 381:112-120 DOLI:
10.1016/j.jhydrol.2009.11.031

125



Bani L, Baietto M, Bottoni L, Massa R (2002) The use of focal species in designing a habitat
network for a lowland area of Lombardy, Italy. Conservation Biology 16/3:826-831 DOI:
10.1046/j.1523-1739.2002.01082.x

Barndt D (2014) Weitere GliederfiiBergruppen der nihrstoffairmeren Moore: Kifer, Zikaden,
Wanzen, Webspinnen, Pseudoskorpione, Doppelfiier (Further arthropods of nutrient poor
peatlands: beetles, cicada, bugs, web spiders, pseudoscorpions, millipede). Pages 86-92 In:
Luthardt V, Zeitz J (eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and
Berlin). Natur + Text, Rangsdorf. In German.

Barthelmes A, Couwenberg J, Risager M, Tegetmeyer C, Joosten H (2015) Peatlands and Climate
in a Ramsar Context - A Nordic-Baltic Perspective. Nordic Council of Ministers, Copenhagen

Bastian O, Schreiber KF (1999) Analyse und 6kologische Bewertung der Landschaft (Analysis and
Ecological Assessment of the Landscape). Spektrum Akademischer Verlag GmbH, Heidelberg,
Berlin. In German.

Batzer D, Wu H, Wheeler T, Eggert S (2016) Peatland invertebrates. Pages 219-250 In: Batzer D,
Boix D (eds) Invertebrates in Freshwater Wetlands. Springer, Cham

Bauriegel A (2014) Verbreitung der Moorbdden (Distribution of peat soils). Pages 123-135 In:
Luthardt V, Zeitz J (eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and
Berlin). Natur + Text, Rangsdorf. In German.

Behan-Pelletier VM, Bissett B (1994) Oribatida of Canadian peatlands. Memoirs of the
Entomological Society of Canada 126/Supplement S169:73-88 DOI: 10.4039/entm126169073-1

Benavides JC (2014) The effect of drainage on organic matter accumulation and plant
communities of high-altitude peatlands in the Colombian tropical Andes. Mires and Peat
15/01:1-15

Benayas J, Newton A, Diaz A, Bullock J (2009) Enhancement of Biodiversity and Ecosystem
Services by Ecological Restoration: A Meta-Analysis. Science 325:1121-1124 DOLI:
10.1126/science.1172460.

Bennett G, Wit P (2001) The Development and Application of Ecological Networks - A Review of
Proposals, Plans and Programmes. AIDEnvironment, Amsterdam

Blick T, Finch OD, Harms KH, Kiechle J, Kielhorn KH, Kreuels M, Malten A, Martin D, Muster C,
Dietrich N, Platen R, Rodel I, Scheidler M, Staudt A, Stumpf H, Tolke D (2016) Rote Liste und
Gesamtartenliste der Spinnen (Arachnida: Araneae) Deutschlands (Red List and species list of
spiders (Arachnida: Araneae) of Germany). Pages 383-510 In: Gruttke H, Balzer S, Binot-Hafke
M, Haupt H, Hofbauer N, Ludwig G, Matzke-Hajek G, Ries M (eds) Rote Liste Gefdhrdeter Tiere,
Pflanzen und Pilze Deutschlands, Band 4: Wirbellose Tiere (Teil 2) (Red Lists of the Endangered
Animals, Plants and Fungi of Germany, Volume 4: Invertebrates (Part 2)). Naturschutz und
Biologische Vielfalt 70(4), Bonn-Bad Godesberg. In German.

BMEL - Bundesministerium fiir Erndhrung und Landwirtschaft (2023) Ozdemir: ,Moorschutz
und Wirtschaft zusammenbringen’
https://www.bmel.de/SharedDocs/Pressemitteilungen/DE/2023/099-wetnetbb-projekt.html
(accessed 18 March 2024)

Bonn A, Allott T, Evans M, Joosten H, Stoneman R (2016, eds) Peatland Restoration and
Ecosystem Services: Science, Policy and Practice. Cambridge University Press & British
Ecological Society, Cambridge

Bonn A, Allott T, Evans M, Joosten H, Stoneman R (2016a) Peatland restoration and ecosystem
services: An introduction. Pages 1-16 In: Bonn A, Allott T, Evans M, Joosten H, Stoneman R
(eds) Peatland Restoration and Ecosystem Services: Science, Policy and Practice. Cambridge
University Press & British Ecological Society, Cambridge

126



Bonnett SAF, Ross S, Linstead C, Maltby E (2009) A review of techniques for monitoring the
success of peatland restoration. Natural England Commissioned Reports Number 86,
University of Liverpool, Liverpool

Bragg O, Lindsay R (2003, eds) Strategy and Action Plan for Mire and Peatland Conservation in
Central Europe. Wetlands International, Wageningen

Brauner O (2014a) Lurche und Amphibien (Amphibians). Pages 75-76 In: Luthardt V, Zeitz ] (eds)
Moore in Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text,
Rangsdorf. In German.

Brauner O (2014b) Heuschrecken (Locusts). Pages 83-86 In: Luthardt V, Zeitz J (eds) Moore in
Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text, Rangsdorf. In
German.

Brunbjerg AK, Bruun HH, Dalby L, Flgjgaard C, Freslev TG, Hoye TT, Goldberg I, Laessoe T,
Hansen MDD, Brendum L, Skipper L, Fog K, Ejrnees R (2018) Vascular plant species richness
and bioindication predict multi-taxon species richness. Methods in Ecology and Evolution
9/12:2372-2382 DOI1: 10.1111/2041-210X.13087

Bundesregierung (2022, ed) Intakte Moore schiitzen das Klima (Intact peatlands protect the
climate). In German. https://www.bundesregierung.de/breg-
de/themen/nachhaltigkeitspolitik/feuchtgebiete-schuetzen-1850032 (accessed 31 March 2024)

Burbaum B, Filipinski M (2015) Entstehung, Entwicklung und Verbreitung der Moore (Origin,
development, and distribution of peatlands). Pages 8-23 In: LLUR (eds) Moore in Schleswig-
Holstein (Peatlands in Schleswig-Holstein). LLUR, Flintbek. In German.

Cardenas MF, Tobdn C, Rock BN, del Valle JI (2018) Ecophysiology of frailejones (Espeletia spp.)
and its contribution to the hydrological functioning of paramo ecosystems. Plant Ecology
219:185-198 DOI: 10.1007/s11258-017-0787-x

CBD - Convention on Biological Diversity (2022) 15/4. Kunming-Montreal Global Biodiversity
Framework. Decision adopted by the conference of the parties to the Convention on Biological

Diversity on the 7-19 December 2022, Montreal https://www.cbd.int/doc/decisions/cop-15/cop-
15-dec-04-en.pdf (accessed 13 March 2024)

Chambers FM, Beilman DW, Yu Z (2011) Methods for determining peat humification and for
quantifying peat bulk density, organic matter and carbon content for palaeostudies of climate
and peatland carbon dynamics. Mires and Peat 7/7:1-10

Chapin IF, Stuart II, Matson PA, Vitousek PM (2011) Principles of Terrestrial Ecosystem Ecology.
Springer Science+Business Media LLC, New York

Chapman SJ, Farmer J, Main A, Smith J (2017) Refining pedotransfer functions for estimating
peat bulk density. Mires and Peat 19/23:1-11 DOI: 10.19189/MaP.2017.0MB.281

Charman DJ, Amesbury MJ, Hinchliffe W, Hughes PDM, Mallon G, Blake WH, Daley TJ, Gallego-
Sala AV, Mauquoy D (2015) Drivers of Holocene peatland carbon accumulation across a climate
gradient in northeastern North America. Quaternary Science Reviews 121:110-119 DOI:
10.1016/j.quascirev.2015.05.012

Chimner R, Cooper D, Wurster F, Rochefort L (2016) An overview of peatland restoration in North
America: Where are we after 25 years? Restoration Ecology 25/2:283-292 DOI: 10.1111/rec.12434

Convention on Wetlands (2021) Global guidelines for peatland rewetting and restoration. Ramsar
Technical Report No. 11, Secretariat of the Convention on Wetlands, Gland

Couwenberg J, Thiele A, Tanneberger F, Augustin J, Birisch S, Dubovik D, Liashchynskaya N,
Michaelis D, Minke M, Skuratovich A, Joosten H (2011) Assessing greenhouse gas emissions

127



from peatlands using vegetation as a proxy. Hydrobiologia 674:67-89 DOI: 10.1007/s10750-011-
0729-x

Couwenberg J, Schifer A, Tanneberger F (2015) Projektdokumentation Polder Kieve - Version
2.0. (Project Documentation Polder Kieve - Version 2.0). DUENE e.V., Greifswald. In German.

Crawford LA, Keyghobadi N (2018) Analysis of genetic diversity in a peatland specialist butterfly
suggests an important role for habitat quality and small habitat patches. Conservation Genetics
19/5:1109-1121 DOI: 10.1007/s10592-018-1082-7

Dauber J, Hirsch M, Simmering D, Waldhardt R, Otte A, Wolters V (2003) Landscape structure as
an indicator of biodiversity: matrix effects on species richness. Agriculture, Ecosystems and
Environment 98/1-3:321-329 DOI: 10.1016/S0167-8809(03)00092-6

Deutscher Bundestag (2018, ed) Biotopwertverfahren in Deutschland (Procedure on Biotope
Values in Germany). Deutscher Bundestag, Berlin. In German.

De Vriendt L, Lemay MA, Jean M, Renaut S, Pellerin S, Joly S, Belzile F, Poulin M (2016)
Population isolation shapes plant genetics, phenotype and germination in naturally patchy
ecosystems. Journal of Plant Ecology 22:649-659 DOI: 10.1093/jpe/rtw071

DIN 13878 (1995) Bodenbeschaffenheit - Bestimmung von Gesamt-Stickstoff nach trockener
Verbrennung (Soil Properties - Determination of Total Nitrogen after Dry Burning). Beuth-
Verlag, Berlin. In German.

DIN EN 15936 (2022) Boden, Abfall, behandelter Bioabfall und Schlamm - Bestimmung des
gesamten organischen Kohlenstoffs (TOC) mittels trockener Verbrennung (Soil, Waste,
Treated Biowaste and Sludge - Determination of Total Organic Carbon (TOC) by Means of Dry
Combustion). Beuth-Verlag, Berlin. In German.

DIN EN ISO 10390 (2005) Bodenbeschaffenheit — Bestimmung des pH-Wertes (Soil Properties -
Determination of the PH Value). Beuth-Verlag, Berlin. In German.

DIN EN ISO 11272 (2017) Bodenbeschaffenheit - Bestimmung der Trockenrohdichte (Soil
Properties - Determination of the Dry Bulk Density). Beuth-Verlag, Berlin. In German.

Dolch D (2014) Sdugetiere (Mammals). Pages 70-72 In: Luthardt V, Zeitz J (eds) Moore in
Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text, Rangsdorf. In
German.

Drosler M, Louis V, Verchot LV, Freibauer A, Pan G, Evans CD, Bourbonniere RA, Alm JP, Page
S, Agus F, Hergoualc'h K, Couwenberg J, Jauhiainen J, Sabiham S, Wang C, Srivastava N,
Bourgeau-Chavez L, Hooijer A, Minkkinen K, French N, Strand T, Sirin A, Mickler R, Tansey K,
Larkin N (2014) Drained Inland Organic Soils. Page 2.1-2.79 In: Hiraishi T, Krug T, Tanabe K,
Srivastava N, Baasansuren J, Fukuda M, Troxler TG (eds) 2013 Supplement to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories: Wetlands. IPCC, Geneva

Duinen GA, Brock A, Kuper J, Peeters T, Smits M, Verberk W, Esselink H (2002) Important keys
to successful restoration of characteristic aquatic macroinvertebrate fauna of raised bogs.
Pages 292-302 In: Schmilewski G, Rochefort L (eds) Parnu 2002 Peat in Horticulture Symposium
- IPS Commision V: Peatland restoration. Proceedings. IPS, Parnu

DWD - Deutscher Wetterdienst (2019) Klimareport Brandenburg (Climate Report Brandenburg).
DWD, Offenbach am Main. In German.

DWD - Deutscher Wetterdienst (2022) Jahresdaten der Temperatur in 2 m Hoéhe und des
Niederschlages fiir die Stationen Neuglobsow/Menz (Annual Temperature Data at 2 m Height
and Precipitation for the Stations Neuglobsow/Menz). DWD, Offenbach am Main. In German.
https://cdc.dwd.de/portal/ (accessed 07 Mai 2023)

128



Edom F (2001) Hydrologische Eigenheiten (Hydrological characteristics). Pages 17-18 In: Succow
M, Joosten H (eds) Landschaftsokologische Moorkunde (Landscape-Ecological Peatland
Science). Schweizerbart Science Publisher, Stuttgart. In German.

Ellenberg H, Leuschner C, Dierschke H (2010) Vegetation Mitteleuropas mit den Alpen in
okologischer, dynamischer und historischer Sicht (Vegetation Ecology of Central Europe in the
Perspective of Ecology, Dynamics and History). Verlag Eugen Ulmer, Stuttgart. In German.

Ellenberg H, Miiller-Dombois D (1966) Tentative physiognomic-ecological classification of plant
formations of the earth. Berichte des Geobotanischen Institutes der Eidgendssischen Technischen
Hochschule 37:21-55 DOI: 10.5169/seals-377650

Elo M, Penttinen J, Kotiaho J (2015) The effect of peatland drainage and restoration on Odonata
species richness and abundance. BMC ecology 15/11:1-8 DOI: 10.1186/s12898-015-0042-z

Eschenbrenner S, Miiller CM, Gemeinholzer B, Wissemann V (2019) Genetic diversity and
implications for conservation strategies of Drosera rotundifolia L. (Droseraceae) in northern
Germany (Schleswig-Holstein). Mires and Peat 24/24:1-12 DOI: 10.19189/MaP.2018.KHR.375

Feige W (1977) Verfiigbarkeit von Pflanzenndhrstoffen in organischen Boden (Availability of
plant nutrients in organic soils). Geologisches Jahrbuch F/F4:175-201. In German.

Flade M (2014) Die Vogelwelt der Moorlandschaften (The birds of peatland landscapes). Pages
72-75In: Luthardt V, Zeitz ] (eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg
and Berlin). Natur + Text, Rangsdorf. In German.

Fontaine N, Poulin M, Rochefort L (2007) Plant diversity associated with pools in natural and
restored peatland. Mires and Peat 2/06:1-17

Fraixedas S, Lindén A, Meller K, Lindstrom A, Kei$s O, Kalas JA, Husby M, Leivits A, Leivits M,
Lehikoinen A (2017) Substantial decline of Northern European peatland bird populations:
Consequences of drainage. Biological Conservation 214:223-232 DOI:
10.1016/j.biocon.2017.08.025

Gaffney P, Hugron S, Jutras S, Marcoux O, Raymond S, Rochefort L (2020) Ecohydrological
change following rewetting of a deep-drained northern raised bog. Ecohydrology 13/5:1-15 DOI
10.1002/eco.2210.

Gallego-Sala AV, Booth RK, Charman DJ, Prentice IC, Yu Z (2016) Peatlands and climate change.
Pages 129-150 In: Bonn A, Allott T, Evans M, Joosten H, Stoneman R (eds) Peatland Restoration
and Ecosystem Services: Science, Policy and Practice. Cambridge University Press & British
Ecological Society, Cambridge

Gebhardt S, Fleige H, Horn R (2009) Shrinkage processes of a drained riparian peatland with
subsidence morphology. Journal of Soils and Sediments 10/3:484-493 DOI: 10.1007/s11368-009-
0130-

Gebhardt S, Fleige H, Horn R (2012) Anisotropic shrinkage of mineral and organic soils and its
impact on soil hydraulic properties. Soil and Tillage Research 125:96-104 DOI:
10.1016/j.sti11.2012.06.017

Gelbrecht J (2014) Schmetterlinge (Butterflies). Pages 79-83 In: Luthardt V, Zeitz J (eds) Moore in
Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text, Rangsdorf. In
German.

Gelbrecht J, Eichstddt D, Goritz U, Kallies A, Kiihne L, Richert A, Rédel I, Sobczyk T, Weidlich M
(2001) Gesamtartenliste und Rote Liste der Schmetterlinge (‘Macrolepidoptera’) des Landes
Brandenburg (Species list and red list of the macrolepidoptera of Brandenburg). Naturschutz
und Landschaftspflege in Brandenburg 10/3:3-62. In German.

129



Gonzalez E, Rochefort L, Poulin M (2013) Trajectories of plant recovery in block-cut peatlands 35
years after peat extraction. Applied Ecology and Environmental Research 11:385-406 DOI:
10.15666/aeer/1103_385406

Gonzélez E, Henstra SW, Rochefort L, Bradfield GE, Poulin M (2014) Is rewetting enough to
recover Sphagnum and associated peat-accumulating species in traditionally exploited bogs?
Wetlands Ecology Management 22:49-62 DOI 10.1007/s11273-013-9322-6

GOrn S (2016) Der Einfluss von Nutzung und Wiederverniassung auf die Fauna der Niedermoore
(The Influence of Agricultural Use and Rewetting on the Fauna of Fens). PhD Dissertation,
Universitat Greifswald, Greifswald. In German.

Gorn S, Fischer K (2011) Niedermoore Nordostdeutschlands bewerten: Vorschlag fiir ein
faunistisches Bewertungsverfahren (Assessing fens in north-east Germany: Proposal for a
faunistic assessment). Natur und Landschaft 43/7:211-217. In German.

GPD - Global Peatland Database (2017) Current degraded peatland area per country in Europe.
https://www.greifswaldmoor.de/global-peatland-database-en.html (accessed 21 March 2024)

Grand-Clement E, Anderson K, Smith D, Luscombe D, Gatis N, Ross M, Brazier R (2013)
Evaluating ecosystem good and services after restoration of marginal upland peatlands in
South-West England. Journal of Applied Ecology 50:324-334 DOI: 10.1111/1365-2664.12039

Greifswald Mire Centre & Wetlands International (2022) Higher ambition for peatlands in the EU
Nature Restoration Law Proposal. Policy Briefing Paper, Greifswald Mire Centre,Wetlands
International, Greifswald, Wageningen
https://www.greifswaldmoor.de/informationspapiere.html (accessed 02 October 2023)

Greifswald Mire Centre & Wetlands International (2023) Questions & Answers Bringing Clarity
on Peatland Rewetting and Restoration. Q&A briefing paper, Greifswald Mire Centre,Wetlands

International, Greifswald, Wageningen https://www.greifswaldmoor.de/briefing-papers.html
(accessed 02 October 2023)

Grootjans AP, Van Diggelen R (1995) Assessing the restoration prospects of degraded fens. Pages
73-89 In: Wheeler BD, Shaw SC, Fojnt W], Robertson RA (eds) Assessing the Restoration
Prospects of Degraded Fens: Restoration of Temperate Wetlands. John Willey & Sons Ltd.,
Hoboken

Grosse-Brauckmann G (1990) Ablagerungen der Moore (Deposits of peatlands). Pages 175-236 In:
Gottlich K (ed) Moor- und Torfkunde (Peatland and Peat Science). Schweizerbart Science
Publishers, Stuttgart. In German.

Guchs G, Noebel R (2022) The role of ecosystem restoration for the UNFCCC and the Paris
Agreement. A policy paper series on the UN Decade on Ecosystem Restoration. Deutsche
Gesellschaft flir Internationale Zusammenarbeit (G1Z) GmbH, Bonn
https://www.giz.de/en/downloads/giz2022_UN%20Decade_en_Policy%20Paper%204_UNFCC
C.pdf (accessed 13 January 2024)

Glinther A, Barthelmes A, Huth V, Joosten H, Jurasinski G, Koebsch F, Couwenberg J (2020)

Prompt rewetting of drained peatlands reduces climate warming despite methane emissions.
Nature Communications 11/1644:1-5 DOI: 10.1038/s41467-020-15499-z

Haapalehto TO, Vasander H, Jauhiainen S, Tahvanainen T, Kotiaho JS (2011) The effects of
peatland restoration on water-table depth, elemental concentrations, and vegetation: 10 Years
of changes. Restoration Ecology 19:587-598 DOI: 10.1111/j.1526-100X.2010.00704.x

Hammerich J, Dammann C, Schulz C, Tanneberger F, Zeitz J, Luthardt V (2022) Assessing mire-
specific biodiversity with an indicator based approach. Mires and Peat 28/32:1-29 DOI:
10.19189/MaP.2021.S].StA.2205

130



Hammerich J, Luthardt V, Zeitz J (2022a) Moorschutz in den Wildern Brandenburgs -
Waldmoorschutzprogramm, Erfolge, Renaturierungsmafinahmen (Peatland Protection in the
Forests of Brandenburg - Forest Peatland Protection Programme, Successes, Restoration
Measures). Hochschule fiir Nachhaltige Entwicklung Eberswalde, Eberswalde. In German.
DOI: 10.57741/opus4-366

Hammerich J, Schulz C, Probst R, Liidicke T, Luthardt V (2024) Carbon content and other soil
properties of near-surface peats before and after peatland restoration. PeerJ (in press)

Harrison ME, Rieley JO (2018) Tropical peatland biodiversity and conservation in Southeast Asia
- Foreword. Mires and Peat 22/00:1-7 DOI: 10.19189/MaP.2018.0MB.382

Hasch B, Meier R, Luthardt V, Zeitz J (2007) Renaturierung von Waldmooren in Brandenburg und
erste Ergebnisse zum Aufbau eines Entscheidungsunterstiitzungssystems fiir das Management
von Waldmooren (Restoration of forest mires in Brandenburg and first results to establish a
decision support system for the management of forest mires). Telma 37:165-183. In German.
DOI: 10.23689/fidgeo-3032

Hedberg P, Kotowski W, Saetre P, Milson K, Rydin H, Sundberg S (2012) Vegetation recovery
after multiple-site experimental fen restorations. Biological Conservation 147:60-67 DOI:
10.1016/j.biocon.2012.01.039

Heikkild H, Lindholm T (1995) The effects of mire drainage and the initial phases of mire
restoration on the vegetation in the Seitseminen National Park, western Finland. Gunneria
70:221-236

Herrmann M, Wild W, Klar N, Fuss A, Gottwald F (2013) Biotopverbundplanung in Brandenburg
- Beitrdge zum Landschaftsprogramm (Planning of a biotope network in Brandenburg -
Contributions to the landscape program). Naturschutz und Landschaftspflege in Brandenburg
22/2:37-47. In German.

Herrmann A, Bociag K, Ilomets, Jarasius L, Makowska M, Pajula R, Pakalne M, Pawlaczyk P,
Priede A, Sendzikaite J, Strazdina L, Truus L, Zableckis N (2018) LIFE Peat Restore LIFE15
CCM/DE/000138 ‘Reduction of CO, emissions by restoring degraded peatlands in Northern
European Lowland’ First GEST GHG balance szenarios. LIFE Peat Restore, Berlin

Hill S, Harfoot M, Purvis A, Purves DW, Collen B, Newbold T, Burgess ND, Mace GM (2016)
Reconciling biodiversity indicators to guide understanding and action. Conservation Letters
9/6:405-412 DOI: 10.1111/conl.12291

Holmes PR, Boyce DC, Reed DK (1993) The ground beetle (Coleoptera: Carabidae) fauna of Welsh
peatland biotopes: Factors influencing the distribution of ground beetles and conservation
implications. Biological Conservation 63/2:153-161 DOI: 10.1016/0006-3207(93)90504-T

Horwitz P (1997) Comparative endemism and richness of the aquatic invertebrate fauna in
peatlands and shrublands of far southwestern Australia. Memoirs of the Museum of Victoria
56/2:313-321 DOI: 10.24199/j.mmv.1997.56.19

Humpendder F, Karstens K, Lotze-Campen H, Leifeld J, Menichetti L, Barthelmes A, Popp A
(2020) Peatland protection and restoration are key for climate change mitigation.
Environmental Research Letters 15/104093:1-12 DOI: 10.1088/1748-9326/abae2a

Ilnicki P, Zeitz J (2003) Irreversible loss of organic soil functions after reclamation. Pages 26-43
In: Parent L, Ilnicki P (eds) Organic Soils and Peat Materials for Sustainable Agriculture. CRC
Press, Boca Raton

IPCC - Intergovernmental Panel on Climate Change (2023, ed) Synthesis Report of the IPCC Sixth
Assessment Report (AR6) - Summary for Policymakers. IPCC, Interlaken

131



IUCN - International Union for Conservation of Nature (2021, ed) Issue Brief: Peatlands and

Climate Change. https://www.iucn.org/resources/issues-brief/peatlands-and-climate-change
(accessed 21 March 2024)

Jalkanen J, Toivonen T, Moilanen A (2020) Identification of ecological networks for land-use
planning with spatial conservation prioritization. Landscape Ecology 35/2:353-371 DOL:
10.1007/s10980-019-00950-4

Janssen JAM, Rodwell JS, Garcia Criado M, Gubbay S, Haynes T, Nieto A, Sanders N, Landucci F,
Loidi J, Ssymank A, Tahvanainen T, Valderrabano M, Acosta A, Aronsson M, Arts G, Attorre F,
Bergmeier E, Bijlsma RJ, Bioret F, Biti-Nicolae C, Biurrun I, Calix M, Capelo J, Carni A, Chytry
M, Dengler J, Dimopoulos P, Essl F, Gardfjell H, Gigante D, Giusso del Galdo G, H4jek M, Jansen
F, Jansen J, Kapfer J, Mickolajczak A, Molina JA, Molnar Z, Paternoster D, Piernik A, Poulin B,
Renaux B, Schaminée JHJ, Sumberovd K, Toivonen H, Tonteri T, Tsiripidis I, Tzonev R,
Valachovi¢ M (2016) European red list of habitats. Part 2, Terrestrial and freshwater habitats.
Publications Office of the European Union, Luxembourg DOI: 10.2779/091372

Jarasius L, Etzold J, Truus L, Purre A-H, Sendzikaite J, Strazdina L, Zableckis N, Pakalne M,
Bociag K, Ilomets M, Herrmann A, Kirschey T, Pajula R, Pawlaczyk P, Chlost I, Cieslinski R,
Gos K, Libauers K, Sinkevi¢ius Z, Jurema L (2022) Handbook for assessment of greenhouse gas
emissions from peatlands. Applications of direct and indirect methods by LIFE Peat Restore.
Lithuanian Fund for Nature, Vilnius

Jong HN (2022) Indonesia on track with peatland restoration, but bogged down with mangroves.
https://news.mongabay.com/2022/02/indonesia-on-track-with-peatland-restoration-but-
bogged-down-with-mangroves/ (accessed 21 March 2024)

Joosten H (2008) What are peatlands? Pages 8-19 In: Parish F, Sirin A, Charman D, Joosten H,
Minayeva T, Silvius M, Stringer L (eds) Assessment on Peatlands, Biodiversity, and Climate
Change: Main Report. Global Environment Centre, Kuala Lumpur and Wetlands International,
Wageningen

Joosten H (2016) Peatlands across the globe. Pages 17-43 In: Bonn A, Allott T, Evans M, Joosten
H, Stoneman R (eds) Peatland Restoration and Ecosystem Services: Science, Policy and
Practice. Cambridge University Press & British Ecological Society, Cambridge

Joosten H, Clarke D (2002) Wise Use of Mires and Peatlands - Background and Principles
including a Framework for Decision-Making. International Mire Conservation Group and
International Peat Society, Saarijirven Offset Oy

Joosten H, Tanneberger F (2017) Peatland use in Europe. Pages 151-172 In: Joosten H,
Tanneberger F, Moen A (eds) Mires and Peatlands of Europe - Status, Distribution and
Conservation. Schweizerbart Science Publishers, Stuttgart

Joosten H, Brust K, Couwenberg J, Gerner A, Holsten B, Thorsten P, Schifer A, Tanneberger F,
Trepel M, Wahren A (2013) Integration von weiteren Okosystemdienstleistungen
einschlieflich Biodiversitat in Kohlenstoffzertifikate - Standard, Methodologie und
Ubertragbarkeit in andere Regionen (Integration of Additional Ecosystem Services (Including
Biodiversity) into Carbon Credits - Standard, Methodology and Transferability to Other
Regions). BfN-Skripten 350, BfN, Bonn - Bad Godesberg. In German.

Joosten H, Brust K, Couwenberg J, Gerner A, Holsten B, Permien T, Schéfer A, Tanneberger F,
Trepel M, Wahren A (2015) MoorFutures®: Integration of Additional Ecosystem Services
(Including Biodiversity) into Carbon Credits — Standard, Methodology and Transferability to
Other Regions. BfN Skripten 407, BfN, Bonn - Bad Godesberg

Joosten H, Sirin A, Couwenberg J, Laine J, Smith P (2016) The role of peatlands in climate
regulation. Pages 63-76 In: Bonn A, Allott T, Evans M, Joosten H, Stoneman R (eds) Peatland

132



Restoration and Ecosystem Services: Science, Policy and Practice. Cambridge University Press
& British Ecological Society, Cambridge

Joosten H, Couwenberg J, Moen A, Tanneberger F (2017) Mire and peatland terms and definitions
in Europe. Pages 65-96 In: Joosten H, Tanneberger F, Moen A (eds) Mires and Peatlands of
Europe - Status, Distribution and Conservation. Schweizerbart Science Publishers, Stuttgart

Joosten H, Tanneberger F, Moen A (2017a, eds) Mires and Peatlands of Europe - Status,
Distribution and Conservation. Schweizerbart Science Publishers, Stuttgart

Kaakinen E, Salminen P (2006) Mire conservation and its short history in Finland. Pages 229-238
In: Lindholm T, Heikkild R (eds) Finland - The Land of Mires. Finnish Environment Institute,
Helsinki

Kaiser T, Bernotat D, Kleyer M, Riickriem C (2002) Verwendung floristischer und
vegetationskundlicher Daten (Usage of floristic and vegetation data). Pages 219-280 In:
Plachter H, Bernotat D, Miissner R, Rieken U (eds) Entwicklung und Festlegung von
Methodenstandards im Naturschutz (Development and Definition of Method Standards in
Nature Conservation). Schriftenreihe fiir Landschaftspflege und Naturschutz 70,
Landwirtschaftsverlage GmbH, Miinster-Hiltrup, Bonn-Bad Godesberg. In German.

Kareksela S, Haapalehto T, Juutinen R, Matilainen R, Tahvanainen T, Kotiaho J (2015) Fighting
carbon loss of degraded peatlands by jump-starting ecosystem functioning with ecological
restoration. The  Science  of the  Total  Environment  537:268-276  DOI:
10.1016/j.scitotenv.2015.07.094

Kimmel K, Mander U (2010) Ecosystem services of peatlands: Implications for restoration.
Progress in Physical Geography 34/4:491-514 DOI: 10.1177/0309133310365595

Klawitter J (2014) Moose (Mosses). Pages 55-57 In: Luthardt V, Zeitz J (eds) Moore in Brandenburg
und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text, Rangsdorf. In German.

Klawitter J, Luthardt V (2014) Moosarten der Moore und der Feuchtgebietsarten mit enger
Bindung an Moor in Brandenburg und Berlin (Moss species of mires and wetland species
closely related to mires in Brandenburg and Berlin). Appendix II 3-02 In: Luthardt V, Zeitz J
(eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text,
Rangsdorf. In German.

Klimkowska A, van Diggelen R, Bakker JP, Grootjans AP (2007) Wet meadow restoration in
Western Europe: A quantitative assessment of the effectiveness of several techniques.
Biological Conservation 140/3-4:318-328 DOI: 10.1016/j.biocon.2007.08.024

Klimkowska A, Diggelen R, Grootjans AP, Kotowski W (2010) Prospects for fen meadow
restoration on severely degraded fens. Perspectives in Plant Ecology Evolution and Systematics
12:245-255 DOI: 10.1016/j.ppees.2010.02.004

Klingenful C, RoBkopf N, Walter J, Heller C, Zeitz J (2014) Soil organic matter to soil organic
carbon ratios of peatland soil substrates. Geoderma 235-236:410-417 DOI:
10.1016/j.geoderma.2014.07.010

Klingenfufl C, Méller D, Heller C, Thrum T, Koberich ], Zeitz J (2015) Berliner Moorbdden im
Klimawandel - Entwicklung einer Anpassungsstrategie zur Sicherung ihrer
Okosystemleistungen (The Peat Soils of Berlin in the Context of Climate Change -
Developement of a Mitigation Strategy to Secure their Ecosystem Services). Final Report UEPII-
Forschungsprojekt, Humboldt-Universitét zu Berlin, Berlin. In German.

Koch H (2007) Moorschutz im Naturschutzgebiet ‘Winkel‘ (Peatland Conservation in the Nature
Protection Area ‘Winke"). Eberswalder Forstliche Schriftenreihe XXVIII:75-79. In German.

133



Komulainen VM, Tuittila ES, Vasander H, Laine J (1999) Restoration of drained peatlands in
southern Finland: Initial effects on vegetation change and CO, balance. Journal of Applied
Ecology 36:634-648 DOI: 10.1046/j.1365-2664.1999.00430.x

Kondelin H (2006) Environmental impacts of mire utilization. Pages 193-204 In: Lindholm T,
Heikkild R (eds) Finland - The Land of Mires. Finnish Environment Institute, Helsinki

Korpela I, Haapanen R, Korrensalo A, Tuittila E-S, Vesala T (2020) Fine-resolution mapping of
microforms of a boreal bog using aerial images and waveform-recording LiDAR. Mires and Peat
26/03:1-24 DOI: 10.19189/MaP.2018.0MB.388

Koska I (2001) Okohydrologische Kennzeichnung (Eco-hydrological classification). Pages 93-111
In: Succow M, Joosten H (eds) Landschaftstkologische Moorkunde (Landscape-Ecological
Peatland Science). Schweizerbart Science Publisher, Stuttgart. In German.

Kotowski W, Ackerman M, Grootjans AP, Klimkowska A, Ro6Rling H, Wheeler B (2016)
Restoration of temperate fens: Matching strategies with site potential. Pages 170-191 In: Bonn
A, Allott T, Evans M, Joosten H, Stoneman R (eds) Peatland Restoration and Ecosystem
Services: Science, Policy and Practice. Cambridge University Press & British Ecological Society,
Cambridge

Krebs M, Matchutadze I, Bakuradze T, Kaiser R (2017) Georgia. Pages 403-413 In: Joosten H,
Tanneberger F, Moen A (eds) Mires and Peatlands of Europe - Status, Distribution and
Conservation. Schweizerbart Science Publishers, Stuttgart

Krejcova J, Vicentini F, Flynn T, Mudrak O, Frouz J (2021) Biodiversity loss caused by subsurface
pipe drainage is difficult to restore. Ecological Engineering 170/106336:1-8 DOI:
10.1016/j.ecoleng.2021.106336

Kreyling J, Tanneberger F, Jansen F, van der Linden S, Aggenbach C, Blueml V, Couwenberg J,
Emsens W], Joosten H, Klimkowska A, Kotowski W, Kozub L, Lennartz B, Liczner Y, Liu H,
Michaelis D, Oehmke C, Parakenings K, Pleyl E, Jurasinski G (2021) Rewetting does not return
drained fen peatlands to their old selves. Nature Communications 12/5693:1-8 DOI:
10.1038/s41467-021-25619-y

Krieger A, Fartmann T, Poniatowski D (2019) Restoration of raised bogs - Land-use history
determines the composition of dragonfly assemblages. Biological Conservation 237:291-298
DOI: 10.1016/j.biocon.2019.06.032

Kiichler-Krischung J, Walter AM (2007, eds) National Strategy on Biological Diversity. Federal
Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU), Berlin

Kiihn D (2014) Abriss der eiszeitlichen Entwicklung (Outline of the glacial development). Pages
28-30 In: Luthardt V, Zeitz J (eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg
and Berlin). Natur + Text, Rangsdorf. In German.

Kiihn D, Bauriegel A, Miiller H, Rosskopf N (2015) Charakterisierung der Béden Brandenburgs
hinsichtlich ihrer Verbreitung, Eigenschaften und Potenziale mit einer Prasentation
gemittelter analytischer Untersuchungsergebnisse einschlieflich von Hintergrundwerten
(Characterisation of the soils of Brandenburg with regard to their distribution, properties and
potentials with a presentation of averaged analytical sampling results including background
values). Brandenburgische Geowissenschaftliche Beitrdge 22/1:5-135. In German.

Lai DYF (2009) Methane Dynamics in Northern Peatlands: A Review. Pedosphere 19/4:409-421
DOI: 10.1016/s1002-0160(09)00003-4

Laikre L, Lundmark C, Jansson E, Wennerstrém L, Edman M, Sandstrém A (2016) Lack of
recognition of genetic biodiversity: International policy and its implementation in Baltic Sea
marine protected areas. Ambio 45:661-680 DOI: 10.1007/s13280-016-0776-7

134



Laine A, Leppidld M, Tarvainen O, Pddtalo ML, Seppidnen R, Tolvanen A (2011) Restoration of
managed pine fens: Effect on hydrology and vegetation. Applied Vegetation Science 14:340-349
DOI:10.1111/j.1654-109X.2011.01123.x

Landgraf L (2007) Zustand und Zukunft der Arm- und Zwischenmoore in Brandenburg:
Bewertung und Bilanz (Condition and future of oligotrophic and mesotrophic peatlands in
Brandenburg: Assessment and balance). Naturschutz und Landschaftspflege in Brandenburg -
Beitrdge zu Okologie, Natur- und Gewdsserschutz 16:104-115. In German.

La Notte A, Vallecillo S, Polce C, Zulian G, Maes J (2017) Implementing an EU system of
accounting for ecosystems and their services. Initial proposals for the implementation of
ecosystem services accounts. Publications Office of the European Union, Luxembourg

Lehmitz R, Haase H, Otte V, Russell D (2020) Bioindication in peatlands by means of multi-taxa
indicators (Oribatida, Araneae, Carabidae, vegetation). Ecological Indicators 109/105837:1-11
DOI: 10.1016/j.ecolind.2019.105837

LfU - Landesamt fiir Umwelt Brandenburg (2005, ed) Empfehlungen zu waldbaulichen
Mafnahmen an und auf Mooren (Recommendations for Silvicultural Measures on and around
Peatlands). MLUV/Referat Forstbetrieb & LfU, Potsdam. In German.

LfU - Landesamt fiir Umwelt Brandenburg (2016, ed) Schutzwiirdige Moorbdden in Brandenburg
(Protection-Worthy Peatland Soils in Brandenburg). Fachbeitrdge des LfU 149, LfU, Potsdam.
In German.

Littlewood N, Anderson P, Artz R, Bragg O, Lunt P, Marrs R (2010) Peatland Biodiversity:
Scientific Review. IUCN UK Peatland Programme, Edinburgh

Loisel J, Gallego-Sala A (2022) Ecological resilience of restored peatlands to climate change.
Communications Earth & Environment 3/208:1-8 DOI: 10.1038/s43247-022-00547-x

Loisel J, Yu Z, Beilman D, Camill P, Alm J, Amesbury MJ, Anderson D, Andersson S, Bochicchio
C, Barber K, Belyea LR, Bunbury J, Chambers FM, Charman D], De Vleeschouwer F,
Fialkiewicz-Koziel B, Finkelstein SA, Galka M, Garneau M, Hammarlund D, Hinchcliffe W,
Holmquist J, Hughes P, Jones MC, Klein ES, Kokfelt U, Korhola A, Kuhry P, Lamarre A,
Lamentowicz M, Large D, Lavoie M, MacDonald G, Magnan G, Mikild M, Mallon G, Mathijssen
P, Mauquoy D, McCarroll J, Moore TR, Nichols J, O'Reilly B, Oksanen P, Packalen M, Peteet D,
Richard PJH, Robinson S, Ronkainen T, Rundgren M, Sannel ABK, Tarnocai C, Thom T, Tuittila
ES, Turetsky M, Viliranta M, van der Linden M, van Geel B, van Bellen S, Vitt D, Zhao Y, Zhou
W (2014) A database and synthesis of northern peatland soil properties and Holocene carbon
and nitrogen accumulation. The Holocene 24/9:1028-1042 DOI: 10.1177/0959683614538073

LUA - Landesumweltamt Brandenburg (2006, ed) Liste und Rote Liste der etablierten
Gefdllpflanzen Brandenburgs (List and red list of the established vascular plants of
Brandenburg). Naturschutz und Landschaftspflege in Brandenburg 4:1-163. In German.

Lucchese M, Waddington J, Poulin M, Pouliot R, Rochefort L, Strack M (2010) Organic matter
accumulation in a restored peatland: Evaluating restoration success. Ecological Engineering
36/4:482-488 DOI: 10.1016/j.ecoleng.2009.11.017

Ludwig D (1991) Methode zur 6kologischen Bewertung der Biotopfunktion von Biotoptypen
(Methodology for the Ecological Assessment of Biotope Functions of Biotope Types).
Planungsbiiro Froelich & Sporbeck, Bochum. In German.

Luthardt V (2010) Monitoring of ecosystems: Two different approaches - long-term observation
versus success control. Pages 317-325 In: Miiller F, Baessler C, Schubert H, Klotz S (eds) Long-
term Ecological Research - Between Theory and Application. Springer Verlag, Heidelberg

135



Luthardt V (2014): Moore im Funktionsgefiige der Landschaft. Pages 14-17 In: Luthardt V, Zeitz ]
(eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text,
Rangsdorf. In German.

Luthardt V (2014a) Naturnahe Moore und ihre Gefihrdungen (Near-natural mires and their
threats). Pages 135-138 In: Luthardt V, Zeitz J (eds) Moore in Brandenburg und Berlin
(Peatlands in Brandenburg and Berlin). Natur + Text, Rangsdorf. In German.

Luthardt V (2014b) Pflanzengemeinschaften der geholzfreien Moore (Plant communities of
treeless mires). Pages 57-63 In: Luthardt V, Zeitz J (eds) Moore in Brandenburg und Berlin
(Peatlands in Brandenburg and Berlin). Natur + Text, Rangsdorf. In German.

Luthardt V (2014c) GefaRpflanzenarten der Moore und Feuchtgebietsarten mit enger Bindung an
Moore in Brandenburg und Berlin (Vascular plants of mires and wetland species with a close
binding to mires in Brandenburg and Berlin). Appendix II 3-01 In: Luthardt V, Zeitz J (eds)
Moore in Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text,
Rangsdorf. In German.

Luthardt V, Wichmann S (2016) Ecosystem services of peatlands. Pages 13-20 In: Wichtmann W,
Schroder C, Joosten H (eds) Paludiculture - Productive Use of Wet Peatlands: Climate
Protection - Biodiversity - Regional Economic Benefits. Schweizerbart Science Publishers,
Stuttgart

Luthardt V, Zeitz J (2014, eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and
Berlin). Rangsdorf: Natur + Text. In German.

Luthardt V, Witt B, Brauner O, Friedrich S (2002) Konzept und Ersteinrichtung eines
okosystemaren Monitorings fiir Wiedervernassungsmalinahmen von Mooren im Rahmen des
EULife-Projektes ,Schutz und Sanierung der Klarwasserseen, Moore und Moorwilder im
Stechlinseegebiet (Concept and Initial Set-Up of an Ecosystem Monitoring for Peatland
Restoration Measures for the EULife project ‘Restoration of Clear Water Lakes, Mires and
Swamp Forests of the Lake Stechlin®). Hochschule fiir Nachhaltige Entwicklung Eberswalde,
Eberswalde. In German.

Luthardt L, Brauner O, Dreger F, Friedrich S, Garbe H, Hirsch A-K, Kabus T, Kriiger G,
Mauersberger H, Meisel J, Schmidt D, Tduscher L, Vahrson W-G, Witt B, Zeidler M (2006)
Methodenkatalog zum Monitoring - Programm der Okosystemaren Umweltbeobachtung in
den Biosphidrenreservaten Brandenburgs, 4. akt. Ausgabe, Teil A (Catalogue of Monitoring
Methods - Programme of Ecosystem-Based Environmental Monitoring in the Biosphere
Reserves of Brandenburg, 4th updated edition, Part A). Landesumweltamt Brandenburg & FH-
Eberswalde, Eberswalde. In German.

Luthardt V, Liidicke T, Hammerich J, Schulz C (2021) Erfolgreiche Revitalisierung naturnaher
Moore im Naturpark Stechlin-Ruppiner Land (Successful restoration of near-natural peatlands
in the nature park Stechlin-Ruppiner Land). Pages 169-191 In: Scherfose V (ed)
Erfolgskontrollen im Naturschutz (Success Control in Nature Conservation). Naturschutz und
Biologische Vielfalt 171, BfN, Bonn - Bad Godesberg. In German.

Luthardt V, Brauner O, Hammerich J, Probst R, Schulz C, Wachtel S, Luthardt V (2023) Resilienz
naturnaher Moore im Klimawandel - Fallbeispiele aus dem Biosphérenreservat Schorfheide-
Chorin (Resilience of near-natural peatlands in times of climate change - case studies from the
Schorfheide-Chorin biosphere reserve). Natur und Landschaft 98/3:124-131. In German. DOI:
10.19217/NulL2023-03-04

Malmer N, Holm E (1984) Variation in the C/N-quotient of peat in relation to decomposition rate
and age determination with 210Pb. Oikos 43/2:171-182 DOI: 10.2307/3544766

136



Malmer N, Wallén B (2004) Input rates, decay losses and accumulation rates of carbon in bogs
during the last millennium: internal processes and environmental changes. The Holocene
14/1:111-117 DOI: 10.1191/0959683604h1693r

Malmer B, Svensson BM, Wallén B (1994) Interactions between Sphagnum mosses and field layer
vascular plants in the development of peat-forming systems. Folia Geobotanica et
Phytotaxonomica 29:483-496 DOI: 10.1007/BF02883146

Milson K, Backéus I, Rydin H (2008) Long-term effects of drainage and initial effects of
hydrological restoration on rich fen vegetation. Applied Vegetation Science 11:99-106 DOI:
10.1111/j.1654-109X.2008.thb00208.x

Martens T, Burbaum B, Trepel M, Schrautzer J (2022) Climate protection and nature conservation
in peatland areas: How does this match with present day agricultural practice? Mires and Peat
28/18:1-15 DOI: 10.19189/MaP.2021.0MB.StA.2289

Mauersberger R (2014) Libellen (Dragonflies). Pages 76-79 In: Luthardt V, Zeitz J (eds) Moore in
Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text, Rangsdorf. In
German.

McCarter C, Price J (2013) The hydrology of the Bois-des-Bel bog peatland restoration: 10 years
post-restoration. Ecological Engineering 55:73-81 DOI: 10.1016/j.ecoleng.2013.02.003

Meier-Uhlherr R, Nusko N, Luthardt V. (2014) Trend des Klimas der letzten Jahrzehnte und
Projektionen (Climate trends in recent decades and projections). Page 231-237 In: Luthardt V,
Zeitz J (eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur +
Text, Rangsdorf. In German.

Mendes C, Dias E, Ponte M, Mendes A, Rochefort L (2019) The distribution and naturalness of
peatland on Terceira Island (Azores): instruments to define priority areas for conservation and
restoration. Mires and Peat 24/35:1-16 DOI: 10.19189/MaP.2018.0MB.371

Metropolregion Hamburg (2019) Biotopverbund in der Metropolregion Hamburg (Biotope
Network in the Metropolitan Region of Hamburg). Geschiftsstelle der Metropolregion
Hamburg, Hamburg. In German.

Michaelis D, Mrotzek A, Couwenberg J (2020) Roots, tissues, cells and fragments - How to
characterize peat from drained and rewetted fens. Soil Systems 4/12:1-16 DOI:
10.3390/s0ilsystems4010012

Millard SP (2013) EnvStats: An R Package for Environmental Statistics. Springer, New York

Milner AM, Baird AJ, Green SM, Swindles GT, Young DM, Sanderson NK, Timmins MSI, Galka M
(2020) A regime shift from erosion to carbon accumulation in a temperate northern peatland.
Journal of Ecology 109:125-138 DOI: 10.1111/1365-2745.13453

Minayeva T, Sirin AA (2012) Peatland biodiversity and climate change. Biology Bulletin Reviews
2:164-175 DOI: 10.1134/S207908641202003X

Minayeva T, Bragg O, Cherednichenko O, Couwenberg J, van Duinen GJ, Giesen W, Grootjans
AP, Grundling PL, Nikolaev V, van der Schaaf S (2008) Peatlands and biodiversity. Pages 60-99
In: Parish F, Sirin A, Charman D, Joosten H, Minayeva T, Silvius M, Stringer L (eds) Assessment
on Peatlands, Biodiversity and Climate Change: Main Report. Global Environment Centre,
Kuala Lumpur and Wetlands International, Wageningen

Minayeva T, Bragg O, Sirin AA (2017) Towards ecosystem-based restoration of peatland
biodiversity. Mires and Peat 19/01:1-36 DOI: 10.19189/MaP.2013.0MB.150

MLUL - Ministerium fiir Landliche Entwicklung, Umwelt und Landwirtschaft Brandenburg
(2016, ed) Moorschutz im brandenburgischen Wald (Protection of Peatlands in the Forests of
Brandenburg). MLUL, LFB, LfU, Potsdam

137



Moen A, Joosten H, Tanneberger F (2017) Mire diversity in Europe: Mire regionality. Pages 97-
149 In: Joosten H, Tanneberger F, Moen A (eds) Mires and Peatlands of Europe - Status,
Distribution and Conservation. Schweizerbart Science Publishers, Stuttgart

Moen A, Lyngstad A, @ien D-I(2017) Norway. Pages 523-536 In: Joosten H, Tanneberger F, Moen
A (eds) Mires and Peatlands of Europe - Status, Distribution and Conservation. Schweizerbart
Science Publishers, Stuttgart

Montanarella L, Jones R], Hiederer R (2006) The distribution of peatland in Europe. Mires and
Peat1/1:1-11

Mrotzek A, Michaelis D, Glinther A, Wrage-Monning N, Couwenberg J (2020) Mass balances of a
drained and a rewetted peatland: on former losses and recent gains. Soil Systems 4/16:1-14 DOI:
10.3390/s0ilsystems4010016

Miiller K (2014) Waldmoorschutz der Forstverwaltung im Land Brandenburg (Protection of
peatlands in forests by the forestry administration in the state of Brandenburg). Pages 277-280
In: Luthardt V, Zeitz J (eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and
Berlin). Natur + Text, Rangsdorf. In German.

Naucke W (1990) Chemie von Moor und Torf (Chemistry of peatland and peat). Pages 237-261 In:
Gottlich K (ed) Moor- und Torfkunde (Peatland and Peat science). Schweizerbart Science
Publishers, Stuttgart. In German.

Nilsson, K (2015) Alkaline Fens - Valuable Wetlands but Difficult to Manage. Nordic Council of
Ministers, Copenhagen

NSF - NaturSchutzFonds Brandenburg (2007, eds) Der Moorschutzrahmenplan - Prioritéten,
MaRnahmen und Liste sensibler Moore in Brandenburg mit Handlungsvorschlagen
(Framework for Peatland Protection - Priorities, Measures and List of Sensitive Peatlands in
Brandenburg with Proposals for Action). LfU, Potsdam. In German.

Nusko N, Luthardt V (2014) Klimawandel und seine Auswirkungen - Beobachtungen in den
letzten Jahren und Projektionen mit Fokus auf Brandenburg (Climate change and its effects -
observations in recent years and projections focussing on Brandenburg). Pages 17-28 In:
Luthardt V, Ibisch PL(eds) Naturschutz-Handeln im Klimawandel: Risikoabschitzungen und
adaptives Management. 2. berichtigte und ergénzte Auflage (Nature Conservation Action
during Climate Change: Risk Assessments and Adaptive Management. 2nd corrected and
supplemented edition). Hochschule fiir nachhaltige Entwicklung Eberswalde, Eberswalde. In
German.

Ohlson M, @kland RH (1998) Spatial variation in rates of carbon and nitrogen accumulation in a
boreal bog. Ecology 79/8:2745-2758 DOI: 10.2307/176514

Parish F, Sirin A, Charman D, Joosten H, Minayeva T, Silvius M, Stringer L (2008, eds) Assessment
on Peatlands, Biodiversity, and Climate Change: Main Report. Global Environment Centre,
Kuala Lumpur & Wetlands International, Wageningen

Payne RJ, Anderson AR, Sloan T, Gilbert A, Newton A, Ratcliffe J, Mauquoy D, Jessop W,
Andersen R (2018) The future of peatland forestry in Scotland: balancing economics, carbon
and biodiversity. Scottish Forestry 72/1:34-40

Penttinen J, Aapala K, Simild M (2014) Monitoring the impact of restoration. Pages 56-57 In:
Simild M, Aapala K, Penttinen J (eds) Ecological Restoration in Drained Peatlands - Best
Practices from Finland. Metsdhallitus - Natural Heritage Services, Vantaa

Pfeifenberger M, Fock T (2015) Oberbodenabtrag: eine Methode zur grof3flichigen
Wiederherstellung von Niedermoorlebensrdumen? - Ergebnisse einer Machbarkeitsstudie
(Top soil removal for large-scale functional restoration of fen habitats? - Results of a pilot
study). Telma 45:53-74. In German. DOI 10.23689/fidgeo-2894

138



Platen R (1989) Struktur der Spinnen- und Laufkiferfauna (Arach.: Araneida, Col.: Carabidae)
anthropogen beeinflusster Moorstandorte in Berlin (West): taxonomische, rdumliche und
zeitliche Aspekte (Structure of Spider and Ground Beetle Fauna (Arach.: Araneida, Col.:
Carabidae) of Anthropogenically Influenced Peatland Sites in West-Berlin: Taxonomic, Spatial
and Temporal Aspects). PhD thesis, Technische Universitit Berlin, Berlin. In German.

Poyda A, Reinsch T, Skinner R, Kluf3 C, Loges R, Taube F (2017) Comparing chamber and eddy
covariance based net ecosystem CO, exchange of fen soils. Journal of Plant Nutrition and Soil
Science 180/2:252-266 DOI: 10.1002/jpln.201600447

Prentice RC (2011) The Peatland Biodiversity Management Toolbox: A Handbook for the
Conservation and Management of Peatland Biodiversity in Southeast Asia - A Compilation.
Association of Southeast Asian Nations (ASEAN) & Global Environment Centre, Selangor

Preston FW (1962) The canonical distribution of commonness and rarity: Part I. Ecology 43/2:185-
215 DOI: 10.2307/1931976

Price J, Evans C, Evans M, Allott T, Shuttleworth E (2016) Peatland restoration and hydrology.
Pages 77-94 In: Bonn A, Allott T, Evans M, Joosten H, Stoneman R (eds) Peatland Restoration
and Ecosystem Services: Science, Policy and Practice. Cambridge University Press & British
Ecological Society, Cambridge

R Core Team (2023) R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing. http://www.R-project.org/ (accessed 29 April 2023)

Ramchunder S, Brown L, Holden J (2011) Catchment-scale peatland restoration benefits stream
ecosystem biodiversity. Journal of Applied Ecology 49:182-191 DOI: 10.1111/j.1365-
2664.2011.02075.x

Reed MS, Young DM, Taylor NG, Andersen R, Bell NGA, Cadillo-Quiroz H, Grainger M,
Heinemeyer A, Hergoualc’h K, Gerrand AM, Kieft J, Krisnawati H, Lilleskov EA, Lopez-
Gonzalez G, Melling L, Rudman H, Sjogersten S, Walker JS, Stewart G (2022) Peatland core
domain sets: building consensus on what should be measured in research and monitoring.
Mires and Peat 28/26:1-21 DOI: 10.19189/MaP.2021.0MB.StA.2340

Reichelt F (2015) Evaluierung des GEST-Modells zur Abschétzung der Treibhausgasemissionen
aus Mooren (Evaluation of the GEST Model for Estimating Greenhouse Gas Emissions from
Peatlands). Master thesis, University of Greifswald, Greifswald. In German.

Reichelt F (2021) Treibhausgas-Emissionen aus organischen Boden in Brandenburg (Greenhouse
gas emissions from organic soils in Brandenburg). Greifswald Moor Centrum Schriftenreihe
2/2021:1-11. In German.

Reinhardt R, Bolz R (2011) Rote Liste und Gesamtartenliste der Tagfalter (Rhopalocera)
(Lepidoptera: Papilionoidea et Hesperioidea) Deutschlands (Red List and species list of
Lepidoptera: Papilionoidea et Hesperioidea of Germany). Naturschutz und Biologische Vielfalt
70/3:167-194. In German.

Rennwald E, Sobczyk T, Hofmann A (2011) Rote Liste und Gesamtartenliste der Spinnerartigen
Falter (Lepidoptera: Bombyces, Sphinges s.l.) Deutschlands (Red List and species list of
Lepidoptera: Bombyces, Sphinges s.l. of Germany). Naturschutz und Biologische Vielfalt
70/3:243-283. In German.

Renou-Wilson F, Moser G, Fallon D, Farrell C, Miiller C, Wilson D (2018) Rewetting degraded
peatlands for climate and biodiversity benefits: results from two raised bogs. Ecological
Engineering 127:547-560 DOI: 10.1016/j.ecoleng.2018.02.014

Revelle W (2023) Psych: Procedures for Psychological, Psychometric, and Personality Research
- R package version 2.3.3. https://CRAN.R-project.org/package=psych (accessed 29 April 2023)

139



Rice SK (2009) Mosses (Bryophytes). Pages 88-96 In: Likens GE (ed) Encyclopedia of Inland
Waters. Academic Press, London, Oxford, Boston, New York, San Diego

Riek W, Hornschuch F, Ostermaier S (2014) Waldmoore und Moorwélder (Forest peatlands and
swamp forests). Pages 168-180 In: Luthardt V, Zeitz J (eds) Moore in Brandenburg und Berlin
(Peatlands in Brandenburg and Berlin). Natur + Text, Rangsdorf. In German.

Risager M, Aaby B, Humlekrog Greve M (2017) Denmark. Pages 352-360 In: Joosten H,
Tanneberger F, Moen A (eds) Mires and Peatlands of Europe - Status, Distribution and
Conservation. Schweizerbart Science Publishers, Stuttgart

Rochefort L (2009) Sphagnum - a keystone genus in habitat restoration. The Bryologist 103:503-
508 DOI: 10.1639/0007-2745(2000)103[0503:SAKGIH]2.0.CO;2

Rochefort L, Andersen R (2016) Global Peatland Restoration after 30 years: where are we in this
mossy world?: Global Peatland Restoration. Restoration Ecology 25/2:269-270 DOI:
10.1111/rec.12417

Rochefort L, Quinty F, Campeau S, Johnson K, Malterer T (2003) North American approach to the
restoration of Sphagnum dominated peatlands. Wetlands Ecology and Management 11:3-20 DOI:
10.1023/A:1022011027946

Rochefort L, Isselin-Nondedeu F, Boudreau S, Poulin M (2013) Comparing survey methods for
monitoring vegetation change through time in a restored peatland. Wetlands Ecology and
Management 21:71-85 DOI: 10.1007/s11273-012-9280-4

Roe S, Streck C, Obersteiner M, Frank S, Griscom B, Drouet L, Fricko O, Gusti M, Harris N,
Hasegawa T, Hausfather Z, Havlik P, House J, Nabuurs G-]J, Popp A, Sanchez MJS, Sanderman
J, Smith P, Stehfest E, Lawrence D (2019) Contribution of the land sector to a 1.5 °C world.
Nature Climate Change 9/11:817-828 DOI:10.1038/s41558-019-0591-9

Rosenberg DM, Wiens AP, Bilyj B (1988) Chironomidae (Diptera) of peatlands in northwestern
Ontario, Canada. Ecography 11/1:19-31

SBTN - Science Based Targets Network (2023) The first science-based targets for nature.
https://sciencebasedtargetsnetwork.org/how-it-works/the-first-science-based-targets-for-
nature/ (accessed 01 March 2024)

Schindler U, Behrendt A, Miiller L (2003) Change of soil hydrological properties of fens as a result
of soil development. Journal of Plant Nutrition and Soil Science 166/3:357-363 DOI:
10.1002/jpln.200390055

Schulz C, Meier-Uhlherr R, Luthardt V, Joosten H (2019) A toolkit for field identification and
ecohydrological interpretation of peatland deposits in Germany. Mires and Peat 24/32:1-20 DOI:
10.19189/MaP.2019.0MB.StA.1817

Schulz-Sternberg R, Bartsch R, Hommel R (2009) Brandenburg spezifische Boden-Indikatoren
fiir ein Klimamonitoring und Grundlagen zur Ableitung von Wirkungs- und Alarmschwellen
(Brandenburg-specific Soil Indicators for Climate Monitoring and Principles for Deriving
Impact and Alarm Thresholds). Fachbeitriage des Landesumweltamtes 114, Landesumweltamt
Brandenburg, Potsdam. In German.

Schwarzer C, Heinken T, Luthardt V, Joshi J (2013) Latitudinal shifts in species interactions
interfere with resistance of southern but not of northern bog-plant communities to
experimental climate change. Journal of Ecology 101/6:1484-1497 DOI 10.1111/1365-2745.12158

SER - Society for Ecological Restoration International Science & Policy Working Group (2004,
eds) The SER International Primer on Ecological Restoration. SER International, Tucson

Settele J, Reinhardt R (1999) Okologie der Tagfalter Deutschlands: Grundlagen und Schutzaspekte
(Butterfly ecology in Germany: Basics and aspects of protection). Pages 60-123 In: Settele J,

140



Feldmann R, Reinhardt R (eds) Die Tagfalter Deutschlands (The Butterflies of Germany).
Ulmer, Stuttgart. In German.

Shaw AJ, Cao T, Wang L, Flatberg KI, Flatberg B, Shaw B, Zhou P, Boles S (2008) Genetic variation
in three Chinese peat mosses (Sphagnum) based on microsatellite markers, with primer
information and analysis of ascertainment bias. The Bryologist 111/2:271-281 DOI: 10.1639/0007-
2745(2008)111[271:GVITCP]2.0.CO;2

Sotek Z (2010) Distribution patterns, history, and dynamics of peatland vascular plants in
Pomerania (NW Poland). Biodiversity Research and Conservation 18/1:1-82 DOI: 10.2478/v10119-
010-0020-4

Spangenberg A (2011) Einschitzung der Treibhausgasrelevanz bewaldeter Moorstandorte in
Mecklenburg-Vorpommern hinsichtlich des Minderungspotentials nach Wiederverndssung
(Assessment of the Greenhouse Gas Relevance of Forested Peatland Sites in Mecklenburg-
Western Pomerania with Regard to the Reduction Potential after Rewetting). Institut fiir
Dauerhaft Umweltgerechte Entwicklung der Naturraume der Erde (DUENE) e.V., Greifswald.
https://www.moorwissen.de/broschueren-berichte.html (accessed 25 January 2024)

Stefanut S, Ion R (2017) Romania. Pages 580-589 In: Joosten H, Tanneberger F, Moen A (eds)
Mires and Peatlands of Europe - Status, Distribution and Conservation. Schweizerbart Science
Publishers, Stuttgart

Stegmann H, Zeitz J (2001) Bodenbildende Prozesse in entwisserten Mooren (Pedological
processes in drained peatlands). Pages 47-57 In: Succow M, Joosten H (eds)
Landschaftsokologische Moorkunde (Landscape-Ecological Peatland Science). Schweizerbart
Science Publisher, Stuttgart. In German.

Stegmann H, Succow M, Zeitz J (2001) Muddearten (Gyttja types). Pages 62-65 In: Succow M,
Joosten H (eds) Landschaftsékologische Moorkunde (Landscape-Ecological Peatland Science).
Schweizerbart Science Publisher, Stuttgart. In German.

Stengien HK, Flatberg KI (2000) Genetic variability in the rare Norwegian peat moss Sphagnum
troendelagicum. The Bryologist 103/4:794-801 DOI: 10.1639/0007-
2745(2000)103[0794:GVITRN]2.0.CO;2

Strobel K, Kollmann ], Teixeira L (2019) Integrated assessment of ecosystem recovery using a
multifunctionality approach. Ecosphere 10/11:1-17 DOI: 10.1002/ecs2.2930

Struebig M], Kingston T, Petit EJ, Le Comber SC, Zubaid A, Mohd-Adnan A, Rossiter SJ (2011)
Parallel declines in species and genetic diversity in tropical forest fragments. Ecology Letters
14/6:582-590 DOI: 10.1111/j.1461-0248.2011.01623.x

Succow M (1988) Landschaftsokologische Moorkunde (Landscape-Ecological Peatland Science).
Gustav Fischer, Jena. In German

Succow M, Jeschke L (1986) Moore in der Landschaft (Mires in the Landscape). Urania Verlag,
Leipzig, Jena, Berlin. In German.

Succow M, Joosten H (2001, eds) Landschaftsokologische Moorkunde (Landscape-Ecological
Peatland Science). Schweizerbart Science Publisher, Stuttgart. In German.

Succow M, Stegmann H (2001) Nizhrstoffékologisch-chemische Kennzeichnung (Nutrient-
ecological-chemical characterisation). Pages 75-85 In: Succow M, Joosten H (eds)
Landschaftsokologische Moorkunde (Landscape-Ecological Peatland Science). Schweizerbart
Science Publisher, Stuttgart. In German.

Sundari S, Ibo LK, Rahajoe JS, Alhamd L, Gunawan H, Priyono NC (2020) Biodiversity study of
several peatland types in Papua. IOP Conference Series: Earth and Environmental Science 572/
012002:1-13 DOI: 10.1088/1755-1315/572/1/012002

141



Tanneberger F, Joosten H, Moen A, Whinam J (2017) Mire and peatland conservation in Europe.
Pages 173-196 In: Joosten H, Tanneberger F, Moen A (eds) Mires and Peatlands of Europe -
Status, Distribution and Conservation. Schweizerbart Science Publishers, Stuttgart

Tanneberger F, Moen A, Barthelmes A, Lewis E, Miles L, Sirin A, Tegetmeyer C, Joosten H (2021)
Mires in Europe - Regional Diversity, Condition and Protection. Diversity 13/381:1-14 DOI:
10.3390/d13080381

Tanneberger F, Birr F, Couwenberg J, Kaiser M, Luthardt V, Nerger M, Pfister S, Oppermann R,
Zeitz J, Beyer C, van der Linden S, Wichtmann W, Narmann F (2022) Saving soil carbon,
greenhouse gas emissions, biodiversity and the economy: paludiculture as sustainable land use
option in German fen peatlands. Regional Environmental Change 22/69:1-15 DOI:
10.1007/s10113-022-01900-8

Tanneberger F, Berghofer A, Brust K, Hammerich J, Holsten B, Joosten H, Michaelis D, Moritz
F, Reichelt F, Schifer A, Scheid A, Trepel M, Wahren A, Couwenberg J (n.d.) Quantifying
ecosystem services of rewetted peatlands the MoorFutures methodologies. Under review,
Ecological Indicators (under review)

Thingsgaard K (2001) Population structure and genetic diversity of the amphiatlantic haploid
peatmoss Sphagnum affine (Sphagnopsida). Heredity 87/4:485-496 DOI: 10.1046/j.1365-
2540.2001.00939.x

Tiemeyer B, Bechtold M, Belting S, Freibauer A, Forster C, Schubert E, Dettmann D, Fuchs D,
Frank S, Gelbrecht J, Jeuther B, Laggner A, Rosinski E, Leiber-Sauheitl K, Sachteleben J, Zak D,
Drosler M (2015) Instrumente und Indikatoren zur Bewertung von Biodiversitit und
Okosystemleistungen von Mooren (Instruments and Indicators for the Assessment of
Biodiversity and Ecosystem Services of Peatlands). BfN-Skripten 462, Bundesamt fiir
Naturschutz, Bonn - Bad Godesberg. In German.

Tolonen K, Turunen J (1996) Accumulation rates of carbon in mires in Finland and implications
for climate change. The Holocene 6:171-178 DOI: 10.1177/095968369600600204

Trepel M, Pfadenhauer J, Zeitz J, Jeschke L (2017) Germany. Pages 413-425 In: Joosten H,
Tanneberger F, Moen A (eds) Mires and Peatlands of Europe - Status, Distribution and
Conservation. Schweizerbart Science Publishers, Stuttgart

Trusch R, Gelbrecht J, Schmidt A, Schénborn C, Schumacher H, Wegner H, Wolf W (2011) Rote
Liste und Gesamtartenliste der Spanner, Eulenspinner und Sichelfliigler (Lepidoptera:
Geometridae et Drepanidae) Deutschlands (Red List and species list of Lepidoptera:
Geometridae and Drepanidae in Germany). Naturschutz und Biologische Vielfalt 70/3:287-324. In
German.

Turunen J, Tahvanainen T, Tolonen K (2001) Carbon accumulation in West Siberian mires,
Russia. Global Biogeochemical Cycles 15/2:285-296 DOI: 10.1029/2000GB001312

UBA - Umweltbundesamt (2022, ed) Emissionen der Landnutzung, -dnderung und
Forstwirtschaft (Emissions of Land Use, Land Use Change and Forestry).
https://www.umweltbundesamt.de/daten/klima/treibhausgas-emissionen-in-
deutschland/emissionen-der-landnutzung-aenderung#moore-organische-boden (accessed 24
March 2024)

UN - United Nations (2020, ed) The United Nations Decade on Ecosystem Restoration. United
Nations, New York City

UNEA - United Nations Environment Agency (2019) United Nations Environment Programme
(15/0). Resolution 4/16. Conservation and Sustainable Management of Peatlands - Resolution
adopted by the United Nations Environment Assembly on 15 March 2019.
https://wedocs.unep.org/20.500.11822/30675 (accessed 24 March 2024)

142



Van Bellen S, Lariviere V (2020) The ecosystem of peatland research: a bibliometric analysis.
Mires and Peat 26/15:1-30 DOI: 10.19189/MaP.2020.RSC.StA.1977

Vasander H, Tuittila ES, Lode E, Lundin L, Illomets M, Sallantaus T, Heikkild R, Pitkdnen ML,
Laine J (2003) Status and restoration of peatlands in northern Europe. Wetlands Ecology and
Management 11:51-63 DOI: 10.1023/A:1022061622602

Von Post L (1924) Das genetische System der organogenen Bildungen Schwedens (The genetic
system of the organogenic formations of Sweden). Communication 22, Comité intemat
Pédologie IV, Rom. In German.

Wachlin V, Bolz R (2011) Rote Liste und Gesamtartenliste der Eulenfalter, Trigspinner und
Graueulchen (Lepidoptera: Noctuoidea) Deutschlands (Red Lists and species list of
Lepidoptera: Noctuoidea). Naturschutz und Biologische Vielfalt 70/3:197-237. In German.

Wagner A, Wagner I (2005) Leitfaden fiir Niedermoorrenaturierung in Bayern (Guideline for the
Restoration of Fens in Bavaria). Bayerisches Landesamt fiir Umwelt, Augsburg. In German.

Walz U (2011) Landscape structure, landscape metrics and biodiversity. Living Reviews in
Landscape Research 5:1-35 DOI: 10.12942/Irlr-2011-3

Whittaker RH (1972) Evolution and measurement of species diversity. Taxon 21/2-3:213-251 DOI:
10.2307/1218190

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. https://ggplot2.tidyverse.org
(accessed 29 April 2023)

Wilson PJ, Provan J (2003) Effect of habitat fragmentation on levels and patterns of genetic
diversity in natural populations of the peat moss Polytrichum commune. Proceedings of the Royal
Society B: Biological Science 270/1517:881-886 DOI: 10.1098/rspb.2002.2324

Wilson D, Blain D, Couwenberg J, Evans CD, Murdiyarso D, Page S, Renou-Wilson F, Rieley J,
Sirin A, Strack M, Tuittila E-S (2016) Greenhouse gas emission factors associated with rewetting
of organic soils. Mires and Peat 17/04:1-28 DOI: 10.19189/MaP.2016.0MB.222

Wilson D, Farrell C, Fallon D, Moser G, Miiller C, Renou-Wilson F (2016a) Multi-year greenhouse
gas balances at a rewetted temperate peatland. Global change biology 22:4080-4095 DOI
10.1111/gcb.13325

Wisdom R, Arroyo J, Bolger T (2011) A survey of the Oribatida and Mesostigmata (Acarina) of
Irish peatlands. Bulletin of the Irish Biogeographical Society 35:131-150

Wittig R, Niekisch M (2014) Biodiversitét: Grundlagen, Gefdhrdung, Schutz (Biodiversity: Basics,
Threats, Protection). Springer Spektrum, Berlin, Heidelberg. In German.

Wittnebel M, Tiemeyer B, Dettmann U (2021) Peat and other organic soils under agricultural use
in Germany: Properties and challenges for classification. Mires and Peat 27/19:1-24 DOI:
10.19189/MaP.2020.S].StA.2093f

Word CS, McLaughlin DL, Strahm BD, Stewart RD, Varner JM, Wurster FC, Amestoy TJ, Link NT
(2022) Peatland drainage alters soil structure and water retention properties: Implications for
ecosystem function and management. Hydrological Processes 36/€14533:1-12 DOI:
10.1002/hyp.14533

Wulf AJ (2001) Die Eignung landschaftsdkologischer Bewertungskriterien fiir die raumbezogene
Umweltplanung (The Suitability of Landscape Ecology Assessment Criteria for Spatial
Environmental Planning). A.J. Wulf Books on Demand GmbH, Norderstedt. In German.

Xu J, Morris PJ, Liu J, and Holden J (2018) PEATMAP: refining estimates of global peatland
distribution based on a meta-analysis. Catena 160:134-40 DOI: 10.1016/j.catena.2017.09.010

143



Xu H, Cao Y, Yu D, Cao M, He Y, Gill M, Pereira H (2021) Ensuring Effective Implementation of
the post-2020 global biodiversity targets Nature Ecology and Evolution. Nature Ecology &
Evolution 5:411-418 DOI: 10.1038/s41559-020-01375-y

Young D, Baird A, Charman D, Evans C, Gallego-Sala A, Gill P, Hughes PDM, Morris P, Swindles
G (2019) Misinterpreting carbon accumulation rates in records from near-surface peat.
Scientific Reports 9/17939:1-8 DOI: 10.1038/s41598-019-53879-8

Yousefi N, Mikulaskova E, Stengien HK, Flatberg KI, Kosuthova A, Hajek M, Hassel K (2019)
Genetic and morphological variation in the circumpolar distribution range of Sphagnum
warnstorfii: indications of vicariant divergence in a common peatmoss. Botanical Journal of the
Linnean Society 189/4:408-423 DOI: 10.1093/botlinnean/boy086

Zak D, Reuter H, Augustin J, Shatwell T, Barth M, Gelbrecht J, McInnes R J (2015) Changes of the
CO, and CH, production potential of rewetted fens in the perspective of temporal vegetation
shifts. Biogeosciences 12:2455-2468 DOI: 10.5194/bg-12-2455-2015

Zeitz J (2014) Prozesse und Auswirkungen einer entwéisserungsbasierten Moornutzung
(Processes and impacts of drainage-based peatland use). Pages 113-122 In: Luthardt V, Zeitz J
(eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text,
Rangsdorf. In German.

Zeitz J (2014a) Entstehung von Mooren (Development of mires). Pages 13-14 In: Luthardt V, Zeitz
J (eds) Moore in Brandenburg und Berlin (Peatlands in Brandenburg and Berlin). Natur + Text,
Rangsdorf. In German.

Zeitz J (2016) Drainage induced peat degradation processes. Pages 7-9 In: Wichtmann W,
Schroder C, Joosten H (eds) Paludiculture - Productive Use of Wet Peatlands: Climate
Protection - Biodiversity - Regional Economic Benefits. Schweizerbart Science Publishers,
Stuttgart

Zimmermann F, Diivel M, Herrmann A, Steinmeyer A, Becker F, Flade M, Mauersberger H (2004)
Biotopkartierung Brandenburg - Band 1 - Kartieranleitung und Anlagen (Biotope Mapping of
Brandenburg - Volume 1 - Manual and Appendix). Landesamt fiir Umwelt, Potsdam. In
German.

144



Il Acknowledgements

I feel fortunate to be a peatland scientist. Over the past years, I have seen beautiful areas
in Brandenburg, wading through moss carpets, sometimes up to my belly in water,
finding rare and endangered species, and taking refreshing swims in clear lakes after a
long day of work. Apart from the regional peatland beauty, I have experienced many
conservation practices in national and international networks in Germany, the
Netherlands, South Africa, and Russia. It is rewarding to work in a field where positive
progress towards a more sustainable future is visible and to work with people who share
a passion for peatlands and nature. Now, I am happy and grateful to acknowledge the

people who supported me during the years of my PhD.

Thank you, Prof. Dr. Vera Luthardt, for your support, the many opportunities you
provided for me to grow and the freedom to pursue my interests. Your lasting enthusiasm
and love for peatlands and nature in general, as well as your dedication and hard work,

impressed and inspired me constantly during the past years.

Thank you, Prof. Dr. Henrik von Wehrden, for ‘opening the doors’ to LEUPHANA
University and making it possible for me and other Eberswalde University for Sustainable
Development (EUSD) PhD students to pursue a PhD. I enjoyed the enriching discussions,
appreciated the easy communication, and was grateful for your sharing of knowledge and

experience.

Thank you, Prof. Dr. Jutta Zeitz and the team of the Division of Soil Science and Site

Science of the Faculty of Life Sciences at Humboldt-Universitit Berlin, for your valuable

145



input, welcoming manner and the after-work get-togethers in and outside of the beautiful

Division building. I always enjoyed attending.

Thank you, Corinna Schulz, for always being just a phone call away and jointly solving
unsolvable problems. Your input and support were invaluable. Thank you, Finn, Franz,
Friedrich, Inga, Laura, Marlene, Paul, Robert, Tini, and all EUSD colleagues and friends,
for supporting me during fieldwork over the years, discussing ideas, and sharing a vision.
Working feels like spending days with friends if you are fortunate to work with a group

such as ours.

Thank you, Caro, Charlotte, Fabio, Laura, Line, Martin, and the colleagues of the
Biosphere Reserves Institute for keeping up the motivation during the past years and

sharing drinks, food, and thoughts on many occasions.

Thank you to the Department of Silviculture & Ecology team and the foresters of the State

Forestry Department of Brandenburg for the excellent collaboration over the years.

Finally, I want to thank my small family, the one in the North and the one here with me

in the East. Thank you for supporting me unconditionally and making life wonderful.

146



Vi APPENDIX

1. List of publications by Jenny Hammerich
2. Overview of articles of this dissertation with author contributions
3. Abstracts of co-authored peer-reviewd publications during the time of PhD

4. Declarations and Assurances (Erklarungen und Versicherungen)

147



Appendix 1: List of publications by Jenny Hammerich

Peer-reviewed

Hammerich J, Schulz C, von Wehrden H, Zeitz J, Luthardt V (n.d.) Monitoring peatland
restoration in forests - The effects of hydraulic and management measures on the
water table, peat accumulation, mire-specific biodiversity and greenhouse gas
emissions. Restoration Ecology (submitted April 2024)

Dabard CH, Gohr C, Weiss F, von Wehrden H, Neumann F, Hordasevych S, Arieta B,
Hammerich J, Meier C, Jargow ], Luthardt V, Ibisch PL, Ferreira AF (n.d.) Biosphere
Reserves as model regions for transdisciplinarity? A literature review. Sustainability
Science (in review, submitted December 2023)

Tanneberger F, Berghofer A, Brust K, Hammerich J, Holsten B, Joosten H, Michaelis D,
Moritz F, Reichelt F, Schéafer A, Scheid A, Trepel M, Wahren A, Couwenberg J (n.d.)
Quantifying ecosystem services of rewetted peatlands - the MoorFutures
methodologies. Ecological Indicators (in review, submitted October 2023)

Hammerich J, Schulz C, Probst R, Liidicke T, Luthardt V (2024) Carbon content and other
soil properties of near-surface peats before and after peatland restoration. PeerJ (in

press)

Luthardt V, Brauner O, Hammerich J, Probst R, Schulz C, Wachtel S, Luthardt V (2023)
Resilienz naturnaher Moore im Klimawandel - Fallbeispiele aus dem
Biosphirenreservat Schorfheide-Chorin (Resilience of near-natural peatlands in times
of climate change - case studies from the Schorfheide-Chorin biosphere reserve).
Natur und Landschaft 98/3:124-131. In German. DOI: 10.19217/NuL.2023-03-04

Hammerich J, Dammann C, Schulz C, Tanneberger F, Zeitz J, Luthardt V (2022) Assessing
mire-specific biodiversity with an indicator based approach. Mires and Peat 28/32:1-
29. DOI: 10.19189/MaP.2021.S].StA.2205

Luthardt V, Liidicke T, Hammerich J, Schulz C (2021) Erfolgreiche Revitalisierung
naturnaher Moore im Naturpark Stechlin-Ruppiner Land (Successful revitalisation of
near-natural peatlands in the Nature Park Stechlin-Ruppiner Land). Pages 169-191 In:
Scherfose V (ed) Erfolgskontrollen im Naturschutz (Success Control in Nature
Conservation). BfN-Skript 171, Bonn - Bad Godesberg. In German.

Presentations

Hammerich J, Koch F-G (2024) Moorschutz und -renaturierung im Wald (Peatland
conservation and restoration in forests). Seminar ‘Renaturierung von Mooren'. Lions-
Club Deutschland. Online. 28 March 2024.

148



Hammerich J, Luthardt V (2022) Moorrenaturierung im Wald (Peatland restoration in
forests). Wissenstransfertagung ‘Aktuelle waldokologische und waldbauliche
Empfehlungen fiir Brandenburg’. Landesforst Brandenburg. Online. 05 December
2022.

Hammerich J, Luthardt V (2022) Moorrenaturierung im Wald (Peatland restoration in
forests). Waldbaukolloquium. Landesforst Brandenburg. Eberswalde (Germany).
27.09.2022.

Hammerich J, Luthardt V, Zeitz ] (2022) Erfolgskontrolle von Waldmoor-
Renaturierungsmallnahmen - methodisches Konzept und Erfolge der
Moorschutzmalinahmen der Brandenburger Landesforsten (Assessing the success of
forest peatland restoration measures - methodological concept and success of
peatland restoration of the State Forestry Brandenburg). Bundesfachtagung
‘Wiederverndassung von Waldmooren‘. Sachsenforst. Erzgebirge (Germany). 01 & 02
September 2022.

Luthardt V, Herold B, Hammerich J (2022) Peatlands in the central Schorfheide-Chorin
biosphere reserve and Sernitz spring mire restoration. Biosphere Reserves Institute
Research Conference. Biosphere Reserves Institut. Altenhof (Germany). 18 May 2022

Hammerich J (2022) Die Vielfalt der Moore (The diversity of peatlands). 1. Science Slam
der Brandenburger Hochschulen. Luckenwalde (Germany). 13 May 2022.

Hammerich J, Luthardt V, Zeitz J (2022) Restoration and monitoring of peatlands in
forests - a case study from north-east Germany. Mire restoration workshop.
International Mire Conservation Group. Marakele Nature Reserve (South Africa). 30
March 2022

Schulz C, Hammerich J, Wachtel S (2021) Erfolg von Wiederverndssungsmafinahmen in
Waldmooren (Success of rewetting measures of forest peatlands). Vortragsreihe
‘Moore im Klimawandel’. NABU-Erlebniszentrums Blumenberger Miihle.
Angermiinde (Germany). 28 November 2021.

Hammerich J, Luthardt V, Zeitz ] (2021) Renaturierung von Mooren im Wald - Bedeutung
flir Biodiversitat, Wasserhaushalt, Torfwachstum, Klimaschutz ... und den Kranich!
(Restoration of peatlands in forests - importance for biodiversity, water balance, peat
accumulation, climate protection ... and the crane!). NABU-Tagung ‘Kraniche und
Klimawandel’. NABU Kranichzentrum Waren. Waren (Germany). 30 October 2021.

Luthardt V, Hammerich J (2021) Jeder Tropfen zidhlt - Wirkung von MalRnahmen zum
Wasserrlickhalt auf Feuchtgebiete (Every drop counts - the effect of rewetting
measures on wetlands). 22. NABU-Naturschutztag ‘Landschaftswasserhaushalt
stirken‘. NABU-Brandenburg. Potsdam (Germany). 18 September 2021.

Hammerich J (2021) Moorrenaturierung in Brandenburger Wildern: Auswirkungen auf
die moorspezifische Biodiversitdt (Peatland restoration in Brandenburg's forests:
effects on mire-specific biodiversity). BfN-Veranstaltungsreihe ‘Biodiversitit und
Klima - Vernetzung der Akteure in Deutschland’. Internationale
Naturschutzakademie Vilm. Vilm (Germany). 08 September 2021.

149



Hammerich J, Luthardt V (2020) Wirkung von bis zu 20 Jahren Moorvernissung in den
Brandenburger Waldern (Effect of up to 20 years of peatland rewetting in
Brandenburg's forests). DGMT-Jahrestagung. Deutschen Gesellschaft fiir Moor &
Torfkunde. Rendsburg (Germany). 27 September 2020.

Hammerich J (2019) Moore als Oasen einheimischer Vielfalt - Einblicke und
Bewertungsansatz (Peatlands as oases of native diversity - insights and assessment
approach). Offentliche Vortragsreihe ‘Umwelt und Nachhaltigkeit’. Universitit
Hildesheim. Hildesheim (Germany). 17 April 2019.

Hammerich J, Luthardt V, Zeitz J (2018) Projekt Erfolgskontrolle
Waldmoorrentaturierung - Moorschutz im Landeswald Brandenburg bald in einer
neuen Qualitdt (The project ‘Monitoring forest peatland restoration‘ - a new quality of
peatland conservation in the state forests of Brandenburg soon to be realised). 4.
Waldnaturschutztag. Landesbetrieb Forst Brandenburg. Eberswalde (Germany). 19
November 2018.

Hammerich J, Luthardt V (2018) Die Biodiversitdat Brandenburger Moore — methodische
Annahrung und Fallbeispiele (The biodiversity of peatlands in Brandenburg -
methodological approach and case studies). Tagung ‘Moore in Europa - Bestand,
Bedrohung, Schutz und Wiederherstellung’. Brandenburgische Akademie Schloss
Criewen. Criewen (Germany). 18 & 19 October 2018.

Luthardt V, Schulz C, Hammerich J, Dammann C (2017) Catalog of the typical and specific
plant species of mires including mosses of Brandenburg and Berlin and its application
for the evaluation of the biodiversity of mires. Flora & Funga Pomeranica - The Third
Symposium on Flora, Fungy, Vegetation and Landscape of Pomerania. Szczecin
(Poland). 13-15 September 2017.

Hammerich J, Dammann C (2017) How to measure the biodiversity of peatlands - an
indicator-based approach. LIFE Peat Restore Workshops ‘Peatlands and Atmosphere’.
NABU-Berlin. Klein Koris (Germany). 27-30 April 2017.

Posters

Hammerich J, Luthardt V (2022) Multiplikation Waldmoorschutz (Multiplication of forest
peatland protection). Poster auf der Bundesfachtagung Wiedervernassung von
Waldmooren. Erzgebirge (Germany). 01 & 02 September 2022.

Hammerich J, Luthardt V (2022) Multiplikation Waldmoorschutz (Multiplication of forest
peatland protection). DGMT-Jahrestagung. Deutschen Gesellschaft fiir Moor &
Torfkunde. Freiburg (Germany). 02-04 June 2022.

Hammerich J, Luthardt V, Zeitz J (2019) Erfolgskontrolle der Waldmoorrenaturierungs-
malnahmen der Landesforst Brandenburg (Monitoring the success of peatland
restoration of the State Forestry Brandenburg). HNEE-Nachhaltigkeitstage.
Hochschule fiir Nachhaltige Entwicklung. Eberswalde (Germany). 20 - 24 May 2019.

150



Transfer publications

Hammerich J, Luthardt V, Zeitz J (2022) Moorschutz in den Waldern Brandenburgs -
Waldmoorschutzprogramm,  Erfolge, Renaturierungsmalinahmen (Peatland
Protection in the Forests of Brandenburg - Forest Peatland Protection Programme,
Successes, Restoration Measures. Hochschule fiir Nachhaltige Entwicklung
Eberswalde, Eberswalde. In German. DOI: 10.57741/opus4-366

Hammerich J (2021) Waldmoore - Oasen der Wélder (Forest peatlands - oases of forests).
Naturmagazin Berlin-Brandenburg. Natur & Text 2/2021:20-21. In German.

Luthardt V, Brauner O, Hammerich J, Probst R, Schulz C, Wachtel SF (2022) Steckbriefe
und weiterfiihrende Informationen zu ausgewéhlten Mooren des Biospharenreservats
Schorfheide-Chorin (Brief Profiles and Further Information on Selected Peatlands in
the Schorfheide-Chorin Biosphere Reserve). Hochschule flir Nachhaltige Entwicklung
Eberswalde, Eberswalde. In German. DOI: 10.57741/opus4-377

Gather C, Hammerich J (2017) Moore in landwirtschaftlicher Nutzung: Hotspots des
Klimwandels (Peatlands in agricultural use: hotspots of climate change). Pages 14-20
In: Umweltbundestamt (eds) Umweltschutz in der Landwirtschaft (Environmental
Protection in Agriculture). Umweltbundesamt, Dessau-Rosslau. In German.

151



Appendix 2: Overview of articles of this dissertation with author contributions

Study I:
Authors:
Journal:
Authorship:
Author
contributions:

Publication status:

Study I

Authors:
Journal:
Authorship:
Author
contributions:

Publication status:

Study Ill:

Authors:
Journal:
Authorship:

Author
contributions:

Publication status

Assessing mire-specific biodiversity with an indicator based approach

J. Hammerich, C. Dammann, C. Schulz, F. Tanneberger, J. Zeitz, V. Luthardt
Mires and peat (Two-year impact factor: 1.488)

First author with predominant contribution

JH, CD, VL and FT designed the study. JH and CD did the literature review and
set up the first draft of the indicator system. JH revised the indicator system
and sampled the data. The data were collected by JH, CD, CS and other
researchers at Eberswalde University for Sustainable Development. JH
prepared the manuscript with the help of CS and VL. VL critically reviewed the
study and contributed central ideas and discussion points. All authors
contributed to the final version of the manuscript.

Published (October 2022)

Carbon content and other soil properties of near-surface peats before
and after peatland restoration

J. Hammerich, C. Schulz, R. Probst, T. Liidicke, V. Luthardt

PeerJ (Two-year impact factor: 3.061)

First author with predominant contribution

Jenny Hammerich conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or
reviewed drafts of the article, and approved the final draft; Corinna Schulz
conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft; Robert Probst conceived
and designed the experiments, performed the experiments, analyzed the
data, prepared figures and/or tables, and approved the final draft; Thomas
Ludicke performed the experiments, prepared figures and/or tables, and
approved the final draft; Vera Luthardt conceived and designed the
experiments, authored or reviewed drafts of the article, and approved the
final draft.

In press (submitted May 2023)

Monitoring peatland restoration in forests - The effects of hydraulic and
management measures on the water table, peat accumulation, mire-
specific biodiversity and greenhouse gas emissions

J. Hammerich, C. Schulz, H. von Wehrden, J. Zeitz, V. Luthardt

Restoration Ecology (Two-year impact factor: 4.181)

First author with predominant contribution

JH, JZ and VL designed the study. JH screened and reprocessed the data
before restoration. JH collected field data after restoration from 2018 to 2020.
JH and HvW compiled the statistical analyses. JH wrote the manuscript. CS,
HvW, JZ and VL reviewed the manuscript. All authors contributed to the final
version.

Submitted (April 2024)

152



Appendix 3: Abstracts of co-authored peer-reviewed publications during the time
of PhD

Biosphere Reserves as model regions for transdisciplinarity? A literature review.
Sustainability Science (in review, submitted December 2023)

Caroline Héléne Dabard “*", Charlotte Gohr “**, Fabio Weiss 1>°, Henrik von Wehrden
¢ Frederike Neumann !, Solomiia Hordasevych !, Bruno Arieta ', Jenny Hammerich **,
Caroline Meier % Janine Jargow *’, Vera Luthardt !, Pierre L. Ibisch "%, Ana Filipa

Ferreira!

! Biosphere Reserves Institute, Eberswalde University for Sustainable Development,
Schicklerstrafle 5, 16225 Eberswalde, Germany;* Social-ecological Systems Institute,
Leuphana University Liineburg, Universitatsallee 1, 21335 Liineburg, Germany; *
Leuphana University Liineburg, Universitédtsallee 1, 21335 Liineburg, Germany;* Centre
for Econics and Ecosystem Management, Eberswalde University for Sustainable
Development, Schicklerstralle 5, 16225 Eberswalde, Germany;* Cawthron Institute, 98
Halifax Street East Nelson 7010, New Zealand; ¢ Center of Methods & Faculty of
Sustainability, Leuphana University, Universitédtsallee 1, 21335 Liineburg, Germany; ’
Technische Universitit Dresden, Fakultit Mathematik und Naturwissenschaften,
Professur fiir Allgemeine Psychologie, 01062 Dresden, Germany; ® Faculty of Philology

and History, Augsburg University, Universititsstrafde 10, 86159 Augsburg, Germany

t These authors have contributed equally to this work and share first authorship,

*corresponding author: caroline.dabard@hnee.de

Abstract

The UNESCO Man and the Biosphere program advocates and designates Biosphere
Reserves as learning sites for sustainable development. Yet the extent to which research
aligns with their core objectives - biodiversity conservation, economic development and

capacity building - remains uncertain. In response, transdisciplinary research in

153



conservation and development aims at implementing more diverse, participatory
methods to improve effective management as well as governance. This study provides a
systematic screening of scientific research in and on Biosphere Reserves published since
1975. Research fields in Biosphere Reserves are diverse and range from social to political
to ecological investigations. We identified an emerging field of transdisciplinary science
in research related to or conducted in UNESCO Biosphere Reserves, highlighting progress
in author gender equality as compared to studies that did not build on a transdisciplinary
mode. Most transdisciplinary studies were conducted in Mexican and Indian Biosphere
Reserves. Transdisciplinary research in Biosphere Reserves calls for high-impact
knowledge, addressing deep leverage points and the inclusive participation of
underrepresented and discriminated groups. Thereby, Biosphere Reserves as specialized

areas for sustainable development could play a vital role.
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Abstract

In 2011, MoorFutures® were introduced as the first standard for generating credits from
peatland rewetting. We developed methodologies to quantify ecosystem services before
and after rewetting with a focus on greenhouse gas emissions, water quality, evaporative
cooling and mire-typical biodiversity. Both standard and premium approaches to assess
these services were developed, and tested in the rewetted polder Kieve (NE-Germany).
The standard approaches are default tier 1 estimation procedures, which require little

time and few, mainly vegetation data. Based on the Greenhouse gas Emission Site Type
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(GEST) approach, emissions decreased from 1,306 t CO.e in the baseline scenario to 532 t
CO.e in the project scenario, whereas 5 years after rewetting they were assessed to be 543
t CO.e per year. Nitrate release assessed via Nitrogen Emission Site Types (NEST) was
estimated to decrease from 1,088 kg N (baseline) to 359 kg N (project), and appeared to be
309 kg N per year 5 years after rewetting. The heat flux - determined with
Evapotranspiration Energy Site Types (EEST) - decreased from 6,691 kW (baseline) to
1,926 kW (project), and was 2,250 kW per year 5 years after rewetting. Mire-specific
biodiversity was estimated to increase from very low (baseline) to high (project), but was
only low 5 years after rewetting. The premium approaches allow quantifying a particular
ecosystem service with higher accuracy by measuring or modelling. The approaches
presented here have been elaborated for North-Germany but can be adapted for other
regions. We encourage scientists to use our research as a model for assessing peatland
ecosystem services and biodiversity in other geographical regions. Using vegetation
mapping and indicator values derived from meta-analyses is a cost-efficient and robust
approach to inform payment for ecosystem services schemes and to support

conservation planning at regional to global scales.

Key words
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Abstract

Climate change is affecting the few remaining mires that are still accumulating peat. The
question thus arising is this: To what extent can the resilience of these autochthonous
ecosystems, in all their diversity, be enhanced? For this purpose, long-term observation
series of mostly undisturbed peatlands in the Schorfheide-Chorin Biosphere Reserve in
the German regional state of Brandenburg are evaluated. These are set in context with
the findings of success monitoring of rewetted forest peatlands. A newly developed
indicator system for assessing mire-specific biodiversity is used to evaluate the state of
the peatland. In addition, greenhouse gas emissions are estimated using the GEST
(Greenhouse gas Emissions Site Types) method and potential new peat formation is
considered. The analyses show that the buffering capacity of peat accumulating

peatlands in the study area is still intact and that disturbances can be overcome without
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changing the system. The waterlogging measures were consistently successful and led to
a measurable revitalisation. The article underscores the urgent need to stabilise the water
balance of all peatlands that are still in a near-natural state. This is vital in order to
preserve them as important elements of autochthonous biodiversity with all their positive

landscape functions.

Key words

Climate change adaptation, climate change impact, dragonflies, monitoring, mire-

specific biodiversity, mire-specific vegetation, peatland state
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Abstract

This article summarizes the results of the success control concerning the restoration
project of seven mires in the Natural Reserve “Stechlin-Ruppiner Land” within the
framework of the EU-LIFE project “Protection and rehabilitation of clear water lakes,
mires and swamp forests in the Stechlinsee area”. Based on the initial state, specific
development goals were defined and a monitoring program, developed by HNE
Eberswalde, was implemented. The methodology is explained in the article. Analysis of
the initial state prior to the restoration from 2002 and 2004 allow an assessment of the
peatlands type, genesis, historical influence and water conditions. The further
development after implementation of the measures was comprehensively documented
in the following years (2008, 2013, 2019) based on changes in water level and vegetation
characteristics. The condition of the mires 15 years after implementation of the measures

is described and the success of the revitalization is evaluated using general mire
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characteristics. Finally, recommendations for future methodological approaches in

success control are given.
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