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Peatlands play a significant role in the global carbon cycle. Since the last glacial maximum,
peatlands in the northern hemisphere have accumulated organic matter as peat with about
550 Pg carbon in their soils. The degradation of peatlands either by anthropogenic activities or by
changing climatic conditions results in changes of the biogeochemical cycles. Increasing
temperatures, especially in the high northern latitudes, lead to the accelerated permafrost thaw
and the degradation of palsa peatlands and may lead to a positive carbon-climate feedback.
Peatland drainage induces oxic conditions and causes increasing carbon dioxide emissions
resulting in a decline of soil organic carbon. In Europe more than 50 % of the former peatland
area has been drained for agricultural or forestry use contributing a significant proportion to the
national greenhouse gas emissions.

The main objectives of this study were to use depth patterns of stable isotopes, both carbon and
nitrogen, as indicators of peatland degradation, and to calculate the carbon balance of degraded
peatlands by different profile-based methods. Various depth profiles from peatlands in Northern
Sweden, Central Finland and Northern Germany were sampled to investigate these research
questions. These peatlands present different causes of peatland degradation, including changes in
climatic conditions in the subarctic region, drainage for forestry in the boreal region and drainage
for grassland management in the temperate region.

The natural abundance of stable isotopes, particularly stable carbon and nitrogen isotopes, is a
commonly used indicator in soil sciences to investigate biogeochemical processes in soils and soil
degradation. Depth profiles of stable carbon isotopes generally reflect organic matter dynamics in
soils with an increase of 6"°C with depth during aerobic decomposition and stable or decreasing
8"C values with depth during anaerobic decomposition of organic matter. In addition, the §°N
values are assumed to increase with depth in degraded peatlands due to aerobic decomposition
and show uniform depth patterns under anaerobic decomposition in natural peatlands.

In the palsa peatlands in Northern Sweden, stable carbon isotope depth profiles indicated
changes in the decomposition processes over time. Recent degradation due to accelerated
permafrost thaw as well as historical changes in decomposition processes from anaerobic to
aerobic are displayed in the 6"°C depth profiles. The historical changes indicated the uplifting of
the palsa peatlands by permafrost. Furthermore, the time of the permafrost uplifting was
determined by peat accumulation rates between 100 and 800 years ago. In addition, stable
nitrogen isotope depth profiles indicated the change in decomposition processes and showed
perturbation of the soil when relating to C/N ratios. The mean ages of permafrost uplifting of the
two palsa peatlands identified by the stable nitrogen isotope depth profiles fall in the period of
the Little Ice Age.

A land use gradient was investigated in Northern Germany including a near-natural wetland, an
extensively managed and an intensively managed grassland site, which have all formed in the
same peatland complex. Vertical depth profiles of 8¢, 6N, ash content, C/N ratio, bulk density
and radiocarbon ages were studied to identify peat degradation and to calculate carbon loss. The
8"C depth profiles indicated aerobic decomposition in the upper horizons at all sites. Moreover,
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depth profiles of 6N differed significantly between the sites with increasing 6N values of the
upper horizons concurrent to increasing land use intensity due to differences in peat
decomposition and fertilizer application.

There are different methods and approaches to determine the carbon balance of degraded
peatlands. The profile-based methods compare the degraded soil with a reference soil.
Differences in biogeochemical soil parameters, such as ash content, bulk density and radiocarbon
age, are used by the profile-based methods to estimate the soil carbon balance of degraded
peatland sites.

Peat and carbon loss could be quantified by the combination of ash content and bulk density and
is supported by the radiocarbon ages. Increasing carbon loss with increasing land use intensity
was calculated by two different profile-methods with 11.5, 18.8-38.2 and 42.9-52.8 kg C m™ at the
near-natural site, the extensively used grassland site and the intensively used grassland site,
respectively. However, current greenhouse gas fluxes measured by the chamber technique
indicated a carbon gain at the near-natural site, a neutral carbon balance at the extensive used
grassland site and a carbon source at the intensive used grassland site. The historical carbon
balance was assessed by the profile-based methods whereas the present changes in the carbon
balance are captured by the flux measurements. Moreover, the combination of both approaches
pointed out that the carbon balance of the peatland has changed over time. All biogeochemical
soil parameters indicated peat degradation at all investigated sites along the land use gradient,
however, at varying degrees.

In Finland more than half of the peatland area was drained during the 20th century for forestry
use. The Lakkasuo peatland, Central Finland, includes a minerotrophic and an ombrotrophic part,
both of which were partially drained for forestry. In addition to the 6C depth profiles, four
different profile-based methods were applied, using differences in ash content or radiocarbon
dated peat samples to calculate the carbon balance of the soil. The §"3C depth profiles indicated
that both undrained sites are in a natural state and that both drained sites are enriched in **C in
the topsoil indicating aerobic decomposition. At the minerotrophic drained site all four profile-
based methods indicated a carbon loss but of different magnitude (0.058 to 0.272 kg C m™ yr™).
However, at the ombrotrophic drained site both radiocarbon methods suggested a carbon gain
(0.139 to 0.182 kg C m™ yr'') whereas the two other methods indicated a carbon loss (0.061 to
0.270 kg C m™ yr™). The results confirm that in boreal peatlands drainage for forestry leads to a
higher risk of losing carbon when the peatland is minerotrophic.

This thesis demonstrates that examining stable carbon isotopes is a useful way of identifying
peatland degradation by various causes, and this approach can be used as indicator of the natural
state of a peatland. The carbon balance calculations by different profile-based methods help
determining the long-term carbon changes of degraded peatlands since the beginning of peatland
drainage.

\
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CHAPTER 1

Introduction

1.1 Peatlands and the carbon cycle

Peatlands cover about 4 million km? worldwide, approximately 3 % of the Earth’s terrestrial
surface area (Gorham, 1991; Limpens et al., 2008; Yu et al., 2011). Nevertheless, they are an
important pool in the global carbon (C) cycle, storing about 600 Pg carbon in their soils (Yu et al.,
2010; Jungkunst et al., 2012). This is comparable to the present carbon in the atmosphere (Ciais et
al., 2014). Most of the peatland area is situated in the high northern latitudes (>45°N) particularly
in the boreal and subarctic regions (Gorham, 1991; Yu et al., 2011; Jungkunst et al., 2012) with
about 500 to 550 Pg carbon in their soils (Yu et al., 2010; Jungkunst et al., 2012) representing
about 15-30 % of the worlds soil carbon pool (Limpens et al., 2008). The tropics, storing about 50
to 88 Pg carbon in their soils, and the southern hemisphere, primarily Patagonia, storing about 15
Pg carbon in their soils, contribute less to the global peatland carbon pool (Yu et al., 2010; Page et
al., 2011).

Peatlands in the northern hemisphere have accumulated organic matter as peat since the last
glacial maximum (Yu et al., 2011; Yu, 2012). With the biomass production being higher than the
decomposition of organic material, peatlands accumulate carbon in a natural state (Turunen et
al., 2002). In these water-saturated soils, anoxic conditions inhibit organic-matter decomposition
and favour peat accumulation (Clymo, 1984) and methane emissions. The overall net carbon
accumulation during the Holocene was between 0.02-0.03 kg C m™ yr™ (Turunen et al., 2002;
Frolking and Roulet, 2007; Strack et al., 2008). The net radiative forcing of northern peatlands is a
net cooling of about 0.2 to 0.5 W m™ (Frolking and Roulet, 2007). A high water table is required
for peat accumulation whereas low water levels (occurring because of drainage or a change in
climate conditions) lead to mineralisation of organic matter and the release of carbon from the
soil to the atmosphere as CO, (Clymo, 1984; Ise et al., 2008; Fenner and Freeman, 2011).

Due to their high carbon density and the large carbon reservoir of these ecosystems peatlands are
an important component of the global carbon cycle. With a view to the rising concentrations of
greenhouse gases, especially CO,, the carbon storage function of peatlands is crucial: these
ecosystems could release a huge amount of carbon to the atmosphere due to drainage and
management of peatlands. In 2008, for instance, the global CO, emissions from drained peatlands
was about 1.3 Pg CO, (Joosten, 2010). In view of changes in climatic conditions they can have
positive or negative climate feedbacks. Warming without moisture stress is suggested to increase
the net primary production more than the peat decomposition and to enhance long-term peat
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carbon sequestration, leading to a negative climate feedback (Loisel et al., 2012; Loisel and Yu,
2013). However, rising air temperatures and changes in precipitation patterns could significantly
influence the biogeochemical cycles of peatlands with an acceleration of carbon emissions from
these soils and a potentially disturbance of these ecosystems, resulting in a positive climate
feedback (Ise et al., 2008; Dise, 2009; Dorrepaal et al., 2009).

1.2 Degradation of peatlands in different climatic regions

Degradation of peatlands is a change from natural conditions to a disturbed status of the peatland
due to anthropogenic activities, such as drainage and land use change, or because of changes in
climatic conditions. Peatland degradation alters the biogeochemical processes and changes the
carbon balance of the soil. In the last century, more than 50 % of the peatland area in Europe was
converted mainly for agricultural or forestry purposes (Joosten and Clarke, 2002; Byrne et al.,
2004). Drainage of peatlands induces oxic conditions and an increase in carbon dioxide emissions,
resulting in a net loss of carbon to the atmosphere (Maljanen et al., 2001). Therefore, peatland
sites used for agriculture or peat extraction are significant sources of greenhouse gases (Maljanen
et al.,, 2010). Moreover, peatlands are important wildlife habitats, play a major function in
maintaining freshwater quality and are essential for geochemical and paleo archives, which will be
altered/ destroyed by peatland degradation.

In the northern discontinuous permafrost region climate warming has accelerated carbon
emissions from these soils. This was measured by the chamber technique (Dorrepaal et al., 2009)
and presents contrary results to paleoecological studies, which suggest increasing net primary
production under warmer conditions (Beilman et al., 2009; Yu et al., 2009; Loisel and Yu, 2013).
Rising air temperatures, particularly in the high latitudes, leads to the thawing of permafrost and
an increase of active layer thickness (Akerman and Johansson, 2008) and affects the distribution
of palsa peatlands. For palsa peatlands it is projected that the area suitable for these ecosystems
will most likely be lost by the end of this century (Fronzek et al., 2006; Fronzek et al., 2010; Bosio
et al., 2012). While it is certain permafrost thaw will release carbon into the atmosphere and will
accelerate climate change, the magnitude of this effect is highly uncertain to date (Schuur and
Abbott, 2011). The alteration of palsa peatlands with a drastic change in vegetation patterns with
a decline in dry hummocks due to permafrost thaw will change the carbon balance of this
ecosystem, potentially decreasing CO, emissions and increasing CH, emissions (Bosio et al., 2012).

In the boreal region a substantial proportion of peatlands in Fennoscandia and Russia was drained
for forestry use with a total area of more than 100 000 km? (Minkkinen et al., 2008). In Finland,
for instance, more than half of the peatland area was drained during the 20th century, mainly for
forestry use (Laine et al., 2006). Mean emission factors for ombrotrophic drained peatlands for
forestry in the boreal region are 0.02 kg C m™ yr whereas minerotrophic emit about 0.1 kg C m™
yr'* (IPCC, 2013a). The impact of draining boreal peatlands for forestry is a controversial debate
because usually drained peatlands are carbon sources, but some studies show that these
peatlands are still carbon sinks after drainage mainly due to increased wood, root and litter
production (Minkkinen et al., 1999; Lohila et al., 2011; Ojanen et al., 2013). However, peatland
drainage in the boreal region for grassland or cropland purpose usually changes a peatland from a
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carbon sink into a carbon source (carbon loss of 0.26 kg C m™ yr* and 0.68 kg C m™ yr?,
respectively) (Couwenberg, 2009; IPCC, 2013a).

In the temperate region most of the peatland area has been drained and is managed as
agriculture or grassland (Joosten and Clarke, 2002). Mean greenhouse gas emissions from
peatlands in the temperate region under grassland use are 0.6 kg C m™ yr™ for deeply drained
areas and 0.4 kg C m? yr for shallowly drained peatlands (IPCC, 2013a). Ranked by land use
intensity, intensively managed grasslands emit about 2.8 kg COyq m? yr'and extensively
managed grasslands emit between 0.2 and 2.0 kg COx¢q m? yr' (depending on the water table)
(Drosler et al., 2013). Near-natural peatlands are almost climate-neutral (Drosler et al., 2013).
However, dry bogs which are affected by past drainage activities emit up to 1.0 kg COq m? yrt
(Drosler et al., 2013). In Germany, for instance, 75 % of the greenhouse gas emissions from
peatlands are attributed to agricultural use (Hoper, 2007), and more than half of the greenhouse
gas emissions from managed peatlands originate from grassland sites (Drosler et al., 2008). In
total, greenhouse gas emissions from peatland soils account for about 5 % of Germany's national
greenhouse gas emissions (Drosler et al., 2013).

1.3 Indicators of peatland degradation
1.3.1 Qualitative indicators of peatland degradation

Stable carbon and nitrogen isotopes in depth profiles as indicators of peatland degradation

Both of the elements carbon and nitrogen consist of two stable isotopes. The two naturally
occurring stable carbon isotopes are *2C which forms 98.89 % of the carbon on Earth and **C with
about 1.11 % of carbon (Fry, 2007). The naturally occurring stable nitrogen isotopes are **N which
forms 99.64 % of the Earth’s nitrogen and >N which represents about 0.36 % (Fry, 2007).

The natural abundance of these stable isotopes is an indicator in soil science to investigate
biogeochemical processes in the soils and soil degradation (Krull and Retallack, 2000; Robinson,
2001; Schaub and Alewell, 2009; Conen et al., 2013; Meusburger et al., 2013). Stable carbon (and
stable nitrogen) isotope ratios are usually presented as the ratio of C:**C (*°N:'*N) and reported
as parts per mil (%o) comparing it to a reference standard Pee Dee Belemnite (PDB) for carbon
(see equation 1.1) and the atmospheric nitrogen for nitrogen.

13
(HCJsample
51 =| A2 —~————1|*1000%0 (1.1)
< standard
12C
Depth profiles of stable carbon isotopes, which are not influenced by a vegetation change from C;
to C, plants show fractionation trends in 6"3C values with depth (Nadelhoffer and Fry, 1988).

These soils can be divided into three different §°C depth patterns (Krull and Retallack, 2000)
which can be used as indicators of soil degradation.
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These three different stable carbon isotope depth patterns are used as qualitative indicators of
peatland degradation (Alewell et al., 2011) and are briefly introduced below.

(i)

(ii)

(iii)

In natural peatlands with low decomposition rates, the 8C values can be almost
constant with depth. This is because oxygen availability is low in water-saturated soils,
the decomposition of organic material is reduced, and therefore isotopic fractionation
is small (Clymo and Bryant, 2008; Skrzypek et al., 2008). Another possibility is that in
peatlands where methane is produced the fractionation effects of CO, and CH,
production might cancel out which can result in a uniform depth pattern of 63C values
(Clymo and Bryant, 2008).

Lower 8™C values in the deeper parts of the profile, compared to the source material
(vegetation signal), are common for water-saturated soils (Krull and Retallack, 2000).
The decrease of 82C occurs because of the relative enrichment of *C depleted
recalcitrant material, such as lignin dominating the 82C values (Benner et al., 1987,
Alewell et al., 2011).

Under aerobic conditions, decomposers prefer to use the lighter °C for respiration
(Nadelhoffer and Fry, 1988). Because of this, *C accumulates more in the remaining
organic material and the 6"C value increases with depth (Nadelhoffer and Fry, 1988;
Agren et al., 1996). Increasing 6*°C values with depth of up to 5 %o are typical for well
drained or mineral soils (Nadelhoffer and Fry, 1988).

In peatlands mainly two stable nitrogen isotope depth patterns exist: one with a constant §°N

value with depth and the other one with increasing §"°N values with depth.

(i)

(ii)

Stable nitrogen isotope depth profiles in natural ombrotrophic peatlands are assumed
to scatter around 0 %o because atmospheric nitrogen is the primary source of nitrogen
in these ecosystems (Jones et al., 2010; Broder et al., 2012). The 8N values of about
0 %o are characteristic of nitrogen-limited ecosystems (Skrzypek et al., 2008). However,
plant species in peatlands can vary substantially in their 6N signature from -11.3 %o to
+2.7 %o (Asada et al., 2005b), which can influence the 6"°N signature of the remaining
peat material.

Under aerobic conditions the decomposition rate of soil organic matter is accelerated,
resulting in a greater loss of the lighter isotope (**N) compared to the heavier isotope
(*°N) (Nadelhoffer and Fry, 1988). This is because decomposers preferentially use the
lighter N (Hogberg, 1997; Robinson, 2001; Skrzypek et al., 2008). This nitrogen isotope
fractionation during decomposition of organic matter leads to an enrichment of N in
the remaining soil organic matter and increases the soil >N with depth and age
(Nadelhoffer and Fry, 1988; Nadelhoffer et al., 1996). Therefore, 8N values in oxic
soils as well as in drained and/or degraded peatlands are supposed to increase with
depth due to nitrogen mineralisation (Nadelhoffer et al., 1996; Kohzu et al., 2003).

In intensively managed ecosystems, the application of mineral and/or organic fertilizer, with their

different isotopic signals (Bateman and Kelly, 2007), additionally alters the stable nitrogen isotope

signature in peatland soils.
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Further biogeochemical soil parameters as qualitative indicators of peatland degradation

Further biogeochemical soil parameters in depth profiles can be used as qualitative indicators of
peatland degradation and to determine the change in decomposition processes of peatlands. The
radiocarbon age determined by *C analyses, the C/N ratio, the bulk density and the mineral or
ash content is changing significantly due to peatland degradation.

The 'C is the most important radiogenic isotope of carbon and it occurs on Earth about
0.0000000001 % with a half-life of 5730 years (Godwin, 1962). In natural peat profiles the
radiocarbon signature shows an increasing age with depth (Shotyk et al., 1998) due to peat
accumulation over time. Peatland drainage results in a loss of peat that has been accumulated for
the last hundreds or thousands of years. Loss of the younger, more recently accumulated carbon
from the upper layers to the atmosphere changed the **C depth profile towards higher ages at the
peat surface.

Peatland degradation causes not only peat oxidation and loss of carbon to the atmosphere but it
also changes the bulk density and mineral (or ash) content in the peat profile. A higher
decomposition of organic matter typically occurs due to peatland drainage, resulting in an
increase in bulk density and an increase in ash content (Minkkinen and Laine, 1998b; Grgnlund et
al., 2008).

The C/N ratio indicates the degree of decomposition of the peat material (Malmer and Holm,
1984; Kuhry and Vitt, 1996). Little decomposed peat has larger C/N ratios, reflecting the former
plant material, whereas the C/N ratio decreases in more strongly decomposed peat because of a
preferential loss of carbon over nitrogen during microbial decomposition.

1.3.2 Quantitative indicators of peatland degradation

As peatlands are an important carbon pool and have a high potential of carbon loss due to
degradation the carbon budget of these soils is of vital interest. There are several approaches to
determine the quantitative carbon balance of natural and degraded peatlands (Van den Akker et
al., 2016). Broadly they can be divided into process and inventory studies (Simola et al., 2012).

Process studies investigate the gas exchange of the soil or the whole ecosystem (Lindroth et al.,
1998; Lohila et al., 2011; Meyer et al., 2013; Ojanen et al., 2013; Hommeltenberg et al., 2014).
Process studies are using eddy covariance technique or chamber measurements. Through
chamber measurements the heterotrophic and autotrophic respiration is used to calculate the
loss or gain of carbon from the peatland (Beetz et al., 2013; Beyer and Hoper, 2015). The eddy
covariance method is a micro-metrological technique which uses vertical turbulent fluxes within
the atmospheric boundary layers and measures for example the CO, fluxes between the
ecosystem and the atmosphere (Baldocchi et al., 1988; Sagerfors et al., 2008; Olefeldt et al.,
2012). In both these methods the flux exchange of other greenhouse gases like methane and
nitrous oxide can be measured. For a full carbon budget of peatlands by the chamber
measurements or by the eddy covariance method further carbon losses via leaching such as
dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) or via gas fluxes such as
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methane (CH,;) need to be considered (Nilsson et al., 2008; Beyer and Hoper, 2015). Additionally,
exports of carbon and nitrogen by harvesting or mowing and the import by fertilizer and/or
manure application must be considered at utilised agricultural sites for the annual carbon (and
nitrogen) budget.

Inventory studies using profile-based methods examine the long-term changes in carbon stocks
(Minkkinen et al., 1999; Simola et al., 2012; Pitkanen et al., 2013). Depending on the approach,
different biogeochemical soil parameters of degraded soils are compared to a reference soil.

There are several approaches to determine the soil carbon balance of drained peatlands by soil
profile-based methods. In general soil profile-based studies can be divided into (i) a resampling of
a study site where peat profiles between present-day and historical situation are compared
(Grgnlund et al., 2008; Simola et al., 2012) or (ii) a space-by-time approach where soil parameter
of peat profiles of paired undrained and drained parts of the same peatland are compared
(Minkkinen et al., 1999; Pitkdnen et al., 2013).

Carbon loss of degraded peatlands can also be calculated by subsidence measurements (Grgnlund
et al., 2008; Hooijer et al., 2012), changes in bulk density (Leifeld et al., 2011b) or by differences in
the mineral content (ash content) of the peat profiles (Grgnlund et al., 2008; Rogiers et al., 2008;
Leifeld et al., 2011a). The two latter are combined in the so called combined method (Leifeld et
al.,, 2014) in which the physical primary subsidence due to compaction and the chemical
secondary subsidence due to the oxidative loss of organic matter can be estimated (Ewing and
Vepraskas, 2006). This approach assessed the previous soil carbon stocks and peat thickness and
estimated with this the carbon loss of the degraded peatland.

Another approach for determining the effect of peatland drainage on the soil carbon balance is
the comparison of the carbon stocks of drained and undrained parts of the same peatland. This
could be done, for instance, by comparing the carbon stocks above a same layer defined by an
abrupt change in pollen ratios, by a synchronous charcoal layer (Laine et al., 1992) or by a layer of
the same age, determined by radiocarbon analyses.

All profile-based methods assess the average carbon balance over the last several decades or
centuries since the onset of peatland drainage.
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1.4 Aims and outline of the thesis

The main aims of the thesis were to assess stable isotopes (6"3C and §%°N) in depth profiles as
indicators of peatland degradation and to estimate the carbon loss of degraded peatlands by
different profile-based methods. Thematically the thesis is subdivided into two main parts (figure
1.1): (i) qualitative indicators of peatland degradation (chapters 2, 3, 4 and 6) and (ii) quantitative
estimation of the soil carbon balance of degraded peatlands (chapters 4, 5 and 6). The regional
foci of the thesis are on peatland degradation in the subarctic region (chapter 2 and 3), the boreal
region (chapter 6) and the temperate region (chapter 4 and 5) of Europe (figure 1.2).

Chapter 2 focused on stable carbon isotopes in depth profiles as indicators of palsa degradation
and palsa uplifting by permafrost near Abisko, Northern Sweden (Abisko in figure 1.2). It was
hypothesized that the stable carbon isotope depth profiles differ significantly between the
degraded and non-degraded sites due to differences or changes in decomposition processes.
Therefore, several transects, including degraded and non-degraded sites, in three different palsas
were sampled. Palsa peatlands are projected to be lost by the end of this century due to
increasing temperatures and permafrost thawing. The development of palsa including the
uplifting by permafrost is therefore crucial for prospective distribution of this ecosystem. It was
furthermore hypothesized that the uplifting by permafrost of the hummocks (uplifted peat
material by permafrost) is indicated by stable carbon isotope depth patterns.

In Chapter 3 the relation of N to C/N ratio (Conen et al., 2013) was used to detect disturbance
of the soil depth profiles in the palsa peatland due to permafrost uplifting. It was hypothesized
that the relation of 8N to C/N ratio indicated a disturbance of the soil at the depth where the
peat was uplifted by permafrost. The uplifting changes the decomposition processes in the palsas
and the time of permafrost uplifting can be identified by 6"°N depth profiles in combination with
peat accumulation rates. Therefore, several depth profiles of two palsas (hummocks) from the
subarctic, Abisko, Northern Sweden (Abisko in figure 1.2) were analysed on stable nitrogen
isotopes and on the C/N ratio.

Chapter 4 investigated stable isotopes, both §°C and 8™N, and carbon losses along a land use
gradient in a temperate bog near Cuxhaven, Northern Germany (Cuxhaven in figure 1.2). It was
hypothesized that the stable isotope depth profiles change from a constant signal under natural
conditions to increasing values with depth on the degraded sites. Furthermore, increasing carbon
losses are assumed to occur along with increasing land use intensity. Vertical depth profiles of
8C, 8N, ash content, C/N ratio and bulk density, as well as radiocarbon ages were sampled to
identify peat degradation and to estimate carbon loss along a land use gradient with a near-
natural wetland, an extensively managed grassland and an intensively managed grassland site, all
formed in the same bog complex.

The carbon balance of drained peatlands in central Europe is of major interest because the carbon
losses of these ecosystems contribute a great amount to the national greenhouse gas budget. In
Chapter 5 a comparison of three different methods for calculating the carbon balance along a
land use gradient in a temperate bog near Cuxhaven, Northern Germany (Cuxhaven in figure 1.2)
was conducted. It was hypothesized that the highest carbon losses occur on the most intensive
used site. Two soil profile-based methods (one using carbon accumulation rates and one using
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differences in ash content) were compared to greenhouse gas measurements using closed
chambers as presented in Beetz et al. (2013).

The impact of draining boreal peatlands for forestry on the soil carbon balance is an object of
controversial debate because some peatlands are still carbon sinks after drainage. In Chapter 6
four different profile-based methods were applied for calculating carbon changes in peatland soils
drained for forestry in the boreal region. The Lakkasuo peatland (Lakkasuo figure 1.2), Central
Finland, has a minerotrophic and an ombrotrophic part, both of which have partially been drained
for forestry. A pair-wise comparison between the two nutrient statuses was conducted. It was
hypothesized that the nutrient status plays a crucial role on the impact of draining boreal
peatlands for forestry on the soil carbon loss with higher losses at the nutrient-rich sites.
Furthermore, it was hypothesized that the 8 C depth profiles at the undrained sites show a
uniform depth trend, indicating the natural status of these sites, and therefore, these sites can be
used as reference sites for the carbon balance calculations.

Biogeochemical indicators of peatland degradation
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Figure 1.1: Overview of the thesis with the chapters 2-6 dealing with the qualitative and
guantitative indicators of peatland degradation in the subarctic (Abisko), the temperate
(Cuxhaven) and the boreal region (Lakkasuo).
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Source: http://www.europarl.europa.eu/brussels/website/
media/Basis/Erwei /l /Karte_Europa_Grenzen.jpg

Figure 1.2: Overview of the peatlands which were investigated in the project. In Abisko, Northern
Sweden, three palsa peatlands, Stordalen (SD), Storflaket (SF) and Tornetrask (TT) were
investigated. The Lakkasuo peatland, Central Finland, comprises a natural minerotrophic (Mn) and
a drained minerotrophic (Md) part as well as a natural ombrotrophic (On) and a drained
ombrotrophic (Od) part. The Ahlenfalkenberger Moor, near Cuxhaven, Northern Germany,
contains a near-natural wetland site (NW), an extensively used grassland site (GE) and an
intensively used grassland site (Gl). These entire sites are introduced in detail in the
corresponding chapters. Further sites which are not included in the main chapters of this thesis
but data are presented in the appendix 2 are: the Kattajokken (KJ) peatland near Abisko, Northern
Sweden; the Degerd-Stormyr peatland, Sweden, with a natural mire site (NM), a natural dry site
(ND) and a site near a drainage channel (DC); the Breitlohmisse, Northern Black Forest, Southern
Germany, comprising a natural open bog (Brl), a site with heath vegetation (Br2), and two sites
near a drainage channel a strongly degraded (Br3) and a low degraded (Br4); the Ursee Moor,
Southern Black Forest, Southern Germany, consists of a dry site at the edge of the peatland (Url),
a wet site at the center (Ur2) and a former forest site which was burned several years ago (Ur3);
the Rotmeer Moor, Southern Black Forest, Southern Germany, comprised an open bog site (Rol),
a semi-dry but growing site (Ro2) and a dry site (Ro3).
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Further investigated study sites which are not included in this thesis

In this PhD project further peatlands (Breitlohmisse, Rotmeer Moor and Ursee Moor in the Black
Forest, Southern Germany; Deger6-Stormy in Sweden; Kattajokken in Northern Sweden) were
investigated to assess the effect of peatland degradation on stable isotope depth profiles. Three
peatlands from the temperate region (Black Forest, Germany), one peatland from the boreal
region (Degerd-Stormyr, Sweden) and one from the subarctic (Kattajokken, Northern Sweden) are
briefly introduced and the main aims of the studies are presented.

In the Black Forest, Southern Germany (Black Forest in figure 1.2), three temperate peatlands
were investigated to evaluate stable isotope depth profiles as indicators of peatland degradation
and peatland growth.

The peatland called Breitlohmisse (Br) in the Northern Black Forest comprised four different types
of sites: a near-natural bog, a peatland with heath vegetation indicating drier conditions and two
different sites at the edge of the peatland near a drainage channel, one strongly degraded and
one just slightly degraded. It is assumed that the near-natural bog shows a uniform depth pattern
of 6°C and that the §C depth profiles indicate degradation at the other sites but to different
degree.

At the Rotmeer Moor (Ro) in the Southern Black Forest a moisture gradient with three different
sites was sampled: an open bog site, a site which is assumed to grow and another site which is
drier. It is therefore hypothesized that the §"3C depth profiles represent the moisture gradient
and that 6°C depth pattern at the assumed growing site indicates a natural peatland. The stable
isotope data will be compared to peat humification degrees and macrofossil analyses and will be
included in the manuscript by Alewell et al. which is in preparation.

At the Ursee Moor (Ur) in the Southern Black Forest three different sites were sampled: one site
at the edge of the peatland with dry conditions possibly influenced by the surrounding pasture
management, one other site at the centre of the peatland with wet conditions and the third site is
a former dry forest site on the peatland which was burned down several years ago. We assume an
influence of the nutrient input on the decomposition rates consequently on the stable isotope
depth patterns of the site on the edge of the peatland. Furthermore, it is hypothesized that the
5"°C depth patterns of the wet site represent a natural peatland, but is potentially also influenced
by the surrounding pasture management, and the third site is strongly degraded due to the
burning which is indicated by the stable isotope depth patterns. Figures of stable carbon and
nitrogen isotopes in depth profiles as well as the radiocarbon data from the peatlands of the Black
Forest are presented in the appendix (figure A2.1 — figure A2.10 and table A2.1).

To investigate the influence of draining a boreal peatland on the stable isotope depth profiles,
three different sites at the boreal peatland Degero-Stormyr near Vindeln, Sweden (Degeré in
figure 1.2) were investigated. One site represents the natural peatland in the center. The other
two sites are drier, with one located at the edge of the peatland near a ridge, and one close to a
drainage channel. It is assumed that the stable isotope depth patterns differ significantly between
the three sites and that the anthropogenic drainage had a greater impact on the stable isotope
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depth profiles compared to the naturally dry. Figures of stable carbon and nitrogen isotopes in
depth profiles are presented in the appendix (figure A2.11 - figure A2.13).

At the subarctic peatland Kattajokken (KJ) near Abisko, Northern Sweden (Abisko in figure 1.2),
three hummocks and three hollows were sampled. Neither of them has a permafrost core
contrary to the other sites near Abisko, where permafrost is influencing the small-scale
topography of the palsa peatlands. It is hypothesized that the stable isotope depth profiles
present a different depth pattern compared to the subarctic sites with permafrost and that the
8C depth profiles of the hollows indicating wet conditions contrary to the profiles from the
hummocks indicating dry conditions. Figures of stable carbon and nitrogen isotopes in depth
profiles from the investigated hummocks and hollows of the Kattajokken peatland are presented
in the appendix (figure A2.14 — figure A2.15).
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Abstract

Abstract

Palsa peatlands are a significant carbon pool in the global carbon cycle and are projected to
change by global warming due to accelerated permafrost thaw. Our aim was to use stable carbon
isotopes as indicators of palsa degradation. Depth profiles of stable carbon isotopes generally
reflect organic matter dynamics in soils with an increase of &2C values during aerobic
decomposition and stable or decreasing 6"°C values with depth during anaerobic decomposition.
Stable carbon isotope depth profiles of undisturbed and degraded sites of hummocks as well as
hollows at three palsa peatlands in northern Sweden were used to investigate the degradation
processes. The depth patterns of stable isotopes clearly differ between intact and degraded
hummocks at all sites. Erosion and cryoturbation at the degraded sites significantly changes the
stable carbon isotope depth profiles. At the intact hummocks the uplifting of peat material by
permafrost is indicated by a turning in the §*°C depth trend and this assessment is supported by a
change in the C/N ratios. For hollows isotope patterns were less clear, but some hollows and
degraded hollows in the palsa peatlands show differences in their stable carbon isotope depth
profiles indicating enhanced degradation rates. We conclude that the degradation of palsa
peatlands by accelerated permafrost thawing can be identified with stable carbon isotope depth
profiles. At intact hummocks §'°C depth patterns display the uplifting of peat material by a change
in peat decomposition processes.
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2.1 Introduction

Peatlands cover only 3 % of the global land surface, but they are an important component in the
global carbon (C) cycle (Joosten and Clarke, 2002; Yu et al., 2011). Most of the peatland carbon
(between 450 and 700 Pg) is stored in the boreal and subarctic regions (Gorham, 1991; Yu et al.,
2011; Jungkunst et al., 2012), so this region contains as much carbon as is currently stored in the
atmosphere (Lal, 2008). Peatlands in the northern permafrost zone, where palsa mires are
widespread, have accumulated more than 270 Pg carbon in their soils (Tarnocai et al., 2009).

The existence of palsa mires is linked to climate conditions in the discontinuous permafrost region
with low mean annual temperature, low annual precipitation and/or strong winds (Luoto and
Seppala, 2003; Luoto et al., 2004a). On wind exposed sites with a thin or even lacking snow cover
a frozen core is built up (Luoto and Seppéld, 2002). The characteristics of palsa mires are mounds
and plateaus called hummocks, which have been raised by the frozen core and thus lost
connection to the groundwater. The uplifted peat surface above the surroundings leads to
nutrient-poor and ombrotrophic conditions (Luoto et al., 2004a). The wetter parts (hollows)
between the hummocks or surrounding parts have a high water table with sometimes
minerotrophic conditions. Palsa mires are growing peatlands with different stages of
development (Seppald, 2003). With increasing active layer depth (annual thawing soil layer) their
hummocks lose stability and start to collapse at the edges by block erosion and subsidence (de
Jong et al., 2010) and could create thermokarst ponds (Luoto and Seppala, 2003).

Global climate change with rising air temperatures particularly in the high latitudes leads to
thawing of permafrost and an increase of the active layer thickness (Lemke et al., 2007; Akerman
and Johansson, 2008). In the Tornetrask region, northern Sweden, the active layer thickness has
increased on average by 0.7 to 1.3 cm per year in the past 3 decades (Akerman and Johansson,
2008). This process affects the hydrology, vegetation composition, C balance and other
biogeochemical processes in the palsa peatlands (Christensen, 2004; Malmer et al., 2005;
Backstrand et al., 2010; Olefeldt and Roulet, 2012). The degradation of palsa mires is likely to
continue with the projected climate change and the carbon exchange between the peatlands and
the atmosphere will be altered (Dorrepaal et al., 2009; Schuur et al., 2009).

It is projected that in the next decades the palsa vegetation will shift from dry hummock to moist
hummock due to permafrost thawing (Bosié et al.,, 2012). This change impacts the carbon
exchange of the mire with a decrease in the efflux of CO, and an increase in the efflux of CH,, the
sum of which is predicted to be equivalent to a slight decrease in CO, equivalent emissions (Bosio
et al., 2012). Based on climate models it is estimated that the area suitable for palsa mires will
decline by more than half by the 2030s and likely all suitable areas will disappear by the end of
21 century (Fronzek et al., 2006; de Jong et al., 2010; Fronzek et al., 2010).

Stable carbon isotopes are a widespread tool to analyse biochemical processes in soils. The ratio
of *C and *C has been used to study soil degradation in different environments (oxic and wetland
soils Schaub and Alewell (2009); palsa mires Alewell et al. (2011)). Depth profiles of stable carbon
isotopes reflect organic matter dynamics (Krull and Retallack, 2000). The metabolic fractionation
in plants produces slowly decomposing or recalcitrant substances like lignin which are low in *C
(Benner et al., 1987; Agren et al., 1996). On the other hand, decomposers used preferentially 2C
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for respiration which might lead to an enrichment of *C in the remaining soil organic matter
(Agren et al., 1996; Alewell et al., 2011). As such, changes in metabolic pathways (aerobic to
anaerobic), or reaction rates should alter stable carbon isotope signatures of soils. Based on a
theoretical concept of 6C in peatland soils outlined below three main types of §>C depth
profiles were established and degradation hypotheses were developed.

The aim of this study was to use stable carbon isotope depth profiles as indicators of palsa
degradation. Our hypotheses were as follows: (I) undisturbed palsa hummocks and degraded
palsa hummocks differ significantly in their stable carbon isotope depth profiles. (Il) A change
from increasing to decreasing 8"C values at the intact hummocks indicates the uplifting of the
hummocks by permafrost. (lll) Degraded hollows show a higher variation of stable carbon
isotopes in their depth profile compared to undisturbed hollows indicating degradation processes.

2.2 Theoretical concept of 6'3C in peatland soils

The depth profiles of §C in soils which are not influenced by a change from C3 to C4 vegetation
might be described by three main depth patterns (Fig. 2.1). The theoretical concept by Alewell et
al. (2011) has been adapted to the two main soil types of our study hummock (type A) and hollow
(type B) of palsa peatlands. Additionally, the degraded status of both types is shown (type B and

type C).

Depth profiles of intact hummocks (type A) are characterised by so-called “turning points” which
indicate the uplifting of the hummocks by permafrost (Alewell et al., 2011). The §“C signal
increases in the upper part of the profile to a certain depth and then decreases to lower values. In
the upper part mostly aerobic decomposition with preferential loss of *C compared to **C has
increased the §"C signal. Below this turning point the §"*C signal decreases with depth and shows
a depth pattern similar to degraded hollows with anaerobic decomposition and an enrichment of
recalcitrant material in the deeper parts.

Degraded hummocks show a uniform depth trend of 6§ °C (type B) or a zigzag pattern, because
cryoturbation of hummock material mixed the soil material (Repo et al., 2009; Marushchak et al.,
2011). The characteristic isotopic depth profile of intact hummocks has been merged to a
constant signal lacking any depth trend in the soil profile.

A uniform depth trend is also found in intact hollows (type B) with little or no fractionation of
8"C. This trend is characteristic of water-saturated soils (Clymo and Bryant, 2008) with low redox
conditions and little time for decompositional fractionation to occur (Krull and Retallack, 2000). In
peatland soils where methane could be produced, the opposite fractionation effects of CO, and
CH, production resulted in a uniform depth trend of §2C values (Clymo and Bryant, 2008).
Another possibility is that the §"°C values of the source material (vegetation) have been preserved
due to anoxic conditions in the peat and no isotopic fractionation occurred.

A trend to lower §°C values with depth is found in degraded hollows (type C) with anaerobic
composition. The decrease in §C values with depth is due to a relative enrichment of slowly
decomposing substances depleted in *C (Benner et al., 1987). The degraded hollows are
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characterised by added hummock material which was eroded from the edges of the hummocks.
The latter could increase degradation processes in the hollows and alter stable isotope depth
profiles with an enrichment of recalcitrant material dominating the 6"C values (Benner et al.,
1987; Alewell et al., 2011). The &C value decreases with depth and has lower values in the
deeper part of the profile compared to the source material (vegetation signal).
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Figure 2.1: Theoretical concept depth profiles of §°C in peatland soils with hummocks (type A),
degraded hummocks (type B), hollows (type B) and degraded hollows (type C) (modified from
Alewell et al., 2011).

2.3 Material and methods

2.3.1 Sites

We sampled three palsa peatlands which are situated in the Tornetrdsk valley near Abisko
(68°21'N, 18°49'E) in northern Sweden. The region is in the discontinuous permafrost zone 200
km north of the polar circle. Onset of peatland formation has been dated at ca. 4700 and ca. 6000
cal BP in the southern and northern part, respectively, of the Stordalen peatland (Kokfelt et al.,
2010). All peatlands have drier, elevated parts with underlying permafrost called hummocks and
adjacent, deeper and wetter parts called hollows. Permafrost aggradation was estimated to start
at the peatlands in this region several hundred years ago (Malmer and Wallen, 1996; Kokfelt et
al.,, 2010). The active layer, the annual thawing zone of the permafrost, usually reaches its
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greatest thickness in late September and is about 0.5 to 0.6 m deep at the hummocks and over
1.0 min the hollows.

The Stordalen peatland (SD) is situated 10 km east of Abisko. A large part of the Stordalen
peatland is a peat plateau elevated above the surrounding wet area. Malmer et al. (2005)
classified three main plant communities, whereas Johansson et al. (2006) illustrate more site
classes including the transition communities. In this study we focused on the elevated, dry
hummock and on the wet hollow parts of the Stordalen peatland. The dry palsa hummocks are
dominated by dwarf shrub (e.g. Empetrum hermaphroditum) and lichens (Cetaria spp. and
Cladonia spp.) (Olefeldt et al., 2012) and the wetter hollows by Sphagnum and Carex vegetation
where the water table is close to the surface. Additional information of the sites, including
defined species names, can be found in Malmer et al. (2005) and Johansson et al. (2006). In this
peatland hummocks have a silt layer below the peat material. In some parts this layer starts
already at 15-20 cm depth.

The Storflaket peatland (SF) is located about 3 km west of the Stordalen peatland, closer to Abisko
between the road E10 and the railway. The peatland is also characterised by a dry palsa plateau
with dwarf shrub (Empetrum nigrum) and lichen vegetation and with some wetter parts
dominated by Sphagnum mosses (S. fuscum and S. balticum) (Lund et al., 2009) and Carex
vegetation. A few cracks with block erosion along the edges are present. The peat plateau is
surrounded by wet areas with tall graminoid vegetation and open water.

The Tornetrask peatland (TT) is situated in the Abisko valley 40 km east of Abisko between the
road E10 and the lake Tornetrask. Large isolated palsas (up to 1.5 m) with dwarf shrub (Empetrum
nigrum) and lichen vegetation and with Sphagnum and Carex vegetation in between characterise
this peatland. The palsas are small dome-shaped palsas with strong degradation on the edges
with cracks and block erosion.

2.3.2 Climate

Climate data have been recorded since 1913 at the Abisko Research Station with a mean annual
air temperature of -0.6°C and mean annual precipitation of 304 mm for the period 1913-2003.The
precipitation at the two peatlands Stordalen and Storflaket does not differ significantly from the
climate station (Johansson et al., 2006). Annual precipitation at Tornetrask is with 476 mm higher
compared to the two other peatlands (Akerman and Johansson, 2008). For the period 1961-1990
mean annual temperature is 0.2°C lower at Tornetrask compared to Stordalen and Storflaket
(Akerman and Johansson, 2008).

2.3.3 Peat samples

Peat cores were collected at the three palsa peatlands from September to October 2012. Samples
were taken in small transects (Fig. 2.2) from hummock (hu) to hollow (ho) with degraded
hummock (hud) and degraded hollow (hod) in between. We defined undisturbed hummocks as
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elevated palsas with no visible cracks or erosion. In contrast, degraded hummocks show clear
cracks and erosion and are situated mainly at the edges of the palsas with partly water-saturated
soil, but with typical hummock vegetation (dwarf shrub and lichen). Undisturbed hollows are
represented by water-saturated parts of the peatlands with no influence of hummocks and their
eroded material. Degraded hollows are hollows influenced by the eroded hummock material close
to the degraded hummocks, but with distinct hollow vegetation (Sphagnum and Carex). Each of
these transect sites are represented by three cores (n=3). Samples of palsa peatlands were taken
with a Russian peat auger (Eijkelkamp, Netherlands) or with a cylindrical soil auger (Giddings
Machine Company, US) down to the permafrost (hummocks) or about 0.5 m deep (hollows). The
peat cores were embedded in plastic shells, wrapped with plastic foil and transported directly to
the lab. Cores were cut into 0.02 to 0.04 m sections in the lab and oven-dried at 40-50°C for 72 h.
The procedure was done on the day of sampling. Samples were transported and stored until
preparing for drying at air temperature, but peat was dried directly after sampling. All samples
were ground and homogenised in a vibrating ball mill (MM 400, Retsch, Germany). Stable carbon
isotopes, organic C and total N concentrations were measured with isotope ratio mass
spectrometer (Thermo Finnigan Delta plus XP coupled with a Flash EA 1112 Series elemental
analyser; both instruments supplied by Thermo-Finnigan, Waltham, MA, USA) following standard
processing techniques. Stable carbon isotope ratios are reported as §"C in [%o] relative to the V-
PDB standard. The instrumental standard deviation for 63C is 0.1%. The C/N ratio represents the
atomic relationship between carbon and nitrogen content of the peat material. Active layer depth
was determined at hummocks manually by a 1 cm diameter steel rod inserted into the soil.
Measurements were done in late September-early October which is the time of maximum thaw of
the permafrost.

hummock

hummock
degraded
hollow .
active layer
hollow
degraded
| ice core |

Figure 2.2: Transect of the sampling at the palsa peatlands with an approximately distance of 4.0
to 8.0 meter between the outer sampling points.
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2.4 Results and discussion

Stable carbon isotope values of peat profiles from the three palsa peatlands in all studied sites
varied between -21.2 %o and -29.1 %0 and are in the range of other peatland studies (Price et al.,
1997; Hornibrook et al., 2000; Ménot and Burns, 2001; Jones et al., 2010; Alewell et al., 2011;
Andersson et al., 2012; Broder et al., 2012; Esmeijer-Liu et al., 2012). However, the different sites
at the palsa peatlands showed distinct depth profiles of stable carbon isotopes indicating different
processes during peat accumulation and decomposition.

2.4.1 Hummocks

Eight out of nine hummocks show a depth pattern of §°C with a turning point, i.e. a profile with
an increase of §"C in the upper part and a decrease to lower *C values in the deeper part with
the lowest measured &"C value in the profile at the turning point (Fig. 2.3). Regression analysis
indicates a clear (in some profiles a significant) change from increase to decrease of 6"C values
with depth (Table 2.1).

SDhut SDhu2 SDhu3

51°C ] 59C %) 51C %)
30 -28 26 24 22 20 30 28 26 24 22 20 30 28 26 24 22 20
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Figure 2.3: 6"*C and C/N ratio in depth profiles of hummocks (hu) at Stordalen (SD), Storflaket (SF)
and Tornetrask (TT) peatland. Turning points in the profiles are indicated with black arrows.
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Table 2.1: Regression analyses of 6C and depth at hummocks (hu) and hummocks (hud)
degraded of the peatlands Stordalen (SD), Storflaket (SF) and Tornetrask (TT) with ‘turning points’
and calculated ages of the “turning points”.

Turning point

Coefficient of determination (R?)

Sites Depth i Calc.
67°C (%o) Upper part Deeper part
(cm) age
SDhu 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Stordalen SDhu 2 5.5 -24.7 126 n=3 0.61™* n=16  0.21™
SDhu 3 6.3 -25.1 110 n=3 0.65™* n=21  0.83***
§ SFhu 1 31.9 -24.7 580 n=16  0.58*** n=11  0.81***
§° Storflaket SFhu 2 11.0 -24.1 200 n=6 0.92%** n=20  0.18™
‘zg SFhu 3 12.4 -25.7 225 n=5 0.94**  n=16  0.67***
TThu 1 34.3 -24.6 660 n=11  0.61** n=5 0.86*
Tornetrésk TThu 2 41.2 -24.6 792 n=19  0.80*** n=4 0.78™*
TThu 3 22.5 -25.6 433 n=8 0.75** n=9 0.07™*
SDhud 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Stordalen SDhud 2 9.0 -24.9 180 n=3 0.83"* n=10 0.52*
SDhud 3 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
- SFhud 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
é Storflaket SFhud 2 29.0 -25.3 527 n=8 0.69* n=3 0.86™
3
° SFhud 3 13.0 -24.5 236 n=7 0.20™  n=12  0.63**
TThud 1 25.0 -24.6 481 n=7 0.86** n=7 0.37"*
Tornetrask TThud 2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
TThud 3 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001, n.d. = not detected, calc. age (years) = age calculated
based on results from Alewell et al. (2011), with mean peat accumulation rates for Stordalen (0.5 mm yr™)
and Storflaket (0.55 mm yr™) and mean of both peatland for Tornetrésk (0.52 mm yr™) peatland.

The turning point depth varies between the three peatlands from lowest depth at Stordalen
(about 6 cm) to medium at Storflaket (between 11 and 31 cm) and deepest at Tornetrask (22 to
41 cm depth). The §™C signal at turning points in all peatlands is approximately -25.0 %o. Based on
the peat accumulation rates determined in Alewell et al. (2011), the age of the turning points in
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this study is about 120 years at Stordalen, between 200 and 580 years at Storflaket and up to
almost 800 years at Tornetrask (Table 2.1). The turning point ages are comparable to C dated
ages in Alewell et al. (2011) of 155 to 671 years for Stordalen and Storflaket. Thus, the Suess
effect played a minor role in the palsa peat profiles, because the turning points are much older
and it will only be documented in the upper centimetre of the profile (Alewell et al., 2011). The
increase of 6°C with depth is comparable to well-drained soils where aerobic decomposition
favours selective loss of **C (Nadelhoffer and Fry, 1988). The change from minerotrophic to
ombrotrophic conditions of the Stordalen mire, which are caused by the uplift of the palsas due to
permafrost, is supposed to have occurred also in the time period mentioned above (Rydberg et
al., 2010). In line with our results at Stordalen peatland (turning point ca. 120 years), Kokfelt et al.
(2010) detected palsa formation at the Stordalen site at ca. 120 cal BP. However, permafrost
aggradation started at Stordalen over 800 years ago, and since then ombrotrophic conditions
have dominated the peatland (Malmer and Wallén, 1996). The differences in turning point ages
between the three sites may indicate different times of the uplifting of the palsas and a shift from
anaerobic to aerobic decomposition. Small-scale differences in climate conditions (precipitation,
temperature, wind exposure) could lead to different timing of permafrost uplift. In view of palsa
formation, the higher age of the turning points at Tornetrask peatland compared to the two other
peatlands could be explained by an earlier uplifting of the hummocks and is congruent with the
formation of considerably bigger hummocks. Simultaneously the visible advanced degradation of
the palsas at Tornetrask indicates a collapsing palsa and a higher development status of the palsa
peatland (Seppéld, 2006), which might be explained by an advanced influence from climate
change in this region.

Table 2.2: Correlation analyses (Spearman’s) between §2C and C / N ratio with correlation
coefficient and error probability at hummocks in the three palsa peatlands.

sites n r p
SDhu 1 6 0.89 0.03
Stordalen SDhu 2 19 0.82 0.00
SDhu 3 23 0.80 0.00
SFhu 1 26 0.17 0.39
Storflaket SFhu 2 25 0.64 0.00
SFhu 3 20 0.32 0.16
TThul 15 0.36 0.19
Tornetrask TThu 2 22 0.58 0.01
TThu 3 16 0.29 0.28
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All profiles, with one exception, show highest C/N ratios in the upper 10 to 15 cm (Fig. 2.3), which
is congruent with the results from Rydberg et al. (2010). They investigated a core at Stordalen
peatland with a change from ombrotrophic to minerotrophic conditions at about 15 cm depth.
C/N ratio decreases at this depth from high to lower values. Kokfelt et al. (2010) measured high
C/N ratios in the uppermost part and even higher in the sequence just below. In the deeper
sequences they detected low C/N ratios, which is congruent with our results. From the eight
hummocks showing a turning point, seven have highest C/N ratios at or above the turning point,
indicating ombrotrophic conditions. In contrast, low C/N ratios in peatlands indicate
minerotrophic conditions (Andersson et al., 2012), and therefore this change at the turning points
could be another indicator of the uplifting of hummocks by permafrost. The absentee change in
C/N ratios from high to lower values at Tornetrdsk peatland may indicate that the Tornetrédsk
peatland was not strongly influenced by groundwater, and therefore no minerotrophic conditions
occurred (Broder et al., 2012).

Low C/N ratios are in parallel with low 6C values, and vice versa (Fig. 2.3). All sites show a
positive correlation between 8"C and C/N ratios (Table 2.2) although the strength of correlation
varies. A correlation between C/N ratios and **C values in peat soils was also found by Hornibrook
et al. (2000). A close correlation indicates that decomposition is driving the stable isotope values
(Jones et al., 2010). However, Esmeijer-Liu et al. (2012) found no correlation between C/N and *C
values in a peat core. In forest soils values of §*C were mostly low in more strongly decomposed
soil, because decomposition processes favour selective loss of 2C and an enrichment of *C in the
remaining material (Nadelhoffer and Fry, 1988). The correlation of organic matter C/N ratios and
decomposition processes has been shown in other studies with a relatively higher loss of peat
carbon compared to nitrogen during decomposition (Malmer and Holm, 1984; Kuhry and Vitt,
1996).

Mean active layer depth at hummocks is greatest at Stordalen (58 cm), less deep at Storflaket
(52 cm) and shallowest at Tornetrask (49 cm) peatland. In contrast, in a previous study in 2008
mean active layer thickness was shallower at Stordalen (50 cm) compared to Tornetrask (56 cm)
(Keuper et al., 2012). Either the Tornetrask palsas have been subsided and the active layer depth
has decreased or Stordalen has been degrading faster recently. Another possibility is that the
absolute thawing depth and relative differences are an annual fluctuating phenomenon (Akerman
and Johansson, 2008).

2.4.2 Degraded hummocks

In comparison to intact hummock profiles most of the degraded hummocks show no clear depth
pattern such as a turning point or a change from increasing 8"C values to decreasing §"3C values
with depth (Fig. 2.4). The majority of depth profiles of degraded hummocks show a uniform depth
trend or a zigzag pattern of 6C without clear direction. However, some of the degraded
hummocks show a similar depth pattern in their 6°C values with a turning point (Table 2.1)
similar to the intact hummocks (SDhud2, SFhud2, SFhud3, TThud1). The uniform depth pattern
could indicate the degradation of former intact hummocks caused by cryoturbation of the peat
material. Continued warming in the Arctic could accelerate cryoturbation (Repo et al., 2009;
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Marushchak et al., 2011) and hence increase degradation processes of palsa peatlands. Aerobic
decomposition in palsa peatlands leads to selective preservation of recalcitrant and oxidised C in
the soil organic matter (Pengerud et al., 2013). Advanced degradation of palsa hummocks leads to
a transport of recalcitrant material into the surrounding hollows. The pattern in the degraded
hummock profiles which are similar to those of intact hummocks may be related to a recent
degradation of these areas and until now with no degradation signs in the §'3C profile. The two
intact depth profiles at the Storflaket peatland at visibly degraded sites could indicate the recent
degradation at this palsa peatland with no change in the isotope signal until now. The recent
degradation is supported by a previous study of Klaminder et al. (2008), who found no
degradation at the Storflaket peatland 5 years ago.

At the Stordalen peatland the influence of the underlying silt layer can be seen in two out of three
profiles with very low C content (below 20 %) and higher bulk density (up to 0.5 gcm™) in the
deepest parts of the profile. This supports the cryoturbation consideration indicated by the
homogeneous §*°C depth pattern. The underlying organic-rich silt layer refers to permafrost-free
conditions and was dated ca. 2800 cal BP (Kokfelt et al., 2010).

Degraded hummock profiles have low C/N ratios (on average 12-27 % lower than intact
hummocks) especially in their deeper parts (C/N ratio < 20) with the exception of the degraded
hummocks at Tornetrask. Various studies have shown that the C/N ratio is lower in more strongly
decomposed peat (e.g. Malmer and Holm, 1984; Kuhry and Vitt, 1996), because nitrogen is
relatively enriched compared to carbon. In N-limited ecosystems, such as peatlands,
decomposition leads to a relatively higher loss of C compared to N, because organisms respiring
organic substances will retain the N in the systems. Low C/N ratios in cryoturbated peatlands
were also found by Repo et al. (2009) because of significantly higher nitrogen content (about 2 %)
compared to typical peat plateaus and likely a higher decomposition rate. The latter is supported
by higher respiration rates of incubated peat material at degraded sites compared to intact sites
(Turetsky, 2004; Pengerud et al., 2013).
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Figure 2.4: 6°C and C/N ratio in depth profiles of degraded hummocks (hud) at Stordalen (SD),
Storflaket (SF) and Tornetrask (TT) peatland. Turning points in the profiles are indicated with black
arrows.

2.4.3 Hollows

Most of the hollows at the three palsa peatlands show a quite uniform depth trend of §C with
low variation of 8"C (Fig. 2.5). In six out of nine depth profiles, the variation coefficient of §C
values is very low (Table 2.3) indicating uniform depth patterns. Uniform depth patterns are
characteristic of water-logged soils, such as peatland soils, with little time for soil formation
and/or limited decompositional fractionation (Krull and Retallack, 2000; Clymo and Bryant, 2008).
Such conditions preserve the original isotopic signature (Krull and Retallack, 2000). Opposite
fractionation effects of CO, and CH, formation in peatlands under low redox conditions with
methane production may also result in a uniform depth trend of 8"3C in the remaining material
(Clymo and Bryant, 2008).

One of the hollows at Storflaket (SFho2) has a depth pattern comparable to the degraded hollow
profiles with decreasing §'3C values with depth (see degraded hollows). Two profiles (SDho3 and
SFho3) show an increase to heavier signatures with depth indicating slow aerobic decomposition
in the hollows (Krull and Retallack, 2000; Alewell et al., 2011).
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Figure 2.5: 6"°C and C/N ratio in depth profiles of hollows (ho) at Stordalen (SD), Storflaket (SF)
and Tornetrask (TT) peatland.

Table 2.3: Coefficient of variation (CV) of 6"°C [%o] at hollows and degraded hollows.

Stordalen Storflaket Tornetrask
non-degraded degraded non-degraded degraded non-degraded degraded
hol ho2 ho3 hodl hod2 hod3 | hol ho2 ho3 hodl hod2 hod3 | hol ho2 ho3 hodl hod2 hod3

n 9 8 9 25 20 23 14 9 21 10 11 20 7 6 7 9 12 12
cv
%) 2.2 2.3 5.7 5.1 4.4 2.0 2.3 57 38 3.6 2.8 3.2 1.8 0.7 2.7 4.8 8.0 7.9

In some profiles C/N ratios peak at 10 to 15 cm depth. This indicates the accumulation of fresh,

little decomposed organic material (Kuhry and Vitt, 1996). C/N ratios at Tornetrask peatland are
particularly high with values around 100, an indicator of strong ombrotrophic conditions
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(Andersson et al., 2012). In general, the hollow profiles show higher C/N ratios compared to the
degraded hollows, indicating that the peat material is less decomposed.

2.4.4 Degraded hollows

Degraded hollows at Tornetrdsk peatland show a decreasing depth pattern in the upper part
congruent with the depth profile of type C (Fig. 2.6) and a uniform depth trend in deeper layers
(type B). These profiles of Tornetrask peatland indicate an anaerobic degradation of the degraded
hollow sites with significant differences in the stable isotope depth pattern compared to the
intact hollows. Two profiles at Stordalen (SDhod1, SDhod2) show a similar depth pattern like the
degraded hollows at Tornetrdsk. This could be due to the ongoing accelerated degradation of
these palsa peatlands. However, at Storflaket no clear depth pattern of §"*C at degraded hollows
was found. The missing clear depth pattern at Storflaket could be due to low degradation of the
palsa peatland and the hollows until now. Klaminder et al. (2008) detected no degradation in their
study at Storflaket, whereas Alewell et al. (2011) found low degradation. In 2012 we found visible
degradation with cracks and block erosion on the edges at this palsa peatland. However, this
recent degradation of the hummocks might not be imprinted in the stable isotopes yet. The
variation coefficient of 6"3C values at degraded hollows compared to intact hollows (Table 2.3) is
higher at Tornetrask peatland indicating larger variability of §°C values and advanced degradation
processes in these hollows. No significant higher variation coefficients at degraded hollows were
found at Stordalen and Storflaket peatland.

In the degraded hollows the metabolic fractionation in plants may produce recalcitrant
substances low in **C (Benner et al., 1987; Agren et al., 1996). Owing to the high water table and
probably permanent anoxic condition, the decomposition of organic matter is low. Therefore, the
associated fractionation process with the preferential use of °C for respiration by decomposers
and an enrichment of **C during decomposition is limited (Agren et al., 1996). These degraded
hollows are particularly affected by the (block) erosion of the thawing hummock. The additional
hummock material could increase degradation rates in the hollows with a stronger accumulation
of recalcitrant material depleted in **C in the deeper layers (Alewell et al., 2011) and thus explain
the different §C depth patterns between degraded and intact hollows. In the deeper parts the
isotope signal is similar to that of the undisturbed hollows. Hollows contain a significant amount
of labile C currently stabilised by anaerobic conditions (Pengerud et al., 2013). With degradation
of palsas additional peat material is transported from hummocks into hollows and could alter the
oxygen conditions and hence the decomposition processes in the hollows.
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Figure 2.6: 6°C and C/N ratio in depth profiles of degraded hollows (hod) at Stordalen (SD),
Storflaket (SF) and Tornetrask (TT) peatland.

2.5 Conclusions

In the studied palsa peatlands, depth profiles of stable carbon isotopes show typical patterns
related to their metabolism and degree of degradation. A changing climate in this region with
continuous permafrost thawing altered the topography of the palsa peatlands, which induced a
change in isotope depth profiles.

(1) The 8™C depth profiles of hummocks differ significantly from the degraded hummocks. All but
one intact hummock show a depth pattern with an isotopic turning point, i.e. change from
increasing to decreasing §*°C values. Most of the degraded hummocks have no turning point and
display a more or less uniform depth profile of 6°C indicating degradation and cryoturbation
processes in these areas.

(1) The change from increasing to decreasing 8"C values at hummocks indicates most likely the
time of uplifting of the hummocks by permafrost above the surrounding areas with aerobic
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decomposition in the upper and anaerobic decomposition in the deeper part. The hypothesis of
uplifting is supported by the higher C/N ratios above the turning point and lower values below,
indicating ombrotrophic and minerotrophic conditions, respectively.

(1) Five out of six degraded hollows at two palsa peatlands show a predicted depth pattern of
degraded hollows. 62C values at degraded hollows decrease with depth indicating an
accumulation of recalcitrant material with depth as an indicator of anaerobic degradation in these
peatlands. No clear differences were found at the Storflaket peatland, which might be due to the
more recent influence of degradation.

A degradation of hollows in the palsa peatlands with altered decomposition conditions is
indicated by the 6C in some of the profiles. §"°C depth profiles of palsa peatlands in the
hummock parts show the patterns of our established hypothesis of palsa degradation.
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Abstract

Abstract

Palsas peatlands have an ice core and are common in discontinuous permafrost regions. Elevated
parts of palsa peatlands, called hummocks, were uplifted by permafrost out of the zone
influenced by groundwater. Here we relate 8°N values to C/N ratios along depth profiles of
hummocks in two palsa peatlands (Stordalen and Storflaket) to identify alterations in these soils.
Nine out of ten profiles show a perturbation at the depth where peat was uplifted by permafrost.
The perturbation of the peat by uplifting as well as the potential nutrient input by the adjacent
hollows can be detected in soil 6"°N values when related to the C/N ratio at the same depth.
Furthermore, the uplifting of the hummocks by permafrost could be detected by the 6°°N depth
pattern with highest 6°°N values at the so called turning point. The 8N values increase above
and decrease below the turning point when permafrost started uplifting. Onset of permafrost
aggradation calculated from peat accumulation rates was between 80 to 545 years ago with a
mean of 242 (+66) years for Stordalen and 365 (£53) years for Storflaket peatland. The mean peat
ages of permafrost aggradation fall within the period of the Little Ice Age. Depth profiles of 6N,
when related to C/N ratio, are suitable to detect perturbation as well as uplifting of hummocks by
permafrost in palsa peatlands.
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3.1 Introduction

The distribution of palsa peatlands in discontinuous permafrost regions is projected to decrease
dramatically due to the strong warming in the high northern latitudes (Fronzek et al., 2006; de
Jong et al.,, 2010). The thawing permafrost due to increasing temperatures could release the
vulnerable carbon (C) from these peatlands (Dorrepaal et al., 2009; Schuur et al., 2009; Treat and
Frolking, 2013). In addition, the perturbation of palsa peatlands in the subarctic has ecological
consequences for these specific peatland ecosystems (Luoto et al., 2004b).

Natural abundances of stable isotopes are not only a widespread tool to investigate
biogeochemical processes in oxic soils (Nadelhoffer et al., 1996; Hogberg, 1997; Robinson, 2001;
Conen et al., 2013; Meusburger et al., 2013) or peatlands (Jones et al., 2010; Alewell et al., 2011;
Andersson et al., 2012; Kriger et al., 2014; Kriiger et al., 2015b) but might also help to detect
perturbation of soils and ecosystems in general (Robinson, 2001; Conen et al., 2013). Studies from
northern Sweden have shown that §"°N could be correlated to nitrogen (N) losses from forest
ecosystems (Hogberg, 1990; Hogberg and Johannisson, 1993). Boeckx et al. (2005) used the
relationship between 8N and total N as an ecosystem indicator to assess ecosystem resilience
against disturbance.

Changes in N cycling, i.e. loss or gain of N, results in the loss or gain of °N depleted forms leading
to larger or smaller 6°°N values in soil than usual. Under aerobic conditions the decomposition
rate of soil organic matter is accelerated, resulting in a greater loss of the lighter isotope (**N)
compared to the heavier isotope (**N) (Nadelhoffer and Fry, 1988). Decomposers preferentially
use the lighter N which leads to a relative enrichment of *°N in the remaining soil organic matter
(Hogberg, 1997; Robinson, 2001). Another influencing factor of the soil 8N value could be the
mycorrhizal N transfer to plants which leads to a >N enrichment (Hobbie and Hobbie, 2008).
However, this enrichment cannot account for all §*°N patterns, and other soil processes such as
discrimination during decomposition must influence the 8N signal in the soil (Hobbie and
Ouimette, 2009). Because of a relatively higher release of C over N during organic matter decay
C/N ratio decrease with decomposition (Nadelhoffer and Fry, 1988).

The characteristics of palsas are mounds or plateaus with an ice core, called hummocks, elevated
above the surrounding, wetter area. The uplifted position leads to nutrient-poor and
ombrotrophic conditions (Luoto et al., 2004b) as they are out of the influence of the groundwater.
There are several techniques, for example macrofossil analysis or pollen and peat stratigraphy, in
combination with radiocarbon dating to determine the time of palsa uplifting (Seppéald, 2005).
Recently stable carbon isotopes in combination with peat accumulation rates have been used for
determining the uplifting of palsa peatlands by permafrost (Alewell et al., 2011; Kriiger et al.,
2014). A combination of both macrofossil analysis and isotopic measurements have been proved
as suitable for reconstructing the ecological conditions in a palsa peatland (Andersson et al.,
2012).

Recently, Conen et al. (2013) used the relation of soil §"°N to C/N ratio from different regions in
northern Eurasia to detect a priori perturbation of the soil in these ecosystems. On unperturbed
sites soil 8N values cover a relatively narrow range at any particular C/N ratio (Conen et al.,
2013). The accelerated organic matter mineralisation will change the 6°N value and alter the

33
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relationship of the §°N vs. C/N ratio of the soil according to the concept by Conen et al. (2013)
and will indicate soil perturbation. The aims of this study were to apply the concept that Conen et
al. (2013) developed for oxic mineral soils to palsa peatlands in order to detect perturbation of
these soils and to identify permafrost aggradation by 6N depth profiles. We expect an
enrichment of N at the time, respectively depth, when permafrost lifted the peat material above
the influence of groundwater because of an accelerated mineralisation resulting in a loss of
isotopic lighter N (Fig. 3.1) indicating the perturbation of the soil. Furthermore, we expect a
change in the C/N ratio as the peat material has different ecological conditions before and after
the uplifting (Fig. 3.1). We hypothesize that with the application of the concept by Conen et al.
(2013), relating 6N to C/N ratio, (I) the perturbation of hummocks in the palsa peatlands can be
detected due to changes in decomposition processes by permafrost uplifting (ll) the time of
permafrost uplifting of the hummocks can be identified by combining 6N depth profiles with
peat accumulation rates.

Palsa surface

B c?n 71 Peatformation
\ vgie
-t * dry conditions
\ / * no connection to groundwater
. bic decomposition
7 aero
10 —] / / . high C/N ratio
N\  increasing 815N values with depth
\ . \ * peat formed by Ericaceae and
Active layer ) lichen species
annual .
( : m A =0 S Peat formation
thawing depth) * wet conditions
N
it . connectgd to ground‘vs{ater
* anaerobic decomposition
30 —| N — + low C/N ratio
. . 15 .
I decreasing 6N values with
depth
il * Carex-Eriophorum and
i - N Sphagnum peat
Silt layer

Figure 3.1: Schematic figure of a palsa profile. Peat formation occurred under dry and aerobic
decomposition in the upper part of the profile (after uplifting by permafrost) and under wet and
anaerobic decomposition in the deeper part of the profile (before permafrost aggradation). All
peat material was lifted up by permafrost out of the influence of the groundwater.

3.2 Material and methods

We took soil samples from two palsa peatlands, Stordalen and Storflaket, which are situated in
the Tornetrask valley near Abisko (68°21'N, 18°49'E) in northern Sweden. The region is located in
the discontinuous permafrost zone 200 km north of the polar circle. Onset of peatland formation
has been dated at about 4700 and about 6000 cal. years BP in the southern and northern part of
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the Stordalen peatland, respectively (Kokfelt et al., 2010). All peatlands in this study have drier,
elevated parts with underlying permafrost, called hummocks, and adjacent, deeper and wetter
parts, called hollows. The investigated hummocks are physical separated from the groundwater
due to permafrost aggradation. Permafrost onset was estimated to start at the peatlands in this
region about 700 to 800 years ago (Malmer and Wallén, 1996; Kokfelt et al., 2010). The active
layer, the annually thawing zone of the permafrost in hummocks, is about 0.5 to 0.6 m deep and it
usually reaches its greatest thickness in late September. In September and October 2012, peat
cores were collected from hummocks at the two palsa peatlands, in three replicates per site
(detailed site and sampling description in Kriiger et al. (2014)). Samples described by Alewell et al.
(2011) that were taken in June 2009 from the same two palsa peatlands were also used for this
study. Samples were taken with a cylindrical soil auger (Giddings Machine Company, Windsor, CO
80550, USA) down to the thaw depth. Cores were cut into 2 cm sections in the lab and oven dried
at 40°C for 72 h. All samples were ground and homogenised in a vibrating ball mill (MM 400,
Retsch, 42781 Haan, Germany). Samples from 2012 were analysed for stable nitrogen isotopes,
organic C and total N concentrations with a isotope ratio mass spectrometer (Thermo Finnigan
Delta plus XP coupled with a Flash EA 1112 Series elemental analyser; both instruments supplied
by Thermo-Finnigan, Waltham, MA, USA) following standard processing techniques. Stable
nitrogen isotope as well as C and N content analyses (samples from 2009) were accomplished
using a continuous flow isotope ratio mass spectrometer (DELTA"'“SXP, Thermo Finnigan, Bremen,
Germany) coupled with a FLASH Elemental Analyzer 1112 (Thermo Finnigan, Milan, ltaly)
combined with a CONFLO Il Interface (Thermo Finnigan, Bremen, Germany) following standard
processing techniques. Stable nitrogen isotope ratios are reported as §°N in [%o] relative to the
atmospheric nitrogen standard with instrumental standard deviation of 0.15 %. The C/N ratio
represents the atomic relationship between organic carbon and total nitrogen content of the peat
material.

The turning point is defined as the highest §°°N value of the depth profile with increasing values
above and decreasing values below. Regression analysis of 8°N and depth was carried out with
the software R2.15.1 (R Core Team 2012). Ages of the turning points were determined based on
peat accumulation rates for hummocks reported in Alewell et al. (2011), with mean peat
accumulation rates of 0.5 mm yr™ for hummocks at Stordalen and 0.55 mm yr™ for hummocks at
Storflaket peatland. To test for perturbation of each sample, the relation between §°N and C/N
ratio was analysed by applying the equation (3.1) from Conen et al. (2013):

46.16

JC/N

85N [%o] = —8.76 (3.1)

Samples, for which the measured 8N value deviates by more than +/- 2.4 %o from the 8N value
predicted by this equation from the C/N ratio of the sample, are defined as perturbed. Other
samples are defined as unperturbed.
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3.3 Results and discussion

Samples from the two palsa peatlands in northern Sweden show 8N values from -5.2 to 5.7 (%o)
and C/N ratios from 14 to 160 (Fig. 3.2). The 6"°N values are in the range of peatlands from the
subarctic/arctic region (Jones et al.,, 2010; Andersson et al., 2012) and of soils with tundra
vegetation (Nadelhoffer et al., 1996). The 6N of the soil pool is only determined by the isotopic
composition of the inputs and losses of this system (Amundson et al. 2003). Within this system
many different fractionation effects, such as mycorrhizal N transfer, denitrification or gaseous
losses, can have an impact on the isotopic composition (Hobbie and Ouimette, 2009). Peat C/N
ratios cover a wide range, greater values are found in the upper part of the profiles and smaller
values in deeper parts (Kriiger et al., 2014). Greater C/N ratios are typical for ombrotrophic
peatlands or peat sequences which accumulate during ombrotrophic conditions whereas smaller
C/N ratios are common for minerotrophic conditions (Andersson et al., 2012). This is comparable
to the species common for palsas (E. vaginatum) and bogs (Sphagnum spp.) which have mean
(£SD) C/N values of 39424 and 46+18, respectively, and species common for fens like Eriophorum
angustifolium and Carex spp. with C/N values of about 1940.4 and 25+3, respectively (Hodgkins et
al., 2014). Thus, a change in ecological conditions and hence vegetation can affect the C/N ratio of
the remaining peat material. The 6N values of most samples are within the uncertainty envelope
of +/-2.4 %o of Eq. 3.1, whereas some are situated outside, indicating perturbation of the latter
(Fig. 3.2). Samples above the uncertainty envelope of the equation indicate a rapid N loss,
whereas samples below indicate a rapid N gain. A rapid N loss is most likely due to the change in
decomposition processes (anaerobic to aerobic conditions) of the peatland by permafrost
uplifting. Under anaerobic conditions there is little mineralisation, hence little NH," is released.
Consequently, very little N is lost in form of (isotopically light) NO5", N,O, or N,. As a result, the
5N values of the soil are close to the §°N of the (isotopically light) input material (plants). As the
material becomes oxic due to palsa formation, mineralisation accelerates, various forms of
(isotopically light) N get lost (NO5, N,O, N,) and the remaining material becomes enriched in *N.
According to Eq. 3.1 all depth profiles, except one, indicate perturbation at the soil depth of the
turning point (Fig. 3.3). Samples directly above the turning points are also mostly classified as
perturbed samples. They indicate a loss of °’N-depleted forms resulting in larger "N values with
decreasing C/N ratios and indicate continuing influences of change to the peat biogeochemistry
due to uplifting by permafrost. Most of the youngest samples, close to the profile surfaces are
classified as unperturbed, indicating that the ecosystem has adapted to the new conditions in the
hummocks. A rapid N gain with samples being below the uncertainty envelope of mainly deeper
soil samples in the profiles could be due to the proximity of these samples to the underlying silt
layer and potential cryoturbation. With this, a mixing of the peat and silt material lowers C/N
ratios, but probably maintains the 8N value. Furthermore, lateral water flow from the
surrounding minerotrophic hollows may enhance the N concentration in deeper parts of the palsa
complex. The relation of 8N and C/N ratio in depth profiles indicate the change in N cycling of
these two palsa peatlands during and after the formation of hummocks.
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Figure 3.2: Relationship between 8N and C/N ratio at the hummocks in the Stordalen (SD) and
Storflaket (SF) palsa peatland in northern Sweden. The relationship by Conen et al. (2013) was

used to classify unperturbed samples (located inside the uncertainty envelope) versus perturbed
samples (located outside the uncertainty envelope).
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The uplifting of the hummocks leads to a change in decomposition processes in the soil and is
indicated by a so called turning point. These soil depth patterns of 8N are also possible in
ecosystems where N is not a limiting factor (Hobbie and Ouimette, 2009) but in peatlands N is
usually a limiting nutrient. Six out of eight and five out of six profiles at Stordalen and Storflaket,
respectively, reveal a 6N depth pattern with a turning point (Fig. 3.3). The change from
increasing to decreasing 6N values with depth is supported by a linear regression analyses in the
upper and deeper part of the profiles (Tab. 3.1). All regression analyses in the upper part present
a positive relationship between 6°N and depth and all in the deeper part, except one, a negative
relationship. This indicates the uplifting of the hummocks by permafrost and a change from
anaerobic to aerobic decomposition (Alewell et al., 2011; Kriiger et al., 2014). The application of
stable isotope depth profiles for identifying palsa uplifting is an easy technique and could be a
suitable alternative to the pollen or macrofossil analyses. The increase of §°N values by about 2
to 6 %o in the upper part down to the turning point corresponds to the increase of 8§°N values
with depth in oxic tundra soils (Nadelhoffer et al., 1996). Higher decomposition of soil organic
matter results in N isotope fractionation with more positive 6"°N values in older soil organic
matter and a decrease in the C/N ratio (Nadelhoffer and Fry, 1988). Highest 8§"°N values at depth
where peat was uplifted by permafrost could also be detected in a Russian peatland and is
supported by the composition of the plant macrofossils and other geochemical measurements in
the peat profile (Andersson et al.,, 2012). The change from fen to bog due to permafrost
aggradation was evident in macrofossil and isotopic measurements confirming the usability of
these proxies for paleo-ecological reconstruction (Andersson et al., 2012). The uplifting of peat
material and a corresponding change from minerotrophic to ombrotrophic conditions is
supported by the high C/N ratios in the upper part and low C/N ratios in deeper parts of the peat
profiles (Kriger et al., 2014). In some other peat cores from Stordalen the same C/N patterns
were found with a drastical change in the C/N ratio from large to small values at a certain depth
which was interpreted as a change from minerotrophic to ombrotrophic conditions (Kokfelt et al.,
2010; Rydberg et al., 2010). The high C/N ratios in the upper part of the profiles of our study are
the result of low N concentrations of the soil indicating ombrotrophic conditions, because these
ecosystems receive low N input, only from atmospheric deposition (Jones et al., 2010).

The 8N values at turning points varied from 2.4 to 4.2 %o and 1.7 to 5.7 %o for Stordalen and
Storflaket palsa peatland, respectively (Tab. 3.1). The 8N value in a permafrost raised peatland
in Russia was 5.5 %o in the associated depth (Andersson et al., 2012), which is in the range of our
study. The turning point ages of the present study, based on the peat accumulation rates
determined by Alewell et al. (2011), are between 80 and 508 years ago at Stordalen (mean 242
years) and between 243 and 545 years ago at Storflaket (mean 365 years) (Tab. 3.1). The younger
ages at Stordalen compared to Storflaket are in accordance with the results in Alewell et al. (2011)
and Kriger et al. (2014) based on stable carbon isotope depth profiles in combination with peat
accumulation rates. At Stordalen the beginning of palsa development was dated between 120 and
800 years before present (Malmer and Wallén, 1996; Kokfelt et al., 2010; Rydberg et al., 2010),
which is in the range of our calculated uplifting of hummocks. This indicates that permafrost onset
was mainly during a prolonged cold period during the Little Ice Age (Bradley and Jonest, 1993)
when most of the modern palsas have been formed (Oksanen, 2005; Zuidhoff and Kolstrup,
2000). Different turning point depths, and with this different timing of permafrost uplifting could
be due to small-scale differences in geomorphology and thus exposition and climate conditions
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(precipitation, temperature, wind exposure). The missing turning points at some profiles from
2009 could be due to the early sampling in June with still incomplete thawing of the active layer
resulting in low sampling depth of only down to approximately 25 cm.
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Figure 3.3: 6©°N depth profiles of hummocks in the Stordalen and Storflaket palsa peatland in
northern Sweden. Perturbation of the soil samples were tested by applying the equation by
Conen et al. (2013) with the relationship between 8N and C/N ratio (Fig. 1). Unperturbed
samples are located inside the uncertainty envelope and are displayed as filled symbols in the
depth profiles. Samples, which are below the uncertainty envelope are displayed as blank symbols
and samples above the uncertainty envelope as striped symbols. Arrows indicate the turning

points of the profiles.
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3.4 Conclusions

Table 3.1: Regression analyses of 6°N (%) and depth (cm) at hummocks of the Stordalen and
Storflaket palsa peatlands with depth, §"°N value and calculated peat age at turning points.

Site Core Turning point Correlation coefficient
Depth &N  Age'  Mean (£SE)

(sampling year) i
(cm)  (%o) (years) age (years)

Upper part Deeper part

SDhu 2012 8.8 3.8 175 0.94" n=4 -0.89"" n=3
SDhu25012) 6.3 3.7 126 0.91™ n=3 -0.26"* n=17
SDhu3z012) 254 40 508 0.87"" n=11 -0.89"" n=13
SDhU4 3009) 180 39 360 092" n=8 -0.89" n=7
Stordalen 242 (+66)
SDhu52009) n.d. n.d. n.d. nd. n.d. n.d. n.d.
SDhu62009) n.d. n.d. n.d. nd. n.d. n.d. n.d.
SDhU7 2009) 4.0 2.4 80 0.99™ n=3 0.12" n=7
SDhu82009) 100 4.2 200 0.88" n=10 -0.84"° n=4
SFhu(;012) 13.4 2.0 243 0.92" n=7 -0.71"" n=20
SFhu23012) 17.0 4.0 309 073" n=9 -093"" n=17
SFhu3012) 151 1.7 275 0.29"* n=6 -0.76 n=15
Storflaket 365 (+53)
SFhu43009) n.d. n.d. n.d. nd. n.d. n.d. n.d.
SFhUS5 2009) 250 42 455 096" n=8 -0.61"" n=4
SFhUB 2009) 30.0 5.7 545 0.87° n=9 -0.99™ n=3

n.d. = not detected, n.s. = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001 , " based on peat
accumulation rates from Alewell et al. (2011) with mean peat accumulation rates of 0.5 mm yr for
Stordalen and 0.55 mm yr ™ for Storflaket peatland.

3.4 Conclusions

The concept of soil perturbation indicated by the relation of §°N to C/N ratios was developed for
oxic soils (Conen et al., 2013) and was applied in this study for subarctic palsa peatlands. A rapid N
loss and a rapid N gain, respectively, is indicated by the curved relationship between §"°N and C/N
ratio and the position of the sample above or below the uncertainty envelope. Permafrost onset
in these palsa peatlands could be detected by stable isotope depth profiles in combination with
peat accumulation rates. The relationship between N and C/N ratio indicated a change in N
cycling of this ecosystem due to the uplifting by permafrost. Hence the concept seems applicable
also to palsa peatlands. Further, the data support our concept of uplifting of the hummocks and
subsequent permafrost onset in these peatlands during the Little Ice Age. Stable isotope depth
profiles and a concept for identifying soil perturbation in combination with **C age dated samples
are a suitable technique for determining palsa uplifting by permafrost.
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Abstract

Abstract

Organic soils in peatlands store a great proportion of the global soil carbon pool and can lose
carbon via the atmosphere due to degradation. In Germany, most of the greenhouse gas (GHG)
emissions from organic soils are attributed to sites managed as grassland. Here, we investigated a
land use gradient from near-natural wetland (NW) to an extensively managed (GE) to an
intensively managed grassland site (Gl), all formed in the same bog complex in northern Germany.
Vertical depth profiles of 8¢, 6N, ash content, C/N ratio and bulk density, as well as
radiocarbon ages were studied to identify peat degradation and to calculate carbon loss. At all
sites, including the near-natural site, §"*C depth profiles indicate aerobic decomposition in the
upper horizons. Depth profiles of §°°N differed significantly between sites with increasing §°N
values in the top soil layers paralleling to an increase in land use intensity owing to differences in
peat decomposition and fertilizer application. At both grassland sites, the ash content peaked
within the first centimetres. In the near-natural site, ash contents were highest in 10-60 cm depth.
The ash profiles, not only at the managed grassland sites, but also at the near-natural site indicate
that all sites were influenced by anthropogenic activities either currently or in the past, most
likely due to drainage. Based on the enrichment of ash content and changes in bulk density, we
calculated the total carbon loss from the sites since the peatland was influenced by anthropogenic
activities. Carbon loss at the sites increased in the following order: NW<GE<GI. Radiocarbon ages
of peat in the topsoil of GE and Gl were hundreds of years, indicating the loss of younger peat
material. In contrast, peat in the first centimetres of the NW was only a few decades old,
indicating recent peat growth. It is likely that the NW site accumulates carbon today but was
perturbed by anthropogenic activities in the past. Together, all biogeochemical parameters
indicate a degradation of peat due to (i) conversion to grassland with historical drainage and (ii)
land use intensification.

44



4.1 Introduction

4.1 Introduction

Peatlands comprise the most important soil organic carbon (C) pool, storing more than 600 Pg C
(Yu et al., 2011; Jungkunst et al., 2012). In these water-saturated soils, anoxic conditions hinder
organic-matter decomposition and favour peat accumulation (Clymo, 1984). Drainage of
peatlands induces oxic conditions and causes increasing carbon dioxide emissions (Maljanen et
al., 2001) resulting in a net loss of carbon to the atmosphere. Over the last century, more than
50 % of the peatland area in Europe has been converted mainly to agriculture or forestry (Byrne
et al., 2004). In Germany, 75 % of the greenhouse gas (GHG) emissions from organic soils are
attributed to agricultural use (Hoper, 2007) and more than half of the GHG emissions from
managed peatlands originate from grassland sites (Drésler et al., 2008). Together, GHGs from
organic soils comprise 5.1 % of Germany's national total emissions (Drosler et al., 2013).

In the temperate zone GHG emissions from peatlands under grassland use average 0.6 kg
Cm™?yr? for deeply drained and 0.4 kg C m™ yr' for shallowly drained peatlands (IPCC, 2013a).
Ranked by land use intensity, intensively managed grasslands emit 2.8 kg COyqq m? yr'and
extensively managed grasslands emit between 0.2 and 2.0 kg COyq m? yr'! (depending on the
water table) (Drosler et al.,, 2013). Near-natural bogs are almost climate-neutral, but dry bogs
emit up to 1.0 kg CO,e, m? yr''(Drésler et al., 2013).

To study soil degradation in different environments, stable carbon and nitrogen isotopes are a
useful tool (Alewell et al., 2011; Conen et al., 2013; Kriger et al., 2014; Meusburger et al., 2013;
Schaub and Alewell, 2009). In two recent studies in the subarctic region, stable carbon isotope
depth profiles were shown to be a meaningful indicator of peatland degradation as well as of the
uplifting by permafrost (Alewell et al., 2011; Kriiger et al., 2014).

In a natural peatland with low decomposition rates, the §C signature is almost constant with
depth because in water-saturated soils the oxygen availability is low, decomposition of organic
material is reduced and therefore isotopic fractionation is small (Clymo and Bryant, 2008;
Skrzypek et al.,, 2008; Alewell et al, 2011). However, under conditions of anaerobic
decomposition, §"3C may slightly decrease with depth because substances such as lignin, which
require aerobic conditions for their decomposition, are relatively enriched in *C (Benner et al.,
1987; Alewell et al., 2011). Under aerobic conditions, decomposers preferentially use the lighter
12€C for respiration. Hence, the heavier *C accumulates in the remaining organic matter and the
5"C value increases with depth (Nadelhoffer and Fry, 1988; Agren et al., 1996). Increasing 6"°C
values with depth are typical for well-drained or mineral soils (Nadelhoffer and Fry, 1988; Alewell
et al., 2011). With a switch from anaerobic to aerobic conditions, peatland drainage is suggested
to induce a change from a uniform §C depth profile to increasing 6"°C values with depth (Fig.
4.1).

Because atmospheric N is the primary source of N in a natural terrestrial ecosystem, 8N values
in bogs are assumed to scatter around 0 %o (Fig. 4.1) (Jones et al., 2010; Broder et al., 2012).
However, plant species in intact peatlands vary substantially in their §8°°N signature from -11.3 %o
to +2.7 %o (Asada et al., 2005b), which could influence the 6"°N signature of the remaining peat
material. A second source of variability comes from nitrogen isotope fractionation during
decomposition, leading to an enrichment of °N in the remaining material and an increase in soil
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N with depth and age (Nadelhoffer and Fry, 1988; Nadelhoffer et al., 1996). Therefore, 8N
values in oxic soils increase with depth (Fig. 4.1) (Nadelhoffer et al., 1996; Kohzu et al., 2003). We
hypothesize that in drained and/or degraded peatlands, too, owing the above-mentioned
processes, 6°N values increase with depth (Fig. 4.1). In intensively managed ecosystems, the
application of mineral and/or organic fertilizer, with their different isotopic signals (Bateman and
Kelly, 2007), additionally alters the stable nitrogen isotope signature in soil.
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Figure 4.1: Theoretical concept of §C and 6N depth profiles in natural (left) and degraded
(right) peatlands.

In natural peat profiles the radiocarbon signature shows an increasing age with depth (Shotyk et
al., 1998) due to peat accumulation in the course of time. Owing to the loss of peat which has
been accumulated in the last several hundreds or thousands of years, a degrading peatland, with
a loss of the younger, more recently accumulated C of the upper layers to the atmosphere,
changes the *C depth profile towards higher ages near the peat surface.
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The C/N ratio indicates the degree of the decomposition of the peat material (Malmer and Holm,
1984; Kuhry and Vitt, 1996). Peat that is only decomposed a little has larger C/N ratios, reflecting
the former plant material, whereas the ratio becomes smaller in strongly decomposed peat owing
to a preferential loss of C over N during microbial decomposition.

A simple but reliable estimate of C loss from cultivated peatlands can be obtained based on
differences in ash content throughout the peat profile (Grgnlund et al., 2008; Rogiers et al., 2008;
Leifeld et al., 2011a). These methods are based on the premise of the accumulation of mineral
matter (or “ash”) with peat oxidation, i.e. preferential loss of organic vs. mineral matter. In a
pristine state of a bog, where mineral input solely derives from the atmosphere, we assume a
relatively homogeneous ash depth profile. Drainage induces peat oxidation and net CO, emission,
leading to peat subsidence and a relative enrichment of ash content in the upper layers, where
decomposition is strongest. A so-called combined method (Leifeld et al., 2014) makes use of
differences in bulk density and ash content in the profile in order to estimate not only C loss but
also volumetric changes in the peat. It distinguishes between primary (settling) and secondary
(oxidation) subsidence of the peat after drainage (Ewing and Vepraskas, 2006).

The main goal of our study was to test whether stable isotopes of carbon and nitrogen can be
used as indicators of peatland degradation along a gradient of land use and drainage intensity and
whether we could estimate carbon loss a posteriori. We apply the above concepts to a typical and
well-studied peatland complex, the Ahlen-Falkenberger peatland, in northern Germany. Our
hypotheses are as follows:

(I) The 8"C depth profile changes from a constant signal under near-natural conditions to
increasing 6"°C values with depth in degrading peatlands.

(I1) Higher decomposition of the peat in the degraded sites leads to an enrichment of *°N values in
the upper layers.

() C losses are higher in the intensively managed compared to the extensively managed
grassland.

Analysis of other indicators, such as radiocarbon age, ash content and C/N ratio, will be used for
the validation of the interpretation of the stable isotope depth profiles.

4.2 Material and methods
4.2.1 Site description

The study area is located in Lower Saxony, north-western Germany, close to the North Sea coast.
The peat bog complex called Ahlen-Falkenberger peatland (53°41’N, 8°49’E) is one of the largest
peat bog complexes in northern Germany. The climate is humid Atlantic with a mean annual
precipitation of 925.7 mm and a mean annual temperature of 8.5°C (reference period 1961-1990;
German Weather Service, 2010). Bog formation began at about 6000 years BP on a former fen
area (Schneekloth, 1970). From the late 17th century onwards, peat was extracted at the edges of
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the bog. Drainage activities started at the beginning of the 20th century. In the middle of the 20th
century, over 50 homesteads were established in the Ahlen-Falkenberger peatland and land use
was intensified (Ahrendt, 2012). Industrial peat extraction at the Ahlen-Falkenberger peatland
began in 1957 (Schneekloth, 1981) and was terminated in the 1990s, when a conservation area
was established (Beckmann and Krahn, 1991; Beller et al., 1994). About 60 % of the remaining
former bog is currently used as grassland, and only a small area in the centre of the peat bog
complex (approx. 5 %) was never drained or cultivated and remains as a natural peat bog today
(Hoper, 2007). In this area, vegetation is dominated by cross-leaved heath (Erica tetralix L.), flat-
topped bog moss (Sphagnum fallax (Klinggr.)) and common cotton grass (Eriophorum
angustifolium Honck.). We consider this near-natural wetland (NW) to be unmanaged. Further,
we studied two areas of the former bog which are drained and today are managed as grassland:
the extensive grassland (GE) is neither fertilized nor manured and only cut once per year; the
intensive grassland (Gl) is cut four to five times per year and fertilized with mineral fertilizer and
manure (see details for the years 2008/2009 in Beetz et al. 2013). Liming and cattle grazing was
never performed on these sites. Gl is drained by pipes as well as drainage ditches, whereas GE is
only drained by ditches, which were closed in 2003/2004. At the NW site, the water table was
around the soil surface with a variation of -10 to 5 cm in 2012 and fluctuated between the surface
and 40 cm depth (GE) and between the surface and 80 cm depth (Gl) (Frank et al., 2014). Across
the former bog complex, peat thicknesses range from 330 cm in cultivated to 515 cm in
uncultivated, near-natural areas (Beetz et al., 2013). Recent GHG flux measurements at the Ahlen-
Falkenberger peatland (2007-2009) indicate that site NW was C neutral in one year (-0.002 kg C
m? yr') and accumulated C in the next year (-0.124 kg C m™ yr™) (Beetz et al., 2013). The net
ecosystem carbon balance at site GE was positive in one (0.088 kg C m™ yr'') and negative in the
following year (-0.147 kg C m™? yr) (Beetz et al., 2013). Gl was a carbon source for both years with
C loss of about 0.548 to 0.817 kg C m™ yr™* (Beetz et al., 2013).

4.2.2 Soil sampling and analyses

In November 2012, three peat cores per site were collected in the Ahlen-Falkenberger peatland at
NW, GE and GI (n=3) (Fig. A1.1). We took our cores close to the same locations from earlier
studies by Beetz et al. (2013) and Frank et al. (2014). Peat samples were taken in the first 50 cm
with a soil corer (Giddings Machine Company, US) and in deeper parts with a Russian peat corer
(Eijkelkamp, Netherlands) down to approximately 1 m. Cores were embedded in plastic shells,
wrapped with plastic foil and transported directly to the lab. Cores were cut into 2 cm sections
and oven-dried at 40-50°C for 72 h. All samples were ground and homogenized in a vibrating ball
mill (MM 400, Retsch, Germany). Stable carbon and stable nitrogen isotopes as well as C and N
content were measured by combined mass spectrometry coupled to an SL elemental analyser
(Integra2, Sercon, UK). The C/N ratio represents the mass relationship between the carbon and
nitrogen content of the bulk peat material. Stable carbon isotope ratios are reported as §°C in
per mill relative to the VPDB standard. Stable nitrogen isotope ratios are reported as §°N in per
mill relative to the atmospheric nitrogen standard. The analytical standard deviation is 0.15 % and
0.1 % for 8N and 8%C, respectively.
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The ash content was determined by thermogravimetry (prepAsh, Precia, Switzerland), using 0.5-
1.0 g sample material. Pre-drying at 130°C was carried out to correct the dry mass and to
evaporate the residual moisture. The sample was then heated to 600°C in air until no significant
mass change (constant mass) could be measured (see detailed description of the method by
Leifeld et al. (2011a)). The material remaining after heating is defined as the ash content of the
sample.

4.2.3 Radiocarbon analyses

Radiocarbon (*'C) analysis was performed with accelerator mass spectrometry (AMS) at the
Laboratory for the Analysis of Radiocarbon with AMS (LARA) at the University of Bern (Szidat et
al., 2014). At each site, three depths were selected for radiocarbon dating, and the %C content of
samples from these depths was measured for each individual core. Samples were selected after
the evaluation of stable isotope and ash content depth profiles. Segments where stable isotope
and ash contents clearly changed were selected for radiocarbon analysis. The ground and
homogenized material was combusted, transformed into solid targets using automated
graphitization equipment (AGE) (Nemec et al., 2010) and measured with the MIni CArbon DAting
System MICADAS (Synal et al., 2007). Sample homogeneity and measurement reproducibility was
proven by the double analysis of eigth random samples, whereas general accuracy and precision
was reported earlier (Szidat et al., 2014). C ages were calibrated using the IntCal13 data set
(Reimer et al., 2013). Samples with bomb signature were dated using the Bomb13 NH1 dataset
(Hua et al., 2013). Radiocarbon ages are presented for each site and selected depth are given as
means (n=3) with 1 SD in cal years AD or cal years BC. Results of the individual measurements are
shown in Tab. A1.5.

4.2 .4 Calculation of carbon loss by the ash content and bulk density (combined method)

The integrated calculation of carbon loss of the peatland since the beginning of drainage is based
on the simplified assumption that the ratio between carbon and ash content during the
accumulation of peat is constant and that ash content before drainage is the same at all depths.
After drainage, peat starts to oxidize and carbon is lost as CO, (Rogiers et al., 2008). Additionally,
we assume that the ash content in the deeper parts of the profile is not affected by drainage. Ash
from the oxidized peat remains at the site and accumulates in the upper layer of the profile.
Differences in soil properties of bulk density, ash content and organic C content between the
topsoil and undisturbed subsoil can be used to infer pre-drainage soil thickness and C stocks. The
mean ash content of the deeper parts of the profiles, where samples show no enrichment of ash,
in our case below 80 cm depth, of each individual core was taken as a reference value (Leifeld et
al., 2011a). The C loss was calculated separately for each core.

The method of Leifeld et al. (2014) combines two previously published methods which were
based on changes in bulk density (Leifeld et al., 2011b) and changes in ash content (Rogiers et al.,
2008; Leifeld et al., 2011a) in peat profiles. This so-called combined method (Leifeld et al., 2014)
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estimates the physical primary subsidence due to the loss of pore water and peat shrinkage and
estimates the chemical secondary subsidence due to the oxidative loss of organic matter.

The primary subsidence S, (m) is calculated as follows (Leifeld et al., 2014):

S, =PT, —PT, (4.1)
with
PTy = Bdgg; / Bdgg, x PT; (4.2)

Where PTy; is the pre-drainage thickness of layer i (m), Bdgs; is the organic-matter density in layer
i, Bdos, is organic-matter density of the reference layer (t m'3), and PT; is the thickness of layer i
(m) at the time of sampling. Bdgs is calculated from the soil mass of per unit soil volume minus the
ash mass and the ash volume of the same soil volume, assuming a specific density of ash particles
of 2.65tm>.

The secondary subsidence S is calculated from the pre-drainage thickness STy (m) attributable to

organic-matter oxidation (Leifeld et al., 2014):
STOi = STI X Fashi/ I:ashr (4-3)

with ST, being the thickness of layer i (m), F..n the ash concentration of layer | and F.q, the ash
concentration of the reference layer.

S, =ST, —ST, (4.4)

Before drainage, any layer ST, contained the same amount of carbon per soil volume as the
contemporary undisturbed reference layers ST, in the deeper soil profile. The amount of soil
carbon in any single layer C4 (kg m™) lost by oxidation is given as

C, =S, xC, /ST, (4.5)

with C, being the soil carbon stock of the reference layer (t m?), ST, the thickness of the reference
layer (m) and S, (m) the volumetric loss due to peat oxidation. Beside the carbon loss, total peat
subsidence (m) can be calculated by the combined method. Carbon losses since the peatland was
drained are displayed as kg C m™.

The NW site could not be taken as a reference for the calculation of C loss for the managed sites
because it was also influenced by drainage activities in surrounding areas as indicated by higher
ash contents at 10-50 cm depth. We instead used the deeper layers (samples below 80 cm depth)
of the grassland sites as a reference, similar to the approach taken in previous studies (Rogiers et
al., 2008; Leifeld et al., 2011a).
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4.2.5 Statistical analyses

Spearman correlation analyses were used to identify the relationship between §°C, "N and C/N.
Regression analysis of 6°C and depth was carried out with the software R2.15.1. At each
individual core, §"C values against depth were used from the uppermost sample down until §°C
reached a value below -25.0 %o.

4.3 Results and discussion
4.3.1 Stable carbon isotopes

In both grassland soils, §"3C values increase from about -30.0 %o in the upper centimetres to
about -25.0 %o in deeper layers (Fig. 4.2b, Fig. 4.2c). This increase in 86"C values with depth
indicates aerobic conditions in the peat profile, as aerobic decomposers selectively used the
lighter isotope *C for respiration, whereas the heavier *C is enriched in the remaining organic
material of the soil (Nadelhoffer and Fry, 1988; Agren et al., 1996). This §°C depth pattern was
also found at site NW, indicating aerobic degradation (Fig. 4.2a). In general, natural peatlands are
expected to show a uniform §C depth profile (Clymo and Bryant, 2008; Skrzypek et al., 2008) or
a trend towards slightly lower values, caused by an enrichment of recalcitrant substances
depleted in B¢ (Benner et al., 1987; Krull and Retallack, 2000; Alewell et al., 2011). The Suess
effect could have contributed to the low 8™C values in the uppermost layer of the near-natural
site, but the further increase in §*C with depth is connected to peat material much older than the
Suess effect and is very likely owing to aerobic decomposition of the peat. An increase in 6°C
values with depth by about 4.0 to 5.0 %o is typical for well-drained mineral soils (Becker-
Heidmann and Scharpenseel, 1986; Nadelhoffer and Fry, 1988) and is in accordance with oxic
grassland soils (Accoe et al., 2003).

In the upper layers of both grassland sites, depth profiles of 82C values are apparently
compressed compared to NW (Fig. 4.2). A linear regression analysis with §°C vs. depth reveals a
tendency towards steepest slopes of 6"°C vs. depth at Gl followed by GE and NW (Tab. 4.1).
However, we do not regard this pattern as a quantitative indicator. Below the inversion
at -25.0 %o, 6"°C values of all profiles remain more or less constant throughout the deeper profile,
indicating low decomposition with limited fractionation (Clymo and Bryant, 2008).
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Figure 4.2: §°C depth profiles at (a) the near-natural site (NW), (b) extensively used grassland site
(GE) and (c) intensively used grassland site (Gl) at the Ahlen-Falkenberger peatland. Calibrated
radiocarbon ages are displayed as mean calendar ages with 1 standard deviation (n=3) at their
corresponding depth.

Table 4.1: Slope, depth and coefficient of determination of regression analyses between §C and
depth until a 6"*C value of -25.0 %o was reached in the depth profile. Three profiles of each site
near-natural (NW), extensively managed grassland (GE) and intensively managed grassland (Gl)
site - from the Ahlen-Falkenberger peatland are presented. ‘n’ refers to number of soil segments
per site and replication included in the regression.

Site/core Depth (cm)  Slope R’ p n
NW1 25.0 0.26 0.97 0.0004 7
NW?2 65.0 0.07 0.92 0.0000 17
NW3 65.0 0.08 0.94 0.0000 17
GE1 23.7 0.13 0.92 0.0023 6
GE2 40.3 0.09 0.74 0.0015 10
GE3 31.7 0.11 0.92 0.0022 6
Gl1 28.4 0.21 0.96 0.0008 6
GI2 31.0 0.14 0.89 0.0016 7
GI3 18.7 0.20 0.90 0.0146 5
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4.3.2 Stable nitrogen isotopes

The 8N signal in peat soils is mainly driven by the following processes: vegetation input,
decomposition, N deposition and fertilizer application. The §"°N values of a natural bog should be
constant at around 0.0 %o because atmospheric N is the primary source of N (Jones et al.,,
2010;Broder et al., 2012).

At NW the 86"N values first increase and then decrease with depth (Fig. 4.3a). The inversion is
located at ca. 20-40 cm depth, corresponding to 6°N values of -2.0 to -4.0 %o. At the grassland
sites, stable nitrogen isotopes decrease with depth in the first 20 cm of the soil and with no
further clear trend in the deeper parts of the profile. In the first few centimetres of the GE profile,
&N values are slightly positive and reach values of around -4.0 %o below 20 cm (Fig. 4.3b). At Gl
8N values are positive in the uppermost centimetres (up to 4.0 %o) and decrease down to -10.5
%o in deeper layers (Fig. 4.3c). Compared to GE 8N is more variable at Gl and reaches more
negative values in the deeper part of the soil profile.
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Figure 4.3: 6°°N depth profiles at (a) the near-natural site (NW), (b) extensively used grassland site
(GE) and (c) intensively used grassland site (Gl) at the Ahlen-Falkenberger peatland. Calibrated
radiocarbon ages are displayed as mean calendar ages with 1 standard deviation (n=3) at their
corresponding depth.

In natural peatlands, like NW, peat plant species show a wide range of 8N values from
below -11.0 to above +2.0 %o (Asada et al., 2005b), which may influence the 8N values of the
remaining peat material in the profile. The §°N depletion in the upper part of NW profiles may be
assignable to the very low 8N values of the vegetation (Nordbakken et al., 2003; Bragazza et al.,
2010). Sphagnum mosses are depleted in >N compared to atmospheric nitrogen and have even
lower 8N values in areas affected by agricultural activities (Bragazza et al., 2005). Incubation of
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peat mosses has shown a N enrichment with time resulting in an increase in §*°N values with
depth in the near surface (Asada et al., 2005a). Below approximately 20 cm, 8N values are less
negative and in the range of nitrogen isotope values typical for mosses (Asada et al., 2005b).
Human activities greatly influence 6°N values in mosses beyond triggering decomposition via
atmospheric N depositions. The various N sources vary in their isotopic signature (Bragazza et al.,
2005). Low 8N values were reported in areas with high local ammonia emissions (from livestock
during animal husbandry, manure storage and spreading) (Asman et al., 1998), owing to the very
low 8N values in wet (NH,) and dry (NHs) deposition (Bragazza et al., 2005).

8N depth profiles of our drained sites show a completely different depth pattern as
hypothesized in our theoretical concept for drained peatlands (Fig. 4.1) and decrease rather than
increase with depth (Fig. 4.3). High 8N of the topsoil in our grassland sites (Fig. 4.3) most likely
indicates increased microbial activity, caused by drainage, in conjunction with effects from
organic fertilizer application at Gl. Decomposition is often linked to an enrichment of °N because
of the preferential use of **N (Hogberg, 1997; Novak et al., 1999; Kalbitz et al., 2000). Increased
microbial activity in the first centimetres of the drained peatland leads to increased turnover of N,
which results in an enrichment of °N (Kalbitz et al., 2000), especially in the first 2-5 centimeters. It
can therefore be postulated that decomposition of peat material results in an enrichment of N.
This is one possible explanation for the higher 6©°N values at GE and Gl as compared to NW.
Atmospheric N deposition, as discussed above, could additionally influence the 6N signal in
these profiles; however, we do not see any effect at site NW. Organic fertilizer may also be
enriched in °N (Watzka et al., 2006), which may contribute to higher 6°N values in the topsoil of
Gl. A study of nitrogen isotopes from mineral and organic fertilizer demonstrated that organic
fertilizer has a mean 6N value of +8.5 %o (Bateman and Kelly, 2007). However, GE, which does
not receive any fertilizer, is also enriched in>N in the first centimetres of the profile. We therefore
assign the (smaller) N enrichment at GE to ongoing oxidative peat decomposition and the
(stronger) N enrichment at Gl to the combined effect of peat decomposition and organic
fertilizer applications.

4.3.3 Radiocarbon ages

Radiocarbon signatures from the upper peat layers (8-10 cm depth) of site NW indicate the
presence of bomb carbon and organic matter fixed during the second half of the last century. This
recent C accumulation of almost 1.0 kg C m™ in approximately the last 50 years at NW is in
accordance with the current GHG flux measurements (Beetz et al., 2013), showing that the bog
has been sequestering carbon during recent years. In deeper parts (65-81 cm depth) of NW, mean
peat ages range between 1328 and 1796 cal years AD. The small differences between the mean
radiocarbon ages at 65 cm and 81 cm depth at NW represent an indicator for undisturbed peat.
They point to an average 16 cm of peat growth in approximately 62 years.

At both grassland sites, calibrated radiocarbon ages in the upper centimetres are much higher
than at NW. This finding can be taken as an indicator for peat degradation and carbon loss.
Drainage-induced carbon loss starts from the top, selectively removing younger peat and exposing
older peat to the surface. We found >500-year-old peat in the upper 14 centimeters at these sites.
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At 14 to 19 cm depth at GE and 27 to 34 cm depth at GI, the peat is almost 1000 and 1300 years
old, respectively. Peat in deeper parts of the grassland profiles shows calibrated mean ages of 165
to 325 cal years AD and 313 to 34 cal years BC at GE and Gl, respectively. The higher ages in the
upper parts of the profile at Gl indicate higher peat and C losses compared to the GE, when
similar conditions in the peat profiles before onset of drainage are assumed. In comparison to
NW, peat in deeper parts of the two grassland sites is up to 1500 years older. The grassland sites
have lost almost all peat that has accumulated in the last several centuries.

4.3.4 C/N ratio

At both grassland sites, C/N ratios are smaller in the upper layers of the soil profile (Fig. A1.2),
indicating strong microbial transformation of the peat (Malmer and Holm, 1984; Kuhry and Vitt,
1996) and the possible influence of fertilization (Gl). In most samples from NW and in deeper
layers of Gl and GE, C/N ratios are in the range considered typical for ombrotrophic peatlands
(Kuhry and Vitt, 1996) and indicate low microbial activity.

4.3.5 Correlations between stable isotopes and soil C/N

Decomposition affects both stable §°C and 6N by an enrichment of the heavier isotopes in the
remaining soil organic matter as well as decreasing C/N ratio. A linear correlation between these
parameters is expected if the material is influenced by strong decomposition during peat
formation or post-sedimentation (Wynn, 2007; Engel et al.,, 2010). However, no correlation
between the above-mentioned parameters will be found in well-preserved peat (Engel et al.,
2010; Jones et al., 2010).

Stable isotopes and the C/N ratio correlate in a weakly positive way (r = 0.40 to 0.60) and a weakly
negative way (r = -0.41 to -0.52) at NW for 6°C and 6N, respectively (see Tab. 4.2), indicating
that the peat is not strongly decomposed and/or that decomposition did not alter the original
isotope signal (Sharma et al., 2005). Zaccone et al. (2011) also found a positive, albeit not
significant correlation between 8™C and C/N in a well-preserved peat bog in the Swiss Jura
mountains. At our grassland sites, §°C and the C/N ratio correlate positively (r = 0.32 to 0.70),
and 8N and the C/N ratio negatively (r = -0.74 to -0.85), indicating that the peat is strongly
decomposed.
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Table 4.2: Correlation coefficient and p value (p<0.05 in boldface) between §*C and C/N ratio as
well as between 8N and C/N ratio for the whole profiles at the near-natural (NW), extensively
managed grassland (GE) and intensively managed grassland (Gl) sites at the Ahlen-Falkenberger
peatland.

Site/core 82Cvs. C/N 8N vs. C/N
NW 1 0.40%%Y 20.41007
NW 2 0.60(0.002) _0.52(0.010)
NW 3 0.46'0922) _0.490016)
GE1 0.490012) -0.81(0:000)
GE 2 0.70'%-000 _0.850-000)
GE 3 0.32(0:000) ~0.7410:002)
Gl1 0.61%-002) -0.78!0-000)
Gl 2 0.68/%% -0,75(0000)
Gl 3 0.32(0109) ~0.740:000)

4.3.6 Ash content and bulk density

Ash content and bulk density are indicators of peat decomposition (Clymo, 1984). At NW, ash
content is enriched between 10 and 60 cm depth at NW (Fig. 4.4a). Bulk density increases at this
depth and is higher compared to deeper parts of the profiles (Fig. A1.3). A higher ash content in
these depths compared to the deeper layers suggests an increase in the decomposition of the
peat (Engel et al.,, 2010). We interpret this ash accumulation as being the result of drainage
activities in the vicinity of NW during the formation of these peat layers. The peat layers with the
enriched ash content at the NW site are on average between 50 and 500 years old, which
corresponds to the beginning of the first land use intensification in this peatland. Above and
below this depth, the ash content is small, indicating less decomposed peat. High ash contents
(Fig. 4.4b, Fig. 4.4c) and bulk densities (Fig. A1.3) in the first centimetres of the profile at both
grassland sites indicate peatland degradation and refer to recent and ongoing peat oxidation. In
deeper layers of GE and Gl, ash contents are constant and very low (Fig. 4.4) and are in the range
of natural peatlands (Clymo, 1984) and also of deeper, undisturbed layers at NW.
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Figure 4.4: Ash content depth profiles at (a) the near-natural site (NW), (b) extensively used
grassland site (GE) and (c) intensively used grassland site (Gl) at the Ahlen-Falkenberger peatland.
Calibrated radiocarbon ages are displayed as mean calendar ages with 1 standard deviation (n=3)
at their corresponding depth.

4.3.7 Carbon loss

Carbon losses estimated by the combined method are highest at Gl, intermediate at GE and
lowest at NW. The mean (+SD) C losses are 11.5 (+6.3), 18.8 (+2.8) and 42.9 (+10.9) kg C m™ for
NW, GE and GlI, respectively. The C loss at site NW may be attributed to the intensive drainage
and peat extraction activities in the surrounding area in the last century, which may also have
impaired the hydrology of this remaining bog. However, in recent years/decades, peat at NW has
been accumulating C again (Beetz et al., 2013) and can therefore today be considered as a C sink.
This is attributed to the current restoration activity within the context of the designation of a
nature conservation area at this site with an accompanying increase in the water table (Beckmann
and Krahn, 1991;Beller et al., 1994). The heath vegetation at NW, as is common for peat bogs in
Germany, suggests a mild degradational stage (Ellenberg, 1954) with likely historical
anthropogenic influences. The carbon loss of the grassland sites determined in this study is in
accordance with higher measured GHG emissions at site Gl than at site GE (Beetz et al., 2013). In
general, the net GHG emission from extensively managed grasslands is smaller than from
intensively managed grasslands, owing to a combination of smaller C exports and higher water
tables (Drosler et al., 2013). The total carbon loss at these sites since the onset of drainage is
comparable to drained peatlands in Switzerland under extensive management (Leifeld et al.,
2011a).
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4.3.8 Indicators for peatland degradation and quantification of C loss

All parameters (6*C, 8N, ash content, C/N ratio, bulk density and radiocarbon ages) indicate a
degradation of the former bog at the Ahlen-Falkenberger peatland when managed as grassland
(GE and Gl). All of these parameters might be useful indicators of peatland degradation but not all
can be used in a quantitative manner (Tab. 4.3).

Table 4.3: Biogeochemical parameters from the Ahlen-Falkenberger peatland profiles as
indicators of peatland degradation as well as peat and carbon loss.

Reliable indicator for peat Quantification of C loss
Parameters
degradation? possible?
8¢ yes no
&8N yes no
Ash content yes* yes
C age yes (yes)
C/N (yes) no
Bulk density (yes) (yes with ash content)
Correlation between §C,
yes no

8N and C/N

* for bogs and assuming homogeneous atmospheric input

Stable carbon isotope depth profiles indicate degradation at all sites at the peatland. At NW in the
upper 10 cm and below 65 cm depth as well as in deeper parts of the grassland sites, §°C is
constant with depth indicating natural peat. Stable nitrogen isotope, ash content and C/N ratio as
well as bulk density depth profiles show a higher decomposition of the peat material in the upper
part at the grassland sites as well as at 20-60 cm depth at NW. The 6"°N signal in the peat profiles
is mainly driven by decomposition (GE and Gl) and fertilizer application (Gl). Radiocarbon ages
and §"C as well as ash content in the first centimetre of the NW depth profiles provide evidence
for contemporary peat accumulation with young peat material formed in the last decades. Peat
from topsoil segments of both grassland sites is much older than peat from deeper segments of
the NW site. These data illustrate the consequences of peatland drainage that induces the loss of
peat material which has been accumulated over the last centuries. The ash content in
combination with bulk density and C content (combined method) gives reasonable estimates of C
loss since the onset of drainage activities in this peatland.

Soil ash content and radiocarbon signatures have the potential to provide quantitative estimates
of peatland carbon loss, whereas changes in stable isotope patterns and C/N ratios serve as
qualitative indicators and support the understanding of processes and mechanisms involved.
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4.4 Conclusions

Depth profiles of different biogeochemical parameters together provide a detailed insight into
peatland formation and the effects of management on peat degradation. §°C, "N, ash content,
C/N ratio and bulk density, as well as radiocarbon ages in peat depth profiles indicate degradation
of all peatlands, but to very different degrees. Peat and C loss could be quantified by the
combination of ash content and bulk density and is supported by the radiocarbon ages.

() Increasing 6°C values with depth indicate aerobic decomposition of the peat material at all
sites.

(I1) At the near-natural site (NW), stable carbon isotope and ash content depth profiles as well as
radiocarbon dating indicate moderate degradation due to the drainage of the surrounding area in
the past. Hence, also bogs considered semi-natural were impaired by anthropogenic activities.
Recent organic-matter accumulation, as indicated by the 14¢ values, indicates the rehabilitation of
the peatland.

(1) With the conversion to grassland, increasing peat decomposition and fertilizer application
systematically alter the 8N signature of the soil.

(IV) Based on ash accumulation calculations, the three sites lost carbon in the following order:
NW<GE<GI. Higher losses under intensive management are supported by (i) higher peat ages at
this site and (ii) steeper slopes of §*C depth profiles.
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Abstract

Abstract

Carbon (C) loss from managed organic soils is an important flux in the global carbon cycle.
Different approaches exist to estimate greenhouse gas emissions and thus the C balance of these
soils. Here we compare two methods using soil profiles and a method of greenhouse gas (GHG)
flux measurements using closed chambers to quantify the net C loss from managed peatlands. We
applied these methods to the well-studied peatland complex Ahlen-Falkenberger Moor near
Cuxhaven in northern Germany. The peatland represents a land use gradient from near-natural
wetland (NW) to extensively-used grassland (GE) (rewetted in 2003/2004) to intensively-used
grassland (Gl). The three methods are: (i) the so-called combined method which makes use of
differences in bulk density and ash content between the upper and deeper parts of the profile (ii)
the C accumulation method which uses peat accumulation rates derived from '“C age-dated
samples and their calculated C-stock in a certain depth and (iii) a method which gives the net
ecosystem carbon balance (NECB) using closed chambers to quantify the GHG fluxes. Drainage at
the Ahlen-Falkenberger Moor commenced at the beginning of the 20th century, and land use was
intensified in the middle of the 20th century. For methods (i) and (ii), three peat cores down to
approximately 100 cm at each site were taken in November 2012. These two profile-based
methods give the C loss since the onset of drainage activities. Compared to this, the NECB
represents the C balance (2007-2009) under present climate and management conditions.

According to the profile-based methods (i and ii), all three sites have lost C since the onset of
drainage in the order NW<GE<GI. Calculated total C losses are, depending on the method, about
12 kg C m™ for site NW, 19 to 38 kg C m™ for site GE and 43 to 53 kg C m™” for site GI. Based on
chamber-derived GHG measurements, site NW currently accumulates C, site GE shows a neutral C
balance and site Gl is a C source. A comparison of these methods demonstrates that the historical
C loss can be assessed by the two profile-based methods, but not by the flux measurements. By
contrast, present changes in the C balance are captured by the flux measurements but not by the
profile-based methods. Taken together, profile-based methods and flux measurements indicate
that the C balance of these peatlands, since the beginning of drainage activities, has been
changing over time.
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Zusammenfassung

Zusammenfassung

Kohlenstoffverluste von drainierten organischen Bdden sind eine wichtige Grosse im globalen
Kohlenstoffkreislauf. Es gibt verschiedene Methoden zur Bestimmung der Kohlenstoffverluste aus
organischen Boden. Wir vergleichen hier zwei profilbasierte Methoden und
Treibhausgasmessungen mittels Kammermessungen zur Bestimmung des Kohlenstoffverlustes
aus dem Boden. Die Methoden wurden entlang eines Landnutzungsgradienten in dem Ahlen-
Falkenberger Moor bei Cuxhaven, Deutschland, angewendet. Die Standorte waren ein naturnahes
Moor (NW), ein extensiv genutztes Grasland (GE), sowie ein intensiv genutztes Grasland (Gl). Die
Kohlenstoffverlustberechnung basiert auf drei unterschiedlichen Ansdtzen: (i) auf der
kombinierten Methode, die Unterschiede in der Lagerungsdichte und im Aschegehalt zwischen
dem Ober- und Unterboden beriicksichtigt, (ii) auf der Kohlenstoffakkumulationsmethode, welche
die berechneten Kohlenstoffakkumulationsraten, berechnet auf Grundlage von 14C—Datierungen,
zusammen mit dem Kohlenstoffvorrat in einer bestimmten Tiefe verwendet und (iii) auf einer
Methode, welche die Kohlenstoffbilanz mittels Kammermessungen fiir die Netto Okosystem
Kohlenstoffbilanz (NECB) bestimmt. Die beiden erstgenannten Methoden (i und ii) geben den
kumulierten Kohlenstoffverlust seit dem Beginn der Drainage wieder. Im Vergleich dazu
reprasentiert die NECB (iii) den Kohlenstoffhaushalt unter den gegebenen und aktuellen
klimatischen Bedingungen sowie der Landnutzungsart. Seit Anfang des 20. Jahrhunderts wurde
das Moor drainiert und in der Mitte des 20. Jahrhunderts die Landnutzung intensiviert. Fir die
Analyse von verschiedenen biogeochemischen Bodenparametern wurden im November 2012 drei
Bohrkerne bis etwa 100 cm Tiefe an jedem Standort entnommen.

Anhand der profilbasierten Methoden (i und ii) konnte ermittelt werden, dass seit der Drainage
alle drei Standorte Kohlenstoff in der Gréssenordnung NW<GE<GI verloren haben. Die
berechneten totalen Kohlenstoffverluste sind, je nach Methode, in der Grossenordnung von etwa
12 kg C m™* fur Standort NW, 19 bis 38 kg C m™ fiir Standort GE und 43 bis 53 kg C m™ fiir
Standort Gl. Die aktuellen Treibhausgasmessungen fiir die Jahre 2007 bis 2009 zeigen, dass NW
Kohlenstoff akkumuliert, GE eine neutrale Kohlenstoffbilanz aufzeigt und Gl eine
Kohlenstoffquelle ist. Ein Vergleich der Methoden veranschaulicht, dass der historische
Kohlenstoffverlust mittels der profilbasierten Methoden abgeschdatzt werden kann, eine
Information, welche nicht mit den aktuellen Treibhausgasmessungen erfasst wird. Aktuelle
Veranderungen in der Kohlenstoffbilanz hingegen werden mit den Treibhausgasmessungen
aufgezeigt, konnen aber nicht mit den profilbasierten Methoden festgestellt werden.
Zusammengefasst zeigt die Kombination der Methoden, dass sich die Kohlenstoffbilanz dieser
Moorbdden seit dem Beginn der Drainageaktivitdten Gber die Zeit verandert hat.
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5.1 Introduction

5.1 Introduction

Carbon (C) loss from managed organic soils is an important flux in the global carbon cycle (Yu et
al., 2011; Jungkunst et al., 2012). Under natural conditions, peatlands are anoxic and accumulate
organic matter as peat (Clymo, 1984). Management of peatlands for agriculture or forestry
requires drainage. This induces aerobic decomposition of the soil organic matter and a net C
emission to the atmosphere (Maljanen et al., 2010). Over the last century, more than 50 % of the
peatland area in Europe has been converted mainly to agriculture or forestry (Byrne et al., 2004).
In Germany, 75 % of the greenhouse gas (GHG) emissions from soils are attributed to agricultural
use (Hoper, 2007), and more than half of the GHG emissions from managed peatlands originate
from sites managed as grasslands (Drosler et al., 2008). Together, GHG’s from organic soils
contribute 5.1% to Germany’s national total emissions (Drosler et al., 2013). Average C loss rates
from temperate peatlands under grassland use are 0.6 kg C m™ yr™* for deeply drained and 0.4 kg
C m2 yr for shallowly drained peatlands (IPCC, 2013a). Ranked by land use intensity, intensively-
managed grasslands emit on average 2.8 kg COyq m~2yr~, extensively-managed grasslands
between 0.2 and 2.0 kg COyq m~2yr ! (depending on the water table), near-natural bogs are
almost climate-neutral, but dry bogs emit up to 1.0 kg COq m~2yr (Drosler et al., 2013). The
latter values include the N,O emissions, which can contribute significantly to the GHG emission at
intensively-managed sites. Different approaches exist to estimate the C balance of peatland soils.
Here we compare two soil profile-based methods with each other and with greenhouse gas flux
measurements by closed chambers to assess the net C loss from managed peatlands.

5.2 Material and methods

We applied the different methods to the well-studied peatland complex Ahlen-Falkenberger Moor
in north-western Germany. The peatland complex represents a land use gradient (Fig. 5.1) from
near-natural wetland (NW) to extensively-used grassland (GE) (which was rewetted in 2003/2004)
to intensively-used grassland (Gl). At both grassland sites, drainage started at the beginning of the
20th century, and land use was intensified in the middle of the 20th century. About 60 % of the
remaining area is currently used as grassland, and only a small area in the centre of the bog
(approx. 5 %) was never drained or cultivated and remains as a natural habitat today (Hoper,
2007). Since the 1990s, the NW has been a nature conservation area. Detailed site descriptions
can be found in Beetz et al. (2013) and Kriiger et al. (2015b). In November 2012, three peat cores
down to approximately 100 cm were taken at each site, and various biogeochemical soil
parameters were analysed.

The so-called combined method (Leifeld et al., 2014) estimates the physical primary subsidence
due to the loss of pore water and peat shrinkage, and the chemical secondary subsidence due to
the oxidative loss of organic matter. The integrated calculation of C loss from the peatland since
the beginning of drainage is based on the simplified assumptions that the ratio of C to ash content
during accumulation of peat has been constant and that the ash content before drainage was the
same at all depths. After drainage, peat starts to oxidise and C is lost as CO, while the mineral
parts remain as ash in the profile. Additionally, we assume that the ash content in the
permanently water-saturated subsoil is not affected by drainage and that ash from the oxidised
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peat remains at the site and accumulates in the respective layer. See detailed method description
in Krtiger et al. (2015b) and Leifeld et al. (2014).

Near-natural wetland Extensively-used grassland 4 Intensively-used grassland
(NW) " . (GE) 3 y
. e

4

(G1)

Figure 5.1: Study sites with land use gradient from near-natural wetland site (no mowing, no
fertiliser), extensively-used grassland (cut once per year, no fertiliser) and intensively-used
grassland site (cut 4-5 times per year, mineral and organic fertiliser).

In a second method (C accumulation method), the C loss is calculated based on **C age-dated
samples from two different layers, with the assumption of linear C accumulation rates at the NW
site (Fig. 5.2). Mean linear C accumulation rates at the NW site calculated by a linear regression of
the age-dated samples are 0.046 kg C m™> yr™* (Fig. 5.2). The radiocarbon ages in a defined depth
and the cumulative C-stock (Fig. 5.3) above the 'C age-dated point are used to calculate the
C balance of the peat soils under grassland. The difference between the calculated cumulative
C stock above the *C age-dated point at the GE and Gl sites (using the C accumulation rates of the
NW site) and the measured cumulative C stock (Fig. 5.3) above the **C age-dated point of the peat
core at GE and Gl is the C loss of the soil. In detail, the C balance is calculated by the year (in years
AD/BC) of sampling minus the age-dated sample (in years AD/BC) in the depth multiplied by the
calculated yearly C accumulation rates of the NW site minus the cumulative C stock (kg C m™)
above the corresponding depth of the respective site.
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Figure 5.2: Calculated C accumulation rates by peat age vs. C stock for the near-natural wetland
site.
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Figure 5.3: Cumulative C stock (kg C m™) of each soil core for the three sites.

These two profile-based methods give the C loss since the onset of drainage. Carbon losses are
displayed as kg C m™ and loss rates as kg C m™ yr* by dividing the C loss by the number of years
passed since the peatland drainage was intensified.

In contrast to the profile-based methods, the net ecosystem C balance (NECB) (2007-2009)
represents the current C loss or gain of the soil under given climate and management conditions
including the C change by harvesting and fertiliser application. The measurements were
performed by Beetz et al. (2013). CO, fluxes were measured using closed chambers (0.78 m x
0.78 m x 0.50 m) in flow -through dynamic mode. Opaque and transparent chambers were placed
in turn to obtain data on combined autotrophic and heterotrophic respiration of the ecosystem
(RECO) and net ecosystem exchange (NEE), respectively. See detailed description of this method
in Beetz et al. (2013).

5.3 Results and discussion

According to the profile-based methods, all three sites have lost C since the onset of drainage
(Tab. 5.1). The total C loss, calculated by the two profile-based methods, is in the order
NW<GE<GI. Based on the chamber-derived NECB, site NW accumulates C, site GE shows a neutral
C balance and Gl is still a C source in 2007 to 2009 (Beetz et al., 2013).

According to the combined method, the NW site has lost 11.5 kg C m™. According to the NECB, it
is now a C sink of about 0.063 kg C m™2yr* (Beetz et al., 2013) (Tab. 5.1). The calculated C loss,
integrated over the period since drainage intensification, could be due to the effect of drainage
activities in the surrounding area that also influenced the hydrology at the NW site (Kriiger et al.,
2015b). Since the 1990s, the NW site is located in a nature conservation area; this may have
recovered water tables, resulting in a negative C balance (C sink) today (Beetz et al., 2013).

The GE site has lost 18.8 kg C m™ according to the combined method and 38.2 kg C m™* according
to the C accumulation method since drainage intensification. The rewetting of the GE site is
reflected in the current NECB, indicating a currently neutral C balance of the soil. However, since
drainage intensification, the GE site has lost 0.313 kg C m™ yr ™ (combined method) to 0.636 kg
Cm72yr! (C accumulation method) (Tab. 5.1). An increase in water table depth may have
changed the C balance at this site from a C source into a C neutral status.
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Table 5.1: Annual C balance in kg C m™ yr* (mean with SD) calculated by three different methods
along the land use gradient. Positive values indicate a C gain and negative values a C loss of the
soil.

Near-natural wetland Extensively-used grassland Intensively-used grassland
(NW) (GE) (G1)
Combined method
- + - +| _ +
(Kriiger et al., 2015)* 0.191 (+0.105) 0.313 (£0.047) 0.716 (£0.181)
C accumulation method* - -0.636 (+0.026) -0.880 (+0.074)
NECB (2007-2009) (Beetz 0.063 (+0.086) 0.030 (0.166) -0.683 (+0.190)

etal., 2013)

*Integrated C loss since drainage intensification (60 years) with annual C losses calculated by the
total C loss divided by the years.

The calculated C loss was highest at Gl site (42.9 kg C m™ by the combined method and 52.8 kg
Cm™ by the C accumulation method). The current annual C emissions at this site (0.683 kg
Cm™yr' (NECB 2007-2009)) are in the same order of magnitude of annual C losses integrated
over the whole period since drainage intensification (0.716-0.880 kg C m™ yr™) (Tab. 5.1).

For both grasslands, our calculated annual C loss as revealed from the profile-based methods
(Tab. 5.1), based on an assumption of 60 years of intensive drainage, is in the range of previously
reported C loss rates from temperate peatlands under grassland use (IPCC, 2013a). Independent
of the applied method, C loss from the Gl site is the highest. Furthermore, the NW site shows the
lowest C loss or even a C uptake. A higher calculated C loss at GE as revealed by the
C accumulation method may be attributed to the high C accumulation rates calculated for the NW
site. In future studies, estimates using the C accumulation method could be improved by using a
natural site without any anthropogenic influence. Higher calculated C losses by the
C accumulation method compared with the combined method at the GE site also may be due to
the high radiocarbon ages of peat at this site in the deeper parts of the profile (Kriiger et al.,
2015b), resulting in high calculated C losses by this method. At the Gl site, high radiocarbon ages
in deeper parts and high ash contents in the upper part lead to high calculated C losses by both
profile-based methods. The results of annual C losses at the Gl site are in the same range as the
calculated NECB. The three applied methods use different assumptions and give results for the
two managed sites in the same range as C losses from managed peatlands in the temperate
region (IPCC, 2013a).

5.4 Conclusions

The profile-based methods assess an average C balance over the last several decades or hundreds
of years since the peatland drainage began, whereas GHG measurements capture short defined
measurement periods of only a few years. Thus, GHG measurements present the year-to-year
variation due to temperature, water table and precipitation fluctuation. Profile-based methods,
however, integrate C losses during the first years of drainage activities, which are presumably
higher than the average over the declining emissions in advanced years (Leifeld et al., 2012). The
profile-based methods give long-term soil C changes of drained and managed peatlands.
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Abstract

Abstract

Boreal peatlands are an important carbon (C) sink. The effect of drainage for forestry on the soil C
balance in those peatlands is a controversial debate. The Lakkasuo peatland, central Finland,
comprise a minerotrophic and an ombrotrophic part, both partially drained for forestry. A pair-
wise comparison was conducted and four different profile-based methods were applied to
calculate the C balance of those sites. The first two methods used differences in ash content ()
between the upper and lower part of the profile and (Il) between the drained and natural site of
the peatland, respectively. The third method (lll) used radiocarbon dated samples to calculate C
accumulation rates at the natural site and compared these to the current C-stocks at the drained
sites. The fourth method (IV) used radiocarbon dated samples to define a 1000-year layer in the
profiles for comparing the C-stocks above this layer. Stable carbon isotope depth profiles were
used for a qualitative assessment of the peatland status and indicate that both undrained site are
in a natural state. All four profile-based methods indicate a C loss at the minerotrophic drained
site but of different magnitude (0.057 to 0.272 kg C m™ yr* depending on the method). At the
ombrotrophic drained site both radiocarbon methods (lll and 1V) indicate a C gain (0.139 to 0.179
kg C m? yr'') whereas the methods | and Il suggest a C loss (0.084 to 0.270 kg C m™ yr). The
comparison of profile-based methods for C balance assessment resulted in a site-specific
application depending on nutrient status and presence of a natural reference site. Nevertheless,
our results confirm that boreal minerotrophic drained peatlands lose more C than ombrotrophic
drained peatlands.
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6.1 Introduction

6.1 Introduction

Boreal peatlands are an important long-term terrestrial carbon (C) sink. In their soils, they store
an amount of C equivalent to almost half of the current carbon content of the atmosphere (Strack
et al., 2008; Yu et al., 2011; Jungkunst et al., 2012). A substantial proportion of boreal peatlands
has been drained for forestry with a total area of more than 100 000 km? in Fennoscandia and
Russia (Minkkinen et al., 2008). In Finland, more than half of the peatlands have been drained
during the 20th century, mainly for forestry use (Laine et al., 2006). Peatland drainage for
agriculture usually changes a peatland from a C sink into a C source (IPCC, 2013a). However, the
impact of draining boreal peatlands for forestry on the soil's C balance is discussed
controversially. Several studies demonstrate that boreal peatlands drained for forestry are still C
sinks, because of an increased wood, root and litter production, which compensate the increased
soil respiration of the aerated peat (Minkkinen et al., 1999; Minkkinen et al., 2002; Lohila et al.,
2011; Meyer et al., 2013; Ojanen et al., 2013). In contrast, other authors found net ecosystem C
losses mainly caused by increased C emissions from degrading peat (Martikainen et al., 1995;
Silvola et al., 1996) whereby these peatland may lose their C sink function (Minkkinen et al., 2007,
Ojanen et al., 2010).

Several approaches exist to determine the soil C balance of peatlands. Simola et al. (2012) broadly
divided the different approaches to determine the soil C balance of peatlands into process and
inventory studies. Process studies investigate the gas exchange of the soil or the whole ecosystem
(Silvola et al., 1996; Lindroth et al., 1998; Alm et al., 1999; von Arnold et al., 2005; Minkkinen et
al., 2007; Lohila et al., 2011; Meyer et al., 2013; Ojanen et al., 2013; Hommeltenberg et al., 2014)
while inventory studies examine the long-term changes in C-stocks (Minkkinen and Laine, 1998a;
Minkkinen et al., 1999). Changes in soil C balance via inventories can be studied in two ways: (i) a
study site is resampled over decades and C-stocks between present-day and historical situation
are compared (Pitkanen et al., 2011; Simola et al., 2012) or (ii) peat profiles of paired undrained
and drained parts of a peatland are compared (Minkkinen et al., 1999; Pitkdnen et al., 2013),
following a space-by-time approach.

Here we follow the second approach and study four different profile-based methods to calculate
the C loss since the beginning of peatland drainage. The Lakkasuo peatland complex, central
Finland, hosts both a bog and a fen ecosystem, each with adjacent drained-undrained parts. Four
different profile-based methods were applied to calculate the C balance of the peatland soils: (1) a
combined method with subsoil as reference, (lI) a combined method with natural site as
reference, (lll) a C accumulation method and (IV) a cumulative C-stock comparison method. The
combined methods use differences in ash content of the degraded upper part of the peatland
either to the assumed natural horizons of the deeper subsoil at the same site (combined method
with subsoil as reference) (Kriiger et al., 2015b) or to the adjacent undisturbed site (combined
method with natural site as reference). This is the first study where a natural situation, formed in
the same peatland, is used as reference for the combined method. In addition, two radiocarbon
methods using **C age dated samples are taken to estimate the soil C balance: The accumulation
method relies on the premise of linear C accumulation rates at the natural sites. **C age dated
samples at the reference site are taken to calculate the natural accumulation rates. The former C-
stock at the degraded site prior to drainage is calculated with the accumulation rates of the
reference sites and then compared to the measured cumulative C-stock of the degraded site. In
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the fourth method, the cumulative C-stock, both at the drained and natural site, above a peat
layer of the same radiocarbon age was compared. The differences between the drained and
natural site of the latter method give the soil C loss or gain of the drained sites relative to the
undisturbed situation. As previous studies have shown that expected natural peatlands sites are
affected by drainage activities of the surrounding area (Kriger et al., 2015b) §°C depth profiles
were used as an indicator for a qualitative assessment of the natural status of the reference sites.
In this approach, a uniform 6“C depth profile indicates water-saturated conditions within a
natural peatland (Alewell et al., 2011; Kriiger et al., 2014; Kriiger et al., 2015b).

The objectives of the present study were (1) to use §*3C depth profile as a qualitative indicator for
the natural status of the undrained sites, and (Il) to examine the effect of peatland drainage for
forestry on the soil C balance of a minerotrophic as well as an ombrotrophic peatland site by four
different profile-based methods.

6.2 Material and methods
6.2.1 Study site

Peat samples were taken in the eccentric peatland complex Lakkasuo (61°48’N, 24°19’E), central
Finland. The mean annual temperature is 3°C, and the mean annual precipitation is 700 mm
(Minkkinen et al., 1999). The peatland complex is divided into two parts. The southern part is
nutrient poor with ombrotrophic conditions and the northern part is nutrient richer with
minerotrophic conditions. Approximately half of the peatland (eastern part) was drained in 1961
for forestry, using ditches with depth of 70 cm and spacing of 40 to 60 m. This spatial
arrangement allows for a pair-wise comparison between an ombrotrophic natural (On) and an
ombrotrophic drained (Od) as well as a minerotrophic natural (Mn) and a minerotrophic drained
(Md) part. At the natural ombrotrophic part of the peatland the water table is at about 13 cm
depth and at the ombrotrophic drained site at about 26 cm depth (Minkkinen et al., 1999). A
greater change has been detected at the minerotrophic part of the peatland, where the water
table has decreased from close to the surface at the natural site to around 35 cm depth at the
drained site (Minkkinen et al., 1999). Drainage has changed the ground vegetation composition
from dominating Sphagna to forest mosses (Table 6.1) (Minkkinen et al., 1999). A detailed
description of the vegetation composition and other peatland characteristics is given in in Laine et
al. (2004).

6.2.2 Soil sampling and analyses

In September 2013 three volumetric peat cores per site were collected in the Lakkasuo peatland
complex at the four different sites. In the upper 50 cm peat samples were taken with a box
sampler (8*8 cm) and in deeper parts down to approximately one meter with a Russian peat corer
(Eijkelkamp, Netherlands). The peat cores were stored in plastic shells, wrapped in plastic foil and
transported to the lab the same day. The cores were cut into 2 cm sections and dried at 40°C for
72 hin a drying oven. All samples were ground and homogenised in a vibrating ball mill (MM 400,
Retsch, Germany). Stable carbon isotopes as well as C and N content were measured with
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combined mass spectrometer with a SL elemental analyser (Integra2, Sercon, UK) following
standard processing techniques. Stable carbon isotope ratios are reported as 6*3C in [%o] relative
to the V-PDB standard. The instrumental standard deviation is 0.1 % for 6"3C. The volumetric
sampling of the peat enabled the determination of the soil bulk density. The C-stocks were
calculated by C content and bulk density for depth increments of each single core.

Peat ash content was determined by thermogravimetry (prepAsh, Precia, Switzerland), using 0.5-
1.0 g sample material. The sample was heated to 600°C in air until no significant mass change
(constant mass) could be measured (see detailed description of the method by Leifeld et al.
(2011a)). The material remaining after heating is defined as the ash content of the sample.

Table 6.1: Site characteristics of the natural and drained parts of the Lakkasuo peatland in 1991
(Minkkinen et al. 1999).

minerotrophic ombrotrophic

natural (Mn) drained (Md) natural (On) drained (Od)

Stand volume (m* ha™) 0 111 5 16
Coverage Spaghna (%) 82 5 83 21
Coverage forest mosses (%) 0 58 0.4 32

Subsidence 30 years after

drainage (cm) 23 10
Water table median (cm) 2 36 13 26
Peat C store (kg C m™) 70.9 68.0 77.6 79.0
Average C accumulation
rate (gCm™yr?) 21 26
Bulk density (kg m>)* 65 108 37 47
pH* 3.7 3.3 2.7 2.7
C (%)* 49.6 51.7 44.4 45.4
N (%)* 1.9 2.1 0.5 0.5

* 0-20 cm depth
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Radiocarbon (**C) content was measured with accelerator mass spectrometry (AMS) at the
Laboratory for the Analysis of Radiocarbon with AMS (LARA) at the University of Bern (Szidat et
al.,, 2014). For each site, two depths (at around 50 and 90 cm depth, see supplement) were
selected for radiocarbon dating and samples at these depths were measured for each individual
core. The ground and homogenised material was combusted, transformed into solid targets using
an automated graphitisation equipment (AGE) (Nemec et al., 2010), and measured with the Mini
CArbon DAting System MICADAS (Synal et al., 2007). *C ages were calibrated using the IntCal13
dataset (Reimer et al., 2013). Samples with bomb signature were calibrated using the Bomb13
NH1 dataset (Hua et al., 2013). Radiocarbon ages are presented for each site and selected depth
as means (n=3) with 1 SD in cal. years AD or cal. years BC. Results of the individual measurements
are shown in Table A1.7.

6.2.3 Methods for calculating the C balance of peatland soils

Soil C balance calculated by the combined method with subsoil as reference (combined method-

subsoil) (1)

The method of Kriiger et al. (2015b) combines two previously published methods which were

based on changes in bulk density (Leifeld et al., 2011b) and changes in ash content (Rogiers et al.,
2008; Leifeld et al., 2011a) in peat profiles. The so-called combined method (Kriiger et al., 2015b)
estimates the physical primary subsidence due to compaction, and the chemical secondary
subsidence due to the oxidative loss of organic matter (Ewing and Vepraskas, 2006).

The integrated calculation of carbon change of the peatland since the beginning of drainage is
based on the simplified assumption of a constant ratio between carbon to ash content during
accumulation of peat and that ash content before drainage was the same at all depths. After
drainage, the previously waterlogged peat oxidizes and carbon is lost as CO, (Rogiers et al., 2008).
Additionally, it was assumed that ash from the oxidized peat remains in the respective horizons
and accumulates in the upper layer and that the ash content in the permanent water saturated
subsoil is not affected by drainage. The ash content of the deeper horizons (70-94 cm depth) of
each individual core is taken as a reference value (Leifeld et al., 2011a). The carbon change was
calculated separately for each core.

The chemical secondary subsidence S is calculated from the pre-drainage thickness STy [m]
(Krlger et al., 2015b):

ST, = ST, xF

ashi

/ I:ashr (1)

with ST, the thickness of layer i [m], F. the ash concentration of layer i, F.y the ash
concentration of the reference layer.

S =ST, —ST, (2)
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Before drainage, any layer with the respective thickness ST, contained the same amount of
carbon per soil volume as the contemporary undisturbed reference layers ST, in the deeper soil
profile. The amount of soil carbon in any single layer Cy; [kg m?] lost by oxidation is given as

C,=SxC, /ST, (3)

with C, the soil carbon stock of the reference layer [kg m?], ST, the thickness of the reference
layer [m] and the volumetric loss due to peat oxidation S [m]. The deeper layers of the drained
sites were used as a reference (Table 6.2) similar to the approach taken in previous studies
(Krtiger et al., 2015b; Rogiers et al., 2008).

Table 6.2: Approaches, assumptions, analyses and required reference sites of the four different
profile-based methods for calculating the soil carbon balance at the Lakkasuo peatland.

Approach Reference site Analyses Assumptions
Method (1) Differences in ash
Homogeneous
content between - ash content, bulk )
. Subsoil . ash input over
combined degraded upper part and density, C% _
; . . time
method — subsoil  yndisturbed subsoil
Method (1) Differences in ash .
Spatial
content between . ash content, bulk
. Natural site ] homogeneous
combined degraded upper part and density, C% _
) . ash input
method - natural  adjacent natural site
- Comparison of C-stock
Method (lll) calculated by C Constant C

C accumulation
method

Method (1V)

cumulative C-

accumulation rates and
age dated sample to
cumulative C-stock

Comparison between
the cumulative C-stock

Natural site”

¢, bulk density,
C%

¢, bulk density,

accumulation
rates

Same spatial C

stock of drained and natural Natural site C%, age depth accumulation
. site above a layer of the model rates

comparison

method same age

+ needs an undisturbed subsoil as a reference. Input of, for instance, sand is problematic for this
method. Probably only applicable on bogs, because fens receive their nutrients and water also
from surrounding mineral soils.
* could also use the C accumulation rates by comparable natural sites from the same region.
W (Kriger et al., 2015b)
@) (Kruger et al., 2015a)
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Soil C balance calculated by the combined method with natural site as reference (combined
method-natural) (I1)

The combined method with the natural site as a reference uses the same equations (1-3) above,
but takes the mean values from all three cores (n=3) of the corresponding natural site as
reference instead of the subsoil horizons of the drained site. Hence, the reference values of F.,,
C: and ST, in equations 1 and 3 are mean values of the whole profile from the corresponding
natural site. The C balance was calculated separately for each core at the drained sites.

Soil C balance calculated by C accumulation rates of the natural site (C accumulation method)
111

In this method the C change of the drained sites is calculated from the mean C accumulation rates
of the natural sites as inferred from **C dating (Kriiger et al., 2015a). Accumulation rates of C were
calculated by a linear regression of three points: two age dated samples in the catotelm and the
uppermost horizon assuming as recent. The C accumulation in peatlands has been reported to be
non-linear, because of decomposition in the acrotelm (Clymo, 1984; Clymo and Bryant, 2008).
However, our calculated mean linear C accumulation rates of the natural parts Mn and On of the
Lakkasuo peatland are quite similar to the C accumulation rates of the same peatland from
Minkkinen et al. (1999) and to mean C accumulation rates of this region for bogs and fens in
Finland from Turunen et al. (2002). Hence, the linear calculated C accumulation rates were used
for this method. The age of samples in a defined depth as well as the corresponding C-stock above
this depth was used to calculate the C balance of the peat soil. The Cgock-natural Of the drained site
was calculated by the year of sampling (Age,) minus the age in the depth (Agey) of the drained site
multiplied by the calculated yearly C accumulation rates (C,.) of the natural site. The Csock-natural
gives the expected C-stock for the drained site but under non-disturbed conditions. The
cumulative C-stock (kg C m™) down to the corresponding depth (Ceockarained) Of the drained site
was subtracted from Cgocknaturay Whereby the difference to the expected C-stock gives the net C
loss or gain from drainage (Cpaiance). The C-stock (Cetock-drained) above the C dated sample in 49 cm
depth at the drained sites was used for the calculation. In all cases the radiocarbon age for Ageq
was taken at 49 cm depth.

Cstock—natural = (Ages - Aged )X (Cacc) (4)

C C C

balance — “stock-natural _ “stock-drained (5)

Soil C balance calculated by differences in the C-stock above a 1000-year layer (cumulative C-
stock comparison) (IV)

In this method soil C change (kg C m™) is estimated by comparing the C-stocks of natural and
drained sites above a layer of the same '*C age (here 1000-year layer). The age-depth modelling
software Bacon (Blaauw and Christen, 2011) was used to identify the depth of the 1000-year layer
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(Figure Al.4). The 1000-year layer depth was calculated separately by the model for each core
with two "C age dated layers. For the minerotrophic as well as the ombrotrophic sites the
cumulative C-stock above the 1000-year layer was calculated. This method requires at least two
dated samples at different depths in the profile, which is then inter- or extrapolated to find the
1000-year layer. The method is comparable to the method by Laine et al. (1992) who used a
synchronous charcoal layer of drained and undrained parts of the same peatland to calculate the
effect of drainage for forestry on the soil C stores. The difference between the mean C-stock
above the 1000-year layer at the natural site (n=3) and that of the drained site (n=3) gives the C
loss or C gain (kg C m™) at the drained site compared to the natural one. The 1000-year layer was
used for the comparison, because this layer is represented roughly within the first meter core of
the four studied sites.

All carbon changes are displayed as kg C m™ and change rates as kg C m? yr by dividing the
carbon change by the number of years passed since the peatland was drained. Values of C
balances are presented as means with standard error including error propagation when using the
natural site as reference.

6.3 Results and discussion
6.3.1 Qualitative indicator of peatland drainage

For a preceding analysis of the natural status of the reference sites the approach of stable carbon
isotope depth profiles as a qualitative indicator for peatland degradation was used (Alewell et al.,
2011; Kriuger et al., 2014; Kriiger et al., 2015b). This was to verify if the undrained sites of the
Lakkasuo peatland are without anthropogenic influence and thus suitable as reference sites for
the profile-based methods.

Both, the minerotrophic and the ombrotrophic natural site, show a uniform 6C profile (Figure
6.1). Such a pattern is indicative for low decomposition rates and thus little fractionation of stable
carbon isotopes (Clymo and Bryant, 2008; Alewell et al., 2011; Kriiger et al., 2014). Mean §“C
values at Mn are consistantly at about -29 %o in the upper 14 cm and represent the isotopic
signature of the living vegetation. Below 14 cm, values are more or less stable at about -28 %eo.
The 8"C depth profile at site On shows an uniform depth pattern throughout the whole profile
(mean values between -27 and -26 %o). The differences between Mn and On resulted most likely
from a different vegetation at these sites leading to different isotopic signatures (Ménot and
Burns, 2001; Skrzypek et al., 2008). Thus, §°C depth profiles of the natural sites have a pattern
similar to the one expected from the theoretical concept for natural peatlands (Alewell et al.,
2011; Kriiger et al., 2014) and are considerable suitable as reference sites.

At both of the drained sites mean §"°C values increase from -30 to -26 %o in the upper 20 to 30 cm
of the profile (Figure 6.1). Increasing §"°C values with depth of up to 4-5 %o are a sign of aerobic
decomposition of organic matter (Nadelhoffer and Fry, 1988; Alewell et al., 2011; Kriiger et al.,
2014). Concerning the minerotrophic drained site the age of the peat, based on the radiocarbon
analyses, is much older than the drainage onset at this depth indicating that the increase in stable
isotope signature is caused by aerobic decomposition and not by a vegetation change. Further
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down in the profile the mean 6™C values at the minerotrophic drained site are higher than at the
natural site possibly indicating a slight effect of drainage even in the subsoil. However, at the
ombrotrophic drained site the development of a secondary (raw) humus layer in the upper 10 to
15 cm of the profile can influence the 8C signal of the soil. Nevertheless, the 6“C values
between 20 and 40 cm depth of the profile are much higher at the drained site, again indicating
aerobic decomposition of the organic matter. Further down in the profile of the drained site (40
to 100 cm depth), mean &C values vary only little and indicate no effect of topsoil drainage on
isotopic fractionation in these still water-saturated horizon. The latter is congruent with the
results from Alewell et al. (2011) and Kriger et al. (2014).
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Figure 6.1: Mean (+ SE) of 6"*C values in depth profiles (n=3) of the four study sites.

6.3.2 C-stock changes in peat soils drained for forestry

Combined method-subsoil and combined method-natural (I and 1)

The combined methods, both with subsoil as well as with the natural site as reference, indicate a
C loss at the Md as well as at the Od site (Figure 6.2). At both sites highest loss rates were
calculated with the combined method taking subsoil as reference (0.272 +0.034 kg C m™ yr™ for
Md and 0.270 +0.108 kg C m™ yr™* for Od). The combined method with the natural site as
reference resulted in lower calculated C loss rates (0.140 +0.150 kg C m™ yr™ for Md and 0.084
+0.194 kg C m? yr* for Od). C balance calculations by any of the two combined methods are
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uncertain in these shallow drained ecosystems owing to only small differences in ash content
(Figure A1.5), which result in non-significant differences in ash content between natural and
drained sites. These methods are better applicable in more severely degraded peatlands with a
stronger enrichment in ash. Furthermore, the combined methods might be in general more
suitable for bogs, where the input of minerals is solely atmospheric. In fens, by contrast, inputs
might not be exclusively atmospheric and other sources (e.g. transport with lateral groundwater
flow) may influence the ash contents in minerotrophic peatlands. The influence of the ash profile
by other sources than the atmosphere is displayed in the Mn profile where an ash peak is found in
the first 20 cm of the profile similar to the Md profile (Figure A1.5). The enrichment of ash in an
undisturbed peat profile emphasizes that application of methods | and Il is, at least in fens,
fraught with uncertainty (Table 6.2).

C accumulation method (l11)

Our calculated mean C accumulation rates for Mn and On are 0.020 (+0.001) kg C m™ yr™* and
0.024 (+0.002) kg C m™ yr, respectively. The mean C accumulation rates are approximately the
same as the C accumulation rates by Minkkinen et al. (1999) of the minerotrophic and
ombrotrophic part of Lakkasuo peatland with 0.021 kg C m™ yr' and 0.026 kg C m? yr?,
respectively. Furthermore, these accumulation rates of the natural parts of the Lakkasuo peatland
are very close to mean C accumulation rates for fens (0.019 kg C m™ yr™) and bogs (0.029 kg C m™
yr'') in Finland reported by Turunen et al. (2002). The C accumulation approach reveals C losses of
0.069 +0.004 kg C m? yr'*at Md and C gains of 0.139 +0.019 kg Cm? yr™* at Od (Figure 6.2).

Cumulative C-stock comparison method (1V)

The calculated C balance from the cumulative C-stock comparison method reveals a C loss of
0.057 +0.030 kg C m?2 yr* at Md and a C gain of 0.179 +0.083 kg C m™ yr™ at Od (Figure 6.2). The
results from the minerotrophic part are not significantly different from the rates calculated with
the C accumulation approach. At the ombrotrophic site, results are also in the same range as
those of the C accumulation method. The cumulative C-stock comparison method (IV) allows for
determining a layer of same age. Unlike method lll, the reference here is a defined by age, not by
depth. Depth as a reference in peatlands can be affected by compaction and different growth
rates of the peat and is therefore less appropriate as a benchmark. Therefore, method IV is
considered to be the most robust in terms of estimating differences in C accumulation or loss
among sites.

79



6.3 Results and discussion

0.5 7 minerotrophicdrained ! ombrotrophic drained
0.4 !
B Method (I) combined
0.3 - E method - subsoil
f 0.2 - B Method (Il) combined
h.'> i method - natural
€ 01 A !
(8] .
) ; Method (I1) C
o 0.0 A ; accumulation method
S
£ -0.1 A | B Method (IV)
o E cumulative C-stock
90,2 - f comparison method
-0.3
0.4 - :
-0.5 - i

Figure 6.2: Mean (+ SD) annual soil C changes (kg C m™ yr) of the drained sites at Lakkasuo
peatland based on the four different profile-based methods since the onset of drainage in the
year 1961 (negative values indicate C loss from the soil and positive values a C gain)

Comparison of C balances to previous studies applying profile-based methods

For the Lakkasuo peatland Minkkinen et al. (1999), using changes in C-stock of volumetric peat
samples defined by synchronous peat layers based on charcoal and pollen analyses, reported an
annual C loss of 0.060 kg C m™ yr™* for Md and an annual C gain of 0.070 kg C m™ yr™ for Od.
Calculated C changes of both *C approaches (method Il and method IV) at the minerotrophic
drained site are right in the range of the values from Minkkinen et al. (1999). In contrary, our
results using the combined methods at site Od are different to Minkkinen et al. (1999) (C loss
instead of C gain). However, two other approaches from Finland, re-sampling and pairwise full
peat column inventories, revealed a C loss of bogs and fens drained for forestry and of a bog
drained for forestry of 0.150 kg C m™ yr™* (Simola et al., 2012) and 0.131 kg C m™ yr™* (Pitkdnen et
al., 2013), respectively. These results are in the range of our C losses calculated for Od by the two
combined methods (0.084 kg C m™ yr*and 0.270 kg C m™ yr™). This shows that in general drained
ombrotrophic peatlands in the boreal region does not necessarily maintain their C sink function.

Influencing parameters on C balances and comparison to gas flux measurements

According to our data, drainage of a nutrient-rich fen results in higher C losses or smaller C gains
compared to the bog. Soil fertility plays a crucial role in modifying the impact of drainage for
forestry on the greenhouse gas (GHG) balances in managed peatlands (IPCC, 2013a). The
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minerotrophic part of the Lakkasuo peatland showed a higher increase in the annual CO,
emissions of the drained peat compared to the ombrotrophic site (Martikainen et al., 1995;
Silvola et al., 1996). Other studies from Finland confirm the influence of the nutrient status on the
soil C balance in drained peatlands (Minkkinen and Laine, 1998a; Minkkinen et al., 1999; Ojanen
et al,, 2013; Ojanen et al., 2014) and show higher C losses at nutrient-rich compared to nutrient-
poor sites. Furthermore, at drained nutrient-poor sites root as well as moss production is higher
than at drained nutrient-rich sites (Minkkinen et al., 2008), thereby providing higher organic
matter inputs to soil. Additionally, soil temperature at the peat surface is lower in long-term
drained peatlands compared to the natural ones which may have an additional effect on
decomposition processes (Minkkinen et al., 1999). The drainage at the ombrotrophic site resulted
in a small water table draw-down leading to a slight increases in the CO, emissions which are
compensated by an increase in the primary production resulting in enhanced carbon
accumulation rates after drainage. Additionally, increased litter input by trees is mixed with the
mosses at nutrient-poor sites that together often forms a secondary (raw) humus layer on top of
the peat (Minkkinen et al., 2008). This increased input, when not counterbalanced by a
significantly increase in decomposition, favour C accumulation at the drained nutrient-poor sites
(Minkkinen et al., 2008). However, lowering of the water table by 15 to 30 cm would result in a
release of carbon because under these conditions the soil carbon emissions are assumed to be
greater than the primary production of the forested peatland (Silvola et al., 1996). All these
factors foster C accumulation in the drained bog, whereas increased decomposition at the drained
fen leads to a C loss.

Net CO, flux rates in peatlands drained for forestry are highly variable (Silvola et al., 1996; Lohila
et al,, 2011; Meyer et al., 2013; Hommeltenberg et al., 2014). Several studies reported that such
drained forests are still a C sink (Lohila et al., 2011) whereas others reported them to be a C
source (Lindroth et al., 1998). Lohila et al. (2011) reported a C accumulation of 0.065 kg C m™ yr™
in a forestry drained peat soil in southern Finland as measured by eddy covariance (EC). Also with
EC, Hommeltenberg et al. (2014) detected a stronger C sink in a bog drained for forestry (0.130 to
0.300 kg C m™ yr") than in a natural bog forest (0.053 to 0.073 kg C m2 yr'). Furthermore, some
studies determined a C balance of boreal drained peatlands close to zero (Dunn et al., 2007;
Ojanen et al., 2014). The nutrient status of peatlands is an important factor to take into account
for determining the C sink or source function of drained boreal peatlands for forestry (Minkkinen
et al.,, 2007; Ojanen et al., 2010; Ojanen et al., 2013). These studies emphasize that further
analysis by profile-based studies, besides flux measurements, on the C balance of drained
peatlands for forestry in the boreal region are needed to determine whether and under which
conditions these ecosystems function as sink or source.

The profile-based methods average over the last several decades or centuries since the onset of
peatland drainage, whereas GHG flux measurements capture measurement periods of only a few
years. Thus, GHG measurements present the year to year variation due to temperature, water
table, precipitation fluctuation and net primary production. Furthermore, profile-based methods
include C changes during the first years of drainage, which are presumably higher than the long-
term average (Leifeld et al., 2012).
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6.4 Conclusions

Stable carbon isotope depth profiles indicate that both undrained sites are in a natural state and
that 8°C becomes enriched upon drainage due to aerobic decomposition and/or vegetation
change not only in the topsoil but even down to 40 cm depth. It was thus considered that the *C
signature is suitable for serving as an indicator of whether a peatland is in its natural state or
disturbed. With respect to the carbon budget, all four profile-based methods reveal that the
drained minerotrophic peatland loses C though at different rates. However, at the ombrotrophic
drained site the **C methods indicate a C gain relative to the natural situation whereas with the
combined methods the site indicates a C loss. Our results confirm that in boreal regions drainage
for forestry results in a higher risk of losing C when the peatland is minerotrophic. A comparison
of the four applied profile-based methods revealed that both combined methods are applicable
only on (strongly degraded) bogs and not on fens because fens also receive their nutrients from
the groundwater. Both radiocarbon methods are applicable on both peatland types, whereas the
cumulative C-stock comparison method (IV) used a layer of the same age and not depth and is
therefore not affected, for instance, by compaction. However, all applied methods, except the
combined method with subsoil as reference, require a natural site of the same peatland as
reference. Hence, depending on the site conditions the suitable method for estimating the C
balance has to be chosen. Nevertheless, considering all factors the profile-based methods are
easy practicable and applicable on various drained peatland sites providing long-term changes in
the soil carbon balance.
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CHAPTER 7

Conclusions and outlook

The main aims of this thesis were to use (i) stable carbon and nitrogen isotopes in depth profiles
as qualitative indicators of peatland degradation, as well as to use (ii) different profile-based
approaches to quantitatively calculate the soil carbon balance of degrading peatland sites.
Different biogeochemical parameters in depth profiles were used to investigate peatland
degradation which had occurred for different reasons. The increasing temperatures in the high
northern latitudes result in accelerated permafrost thaw and in a degradation of palsa peatlands.
The degradation of these ecosystems and the historical development was investigated in various
subarctic palsa peatlands near Abisko, Northern Sweden (chapter 2 and chapter 3). The effect of
land use intensification on stable carbon and nitrogen isotopes, the carbon balance and other
biogeochemical indicators of peatland degradation were investigated in a temperate peatland
near Cuxhaven, Northern Germany (chapter 4 and chapter 5). The consequence of peatland
drainage for forestry use on the soil carbon balance was studied in a peatland complex with both
a minerotrophic and an ombrotrophic part in the boreal Lakkasuo peatland in Central Finland
(chapter 6).

7.1 Qualitative indicators of peatland degradation

This study demonstrates that the analysis of stable carbon isotopes in depth profiles is a useful
tool to identify peatland degradation as well as to indicate the natural state of a peatland without
anthropogenic or climatic disturbance. The depth patterns of stable carbon isotopes in palsa
peatlands display the changes in decomposition processes of the peat material and indicate the
current palsa degradation by permafrost thaw and the historical permafrost aggradation
(chapter 2). The projected increase in temperature in the high northern latitudes (IPCC, 2013b)
will further increase the active layer thickness and decrease most likely the area suitable for palsa
peatlands. Although it is unsolved if the climate feedback of palsa degradation on the carbon
balance is positive or negative, the results of the §°C depth profiles in palsa peatlands have a
great potential for indicating paleoecological changes in these peatlands and to support the
understanding of future changes in permafrost peatlands.

The 8C depth profiles indicate historical degradation of the peat even though the current
situation presents a (near-) natural peatland (chapter 4). This could be used as a proxy for
degraded peatlands because dry peatlands influenced by historic drainage activities are supposed
to be carbon sources. Moreover, the usefulness of 6°C depth patterns as indicators of peatland
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degradation from the subarctic and the temperate region were validated by other indicators of
peat decomposition (C/N ratio and ash content) and peat degradation (carbon loss) (chapter 2
and chapter 4).

The assumed natural status of the minerotrophic and the ombrotrophic part in the Lakkasuo
peatland in Central Finland was confirmed by the stable carbon isotope depth profiles with a
uniform depth pattern (chapter 6). In contrast, both adjacent drained sites show increasing values
of stable isotopes in the depth profiles indicating aerobic decomposition of the peat.

With reference to stable nitrogen isotopes as indicators of peatland degradation, the influence of
other sources on the isotopic signal needs to be considered when interpreting the data of
intensively used peatland sites (chapter 4). Nevertheless, the stable nitrogen isotope depth
profiles in palsa peatlands could be used as indicators for changes in decomposition processes,
and, when relating to the C/N ratio, as indicators of soil perturbation (chapter 3).

To sum up, the 6"C depth patterns are a powerful tool to indicate the degradation/natural status
of a peatland independently of peatland type, climate region and degradation causes. In
accordance with other biogeochemical soil parameters the §'°C depth profiles serve as qualitative
indicators of peatland degradation. The 86N depth patterns can provide further qualitative
information on involved processes and indicate soil perturbation when relating to the C/N ratio.

7.2 Quantitative indicators of peatland degradation

The carbon balance calculations of degraded peatlands by different profile-based methods
demonstrated that these methods give valuable results regarding the evaluation of long-term soil
carbon balance. Impacts of the former management are indicated by the 6§"°C depth patterns and
the long-term carbon loss (chapter 4). Nevertheless, a clear distinction between the three sites
regarding the carbon balance by the profile-based methods can be derived through increasing
carbon loss parallel to increasing land use intensity (chapter 5). This highlights the great impact of
land use management on the carbon balance of agricultural used peatlands (IPCC, 2013a). A
change from intensive used sites to a more climate-friendly land use management, such as
extensification and raising the water table, will significantly reduce the greenhouse gas emissions
from drained peatlands. In Germany, for instance, the estimated reduction potential of
greenhouse gas emissions from drained peatlands by those changes is considerable proportion of
about 75 % of the current emissions (Freibauer et al., 2009).

The results of all applied methods in the Lakkasuo peatland in Central Finland confirm that in
boreal regions drainage for forestry increases the risk for losing carbon when the peatland is
minerotrophic (chapter 6). The comparison of four different profile-based methods has revealed
that the radiocarbon method determining the carbon stock above the same age of the peat at the
natural and drained site (method IV in chapter 6) appears to be the best method for estimating
the carbon balance of degraded peatlands because it provides a distinct age value as the absolute
reference.
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Even though the single measurements of radiocarbon signatures are expensive, the applied
profile-based methods are overall less time-consuming and cost-intensive than the flux
measurements and provide nonetheless quantitative results. The profile-based methods average
over the last several decades or centuries since the onset of peatland drainage, whereas chamber
and eddy covariance measurements capture measurement periods of only a few years and
present the year to year variation due to temperature, water table depth, precipitation changes
and net primary production.

To sum up, both profile-based approaches of soil ash content and radiocarbon signatures have
the potential to provide quantitative estimations of peatland carbon losses integrated over long
time periods. They deliver complementary results to the flux measurements in terms of total and
long-term carbon losses of the degraded peatland.

7.3 Outlook

During this PhD project several methods for qualitative and quantitative indicators of peatland
degradation were developed and evaluated. However, the results of the thesis also open a variety
of new questions and potential future research studies regarding peatland degradation.

Stable isotope depth profiles could be compared to other indicators of changes in peatland
hydrology or peatland decomposition like testate amoeba, peat humification and macrofossils. A
study by Alewell et al. (in prep.) investigates stable isotope depth profiles, peat humification
degree and macroscopic plant remains in two peatlands in the Black Forest, Southern Germany to
differentiate between growing and degrading peatland sites. Moreover, §C depth profiles can
detect degraded peatland sites which are not obviously influenced by drainage activities or which
have been affected by past drainage activities, as these sites are also losing carbon to the
atmosphere (Drosler et al., 2013). Furthermore, the application of the profile-based methods will
give estimations of quantitative carbon loss or gain of these sites.

The approach by changes in macroscopic plant remains and in testate amoeba composition could
also be applied to the palsa peatlands in Northern Sweden for paleohydrological reconstruction
and detecting permafrost aggradation. This paleoecological study is investigating the long-term
changes during the Holocene in these palsa peatlands and will give further insights into palsa
development. A higher resolution of soil sampling (<2 cm) in depth profiles of the palsa peatlands
may be necessary because of the low peat accumulation rates in these ecosystems and therefore
an alteration of the ecosystem within a few centimeters of the depth profile. Furthermore,
radiocarbon dating of the samples in the depth profiles where drastic changes are observed will
give quantitative carbon balance estimations of the different phases of palsa development and
palsa degradation. This will give further insights into the question whether degrading palsa
peatlands are carbon sinks or carbon sources and/or on which rates they are accumulating carbon
during the different phases.

Furthermore, the parameters influencing the §C and 8™N signal in peatland soils, such as the
isotopic signature of the vegetation and the effect of water table depth, presented, for instance,
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by Loisel et al. (2009), could be used in combination with the results of macroscopic plant remains
for paleohydrological studies of peatlands.

One further interesting topic is to determine the differences in organic matter quality of various
degraded peatlands, analysed by *C nuclear magnetic resonance (NMR) which is in preparation
(Leifeld et al., in prep.). Organic matter decomposition is may be an important factor controlling
peat decomposition rates and with this carbon losses of degraded peatlands (Leifeld et al., 2012).
A change in organic matter quality is also expected to occur in the depth profiles of the
hummocks from the palsa peatlands, with a drastic change in the peat material when lifted up by
permafrost.

To address the question whether boreal peatlands drained for forestry are carbon sinks or carbon
sources, the influencing factors on the carbon balance, such as nutrient status, drainage depth
and organic matter input, could be investigated in more detail, as these factors seems to be the
most important ones determining the soil carbon balance of these peatlands.

For a comprehensive comparison of the carbon balance calculations of degraded peatlands in
Germany, the profile-based methods could be applied on other sites from the joint research
project ‘organic soils’ (our results of the Ahlenfalkenberger Moor near Cuxhaven, Northern
Germany, were compared to the chamber measurements by Beetz et al. 2013 in chapter 5) and
could be compared to the performed flux measurements. To test if assumed natural peatlands
have been affected by (historic) degradation the &™C depth profiles can be applied for a
qualitative assessment. The sites include land uses and hydrological conditions of representative
peatlands in Northern and Southern Germany and will give an overview of the long-term emission
factors of drained peatlands in Germany. This allows a comparison of contemporary carbon
budgets with long-term carbon balances for managed peatlands. Finally, the profile-based data
could be used to improve carbon balance calculations of degraded peatlands on a landscape scale
and to assess long-term carbon balances of degraded peatlands under certain land use
management for upcoming decades.

86



Acknowledgements

Acknowledgements

o

| am grateful to Christine Alewell for the opportunity to work on this interesting project.
Thank you for your support, the scientific inputs and discussion as well as the nice working
atmosphere during the last four years.

| am also grateful to Jens Leifeld who was the second supervisor of my PhD project. Thank you
for your scientific inputs to the manuscripts, the discussions as well as your support during
the last four years.

| am very grateful to Karsten Kalbitz for being part of the PhD committee and taking the co-
referee of my thesis.

Axel Birkholz and Mark Rollog did a lot of stable isotope analyses and | am very grateful for
their work and help in the lab. Thank you for all the isotope data.

Further | want to thank Sénke Szidat from the University of Bern for radiocarbon analyses and
the age-depth models which really helped for the carbon loss calculations.

| would like to thank Martin Zuber from Agroscope Ziirich for the ash content analyses which
are necessary for the carbon loss calculations.

All co-authors are kindly acknowledged for their discussions and scientific inputs to the
manuscripts: Prof. Dr. Stephan Glatzel from University of Vienna, PD Dr. Sonke Szidat from
University of Bern, Dr. Kari Minkkinen from University of Helsinki and Dr. Franz Conen from
the University of Basel.

| would like to thank Pascal von Sengbusch for supporting me investigating the peatlands in
the Black Forest. | really enjoyed the field trips to the Black Forest and appreciate his
knowledge about the Black Forest peatlands.

Thanks to Sascha Beetz, Katharina Kriger, Andreas Schomburg, Reiner Giesler and Mats
Nilsson for the support during the sampling campaigns in the peatlands.

In the lab | am thankful for the support from Martin Ley, Leonore Wenzel and Judith Kobler
Waldis.

Thanks to all colleagues from Aquatic and Stable Isotope Biogeochemistry Group, University
of Basel for the good time in the Bernoullianum.

Thanks to the whole Environmental Geosciences Group for the coffee brakes, lunches,
Christmas parties, group events and discussions.

| would like to thank all PhD students of the group, namely Laura, Yael, Emiliano, Stefan,
Matthias and Simon, for the good time in Basel.

Thanks a lot to Friederike, Sonja and Emiliano for their constructive comments on my thesis.
Thanks to the SNF for the financial support of the project and to the INTERACT for the
financial support for the field trip to Abisko, Northern Sweden.

Thanks a lot to my family for all their support during my PhD in Basel.

| am deeply thankful to Inga, and since more than two years to Clara, you always support me
during my PhD. Thank you for all your patience and your encouragements during the time.

87



References

References

Accoe, F., Boeckx, P., Van Cleemput, O., and Hofman, G.: Relationship between soil organic C
degradability and the evolution of the 6§"3C signature in profiles under permanent grassland,
Rapid communications in mass spectrometry : RCM, 17, 2591-2596, 10.1002/rcm.1202,
2003.

Agren, G. 1., Bosatta, E., and Balesdent, J.: Isotope discrimination during decomposition of organic
matter: A theoretical analysis, Soil Sci. Soc. Am. J., 60, 1121-1126, 1996.

Ahrendt, R.: Die Entdeckung des Ahlenmoores - Aneignungen einer Landschaft in der ersten Halfte
des 20. Jahrhunderts, Beitrage zur Geschichte und Kultur des Elbe-Weser-Raumes, Verlag
des Landschaftsverband der ehemaligen Herzogtlimer Bremen und Verden, Stade, 2012.

Akerman, H. J., and Johansson, M.: Thawing permafrost and thicker active layers in sub-arctic
Sweden, Permafrost and Periglacial Processes, 19, 279-292, 10.1002/ppp.626, 2008.

Alewell, C., Giesler, R., Klaminder, J., Leifeld, J., and Rollog, M.: Stable carbon isotopes as
indicators for environmental change in palsa peats, Biogeosciences, 8, 1769-1778,
10.5194/bg-8-1769-2011, 2011.

Alm, J., Saarnio, S., Nykanen, H., Silvola, J., and Martikainen, P.: Winter CO,, CH, and N,O fluxes on
some natural and drained boreal peatlands, Biogeochemistry, 44, 163-186, 1999.

Andersson, R. A., Meyers, P., Hornibrook, E., Kuhry, P., and Moérth, C.-M.: Elemental and isotopic
carbon and nitrogen records of organic matter accumulation in a Holocene permafrost peat
sequence in the East European Russian Arctic, Journal of Quaternary Science, 27, 545-552,
10.1002/jqs.2541, 2012.

Asada, T., Warner, B., and Aravena, R.: Effects of the early stage of decomposition on change in
carbon and nitrogen isotopes inSphagnumlitter, Journal of Plant Interactions, 1, 229-237,
10.1080/17429140601056766, 2005a.

Asada, T., Warner, B. G., and Aravena, R.: Nitrogen isotope signature variability in plant species
from open peatland, Aquatic Botany, 82, 297-307, 10.1016/j.aquabot.2005.05.005, 2005b.

Asman, W. A. H,, Sutton, M. A., and Schjgrring, J. K.: Ammonia: emission, atmospheric transport
and deposition, New Phytol., 139, 27-48, 1998.

Backstrand, K., Crill, P. M., Jackowicz-Korczynski, M., Mastepanov, M., Christensen, T. R., and
Bastviken, D.: Annual carbon gas budget for a subarctic peatland, Northern Sweden,
Biogeosciences, 7, 95-108, 2010.

Baldocchi, D. D., Hincks, B. B., and Meyers, T. P.: Measuring biosphere-atmosphere exchanges of
biologically related gases with micrometeorological methods, Ecology, 1331-1340, 1988.

88



References

Bateman, A. S., and Kelly, S. D.: Fertilizer nitrogen isotope signatures, Isotopes in environmental
and health studies, 43, 237-247, 10.1080/10256010701550732, 2007.

Becker-Heidmann, P., and Scharpenseel, H. W.: Thin layer delta *C and D*C monitoring of"
lessive" soil profiles, Radiocarbon, 28, 383-390, 1986.

Beckmann, M., and Krahn, B.: Pflege- und Entwicklungskonzept Ahlen-Falkenberger Moor, BR
Lineburg, BUND-AGNL, Wagenfeld, 1991.

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

Beilman, D. W., MacDonald, G. M., Smith, L. C.,, and Reimer, P. J.: Carbon accumulation in
peatlands of West Siberia over the last 2000 years, Global Biogeochemical Cycles, 23, 2009.

Beller, J., Buchwald, C., and Doringshoff, J.: Pflege- und Entwicklungsplan Halemer See und
Dahlemer See mit Randzonen. Endbericht., edited by: AG, B. L., Freiburg, 1994.

Benner, R., Fogel, M. L., Sprague, E. K., and Hodson, R. E.: Depletion of *C in lignin and its
implications for stable carbon isotope studies, Nature, 329, 708-710, 1987.

Beyer, C., and Hoper, H.: Greenhouse gas exchange of rewetted bog peat extraction sites and a
Sphagnum cultivation site in northwest Germany, Biogeosciences, 12, 2101-2117, 2015.

Blaauw, M., and Christen, A.: Flexible Paleoclimate Age-Depth Models Using an Autoregressive
Gamma Process, Bayesian Analysis, 6, 457-474, 10.1214/11-ba618, 2011.

Boeckx, P., Paulino, L., Oyarzun, C., van Cleemput, O., and Godoy, R.: Soil 8N patterns in old-
growth forests of southern Chile as integrator for N-cycling, Isotopes in environmental and
health studies, 41, 249-259, 10.1080/10256010500230171, 2005.

Bosig, J., Johansson, M., Callaghan, T. V., Johansen, B., and Christensen, T. R.: Future vegetation
changes in thawing subarctic mires and implications for greenhouse gas exchange—a
regional assessment, Climatic Change, 115, 379-398, 10.1007/s10584-012-0445-1, 2012.

Bradley, R. S., and Jonest, P. D.: 'Little Ice Age'summer temperature variations: their nature and
relevance to recent global warming trends, The Holocene, 3, 367-376, 1993.

Bragazza, L., Limpens, J., Gerdol, R., Grosvernier, P., Hajek, M., Hajek, T., Hajkova, P., Hansen, .,
lacumin, P., Kutnar, L., Rydin, H., and Tahvanainen, T.: Nitrogen concentration and 5N
signature of ombrotrophic Sphagnum mosses at different N deposition levels in Europe,
Global Change Biology, 11, 106-114, 10.1111/j.1365-2486.2004.00886.x, 2005.

Bragazza, L., lacumin, P., Siffi, C., and Gerdol, R.: Seasonal variation in nitrogen isotopic
composition of bog plant litter during 3 years of field decomposition, Biology and Fertility of
Soils, 46, 877-881, 10.1007/s00374-010-0483-7, 2010.

89



References

Broder, T., Blodau, C., Biester, H., and Knorr, K. H.: Peat decomposition records in three pristine
ombrotrophic bogs in southern Patagonia, Biogeosciences, 9, 1479-1491, 10.5194/bg-9-
1479-2012, 2012.

Byrne, K. A., Chojnicki, B., Christensen, T. R., Drosler, M., Freibauer, A., Frolking, S., Lindroth, A,
Mailhammer, J., Malmer, N., Selin, P., Turunen, J., Valentini, R., and Zetterberg, L.: EU
Peatlands: current carbon stocks and trace gas fluxes, 1-58, 2004.

Christensen, T. R., T. Johansson, H.J. Akerman, M. Mastepanov, N. Malmer, T. Friborg, P. Crill and
B.H. Svensson: Thawing sub-arctic permafrost: Effects on vegetation and methane
emissions, Geophysical Research Letters, 31, 10.1029/2003gl018680, 2004.

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R., Galloway,
J., and Heimann, M.: Carbon and other biogeochemical cycles, in: Climate change 2013: the
physical science basis. Contribution of Working Group | to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change, Cambridge University Press, 465-570,
2014.

Clymo, R.: The limits to peat bog growth, Philosophical Transactions of the Royal Society of
London. B, Biological Sciences, 303, 605-654, 1984.

Clymo, R. S., and Bryant, C. L.: Diffusion and mass flow of dissolved carbon dioxide, methane, and
dissolved organic carbon in a 7-m deep raised peat bog, Geochimica et Cosmochimica Acta,
72,2048-2066, 10.1016/j.gca.2008.01.032, 2008.

Conen, F., Yakutin, M. V., Carle, N., and Alewell, C.: 8°N natural abundance may directly disclose
perturbed soil when related to C:N ratio, Rapid communications in mass spectrometry :
RCM, 27, 1101-1104, 10.1002/rcm.6552, 2013.

Couwenberg, J.: Emission factors for managed peat soils: an analysis of IPCC default values,
Wetlands International, Ede, 2009.

de Jong, R., Blaauw, M., Chambers, F. M., Christensen, T. R., Vleeschouwer, F., Finsinger, W.,
Fronzek, S., Johansson, M., Kokfelt, U., Lamentowicz, M., Roux, G., Mauquoy, D., Mitchell,
E. A. D.,, Nichols, J. E., Samaritani, E., and Geel, B.: Climate and Peatlands, 85-121,
10.1007/978-90-481-8716-4_5, 2010.

Dise, N. B.: Peatland response to global change, Science, 326, 810, 2009.

Dorrepaal, E., Toet, S., van Logtestijn, R. S. P., Swart, E., van de Weg, M. J,, Callaghan, T. V., and
Aerts, R.: Carbon respiration from subsurface peat accelerated by climate warming in the
subarctic, Nature, 460, 616-619, 10.1038/nature08216, 2009.

Drosler, M., Freibauer, A., Christensen, T. R., and Friborg, T.: Observations and Status of Peatland
Greenhouse Gas Emissions in Europe, in: The Continental-Scale Greenhouse Gas Balance of
Europe, edited by: Dolman, J., Valentini, R., and Freibauer, A., Springer, New York, 243-261,
2008.

90



References

Drosler, M., Adelmann, W., Augustin, J., Bergman, L., Beyer, C., Chojnicki, B., Forster, C.,
Freibauer, A., Giebels, M., Gorlitz, S., Hoper, H., Kantelhardt, J., Liebersbach, H., Hahn-
Schofl, M., Minke, M., Petschow, U., Pfadenhauer, J., Schaller, L., Schagner, P., Sommer, M.,
Thuille, A., and Werhan, M.: Klimaschutz durch Moorschutz, Schlussbericht des Vorhabens
"Klimaschutz - Moornutzungsstrategien" 2006-2010, Freisingen, 2013.

Dunn, A. L., Barford, C. C., Wofsy, S. C., Goulden, M. L., and Daube, B. C.: A long-term record of
carbon exchange in a boreal black spruce forest: means, responses to interannual
variability, and decadal trends, Global Change Biology, 13, 577-590, 10.1111/j.1365-
2486.2006.01221.x, 2007.

Ellenberg, H.: NaturgemalRe Anbauplanung, Melioration und Landespflege. Landwirtschaftliche
Pflanzensoziologie Ill, Stuttgart, 109 pp., 1954.

Engel, Z., Skrzypek, G., Paul, D., Drzewicki, W., and Nyvlt, D.: Sediment lithology and stable isotope
composition of organic matter in a core from a cirque in the KrkonoSe Mountains, Czech
Republic, Journal of Paleolimnology, 43, 609-624, 10.1007/s10933-009-9356-1, 2010.

Esmeijer-Liu, A. J., Kurschner, W. M., Lotter, A. F., Verhoeven, J. T., and Goslar, T.: Stable carbon
and nitrogen isotopes in a peat profile are influenced by early stage diagenesis and changes
in atmospheric CO, and N deposition, Water, air, and soil pollution, 223, 2007-2022,
10.1007/s11270-011-1001-8, 2012.

Ewing, J. M., and Vepraskas, M. J.: Estimating primary and secondary subsidence in an organic soil
15, 20, and 30 years after drainage, Wetlands, 26, 119-130, 2006.

Fenner, N., and Freeman, C.: Drought-induced carbon loss in peatlands, Nature Geoscience, 4,
895-900, 2011.

Frank, S., Tiemeyer, B., Gelbrecht, J., and Freibauer, A.: High soil solution carbon and nitrogen
concentrations in a drained Atlantic bog are reduced to natural levels by 10 years of
rewetting, Biogeosciences, 11, 2309-2324, 10.5194/bg-11-2309-2014, 2014.

Freibauer, A., Drosler, M., Gensior, A., and Schulze, E.-D.: Das Potenzial von Waldern und Mooren
fiir den Klimaschutz in Deutschland und auf globaler Ebene, Natur und Landschaft, 84, 20-
25, 2009.

Frolking, S., and Roulet, N. T.: Holocene radiative forcing impact of northern peatland carbon
accumulation and methane emissions, Global Change Biology, 13, 1079-1088,
10.1111/j.1365-2486.2007.01339.%, 2007.

Fronzek, S., Luoto, M., and Carter, T. R.: Potential effect of climate change on the distribution of
palsa mires in subarctic Fennoscandia, Climate Research, 32, 1-12, 2006.

Fronzek, S., Carter, T., Radisdanen, J., Ruokolainen, L., and Luoto, M.: Applying probabilistic
projections of climate change with impact models: a case study for sub-arctic palsa mires in
Fennoscandia, Climatic Change, 99, 515-534, 10.1007/s10584-009-9679-y, 2010.

91



References

Fry, B.: Stable isotope ecology, Springer Science & Business Media, 2007.
Godwin, H.: Half-life of radiocarbon, Nature, 195, 1962.

Gorham, E.: Northern Peatlands - Role in the Carbon-Cycle and Probable Responses to Climate
Warming, Ecol. Appl., 1, 182-195, 10.2307/1941811, 1991.

Grgnlund, A., Hauge, A., Hovde, A., and Rasse, D. P.: Carbon loss estimates from cultivated peat
soils in Norway: a comparison of three methods, Nutrient Cycling in Agroecosystems, 81,
157-167, 10.1007/s10705-008-9171-5, 2008.

Hobbie, E., and Hobbie, J.: Natural abundance of 15N in nitrogen-limited forests and tundra can
estimate nitrogen cycling through mycorrhizal fungi: a review, Ecosystems, 11, 815-830,
2008.

Hobbie, E. A., and Ouimette, A. P.: Controls of nitrogen isotope patterns in soil profiles,
Biogeochemistry, 95, 355-371, 2009.

Hodgkins, S. B., Tfaily, M. M., McCalley, C. K., Logan, T. A., Crill, P. M., Saleska, S. R., Rich, V. I., and
Chanton, J. P.: Changes in peat chemistry associated with permafrost thaw increase
greenhouse gas production, Proceedings of the National Academy of Sciences, 111, 5819-
5824, 2014.

Hogberg, P.: Forests losing large quantities of nitrogen have elevated °N:**N ratios, Oecologia, 84,
229-231, 1990.

Hogberg, P., and Johannisson, C.: >N abundance of forests is correlated with losses of nitrogen,
Plant and Soil, 157, 147-150, 1993.

Hogberg, P.: Tansley review No 95 - °N natural abundance in soil-plant systems, New Phytol., 137,
179-203, 10.1046/j.1469-8137.1997.00808.x, 1997.

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

Hooijer, A., Page, S., Jauhiainen, J., Lee, W. A., Lu, X. X,, Idris, A., and Anshari, G.: Subsidence and
carbon loss in drained tropical peatlands, Biogeosciences, 9, 1053-1071, 10.5194/bg-9-
1053-2012, 2012.

Hoper, H.: Freisetzung von Treibhausgasen aus deutschen Mooren, TELMA, 37, 85-116, 2007.

Hornibrook, E. R. C., Longstaffe, F. J., Fyfe, W. S., and Bloom, Y.: Carbon-isotope ratios and carbon,
nitrogen and sulfur abundances in flora and soil organic matter from a temperate-zone bog
and marsh, Geochem. J., 34, 237-245, 2000.

Hua, Q., Barbetti, M., and Rakowski, A. Z.: Atmospheric radiocarbon for the period 1950-2010,
Radiocarbon, 55, 2059-2072, 2013.

92



References

IPCC: Supplement to the 2006 IPCC Guidlines for National Greenhosue Gas Inventories: Wetlands
2013a.

IPCC: Summary for policymakers, in: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group | to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change, edited by: Stocker, T. F., D. Qin, G.-K., Plattner, M., Tignor, S. K.,
Allen, J., Boschung, A., Nauels, Y., Xia, V. B., and Midgley, P. M., Cambridge University Press,
Cambridge, UK and New York, USA, 2013b.

Ise, T., Dunn, A. L., Wofsy, S. C., and Moorcroft, P. R.: High sensitivity of peat decomposition to
climate change through water-table feedback, Nature Geoscience, 1, 763-766, 2008.

Johansson, T., Malmer, N., Crill, P. M., Friborg, T., Akerman, J. H., Mastepanov, M., and
Christensen, T. R.: Decadal vegetation changes in a northern peatland, greenhouse gas
fluxes and net radiative forcing, Global Change Biology, 12, 2352-2369, 10.1111/j.1365-
2486.2006.01267.x, 2006.

Jones, M. C., Peteet, D. M., and Sambrotto, R.: Late-glacial and Holocene N and §"C variation
from a Kenai Peninsula, Alaska peatland, Palaeogeography, Palaeoclimatology,
Palaeoecology, 293, 132-143, 10.1016/j.palae0.2010.05.007, 2010.

Joosten, H., and Clarke, D.: The wise use of mires and peatlands - Background and principles
including a framework for decision-making, 2002.

Joosten, H.: The Global Peatland CO, Picture: peatland status and drainage related emissions in all
countries of the world, Wetlands International, Ede, 2010.

Jungkunst, H. F., Kriiger, J. P., Heitkamp, F., Erasmi, S., Fiedler, S., Glatzel, S., and Lal, R.:
Accounting More Precisely for Peat and Other Soil Carbon Resources, in: Recarbonization of
the biosphere — ecosystems and the global carbon cycle, edited by: Lal, R., Lorenz, K., Hittl,
R.F.J., Schneider, B.U., & von Braun, J., Springer, Amsterdam, Netherlands, 127-157, 2012.

Kalbitz, K., Geyer, S., and Gehre, M.: Land use impacts on the isotopic signature (C-13, C-14, N-15)
of water-soluble fulvic acids in a German fen area, Soil Sci., 165, 728-736,
10.1097/00010694-200009000-00006, 2000.

Keuper, F., Bodegom, P. M., Dorrepaal, E., Weedon, J. T., Hal, J., Logtestijn, R. S., and Aerts, R.: A
frozen feast: thawing permafrost increases plant-available nitrogen in subarctic peatlands,
Global Change Biology, 18, 1998-2007, 2012.

Klaminder, J., Yoo, K., Rydberg, J., and Giesler, R.: An explorative study of mercury export from a
thawing palsa mire, Journal of Geophysical Research: Biogeosciences, 113, 2008.

Kohzu, A., Matsui, K., Yamada, T., Sugimoto, A., and Fujita, N.: Significance of rooting depth in
mire plants: evidence from natural >N abundance, Ecological Research, 18, 257-266, 2003.

Kokfelt, U., Reuss, N., Struyf, E., Sonesson, M., Rundgren, M., Skog, G., Rosén, P., and
Hammarlund, D.: Wetland development, permafrost history and nutrient cycling inferred

93



References

from late Holocene peat and lake sediment records in subarctic Sweden, Journal of
Paleolimnology, 44, 327-342, 10.1007/s10933-010-9406-8, 2010.

Kriiger, J. P., Leifeld, J., and Alewell, C.: Degradation changes stable carbon isotope depth profiles
in palsa peatlands, Biogeosciences, 11, 3369-3380, 10.5194/bg-11-3369-2014, 2014.

Kriger, J. P., Leifeld, J., Glatzel, S., and Alewell, C.: Soil carbon loss from managed peatlands along
a land use gradient - a comparison of three different methods, Bulletin BGS, 36, 45-50,
2015a.

Kriiger, J. P., Leifeld, J., Glatzel, S., Szidat, S., and Alewell, C.: Biogeochemical indicators of
peatland degradation — a case study of a temperate bog in northern Germany,
Biogeosciences, 12, 2861-2871, 10.5194/bg-12-2861-2015, 2015b.

Krull, E. S., and Retallack, G. J.: 6©°C depth profiles from paleosols across the Permian-Triassic
boundary: Evidence for methane release, Geological Society of America Bulletin, 112, 1459-
1472, 2000.

Kuhry, P., and Vitt, D. H.: Fossil carbon/nitrogen ratios as a measure of peat decomposition,
Ecology, 77, 271-275, 1996.

Laine, J., Vasander, H., and A., P.: A method to estimate the effect of forest draiange on the
carbon store of a mire, Suo, 43, 227-230, 1992.

Laine, J., Komulainen, V., Laiho, R., Minkkinen, K., Rasinmaki, A., Sallantaus, T., Sarkkola, S., Silvan,
N., Tolonen, K., and Tuittila, E.: Lakkasuo: a guide to mire ecosystem, Department of Forest
Ecology, University of Helsinki, Helsinki, 2004.

Laine, J., Laiho, R., Minkkinen, K., and Vasander, H.: Forestry and boreal peatlands, in: Boreal
peatland ecosystems, edited by: Wieder, R. K., and Vitt, D. H., Springer, 331-357, 2006.

Lal, R.: Carbon sequestration, Philosophical transactions of the Royal Society of London. Series B,
Biological sciences, 363, 815-830, 10.1098/rstb.2007.2185, 2008.

Leifeld, J., Gubler, L., and Griinig, A.: Organic matter losses from temperate ombrotrophic
peatlands: an evaluation of the ash residue method, Plant and Soil, 341, 349-361,
10.1007/s11104-010-0649-y, 2011a.

Leifeld, J., Mdller, M., and Fuhrer, J.: Peatland subsidence and carbon loss from drained
temperate fens, Soil Use and Management, 27, 170-176, 10.1111/j.1475-
2743.2011.00327.x, 2011b.

Leifeld, J., Steffens, M., and Galego-Sala, A.: Sensitivity of peatland carbon loss to organic matter
quality, Geophysical Research Letters, 39, 10.1029/2012gl051856, 2012.

Leifeld, J., Bader, C., Borraz, E., Hoffmann, M., Giebels, M., Sommer, M., and Augustin, J.: Are C-
loss rates from drained peatlands constant over time? The additive value of soil profile

94



References

based and flux budget approach, Biogeosciences Discuss., 11, 12341-12373, 10.5194/bgd-
11-12341-2014, 2014.

Limpens, J., Berendse, F., Blodau, C., Canadell, J., Freeman, C., Holden, J., Roulet, N., Rydin, H., and
Schaepman-Strub, G.: Peatlands and the carbon cycle: from local processes to global
implications—a synthesis, Biogeosciences, 5, 1475-1491, 2008.

Lindroth, A., Grelle, A., and Morén, A. S.: Long-term measurements of boreal forest carbon
balance reveal large temperature sensitivity, Global Change Biology, 4, 443-450, 1998.

Lohila, A., Minkkinen, K., Aurela, M., Tuovinen, J. P., Penttild, T., Ojanen, P., and Laurila, T.:
Greenhouse gas flux measurements in a forestry-drained peatland indicate a large carbon
sink, Biogeosciences, 8, 3203-3218, 10.5194/bg-8-3203-2011, 2011.

Loisel, J., Garneau, M., and Hélie, J.-F.: Modern Sphagnum &"C signatures follow a surface
moisture gradient in two boreal peat bogs, James Bay lowlands, Québec, Journal of
Quaternary Science, 24, 209-214, 10.1002/jgs.1221, 2009.

Loisel, J., Gallego-Sala, A. V., and Yu, Z.: Global-scale pattern of peatland Sphagnum growth driven
by photosynthetically active radiation and growing season length, Biogeosciences, 9, 2737-
2746, 2012.

Loisel, J., and Yu, Z.: Recent acceleration of carbon accumulation in a boreal peatland, south
central Alaska, Journal of Geophysical Research: Biogeosciences, 118, 41-53, 2013.

Lund, M., Christensen, T., Mastepanov, M., Lindroth, A., and Strém, L.: Effects of N and P
fertilization on the greenhouse gas exchange in two northern peatlands with contrasting N
deposition rates, Biogeosciences, 6, 2135-2144, 2009.

Luoto, M., and Seppéld, M.: Modelling the distribution of palsas in Finnish Lapland with logistic
regression and GIS, Permafrost and Periglacial Processes, 13, 17-28, 10.1002/ppp.404,
2002.

Luoto, M., and Seppala, M.: Thermokarst ponds as indicators of the former distribution of palsas
in Finnish Lapland, Permafrost and Periglacial Processes, 14, 19-27, 10.1002/ppp.441, 2003.

Luoto, M., Fronzek, S., and Zuidhoff, F. S.: Spatial modelling of palsa mires in relation to climate in
northern Europe, Earth Surf. Process. Landf., 29, 1373-1387, 10.1002/esp.1099, 2004a.

Luoto, M., Heikkinen, R. K., and Carter, T. R.: Loss of palsa mires in Europe and biological
consequences, Environmental Conservation, 31, 30-37, 10.1017/s0376892904001018,
2004b.

Maljanen, M., Hytonen, J., and Martikainen, P. J.: Fluxes of N,0O, CH, and CO, on afforested boreal
agricultural soils, Plant and Soil, 231, 113-121, 10.1023/a:1010372914805, 2001.

95



References

Maljanen, M., Sigurdsson, B. D., Gudmundsson, J., Oskarsson, H., Huttunen, J. T., and Martikainen,
P. J.: Greenhouse gas balances of managed peatlands in the Nordic countries — present
knowledge and gaps, Biogeosciences, 7, 2711-2738, 10.5194/bg-7-2711-2010, 2010.

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

Malmer, N., and Wallen, B.: Peat formation and mass balance in subarctic ombrotrophic
peatlands around Abisko, northern Scandinavia, in: Ecological Bulletins; Plant ecology in the
subarctic Swedish Lapland, edited by: Karlsson, P. S., and Callaghan, T. V., Ecological
Bulletins, Munksgaard {a}, 35 Norre Sogade, DK 1370 Copenhagen, Denmark, 79-92, 1996.

Malmer, N., and Wallén, B.: Peat formation and mass balance in subarctic ombrotrophic
peatlands around Abisko, northern Scandinavia, Ecological Bulletins, 45, 79-92, 1996.

Malmer, N., Johansson, T., Olsrud, M., and Christensen, T. R.: Vegetation, climatic changes and
net carbon sequestration in a North-Scandinavian subarctic mire over 30 years, Global
Change Biology, 0, 1893-1909, 10.1111/j.1365-2486.2005.01042.x, 2005.

Martikainen, P. J., Nykdanen, H., Alm, J., and Silvola, J.: Change in fluxes of carbon dioxide,
methane and nitrous oxide due to forest drainage of mire sites of different trophy, Plant
and Soil, 168, 571-577, 1995.

Marushchak, M. E., Pitkdmaki, A., Koponen, H., Biasi, C., Seppald, M., and Martikainen, P. J.: Hot
spots for nitrous oxide emissions found in different types of permafrost peatlands, Global
Change Biology, 17, 2601-2614, 10.1111/j.1365-2486.2011.02442.x, 2011.

Ménot, G., and Burns, S. J.: Carbon isotopes in ombrogenic peat bog plants as climatic indicators:
calibration from an altitudinal transect in Switzerland, Organic Geochemistry, 32, 233-245,
2001.

Meusburger, K., Mabit, L., Park, J. H., Sandor, T., and Alewell, C.: Combined use of stable isotopes
and fallout radionuclides as soil erosion indicators in a forested mountain site, South Korea,
Biogeosciences, 10, 5627-5638, 10.5194/bg-10-5627-2013, 2013.

Meyer, A., Tarvainen, L., Nousratpour, A., Bjork, R. G., Ernfors, M., Grelle, A., Kasimir Klemedtsson,
A., Lindroth, A., Rantfors, M., Ritting, T., Wallin, G., Weslien, P., and Klemedtsson, L.: A
fertile peatland forest does not constitute a major greenhouse gas sink, Biogeosciences, 10,
7739-7758, 10.5194/bg-10-7739-2013, 2013.

Minkkinen, K., and Laine, J.: Long-term effect of forest drainage on the peat carbon stores of pine
mires in Finland, Canadian Journal of Forest Research, 28, 1267-1275, 1998a.

Minkkinen, K., and Laine, J.: Effect of forest drainage on the peat bulk density of pine mires in
Finland, Canadian Journal of Forest Research, 28, 178-186, 1998b.

96



References

Minkkinen, K., Vasander, H., Jauhiainen, S., Karsisto, M., and Laine, J.: Post-drainage changes in
vegetation composition and carbon balance in Lakkasuo mire, Central Finland, Plant and
Soil, 207, 107-120, 10.1023/a:1004466330076, 1999.

Minkkinen, K., Korhonen, R., Savolainen, I., and Laine, J.: Carbon balance and radiative forcing of
Finnish peatlands 1900-2100 — the impact of forestry drainage, Global Change Biology, 8,
785-799, 2002.

Minkkinen, K., Laine, J., Shurpali, N. J., Mékiranta, P., Alm, J., and Penttild, T.: Heterotrophic soil
respiration in forestry-drained peatlands, Boreal environment research, 12, 115-126, 2007.

Minkkinen, K., Byrne, K. A., and Trettin, C.: Climate impacts of peatland forestry, in: Peatland and
Climate Change edited by: Strack, M., International Peat Society, 98-122, 2008.

Nadelhoffer, K., Shaver, G., Fry, B., Giblin, A., Johnson, L., and McKane, R.: °N natural abundances
and N use by tundra plants, Oecologia, 107, 386-394, 1996.

Nadelhoffer, K. J., and Fry, B.: Controls on Natural Nitrogen-15 and Carbon-13 Abundances in
Forest Soil Organic Matter, Soil Sci. Soc. Am. J, 52, 1633-1640,
10.2136/ss5aj1988.03615995005200060024x, 1988.

Nemec, M., Wacker, L., and Gaggeler, H.: Optimization of the graphitization process at AGE-1,
Radiocarbon, 52, 1380-1393, 2010.

Nilsson, M., Sagerfors, J., Buffam, I., Laudon, H., Eriksson, T., Grelle, A., Klemedtsson, L., Weslien,
P., and Lindroth, A.: Contemporary carbon accumulation in a boreal oligotrophic
minerogenic mire - a significant sink after accounting for all C-fluxes, Global Change Biology,
14, 2317-2332,10.1111/j.1365-2486.2008.01654.x, 2008.

Nordbakken, J., Ohlsen, M., and Hogberg, P.: Boreal bog plants: nitrogen sources and uptake of
recently deposited nitrogen, Environmental Pollution, 126, 191-200, 10.1016/s0269-
7491(03)00194-5, 2003.

Novak, M., Buzek, F., and Adamova, M.: Vertical trends in 613C, 615N and 634S ratios in bulk
Sphagnum peat, Soil Biology and Biochemistry, 31, 1343-1346, 1999.

Ojanen, P., Minkkinen, K., Alm, J., and Penttild, T.: Soil-atmosphere CO,, CH,; and N,O fluxes in
boreal forestry-drained peatlands, Forest Ecology and Management, 260, 411-421,
10.1016/j.foreco.2010.04.036, 2010.

Ojanen, P., Minkkinen, K., and Penttil3, T.: The current greenhouse gas impact of forestry-drained
boreal peatlands, Forest Ecology and Management, 289, 201-208,
10.1016/j.foreco.2012.10.008, 2013.

Ojanen, P., Lehtonen, A., Heikkinen, J., Penttild, T., and Minkkinen, K.: Soil CO, balance and its
uncertainty in forestry-drained peatlands in Finland, Forest Ecology and Management, 325,
60-73, 10.1016/j.foreco.2014.03.049, 2014.

97



References

Oksanen, P. O.: Development of palsa mires on the northern European continent in relation to
Holocene climatic and environmental changes, University of Oulu, 2005.

Olefeldt, D., and Roulet, N. T.: Effects of permafrost and hydrology on the composition and
transport of dissolved organic carbon in a subarctic peatland complex, Journal of
Geophysical Research, 117, 10.1029/2011jg001819, 2012.

Olefeldt, D., Roulet, N. T., Bergeron, O., Crill, P., Backstrand, K., and Christensen, T. R.: Net carbon
accumulation of a high-latitude permafrost palsa mire similar to permafrost-free peatlands,
Geophysical Research Letters, 39, 10.1029/2011gl050355, 2012.

Page, S. E., Rieley, J. O., and Banks, C. J.: Global and regional importance of the tropical peatland
carbon pool, Global Change Biology, 17, 798-818, 2011.

Pengerud, A., Cécillon, L., Johnsen, L., Rasse, D., and Strand, L.: Permafrost Distribution Drives Soil
Organic Matter Stability in a Subarctic Palsa Peatland, Ecosystems, 16, 934-947,
10.1007/s10021-013-9652-5, 2013.

Pitkdnen, A., Turunen, J., and Simola, H.: Comparison of different types of peat corers in
volumetric sampling, Suo, 62, 51-57, 2011.

Pitkanen, A., Turunen, J., Tahvanainen, T., and Simola, H.: Carbon storage change in a partially
forestry-drained boreal mire determined through peat column inventories, Boreal
environment research, 18, 223-234, 2013.

Price, G. D., McKenzie, J. E., Pilcher, J. R., and Hoper, S. T.: Carbon-isotope variation in Sphagnum
from hummock-hollow complexes: implications for Holocene climate reconstruction, The
Holocene, 7, 229-233, 10.1177/095968369700700211, 1997.

Reimer, P. )., Bard, E., Bayliss, A., Beck, J. W., Blackwell, P. G., Ramsey, C. B., Buck, C. E., Cheng, H.,
Edwards, R. L., Friedrich, M., Grootes, P. M., Guilderson, T. P., Haflidason, H., Hajdas, I.,
Hatte, C., Heaton, T. J., Hoffmann, D. L., Hogg, A. G., Hughen, K. A, Kaiser, K. F., Kromer, B.,
Manning, S. W., Niu, M., Reimer, R. W., Richards, D. A,, Scott, E. M., Southon, J. R., Staff, R.
A., Turney, C. S. M., and van der Plicht, J.: Intcall3 and Marinel3 radiocarbon age
calibration curves 0-50,000 years cal BP, Radiocarbon, 55, 1869-1887, 2013.

Repo, M. E., Susiluoto, S., Lind, S. E., Jokinen, S., Elsakov, V., Biasi, C., Virtanen, T., and
Martikainen, P. J.: Large N,O emissions from cryoturbated peat soil in tundra, Nature
Geoscience, 2, 189-192, 10.1038/ngeo434, 2009.

Robinson, D.: 8N as an integrator of the nitrogen cycle, Trends in Ecology & Evolution, 16, 153-
162, 2001.

Rogiers, N., Conen, F., Furger, M., Stockli, R., and Eugster, W.: Impact of past and present land-
management on the C-balance of a grassland in the Swiss Alps, Global Change Biology,
10.1111/j.1365-2486.2008.01680.x, 2008.

98



References

Rydberg, J., Klaminder, J., Rosen, P., and Bindler, R.: Climate driven release of carbon and mercury
from permafrost mires increases mercury loading to sub-arctic lakes, The Science of the
total environment, 408, 4778-4783, 10.1016/j.scitotenv.2010.06.056, 2010.

Sagerfors, J., Lindroth, A., Grelle, A., Klemedtsson, L., Weslien, P., and Nilsson, M.: Annual CO,
exchange between a nutrient-poor, minerotrophic, boreal mire and the atmosphere,
Journal of Geophysical Research: Biogeosciences, 113, 2008.

Schaub, M., and Alewell, C.: Stable carbon isotopes as an indicator for soil degradation in an
alpine environment (Urseren Valley, Switzerland), Rapid communications in mass
spectrometry : RCM, 23, 1499-1507, 10.1002/rcm.4030, 2009.

Schneekloth, H.: Das Ahlen—Falkenberger Moor — eine moorgeologische Studie mit Beitragen zur
Altersfrage des Schwarz-/WeiRtorfkontaktes und zur Stratigraphie des Kistenholozéns,
Geologisches Jahrbuch, edited by: Lang, D. H., Hannover, 1970.

Schneekloth, H.: Die Moore in Niedersachsen, in Bereich der Blatter Neumiinster, Helgoland
Emden und Lingen der Geologischen Karte der Bundesrepublik Deutschland (1:200000),
Gottinger Tageblatt, Gottingen, 1981.

Schuur, E. A., and Abbott, B.: High risk of permafrost thaw, Nature, 480, 32-33, 2011, 2011.

Schuur, E. A. G., Vogel, J. G., Crcummer, K. G., Lee, H., Sickman, J. O., and Osterkamp, T. E.: The
effect of permafrost thaw on old carbon release and net carbon exchange from tundra,
Nature, 459, 556-559, 10.1038/nature08031, 2009.

Seppald, M.: Surface abrasion of palsas by wind action in Finnish Lapland, Geomorphology, 52,
141-148, 10.1016/s0169-555x(02)00254-4, 2003.

Seppala, M.: Dating of palsas, Quaternary studies in the northern and Arctic regions of Finland.
Geological Survey of Finland, Special Paper, 40, 79-84, 2005.

Seppala, M.: Palsa mires in Finland, The Finnish environment, 23, 155-162, 2006.

Sharma, S., Mora, G., Johnston, J. W., and Thompson, T. A.: Stable isotope ratios in swale
sequences of Lake Superior as indicators of climate and lake level fluctuations during the
Late Holocene, Quaternary Science Reviews, 24, 1941-1951,
10.1016/j.quascirev.2004.11.009, 2005.

Shotyk, W., Weiss, D., Appleby, P., Cheburkin, A., Frei, R., Gloor, M., Kramers, J., Reese, S., and
Van Der Knaap, W.: History of atmospheric lead deposition since 12,370 **C yr BP from a
peat bog, Jura Mountains, Switzerland, Science, 281, 1635-1640, 1998.

Silvola, J., Alm, J., Ahlholm, U., Nykanen, H., and Martikainen, P. J.: CO, fluxes from peat in boreal
mires under varying temperature and moisture conditions, Journal of Ecology, 219-228,
1996.

99



References

Simola, H., Pitkdnen, A., and Turunen, J.: Carbon loss in drained forestry peatlands in Finland,
estimated by re-sampling peatlands surveyed in the 1980s, European Journal of Soil
Science, 63, 798-807, 10.1111/j.1365-2389.2012.01499.x, 2012.

Skrzypek, G., Paul, D., and Wojtun, B.: Stable isotope composition of plants and peat from Arctic
mire and geothermal area in Iceland, Polish Polar Research, 29, 365-376, 2008.

Strack, M., Waddington, J., Turetsky, M., Roulet, N., and Byrne, K.: Northern peatlands,
greenhouse gas exchange and climate change, in: Peatlands and climate change, edited by:
Strack, M., International Peat Society, 44-69, 2008.

Synal, H.-A., Stocker, M., and Suter, M.: MICADAS: a new compact radiocarbon AMS system,
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms, 259, 7-13, 2007.

Szidat, S., Salazar, G. A., Vogel, E., Battaglia, M., Wacker, L., Synal, H.-A., and Turler, A.: 14C
Analysis and Sample Preparation at the New Bern Laboratory for the Analysis of
Radiocarbon with AMS (LARA), Radiocarbon, 56, 561-566, DOI: 10.2458/56.17457, 2014.

Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhitova, G., and Zimov, S.: Soil organic
carbon pools in the northern circumpolar permafrost region, Global Biogeochemical Cycles,
23,10.1029/2008gb003327, 2009.

Treat, C. C., and Frolking, S.: Carbon Storage: A permafrost carbon bomb?, Nature Climate
Change, 3, 865-867, 10.1038/nclimate2010, 2013.

Turetsky, M. R.: Decomposition and Organic Matter Quality in Continental Peatlands: The Ghost of
Permafrost Past, Ecosystems, 7, 740-750, 10.1007/s10021-004-0247-z, 2004.

Turunen, J., Tomppo, E., Tolonen, K., and Reinikainen, A.: Estimating carbon accumulation rates of
undrained mires in Finland — application to boreal and subarctic regions, The Holocene, 12,
69-80, 10.1191/0959683602hI522rp, 2002.

Van den Akker, J., Berglund, K., and Berglund, O.: Decline in soil organic matter in peatsoils, in:
Soil threats in Europe, edited by: Jannes Stolte, Mehreteab Tesfai, Lillian @ygarden, Sigrun
Kvaerng, Jacob Keizer, Frank Verheijen, Panos Panagos, Cristiano Ballabio, and Hessel, R.,
Luxembourg, 2016.

von Arnold, K., Nilsson, M., Hanell, B., Weslien, P., and Klemedtsson, L.: Fluxes of CO,, CH, and
N,O from drained organic soils in deciduous forests, Soil Biology and Biochemistry, 37,
1059-1071, 10.1016/j.s0ilbio.2004.11.004, 2005.

Watzka, M., Buchgraber, K., and Wanek, W.: Natural 15N abundance of plants and soils under
different management practices in a montane grassland, Soil Biology and Biochemistry, 38,
1564-1576, 10.1016/j.s0ilbio.2005.11.007, 2006.

100



References

Wynn, J. G.: Carbon isotope fractionation during decomposition of organic matter in soils and
paleosols: Implications for paleoecological interpretations of paleosols, Palaeogeography,
Palaeoclimatology, Palaeoecology, 251, 437-448, 10.1016/j.palaeo.2007.04.009, 2007.

Yu, Z., Beilman, D. W., and Jones, M. C.: Sensitivity of northern peatland carbon dynamics to
Holocene climate change, in: Carbon cycling in northern peatlands, edited by: Baird, A. J.,
Belyea, L. R., Comas, X., Reeve, A. S., and Slater, L. D., Washington, D. C., 55-69, 2009.

Yu, Z., Loisel, J., Brosseau, D. P., Beilman, D. W., and Hunt, S. J.: Global peatland dynamics since
the Last Glacial Maximum, Geophysical Research Letters, 37, 2010.

Yu, Z., Beilman, D. W., Frolking, S., MacDonald, G. M., Roulet, N. T., Camil, P., and Charman, D. J.:
Peatlands an Their Role in the Global Carbon Cycle, EQS, 92, 97-106, 2011.

Yu, Z.: Northern peatland carbon stocks and dynamics: a review, Biogeosciences, 9, 4071-4085,
2012.

Zaccone, C., Casiello, G., Longobardi, F., Bragazza, L., Sacco, A., and Miano, T. M.: Evaluating the
‘conservative’ behavior of stable isotopic ratios (6"*C, "N, and §'0) in humic acids and
their reliability as paleoenvironmental proxies along a peat sequence, Chemical Geology,
285, 124-132, 10.1016/j.chemgeo0.2011.03.018, 2011.

Zuidhoff, F. S., and Kolstrup, E.: Changes in palsa distribution in relation to climate change in
Laivadalen, northern Sweden, especially 1960-1997, Permafrost and Periglacial Processes,
11, 55-69, 2000.

101



Appendix

Appendix

Appendix 1: Supplementary materials of the publications
Appendix 1.1 Supplementary materials of chapter 2

The following tables are the supplementary materials of the chapter 2 (Kriiger, J. P., Leifeld, J., and
Alewell, C.: Degradation changes stable carbon isotope depth profiles in palsa peatlands,
Biogeosciences 11: 3369-3380) of the thesis.

Table A1.1: 6°C, C and N content of hummocks at the three palsa peatlands

site depth [cm] 8C [%o] C [%] N [%] C/N ratio
SDhul 1.3 -26.51 47.53 1.34 30.50
3.8 -26.88 49.22 1.46 28.85
6.3 -26.66 49.45 1.50 28.21
8.8 -27.31 42.42 1.64 22.21
11.3 -27.55 43.26 2.04 18.15
13.8 -28.68 9.42 0.42 19.27
SDhu2 1.3 -26.02 45.26 0.84 46.27
3.8 -26.19 48.92 1.04 40.17
6.3 -25.11 47.20 0.96 41.96
8.8 -27.35 51.17 1.40 31.30
11.4 -26.32 50.84 1.32 32.91
13.9 -26.27 51.11 1.43 30.62
16.4 -25.91 50.28 1.49 29.03
18.9 -25.95 49.86 1.76 24.33
215 -26.79 48.85 2.29 18.27
24.0 -27.77 40.18 2.05 16.85
26.5 -26.78 34.44 1.60 18.48
29.1 -27.47 24.85 1.41 15.15
31.6 -27.10 39.04 2.32 14.42
34.1 -27.70 45.98 2.79 14.14
36.6 -27.62 48.03 2.98 13.84
39.2 -27.36 49.36 3.05 13.89
41.7 -26.95 43.85 2.21 17.05
44.2 -26.32 43.71 1.66 22.60
46.7 -26.43 42.08 1.81 19.89
SDhu3 1.1 -26.82 47.57 1.08 37.83
3.3 -27.09 50.25 0.92 46.67
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SFhul

5.5
7.7
9.9
12.1
14.4
16.6
18.8
21.0
23.2
254
27.6
29.8
32.0
34.2
36.4
38.6
40.9
43.1
45.3
47.5
49.7
1.0
3.1
51
7.2
9.3
11.3
13.4
154
17.5
19.5
21.6
23.7
25.7
27.8
29.8
31.9
33.9
36.0
38.0
40.1
42.2
44.2
46.3
48.3
50.4

-24.79
-25.13
-25.32
-25.61
-25.34
-25.19
-25.88
-26.47
-26.28
-25.50
-25.80
-26.70
-27.29
-27.75
-28.16
-27.27
-27.48
-27.55
-28.00
-27.73
-27.90
-27.52
-27.28
-27.52
-26.61
-26.41
-26.08
-25.71
-25.88
-25.90
-25.38
-25.83
-25.62
-26.45
-25.47
-26.41
-24.67
-25.09
-26.97
-26.59
-26.33
-27.23
-27.48
-27.45
-27.44
-27.62

46.07
45.99
46.50
46.79
48.22
47.37
48.05
49.77
48.62
47.76
48.49
50.47
50.61
51.09
49.80
47.14
39.83
41.31
30.90
28.06
22.73
46.04
46.74
48.93
46.21
46.93
47.37
47.22
47.22
46.72
47.72
47.02
44.24
48.31
44.60
43.51
45.45
45.60
46.12
48.23
49.35
50.91
49.41
46.27
48.60
47.95

0.56
0.53
0.64
0.67
0.97
0.83
1.03
1.46
1.29
1.64
2.17
2.03
1.93
1.82
1.73
2.26
1.98
2.13
1.68
1.60
1.37
0.95
0.85
1.00
0.89
1.19
1.37
1.45
1.39
1.21
1.38
1.93
1.72
1.87
1.66
1.80
1.23
1.21
2.30
2.21
1.78
1.36
1.69
2.10
2.40
2.43

71.12
73.79
62.62
59.47
42.75
48.94
40.16
29.30
32.35
25.03
19.12
21.35
22.48
24.01
24.75
17.92
17.24
16.60
15.75
15.04
14.22
41.55
47.39
42.07
44.59
33.89
29.58
28.00
29.22
32.98
29.63
20.91
22.00
22.16
23.11
20.78
31.68
32.38
17.23
18.72
23.72
32.20
25.06
18.85
17.35
16.95
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SFhu2

SFhu3

52.4
1.0
3.0
5.0
7.0
9.0

11.0

13.0

15.0

17.0

19.0
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23.0

25.0

27.0

29.0

31.0

33.0

35.0

37.0

39.0

41.0

43.0

45.0

47.0

49.0
1.4
4.1
6.9
9.6

12.4

15.1

17.9

20.6

23.4

26.1

28.9

31.6

34.4

371

39.9

42.6

45.4

48.1

50.9

53.6

-28.84
-26.83
-26.39
-25.41
-25.63
-25.04
-24.07
-25.95
-26.26
-25.91
-26.69
-26.52
-26.87
-27.71
-27.43
-27.45
-28.09
-27.49
-27.56
-28.04
-27.92
-27.60
-27.92
-27.40
-26.43
-26.13
-27.94
-27.92
-27.15
-26.12
-25.68
-25.75
-26.97
-26.87
-26.63
-26.85
-27.00
-27.11
-27.10
-27.53
-27.65
-27.23
-26.95
-27.21
-27.57
-28.17

45.23
45.06
44.60
44.54
45.17
45.32
43.91
48.15
49.56
47.87
44.27
40.60
45.71
40.27
38.42
37.85
44.17
42.24
44.66
46.15
46.43
47.01
46.55
47.48
46.55
46.33
45.50
48.19
48.36
45.51
44.44
48.49
50.10
50.63
47.46
47.42
48.15
47.69
48.35
46.91
51.46
49.20
46.02
47.76
48.47
54.47

2.15
0.87
0.95
0.72
0.78
0.80
0.56
1.43
1.66
1.73
2.08
2.17
2.11
2.02
1.93
2.07
2.02
2.33
2.25
2.15
1.87
1.76
1.51
1.42
1.75
1.64
0.58
0.96
0.96
0.61
0.49
1.03
1.02
0.95
1.06
1.24
1.43
191
1.59
1.78
1.51
1.89
1.06
1.50
1.21
1.48

18.07
44.43
40.35
53.19
49.76
48.48
67.74
28.81
25.56
23.74
18.25
16.05
18.61
17.06
17.10
15.65
18.74
15.56
17.02
18.39
21.33
22.87
26.41
28.75
22.78
24.29
67.34
43.07
43.40
63.86
77.51
40.36
42.19
45.52
38.30
32.85
28.86
21.40
26.01
22.57
29.16
22.35
37.40
27.26
34.37
31.59
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TThul

TThu2

TThu3

1.6
4.9
8.2
11.4
14.7
18.0
21.2
24.5
27.8
31.0
343
37.6
40.8
44.1
47.4
1.1
3.3
5.6
7.8
10.0
12.3
14.5
16.7
18.9
21.2
23.4
25.6
27.8
30.1
323
345
36.8
39.0
41.2
43.4
45.7
47.9
1.5
4.5
7.5
10.5
13.5
16.5
19.5
22.5
25.5

-27.15
-27.12
-25.76
-25.95
-26.14
-25.82
-25.62
-25.26
-26.11
-25.77
-24.62
-24.96
-26.35
-26.48
-26.62
-28.93
-28.27
-27.99
-27.49
-27.43
-27.51
-26.81
-26.76
-26.50
-26.93
-26.38
-25.68
-25.02
-25.17
-25.50
-26.12
-25.69
-26.30
-24.62
-25.30
-25.27
-25.50
-27.29
-27.40
-27.12
-27.69
-26.93
-26.47
-25.82
-25.57
-27.19

45.87
46.29
45.54
45.72
49.14
47.59
47.79
46.72
47.75
45.99
44.97
45.26
46.36
47.36
47.60
48.57
48.15
48.32
46.76
47.09
48.43
48.20
46.82
49.46
50.85
48.49
45.22
44.80
44.20
44.10
44.43
44.23
45.24
45.12
45.67
45.89
45.61
47.04
47.83
41.94
50.04
48.01
48.99
47.02
44.94
49.88

1.14
0.83
0.74
0.63
1.15
0.80
1.13
1.04
1.34
1.12
0.77
0.79
0.98
1.04
1.15
1.23
0.95
0.84
0.70
0.91
0.99
0.90
0.81
1.23
1.37
1.08
0.52
0.44
0.42
0.39
0.46
0.51
0.74
0.87
0.75
0.80
0.72
1.31
1.00
0.66
1.09
0.90
1.38
1.03
0.77
1.54

34.37
47.63
52.96
62.59
36.69
50.85
36.28
38.66
30.49
35.14
49.90
49.43
40.75
39.07
35.57
33.86
43.46
49.08
57.63
44.42
42.13
45.93
49.72
34.43
31.74
38.50
73.97
87.93
90.76
96.43
82.46
74.34
52.51
44.30
52.14
49.24
54.16
30.86
40.98
54.10
39.55
45.50
30.40
39.23
50.22
27.78
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28.5
315
34.5
37.5
40.5
43.5
46.5

-27.14
-26.91
-27.47
-26.99
-26.87
-26.77
-26.78

49.05
49.61
47.39
48.21
48.08
47.07
47.64

1.27
1.36
1.09
1.03
0.99
0.91
0.95

33.16
31.26
37.19
40.28
41.59
44.15
42.80

Table A1.2: 6"3C, C and N content of degraded hummocks at the three palsa peatlands

site depth [cm] 83C [%o] C [%] N [%] C/N ratio
SDhud1 1.0 -27.08 47.89 1.88 21.81
3.0 -27.15 47.96 1.95 21.09
5.0 -27.04 46.37 1.91 20.78
7.0 -27.33 44.63 1.92 19.90
9.0 -26.96 44,94 1.92 20.03
11.0 -27.22 43.12 2.05 18.02
13.0 -27.68 41.37 2.25 15.74
15.0 -28.22 39.62 2.42 14.01
17.0 -28.40 40.07 2.61 13.16
19.0 -28.44 40.43 2.67 12.98
21.0 -28.50 39.44 2.65 12.76
23.0 -28.65 38.89 2.62 12.71
25.0 -28.64 39.00 2.66 12.60
27.0 -28.40 39.13 2.63 12.77
29.0 -28.34 40.41 2.72 12.74
31.0 -28.39 42.57 2.73 13.39
33.0 -28.39 47.59 2.63 15.52
35.0 -28.44 51.16 2.53 17.34
37.0 -28.69 52.59 2.70 16.68
39.0 -29.00 51.64 2.92 15.17
41.0 -28.92 50.73 2.74 15.90
43.0 n.d. 51.52 2.84 15.54
45.0 -28.65 52.38 2.76 16.26
47.0 -29.11 50.88 2.96 14.74
49.0 -28.32 49.67 2.86 14.91
51.0 n.d. 52.91 2.34 19.39
53.0 -28.40 50.99 2.89 15.12
55.0 -27.48 50.50 3.01 14.39
57.0 -27.35 50.00 2.89 14.82
59.0 -28.27 25.26 1.42 15.23
61.0 -28.72 10.06 0.53 16.25
SDhud?2 1.0 -26.02 48.60 1.17 35.72
5.0 -25.90 46.96 0.91 44,18
9.0 -24.88 45.57 0.48 80.65
13.0 -24.98 46.79 0.90 44.38
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SDhud3
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SFhud?2
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-27.25
-27.64
-27.55
-27.75
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-27.76
-27.79
-27.74
-27.88
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49.99
49.97
48.99
46.18
47.20
46.35
47.28
46.72
47.62
49.22
49.74
50.47
50.52
50.11
47.15
45.96
45.99
45.94
47.49
47.00
48.02
47.55
46.57
46.32
43.35
42.10
40.91
29.85
17.55
12.06
10.99
47.77
49.66
50.42
43.67
45.88
45.95
44.86
43.48
45.00
45.08
44.63
45.52
45.23
45.22
46.79

1.46
1.35
1.30
1.00
1.12
1.74
231
2.37
1.34
1.51
1.56
1.57
1.58
1.35
1.84
2.37
2.65
2.50
2.55
2.64
2.44
2.57
241
2.34
2.24
2.07
2.06
1.50
0.86
0.56
0.49
1.61
1.72
1.60
2.10
2.01
2.07
1.84
1.80
1.55
1.69
1.58
1.85
1.43
1.49
1.67

29.35
31.70
32.30
39.44
36.16
22.88
17.53
16.87
30.56
27.93
27.29
27.59
27.34
31.83
21.99
16.63
14.91
15.75
15.95
15.25
16.85
15.89
16.59
17.00
16.60
17.48
17.00
17.04
17.49
18.33
19.32
25.40
24.82
27.07
17.81
19.61
19.07
20.95
20.74
24.90
22.85
24.24
21.11
27.10
25.97
24.01
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TThud1l

TThud2
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0.79
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0.82
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131
1.47
151
1.63
1.36
1.27
1.27
141
1.69
1.85
2.55
1.96
2.21
2.11
2.20
2.04
1.57
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Table A1.3: 6"°C, C and N content of hollows at the three palsa peatlands
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site depth [cm] 83C [%o] C [%] N [%] C/N ratio
SDho1l 2.0 -25.73 44.43 0.86 44.08
6.0 -26.21 43.71 0.86 43.67
10.0 -27.19 43.84 0.76 49.20
14.0 -27.14 44.00 0.66 56.80
18.0 -27.18 45.70 1.02 38.50
22.0 -26.51 44.41 0.95 39.94
26.0 -26.43 46.29 1.43 27.77
30.0 -26.48 45.71 1.55 25.34
34.0 -25.61 47.63 1.72 23.79
SDho2 2.0 -25.27 43.81 0.69 54.80
6.0 -26.21 43.04 0.49 75.83
10.0 -25.85 42.88 0.39 94.61
14.0 -25.80 43.31 0.49 76.01
18.0 -26.51 45.18 0.53 72.61
22.0 -27.33 45.20 0.79 49.07
34.0 -26.51 46.12 1.13 35.13
38.0 -26.22 46.34 1.42 28.08
SDho3 2.0 -26.83 43.94 0.66 57.13
6.0 -27.20 44.26 0.61 62.64
10.0 -26.98 43.55 0.64 58.20
14.0 -27.42 43.89 0.67 56.23
18.0 -27.27 4411 0.82 46.01
22.0 -26.69 44.43 0.75 51.02
26.0 -26.07 44.01 0.61 62.21
34.0 -23.74 44.09 0.40 94.37
38.0 -23.55 44.56 0.47 81.80
SFhol 1.0 -24.06 43.67 1.95 19.20
3.0 -24.64 42.67 1.91 19.13
5.0 -24.91 43.56 2.03 18.36
7.0 -24.91 44,76 2.21 17.36
9.0 -25.29 48.96 2.01 20.84
11.0 -24.49 46.83 2.11 19.03
15.0 -23.82 45.84 1.33 29.59
19.0 -25.76 45.31 1.52 25.55
23.0 -25.08 46.22 1.63 24.33
25.0 -25.49 48.58 2.42 17.25
27.0 -24.95 46.20 1.58 25.04
29.0 -24.93 45.09 1.55 24.93
31.0 -24.68 45.30 1.49 26.10
33.0 -23.97 45.00 1.17 32.99
SFho2 1.0 -23.22 45.15 1.09 35.68
5.0 -26.75 42.52 1.13 32.38
9.0 -28.43 43.10 1.71 21.57
13.0 -27.76 44.64 1.66 23.11
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Table A1.4: 6°C, C and N content of degraded hollows at the three palsa peatlands

site depth [cm] 83C [%o] C [%] N [%] C/N ratio
SDhod1 1.0 -24.33 43.33 1.50 24.81
3.0 -24.51 43.97 1.41 26.75
5.0 -24.49 43.21 1.34 27.61
7.0 -24.74 43,51 1.37 27.25
9.0 -25.74 43.21 1.34 27.75
11.0 -26.62 43.20 1.33 27.82
13.0 -27.49 44.94 1.84 20.98
15.0 -28.83 46.96 1.60 25.09
17.0 -28.36 47.07 1.15 35.06
19.0 -27.99 46.64 1.17 34.20
21.0 -26.70 47.64 1.07 38.01
23.0 -27.28 48.77 1.24 33.71
25.0 -27.30 47.96 1.21 34.08
27.0 -27.56 48.94 1.27 33.10
29.0 -27.04 47.81 1.21 33.90
31.0 -27.05 47.95 1.34 30.80
33.0 -27.35 48.77 1.66 25.25
35.0 n.d. 48.22 1.74 23.77
37.0 n.d. 51.33 1.90 23.13
39.0 -27.76 50.11 2.18 19.70
41.0 -28.11 48.63 2.15 19.41
43.0 -28.22 44 .95 2.33 16.53
45.0 -28.22 44.99 2.33 16.53
47.0 -28.14 44.47 2.19 17.42
49.0 -28.42 43.92 2.44 15.46
51.0 -28.50 43.37 2.45 15.18
53.0 -28.49 44.21 2.58 14.68
SDhod2 1.0 -25.20 43.41 0.69 53.87
3.0 -25.25 43.52 0.66 56.22
5.0 -25.33 42.36 0.65 56.07
7.0 -24.97 42.64 0.67 54.97
9.0 -24.72 42.96 0.96 38.40
11.0 -25.03 43.65 1.04 36.01
13.0 -26.40 46.00 1.09 36.04
15.0 -28.16 50.15 1.13 38.00
17.0 -28.15 48.38 1.34 31.07
19.0 -27.78 50.19 1.38 31.21
21.0 -26.95 49.75 1.08 39.40
23.0 -26.85 48.89 0.94 44 .41
25.0 -27.02 49.28 1.05 40.16
27.0 -26.97 49.78 1.18 36.27
29.0 -26.66 49.62 1.18 36.13
31.0 -25.95 47.17 1.07 37.73
33.0 -26.91 49.36 1.29 32.82
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Appendix 1.2 Supplementary materials of chapter 4

The following are the supplementary materials of the chapter 4 (Krtger, J. P., Leifeld, J., Glatzel,
S., Szidat, S., and Alewell, C.: Biogeochemical indicators of peatland degradation — a case study of
a temperate bog in northern Germany, Biogeosciences 12: 2861-2871) of the thesis.
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Figure A1.1: Study sites at the Ahlen-Falkenberger peatland with the near-natural site (NW), the
extensive used grassland site (GE) and the intensive used grassland site (Gl).
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Figure A1.2: C/N ratio depth profiles at the near-natural site (NW), extensive used grassland site
(GE) and intensive used grassland site (Gl) at the Ahlen-Falkenberger peatland.
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Figure Al1.3: Bulk density depth profiles at the near-natural site (NW), extensive used grassland
site (GE) and intensive used grassland site (Gl) at the Ahlen-Falkenberger peatland.
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Table A1.5: *C age dating of peat layers from each site, near-natural (NW), extensive managed
grassland (GE) and intensive managed grassland (Gl) site, from the Ahlen-Falkenberger peatland.
Uncertainties of F14C values represent one sigma. For calibrated ages, the lower and upper
boundary is given with 95% confidence. Calibrated ages are displayed as years AD/BC.

Lab . F14C Calibrated ages
number Site/core Depth [cm] Flac uncertainty (years AD/BgC)
Upper Lower
BE 1723.1.1 9.0 1.1655 0.0026 1958 AD 1990 AD
BE 1724.1.1 NW1 65.0 0.9361 0.0020 1330 AD 1434 AD
BE 1725.1.1 81.0 0.9177 0.0020 1274 AD 1381 AD
BE 1726.1.1 9.0 1.0840 0.0023 1956 AD 2002 AD
BE 1727.1.1 NW2 65.0 0.9418 0.0021 1409 AD 1438 AD
BE 1728.1.1 81.0 0.9418 0.0021 1415 AD 1446 AD
BE 1729.1.1 9.0 1.1391 0.0024 1957 AD 1992 AD
BE 1730.1.1 NW3 65.0 0.9782 0.0021 1665 AD 1927 AD
BE 1731.1.1 81.0 0.9692 0.0021 1641 AD 1797 AD
BE 1732.1.1 10.2 0.8895 0.0020 1030 AD 1155 AD
BE 1733.1.1 GE1 14.7 0.8769 0.0020 907 AD 1023 AD
BE 1734.1.1 88.0 0.7957 0.0018 129 AD 233 AD
BE 1735.1.1 9.8 0.9393 0.0020 1409 AD 1440 AD
BE 1736.1.1 GE2 14.2 0.9115 0.0020 1253 AD 1285 AD
BE 1737.1.2 86.0 0.8085 0.0018 257 AD 393 AD
BE 1738.1.2 13.6 0.8970 0.0020 1053 AD 1219 AD
BE 1739.1.1 GE3 19.6 0.8805 0.0020 988 AD 1028 AD
BE 1740.1.1 102.0 0.7949 0.0019 93 AD 236 AD
BE 1741.1.1 12.2 0.9460 0.0021 1426 AD 1459 AD
BE 1742.1.1 GI1 33.8 0.8655 0.0019 775 AD 953 AD
BE 1743.1.2 96.0 0.7628 0.0017 356 BC 171 BC
BE 1744.1.1 11.2 0.9233 0.0020 1287 AD 1392 AD
BE 1745.1.1 GI2 31.0 0.8212 0.0018 422 AD 537 AD
BE 1746.1.1 92.0 0.7548 0.0017 394 BC 231 BC
BE 1747.1.1 9.9 0.9002 0.0020 1161 AD 1248 AD
BE 1748.1.2 GI3 27.5 0.8525 0.0019 671 AD 770 AD
BE 1749.1.1 86.0 0.7771 0.0017 90 BC 26 AD
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Table A1.6: 63C, 6"°N, ash content, carbon content, nitrogen content, C/N ratio and bulk density
(BD) of the three sites at the Ahlen-Falkenberger peatland, northern Germany.

Site/Core Depth [cm] &N [%o] 62C[%0] N[%] C[%] C/Nratio BD[gcm?®  Ash[%]
NW1 1.0 -5.50 -30.75 1.27 44.79 41.22 0.02 1.95
5.0 -5.96 -30.76 1.36 45,93 39.50 0.05 1.67
9.0 -6.66 -29.27 2.29 47.35 24.16 0.08 3.73
13.0 -6.29 -28.51 1.96 49.23 29.24 0.09 6.99
17.0 -4.40 -27.18 1.74 47.98 32.20 0.11 5.65
21.0 -3.27 -26.31 1.72 46.78 31.72 0.09 4.46
25.0 -3.72 -24.65 1.13 44.99 46.50 0.08 5.18
29.0 -4.08 -24.78 0.92 45.75 58.16 0.05 2.51
33.0 -4.43 -24.55 0.88 45.37 59.91 0.06 2.53
37.0 -4.03 -25.43 1.99 46.78 27.35 0.09 7.05
41.0 -3.49 -24.54 1.91 47.07 28.68 0.08 5.71
45.0 -5.35 -24.77 1.03 46.56 52.97 0.05 1.99
49.0 -4.19 -24.83 1.18 46.86 46.19 0.05 2.04
53.0 -4.17 -24.39 1.40 46.52 38.71 0.06 3.02
57.0 -5.01 -24.02 1.08 46.65 50.43 0.05 2.31
61.0 -5.94 -23.63 0.71 45.85 74.90 0.05 1.84
65.0 -6.57 -24.10 0.68 46.15 78.91 0.05 1.36
69.0 -5.44 -25.06 0.82 47.56 67.94 0.06 2.12
73.0 -6.16 -24.76 0.75 46.79 72.28 0.08 2.41
77.0 -5.13 -24.55 0.84 46.92 64.91 0.06 2.28
81.0 -5.86 -24.73 1.05 47.42 52.42 0.07 1.63
85.0 -5.29 -25.29 1.16 48.32 48.70 0.08 2.00
89.0 -5.76 -25.36 0.64 46.45 84.44 0.06 1.31
93.0 -6.88 -25.60 0.49 45.50 108.99 0.06 1.37
NW2 1.0 -7.01 -29.41 0.93 47.37 59.49 0.03 1.05
5.0 -6.35 -29.34 0.94 45,94 56.93 0.04 1.19
9.0 -5.85 -28.98 1.33 44.84 39.27 0.06 1.78
13.0 -5.96 -28.39 1.65 45.66 32.27 0.06 3.02
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Appendix 1.3 Supplementary materials of chapter 6

The presented tables and figures are the supplementary materials of chapter 6 (Kriger, J. P,
Alewell, C., Minkkinen, K., Szidat, S., and Leifeld, J.: Calculating carbon changes in peat soils
drained for forestry with four different profile-based methods, under review in Forest Ecology and
Management)

Table A1.7: *C age dated samples of the four study sites at the Lakkasuo peatland. Uncertainties
of F14C values represent one sigma. For calibrated ages, the lower and upper boundary is given
with 95% confidence. Calibrated ages are displayed as years AD/BC.

BE-No. of Site/core depth (cm)  F14C F14C Lower Cal Upper Cal
sample value Uncertainty age (10) age (10)
2410.1.1 Md 1 49 0.8396 0.0018 632 AD 655 AD
2411.1.1 Md 1 89 0.7782 0.0018 42 BC 3 AD
2412.1.1 Md 2 49 0.8374 0.0019 617 AD 646 AD
2413.1.1 Md 2 89 0.7578 0.0017 362 BC 214 BC
2414.1.1 Md 3 49 0.8362 0.0019 610 AD 641 AD
2415.1.1 Md 3 89 0.7765 0.0017 49 BC 0
2416.1.1 Mn 1 49 0.8845 0.0019 1019 AD 1113 AD
2417.1.1 Mn 1 89 0.8126 0.0018 353 AD 407 AD
2418.1.1 Mn 2 49 0.9068 0.0020 1225 AD 1264 AD
2419.1.1 Mn 2 89 0.8076 0.0018 260 AD 380 AD
2420.1.1 Mn 3 49 0.9020 0.0020 1194 AD 1249 AD
2421.1.1 Mn 3 89 0.8124 0.0018 351 AD 404 AD
2422.1.1 Ood1 49 0.9848 0.0022 1685 AD 1927 AD
2423.1.1 Ood1 89 0.8883 0.0020 1031 AD 1148 AD
2424.1.1 Od?2 49 0.9567 0.0022 1474 AD 1619 AD
2425.1.1 0d2 89 0.8910 0.0020 1044 AD 1153 AD
2426.1.1 0Od 3 49 0.9633 0.0021 1524 AD 1644 AD
2427.1.1 0Od 3 89 0.8742 0.0019 903 AD 993 AD
2428.1.1 On1 49 0.9997 0.0022 1899 AD 1958 AD
2429.1.1 On1l 85 0.9174 0.0020 1279 AD 1292 AD
2430.1.1 On2 49 1.0047 0.0021 1956 AD 1957 AD
2431.1.1 On2 89 0.9180 0.0020 1280 AD 1295 AD
2432.1.1 On3 45 1.0005 0.0021 1956 AD 1957 AD
2433.1.1 On3 89 0.9118 0.0020 1266 AD 1278 AD
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Table A1.8: Mean §°C, mean bulk density (BD) and mean ash content with standard error (SE) of
the four study sites of the Lakkasuo peatland in Finland.

FEPR 3~ 1o 3 3 o o
Site  Depth [cm] 67C[%] &6 °C[%] BD[gcm™] BD [gcm™]  Ash content [%] Ash content [%]

mean SE mean SE mean SE
Mn 1 -29.01 0.42 0.01 0.00 1.48 1.48
5 -29.38 0.11 0.02 0.00 9.64 2.70
9 -29.44 0.22 0.02 0.00 15.29 6.32
13 -29.04 0.28 0.04 0.01 14.01 1.60
17 -27.77 0.17 0.04 0.01 9.89 1.59
21 -27.90 0.18 0.05 0.01 9.96 1.40
25 -27.81 0.26 0.08 0.02 6.62 1.11
29 -27.74 0.20 0.08 0.02 6.48 1.54
33 -27.84 0.11 0.11 0.01 4.34 0.68
37 -27.83 0.10 0.11 0.01 3.53 0.24
41 -27.71 0.24 0.09 0.01 3.39 0.25
45 -27.80 0.11 0.08 0.01 3.10 0.19
49 -28.05 0.04 0.07 0.00 2.95 0.26
53 -27.81 0.14 0.05 0.01 3.95 0.57
57 -27.86 0.17 0.07 0.01 3.05 0.20
61 -27.78 0.03 0.06 0.01 3.20 0.33
65 -28.23 0.13 0.08 0.01 3.38 0.09
69 -28.06 0.09 0.08 0.01 3.03 0.02
73 -28.07 0.04 0.09 0.01 2.82 0.08
77 -28.16 0.08 0.08 0.01 2.89 0.11
81 -28.21 0.08 0.09 0.00 2.81 0.12
85 -28.31 0.09 0.09 0.01 2.87 0.10
89 -28.23 0.14 0.09 0.00 2.95 0.11
93 -28.18 0.08 0.08 0.00 2.99 0.21
Md 1 -30.40 0.17 0.02 0.00 2.54 0.58
5 -29.32 0.57 0.06 0.01 2.12 0.63
9 -28.73 0.71 0.05 0.01 3.03 0.81
13 -27.46 0.82 0.13 0.02 15.46 4.72
17 -27.31 0.73 0.20 0.01 6.39 2.79
21 -26.99 0.69 0.13 0.02 2.72 0.29
25 -27.13 0.66 0.11 0.00 2.83 0.04
29 -26.61 0.97 0.10 0.01 2.39 0.11
33 -26.74 1.04 0.08 0.00 2.20 0.39
37 -26.75 1.11 0.08 0.00 2.66 0.14
41 -27.20 0.71 0.09 0.01 2.83 0.34
45 -27.68 0.40 0.09 0.00 2.66 0.02
49 -27.47 0.62 0.08 0.01 2.59 0.08
53 -27.39 0.53 0.08 0.01 2.58 0.14
57 -27.13 0.71 0.09 0.02 2.29 0.07
61 -27.25 0.74 0.10 0.01 2.35 0.07
65 -27.44 0.73 0.10 0.00 2.38 0.13
69 -27.46 0.61 0.09 0.01 2.18 0.34
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Lakkasuo_Mn2
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Figure Al1.4: Determination of the depth of the 1000-year layer (in cm) for the core Mn 2 as an
example using the age—depth modelling software Bacon (Blaauw and Christen, 2011). The year
950 BP corresponds to the calendar year 1000 AD. The dotted red and the white lines indicate the
mean modelled age and the 1s uncertainties, respectively.
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Figure A1.5: Ash content depth profiles of the four different sites at the Lakkasuo peatland with
three replicates per site.
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Figure A1.6: Bulk density depth profiles of the four different sites at the Lakkasuo peatland with
three replicates per site.
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Appendix 2: Results from further study sites of the project

Material and methods

In July 2012 peat cores were collected in the peatland called Breitlohmisse, Northern Black Forest,
Germany at four different sites (figure 1.2). The sites represent different degradation status of the
peat bog complex. At the Rotmeer Moor, Southern Black Forest, Germany three different sites
along a moisture gradient were sampled (figure 1.2). Furthermore, at the Ursee Moor, Southern
Black Forest three different sites were sampled (figure 1.2). In May 2013 at the Deger6-Stormyr,
Sweden one natural site, one natural dry site and one site close to a drainage channel were
sampled (figure 1.2). In October 2012 samples from the subarctic peatland Kattajokken, Northern
Sweden, hummocks and hollows were taken (figure 1.2). Each of the sites are represented by
three peat cores (n=3). Peat samples were taken with a russian peat corer (Eijkelkamp,
Netherlands) down to the approximately one meter. The peat cores were embedded in plastic
shells, wrapped with plastic foil and transported directly to the lab. There cores were cut into 2
cm sections and dried at 40°C for 72 h in a drying oven. All samples were ground and
homogenised in a vibrating ball mill (MM 400, Retsch, Germany).

For the samples from the Breitlohmisse, Northern Black Forest, stable carbon and nitrogen
isotope as well as C and N content analyses were accomplished using a continuous flow isotope
ratio mass spectrometer (DELTAplusXP, Thermo Finnigan, Bremen, Germany) coupled with a
FLASH Elemental Analyzer 1112 (Thermo Finnigan, Milan, Italy) combined with a CONFLO IlI
Interface (Thermo Finnigan, Bremen, Germany) following standard processing techniques.
Samples from the Rotmeer Moor and Ursee Moor, Southern Black Forest, Germany, from Degero-
Stormyr, Sweden and from Kattajokken, Northern Sweden were analysed on stable carbon
isotopes and nitrogen as well as C and N content with a combined mass spectrometer with a SL
elemental analyser (Integra2, Sercon, UK) following standard processing techniques. The C/N ratio
represents the atomic relationship between carbon and nitrogen content of the bulk peat
material. Stable isotope ratios are reported as §"C values [%o] relative to V-PDB. Stable nitrogen
isotope ratios are reported as 8N in [%o] relative to the atmospheric nitrogen standard.

Radiocarbon (**C) content was measured with accelerator mass spectrometry (AMS) at the
Laboratory of for the Analysis of Radiocarbon with AMS (LARA) at the University of Bern (Szidat et
al., 2014). For each site samples were selected for radiocarbon dating after evaluating the stable
isotope depth profiles. The ground and homogenised material was combusted, transformed into
solid targets using an automated graphitisation equipment (AGE) (Nemec et al., 2010), and
measured with the MIni CArbon DAting System MICADAS (Synal et al., 2007). 14C ages were
calibrated using the IntCall3 dataset (Reimer et al., 2013). Samples with bomb signature were
dated using the Bomb13 NH1 dataset (Hua et al., 2013).
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Appendix 2.1: Black Forest, Germany

Breitlohmisse, Northern Black Forest
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Figure A2.1: Stable carbon and stable nitrogen isotope depth profiles of the site 1 at the Breitlohmisse,

Northern Black Forest, Germany.
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Figure A2.2: Stable carbon and stable nitrogen isotope depth profiles of the site 2 at the Breitlohmisse,

Northern Black Forest, Germany.

134

depth [cm]

20

40

depth [cm]
3

80

100

120

85N [%o]

20 4

40 q

60 4

80 4

100 4

515N [%o]
8 6 ) 2
-~ *
B
& st
*E
] ¢ >
] 4
]
’
»
me
o m
e n
] *
-
ne
] *
m e
*
. ]
»
s |
e n
+nm
] .
\ IS
] *
] *
] *
*n

120 -

4Bri1
HBri.2
Bri.3

#Br2.1
WBr2.2
Br2.3



Appendix

depth [cm]

20

40

@
=}

80

100

120

-30

813C [%eo]

-29 -28 -27 -26 -25 -24

-23

*, Bm

e

4Br3.1
WBr3.2
Br3.3

depth [cm]

20

40

@
=]

80

100

120

Figure A2.3: Stable carbon and stable nitrogen isotope
Northern Black Forest, Germany.
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Figure A2.4: Stable carbon and stable nitrogen isotope
Northern Black Forest, Germany.
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Rotmeer Moor, Southern Black Forest
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Figure A2.5: Stable carbon and stable nitrogen isotope depth profiles of the site 1 at the Rotmeer Moor,

Southern Black Forest, Germany.
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Figure A2.6: Stable carbon and stable nitrogen isotope depth profiles of the site 2 at the Rotmeer Moor,

Southern Black Forest, Germany.
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Figure A2.7: Stable carbon and stable nitrogen isotope depth profiles of the site 3 at the Rotmeer Moor,
Southern Black Forest, Germany.
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Figure A2.8: Stable carbon and stable nitrogen isotope
Southern Black Forest, Germany.
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Figure A2.9: Stable carbon and stable nitrogen isotope depth profiles of the site 2 at the Ursee Moor,
Southern Black Forest, Germany.
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Figure A2.10: Stable carbon and stable nitrogen isotope depth profiles of the site 3 at the Ursee Moor,
Southern Black Forest, Germany.
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Radiocarbon data from the three study sites in the Black Forest

Table A2.1: **C age dated samples of the study sites Breitlohmisse (Br), Rotmeer Moor (Ro) and

Ursee Moor (Ur) in the Black Forest, Germany. Uncertainties of F14C values represent one sigma.

extracted

BE nr. sample label depth (cm) F*c +- (%) + (F**¢) age (y) +-(y) 8C (%o)
4497.1.1 Ro2.1 14-16 20 1.2243 0.26 0.0031 -1'626 21 -28.9
4498.1.1 Ro2.1 46-48 52 0.9324 0.28 0.0026 562 22 -31.9
4499.1.1 Ro2.1 66-68 72 0.9122 0.27 0.0025 739 22 -26.3
4500.1.1 Ro2.2 14-16 20 1.1396 0.26 0.0029 -1'050 21 -27.7
4501.1.1 Ro2.2 46-48 52 0.9767 0.27 0.0026 189 21 -27.1
4502.1.1 Ro2.2 66-68 72 0.9321 0.27 0.0025 565 22 -25.5
4503.1.1 Ro03.2 10-12 12 1.0890 0.26 0.0029 -685 21 -29.9
4504.1.1 Ro3.2 22-24 24 1.0170 0.26 0.0027 -135 21 -25.5
4505.1.1 R03.2 66-68 68 0.9112 0.27 0.0025 747 22 -25.7
4506.1.1 Brl.1 32 32 0.9948 0.27 0.0026 42 21 -24.8
4507.1.1 Brl.148 48 0.9994 0.26 0.0026 5 21 -24.0
4508.1.1 Brl.1 100 100 0.8965 0.27 0.0024 878 22 -27.9
4509.1.1 Brl.2 32 32 1.0048 0.27 0.0027 -38 21 -27.6
4510.1.1 Brl.2 48 48 0.9959 0.27 0.0026 33 21 -23.1
4511.1.1 Br1l.2 100 100 0.8794 0.27 0.0024 1'032 22 -25.0
4512.1.1 Br2.2 36 36 0.9786 0.27 0.0026 174 21 -25.6
4513.1.1 Br2.2 52 52 0.9889 0.27 0.0026 90 21 -25.9
4514.1.1 Br2.2 100 100 0.8894 0.27 0.0024 942 22 -25.5
4515.1.1 Ur2.2 22 24 1.1695 0.26 0.0030 -1'258 21 -26.7
4516.1.1 Ur3.2 22 24 0.9888 0.27 0.0026 90 21 -27.4
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Appendix 2.2: Deger6-Stormyr, Sweden
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Figure A2.11: Stable carbon and stable nitrogen isotope depth profiles of natural mire (NM) site at the

Degero-Stormyr peatland, Sweden.
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Figure A2.12: Stable carbon and stable nitrogen isotope depth profiles of natural dry (ND) site at the

Degero-Stormyr peatland, Sweden.
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Figure A2.13: Stable carbon and stable nitrogen isotope depth profiles of drainage channel (DC) site at the

Degero-Stormyr peatland, Sweden.

Appendix 2.3: Kattajokken, Sweden
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Figure A2.14: Stable carbon and stable nitrogen isotope

peatland near Abisko, Sweden.

depth profiles of the hollows at the Kattajokken
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Figure A2.15: Stable carbon and stable nitrogen isotope depth profiles of the hummocks at the
Kattajokken peatland near Abisko, Sweden.
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