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1 Introduction

Peatlands are ecosystems where soil organic matter (SOM) forms under water-
saturated conditions, leading to anoxic conditions, which slow down microbial
decomposition processes. The corresponding organic soils, Histosols, are
important soil organic carbon (SOC) stores that accumulated 600 Pg SOC during
the Holocene (Yu etal., 2010). Organic soils spread over almost 500 Mha worldwide,
of which the majority, around 400 Mha, is situated in boreal and temperate regions,
and 40-70 Mhais located in the tropics (Frolking et al., 2011; Leifeld and Menichetti,
2018; Page et al., 2011). Correspondingly, these soils have high SOC densities
of often 1000-2000 t SOC ha™" (Leifeld and Menichetti, 2018; Page et al., 2011).
The quasi-continuous SOC accumulation rate of intact peatlands is estimated at
0.22 (northern) and 0.45 (tropical) t C ha™' yr' (Leifeld et al., 2019; Loisel et al,,
2014), resulting in a net accumulation of annually 0.41-0.51 Pg CO,-eq, mostly as
SOC (Gallego-Sala et al., 2018; Leifeld et al., 2019). As a result of differences in
accumulation rates and attributed areas, about 75% of total SOC in Histosols is
stored in boreal and temperate peatlands, and 25% in tropical regions.

SOM accumulation under anoxic conditions has trade-offs, as it implies
redox processes that lead to the formation of methane, a greenhouse gas,
which is, over a 100 years’ time scale, around 28 times more potent per kg than
CO, (Myhre et al.,, 2013). Indeed, current methane emissions from peatland
ecosystems are estimated at 0.03 Pg CH, yr' (0.84 Pg CO,-eq. yr'; Frolking
et al., 2011). This is similar to the fluxes attributed to global emissions from
paddy rice production (Chapter 17 of this book) and corresponds to 20% of
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2 Management of organic soils to reduce soil organic carbon losses

the CH, flux from all natural wetlands (Saunois et al., 2020). Despite of being
a substantial methane source, the long-term GHG effect of intact peatlands is
negative with a global cooling of =0.2 W m=2 to —0.5 W m~2, mostly owing to
the long-lasting C sink and the much longer atmospheric lifetime of CO, over
CH, (Frolking and Roulet, 2007). Emissions of nitrous oxide, the third important
biogenic GHG, are very small in intact peatlands but raise after drainage.

Glossary of peatland terms.

Peat Fibric organic sedentarily accumulated material
with virtually all of the organic matter allowing the
identification of plant forms; consists of at least 30%
(dry weight) of dead organic material (Parish et al.,
2008).

Peatland An area with or without vegetation with a naturally
accumulated peat layer at the surface of at least 30 cm
depth (Parish et al., 2008).

Mire Synonymous with any peat-accumulating wetland.
A peatland where peat is currently forming and
accumulating (Parish et al., 2008).

Bog Mire raised above the surrounding landscape and only
fed by precipitation (Parish et al., 2008).

Fen Peatland receiving inflow of water and nutrients from the
mineral soil. Distinguished from swamp forest by a lack
of tree cover or with only a sparse crown cover (Parish
et al., 2008).

Swamp Usually forested minerotrophic peatland (minerotrophic
peatland receiving nutrients through an inflow of water
that has filtered through mineral soil). Separate from
wooded fens due to a denser tree canopy. Also called
peat swamp forest (Parish et al., 2008).

Acrotelm Upper peat producing layer of mire with a distinct
hydraulic conductivity gradient in which water level
fluctuations and most of horizontal water flow occur
(Parish et al., 2008).

Catotelm The lower permanently water-saturated layer in a
peatland, with relatively low hydraulic conductivity and
rate of decay (Parish et al., 2008).

Mesotelm The intermediate zone, through which carbon is
transferred from acrotelm to catotelm (Clymo and
Bryant, 2008).

Blanket Bog Bog in a very humid climate, which forms a blanket-like
layer over the underlying mineral soil (Parish et al. 2008).

Cutover Peatland area where peat was extracted, but where still

economically useful peat is left (Price and Ketcheson,
2009).
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Peat extraction  The excavation and drying of wet peat and the
collection, transport, and storage of the dried product
(Parish et al., 2008).

Wetland Areas of marsh, fen, peatland, or water, whether natural
or artificial, permanent or temporary, with water that is
static, flowing, fresh, brackish, or salt, including areas of
marine water, the depth of which at low tide does not
exceed 6 m (definition according to Ramsar convention).

Histosol Histosol is a soil type that comprise soils formed in
organic material accumulating as groundwater peat (fen),
rainwater peat (raised bog) or mangroves (WRB, 2015).

Climatic factors, particularly temperature and moisture, mostly controlled the
rates of peat accumulation since the last glacial maximum (Charman et al.,
2015). With ongoing climate change, it is discussed controversially whether
intact peatlands will continue being a C sink throughout the twenty-first century.
Gallego-Sala et al. (2018) argued that the net CO, uptake of peatlands is going
to slightly increase during the next decades, while Huang et al. (2021) found
that, owing to lowered water tables with a warming climate, peatlands will
release more CO, by 2100 through microbial decomposition. In addition, fire-
induced losses may increase when peatlands are drained (Turetsky et al., 2015).
An expert assessment indicated that ongoing and expected future changes in
the peatlands’ carbon balance will be more strongly driven by land-use change,
fire and permafrost thaw than in the past (Loisel et al., 2021). Land-use change
of peatlands towards agriculture, forestry, or peat extraction usually implies
drainage of the peat deposit. Drainage for management induces a variety of
system changes, of which biodiversity loss, loss of water storing capacity, soil
subsidence and compaction, leaching and SOM decomposition owing to peat
aeration with subsequent release of CO, and N, O, but reduced CH, emissions,
are the most important ones.

Losses of SOC and, more generally, changes in the GHG balance of organic
soils after drainage are pronounced and well documented (Hooijer et al., 2012;
Kasimir-Klemedtsson et al., 1997; Tiemeyer et al., 2020). The area of peatlands
drained for management has been estimated at 43-51 Mha, representing 10%
of its total area (Joosten, 2010; Leifeld and Menichetti, 2018), of which almost
half is situated in the tropics. Because tropical peatlands contribute less than
20% to the total peatland biome, this number indicates that they are exploited
disproportionately. In consequence, the global peatland biome, representing
managed and unmanaged organic soils, has shifted from a persistent GHG
sink to a strong GHG source since 1850. The annual global GHG sink of intact
peatlands contrasts with a GHG source from drained and managed organic
soils in the order of 0.8-1.91 Pg CO,-eq. yr™' (Evans et al., 2021; Humpendder
et al., 2020; Joosten, 2010; Leifeld et al., 2019; Leifeld and Menichetti, 2018).
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4 Management of organic soils to reduce soil organic carbon losses

According to the same authors, tropical organic soils managed by agriculture
contribute 59-82% to these emissions. By source, CO, is the most important
GHG emitted from organic soils drained for agriculture, contributing between
75-78% (boreal and temperate) and 88-90% (tropical) to total GHG emissions
(i.,e. sum of CO,, CH,, N,O; IPCC, 2014). These annual SOC losses from a
relatively small area of only 50 Mha are higher as compared to the total SOC
loss, which occurred in the last century from 5000 Mha mineral soil under crop-
and grassland (estimated at 0.48 Pg CO,-eq yr™'; Sanderman et al., 2017).
Addressing these losses is thus of major importance in the context of the soils’
role in climate change.

In this chapter, we give an overview on the assessment of C losses and
processes occurring after peatland drainage in different environments. We will
also present management strategies to reduce SOC loss and GHG emissions
from managed peatlands.

2 Soil properties and carbon dynamic following
peatland drainage

2.1 Methods for estimating C loss after drainage

The SOC loss from drained peatlands can be determined by two different
approaches: (i) inventory methods and (ii) direct flux measurements (Simola
et al.,, 2012). By integrating the SOC loss over long periods (several years
to decades, up to several hundred years), inventory studies deliver robust
estimates of long-term changes in SOC stocks (e.g. Kriger et al., 2016;
Minkkinen et al., 1999). They incorporate gaseous and aqueous carbon
losses as well as erosion. Detailed information on the drainage history is
necessary to calculate annual carbon loss rates. Inventory studies can be
broadly classified into (a) repeated inventories that allow to compare historic
SOC stocks with present day or (b) profile methods, where peat profiles of
drained and undrained (reference) sites are compared, following the space-
by-time approach. As natural reference sites are often unavailable, the
subsoil is - as an approximation - taken as a reference for peat properties
before drainage. The assumptions for this approximation are that the subsoil
is not affected by drainage and that changes in carbon stock in the topsoil
derivate from peat decomposition. Recent annual changes can only be
investigated by tracing the gas exchange of the soil or the whole ecosystem.
Flux measurements provide insights into processes and drivers of the GHG
exchange. Mechanistic understanding of the underlying carbon cycling that
is needed for modelling can be gained as well. However, these methods are
time and cost-intensive.
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2.1.1 Soil inventory methods
2.1.1.1 Repeated soil sampling

Repeated inventories of SOC stocks can detect carbon losses over time. As the
volume of peat is decreasing upon drainage, it is crucial to consider the entire
carbon stock down to the mineral subsoil or to compare the carbon stock above
a layer of known radiocarbon age. The challenge of this method is to detect
a relatively small annual carbon loss within a large carbon stock. Moreover,
the small-scale spatial heterogeneity of carbon stock adds uncertainty to this
method. Yet, it has been successfully applied in a repeated inventory in Finland
where at 37 drained forest sites an average C loss of 7.4 kg C m=2 was observed
over a 30-year period (Simola et al., 2012).

2.1.1.2 Ash method

The ash method is based on the simplified assumption that the carbon to ash
contentis constantduring peataccumulation. Changes in the ratio are attributed
to the decomposition of peat and subsequent loss of SOC. Accordingly, the
occurrence of mineral layers - as often found in fens - restricted this approach
to organic peatlands without variable mineral input, in the absence of a natural
reference site (e.g. Kriiger et al., 2016). The method can provide reasonable
estimates of past drainage-induced C losses in bogs (e.g. Rogiers et al., 2008;
Woist-Galley et al., 2016) but has been criticized because of large errors due
to the fact that conditions for its application are often not matched (Laiho and
Pearson, 2016).

2.1.1.3 Bulk density method

The peat surface subsides over time due to physical compaction as well as
peat decomposition (Section 2.3.1). As only decomposition leads to a carbon
loss, the contribution of this process to the overall soil subsidence has to be
determined (Schothorst, 1977). For this method, depth profiles of peat bulk
density and carbon concentrations before and after drainage must be available.
An example of this approach by Kluge et al. (2008) indicated average losses
of 0.7 kg C m=2 yr' for drained organic soils in Germany. Soil subsidence
together with changes in soil bulk density were used by Hooijer et al. (2012) to
estimate C losses from drained tropical peatlands. More simplified approaches
that derive drainage-induced losses just from the difference in actual soil bulk
density and carbon content in degraded topsoils and intact deeper peat layers
have also been applied (e.g. Leifeld et al., 2011; Egli et al., 2021). Yet, the latter
methodology suffers from limitations similar to the ash method (see above). New
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6 Management of organic soils to reduce soil organic carbon losses

approaches to monitor soil subsidence with satellite data and modelling offer
the opportunity to assess peat carbon loss at a large scale (e.g. Hoyt et al., 2020).

2.1.1.4 Radiocarbon method

Because drainage-induced peat decomposition proceeds from the surface to
deeper layers and is accompanied by continuous loss of surface peat, it comes
along with an increasing peat age at the surface as compared to the native
state because younger material previously situated at the surface of the profile
is lost first (Section 2.2). Whereas in an intact peatland the uppermost peat
layers are of recent age, strongly degraded peatlands that were drained for
many decades reveal topsoil radiocarbon ages of centuries to millennia (Bader
etal. 2018b; Leifeld, 2018; Mrotzek et al., 2020), providing strong evidence for
the loss of young peat. The age difference of degraded versus intact topsoil
has been used to estimate carbon losses from drainage a posteriori (Kriiger
et al.,, 2016; Leifeld et al., 2018). There are two principal approaches to use
14C for estimating previous C losses. First, the SOC stock above a reference
layer of same radiocarbon age can be measured for the drained situation and
compared with the stock of a nearby natural peatland to infer SOC losses. This
might be hampered by fact that peatland drainage often concerns larger areas
and intact reference sites are not available. A second approach uses the age-
depth gradient of intact peat below the drained horizon to infer the site-specific
SOC accumulation rates of the peatland and to calculate expected SOC stocks
that are compared to the actual ones. With this approach, Leifeld et al. (2018)
showed that drained European peatlands lost on average 50% of their former C
stock, corresponding to 56 kg C m~2. A recent application by Wang et al. (2021)
extended the approach to managed organic soils with mineral cover. However,
limitations of this approach are due to the dilution of the older topsoil peat
by recent assimilates (Leifeld et al., 2021), which leads to an overestimation
of the remaining peat if not quantitatively considered, and to varying peat
accumulation rates over time.

2.1.2 Net ecosystem carbon balance approach

The net ecosystem carbon balance (NECB) approach is determined by direct
measurement of all carbon fluxes entering and leaving the investigated
compartment (soil-vegetation to atmosphere). Generally, the data are
reported as positive and negative fluxes with negative values indicating a
net downward flux (i.e. a gain of carbon from the atmosphere =carbon sink).
Positive values indicate a loss (e.g. harvested biomass or through oxidation/
decomposition=carbon source). Fluxes include the exchange of gaseous
(CO,, CH,) and, ideally, waterborne fractions (dissolved organic carbon (DOC),
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particulate organic carbon (POC), and dissolved inorganic carbon (DIC)) and, in
case of a managed system, any carbon import (e.g. organic fertilizer) or export
(harvest). The NECB approach is equivalent to the change in SOC storage.
However, in systems where substantial biomass is accumulating during a year,
such astree growth in young plantations, itis essential to account for this storage
change; otherwise, the SOC loss is underestimated (e.g. Hommeltenberg et al.,
2014; Minkkinen et al., 2018). Long-term time series for peatlands generally
include not more than several years. In addition, for a complete NECB
approach, fluviatile carbon losses have to be quantified, which is complicated
and time consuming. As the major part of carbon is released as CO,, numerous
studies do not quantify waterborne carbon losses (e.g. Tiemeyer et al., 2016).
Thus, in many peatlands, carbon losses may have been underestimated by this
approach. The direct gas exchange between surface and atmosphere can be
measured by two different techniques: Eddy-Covariance (EC) and chambers.

2.1.2.1 Eddy-Covariance

EC measures the undisturbed gas exchange of the net ecosystem exchange
(NEE), that is, the sum of CO, uptake by plants (gross primary production, GPP)
and ecosystem respiration (ER) over an area of about 0.5-5 ha. The ER consists
of autotrophic and heterotrophic respiration. NEE is partitioned into GPP and
ER by a modelling approach. The advantage of EC is that the CO,, and also
CH,, exchange can be measured continuously in the free atmosphere without
disturbing the investigated ecosystem. As there is no limitation of vegetation
height, EC can be used for forests as well. However, NEE is integrated over an
area, which is variable in its extension and direction. Thus, capturing the small-
scale heterogeneity of mosaic structures, as often found in intact peatlands,
is impossible. Limitations of the method under specific micrometeorology
conditions generate gaps within the continuous data set, which have to be
filled. Furthermore, the equipment is expensive, and expert knowledge is
needed to perform flux measurements (e.g. Minkkinen et al., 2018; Peacock
etal., 2019; Paul et al., 2021).

2.1.2.2 Chambers

The most widely used method to measure gas exchange is the chamber
method. Briefly, this method consists of putting a closed chamber on the
soil and measuring the gas, which is accumulating over a specific time, often
covering an area of 0.01-1 m2. Gas samples are taken to detect the change
in gas concentration in situ or offline. The most common chamber systems
operate manually, which limits the frequency of flux measurements. Automatic
chamber systems can increase the temporal resolution, especially covering
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8 Management of organic soils to reduce soil organic carbon losses

the whole day and night-time measurements (Wang et al., 2022). However,
these systems are expensive and electricity is needed. Using a transparent
chamber, NEE can be measured, and opaque chambers, excluding the light,
are used for ER. Advantages are that specific vegetation communities and the
small-scale variability can be captured; however, the use is restricted to small
vegetation fitting within the chamber. Artefacts due to the creation of closed
spaces (changes in temperature, humidity, or pressure) may influence the
measurements (e.g. Alm et al., 2007; Leiber-Sauheitl et al., 2014).

2.2 Peat profile changes following drainage

Drainage is a prerequisite for the agricultural use of peatlands, which became
widespread in the twentieth century, particularly in Europe and North America
(Davidson, 2014). Agricultural practices on drained peatlands range from
extensively used pastures and highly productive agriculture for food production
to forestry. Drainage-induced mineralization transforms the original fibric to
hemic structure of the undrained peat to a new material called mursh, which
is characterized by a moderate to strongly granular or blocky structure, or the
structure is even pulverized (WRB, 2015). Mineralization of peat decreases the
organic carbon content and C/N ratio while bulk density increases (Fig. 1).
The most severe shift in the pore structure of peat occurs within the first 20
years of drainage (Liu et al., 2020). The decline in total porosity is accompanied
by a shift in pore size distribution (Wallor et al., 2018), and the altered pore
structure reduces saturated hydraulic conductivity (Kechavarzi et al., 2010).
The infiltration rate may decrease while the runoff from drained peatlands may
increase, thereby enhancing soil erosion (Li et al., 2018; van Seters and Price,
2002).

Surface desiccation can lead to an increased hydrophobicity of peat
(Eggelsmann et al., 1993). A dry surface crust is often developed, which is
susceptible to shrinkage and cracking and thus may enhance superficial
flooding. Dry peat becomes flammable. Peat fires generally are dominated by
smouldering combustion, and these flameless fires can burn for long periods.
In natural peatlands, fires occur as well, but deeper peat layers are protected
from burning due to a high water table (Turetsky et al., 2015). Drainage and
also climate change increase the frequency and extent of peat fires thereby
also affecting the mineralization of old carbon (Konecny et al., 2016; Turetsky
et al., 2015; Wiggins et al., 2018). In natural peatlands, the age of SOC linearly
increases with depth (Fig. 1). Drainage and fire increase the mineralization of
the peat, and the age of the carbon at the soil surface increases successively
(Fig. 1). The contribution of old peat-derived carbon to total SOM decreases,
while the contribution of the fresh litter input from current non-peat vegetation
increases over time (Fig. 1).

Published by Burleigh Dodds Science Publishing Limited, 2023.



Management of organic soils to reduce soil organic carbon losses 9
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Figure 1 Changes of soil properties through drainage over 100 years in a temperate
peatland.

2.3 Soil subsidence and carbon loss from drained peatlands
2.3.1 Soil subsidence

In drained peatlands, SOC loss will continue as long as decomposable organic
material is available in the aerated soil horizons. The loss of peat by wind and
water erosion, burning, and peat extraction also contributesto the loss of organic
material and thus soil subsidence. After 40 years of drainage, Schipper and
McLeod (2006) found average subsidence rates of 3.4 cm yr~"in a New Zealand
under grassland. The authors attributed about 63% of the soil subsidence to
consolidation and shrinkage, with the remainder (37%) attributed to losses
of OM by peat mineralization. For longer periods (1000 years), the estimated
contribution of decomposition to soil subsidence was 85% (Schothorst, 1977).

After strong initial soil subsidence due to rapid consolidation and shrinkage,
the rate of subsidence decreases because peat decomposition processes
occur on longer timescales (Fig. 2). For the first 10 years after drainage, average
soil subsidence rates of =1.6+1.0 cm yr' to —6.2%x2.2 cm yr' were found
for subarctic/boreal, temperate, and tropical peatlands (Evans et al., 2019;
Liu et al., 2020). Subsidence was the strongest in the first 5 years in tropical
systems, with rates up to 28 cm yr~' (Hooijer et al., 2012). The primary thickness
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Figure 2 Soil subsidence rates over time (data of temperate and boreal forest and
temperate and boreal agriculture from Liu et al., 2020: data of temperate and boreal/
subarctic and of tropical peatlands from Evans et al., 2019 and references therein).

of peat, drainage intensity, and physical properties of the peat are important
factors influencing soil subsidence rates in the initial phase (Oleszczuk et al.,
2020). Thereafter, soil subsidence rates decreased with lower subsidence rates
in boreal and temperate forest (-0.67%0.3 cm yr™') compared to boreal and
temperate croplands (=2.1£0.9 cm yr™', Liu et al., 2020) and to tropical forest
(-2.3=1.0 cm yr'; Evans et al., 2019). The considerably shallower water table
of the forest sites compared to the arable sites (35 cm vs. 87 cm) might explain
the low subsidence rates for forests (Liu et al., 2020).

Besides time since drainage, the rate of subsidence varies strongly
with drainage depth. As the groundwater table determines the volume of
exposed peat material, the drainage depth is a key factor: A linear increase
in subsidence rate with decreasing ground water table was found for high-
latitude and tropical peatlands (Evans et al.,, 2019). A decrease in drainage
depth from 40 cm to 80 cm resulted in a threefold increase in subsidence
rates from —0.42 cm yr~' to-1.27 cm yr=" in temperate and boreal/subarctic
peatlands. In tropical peatlands, a similar decrease in water table seems to
result in higher subsidence rates as an increase from —=2.8 to —4.5 cm yr' was
recorded. However, this might also have resulted from the shorter drainage
time of 8.7 years in the tropical system, while the temperate peatlands had
been drained for 37 years.

Peat properties such as density and thickness add to the observed variation
in subsidence rates. For the Sacramento Delta, a strong relationship was found
between the content of organic matter (OM) and subsidence rates. After 100
years of initial drainage, subsidence rates were less than 1 cm yr™' in areas
where organic matter content in the topsoil was below 10% but considerably
higher (3.5 cm yr™") in areas with high organic matter content (60%; Deverel
and Leighton, 2010). In agreement with this finding, the spatial variation in
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SOM content, ranging from 4% to 60%, explained over 55% of the variation in
average subsidence rates from 1978 to 2006 in the same area (Rojstaczer and
Deverel, 1995; Deverel and Leigthon, 2010). Similarly, thicker peat deposits
showed higher subsidence rates than shallow peat deposits over a 38-year
observation period in Poland'’s peatlands (Grzywna, 2017).

With ongoing subsidence, the soil surface (relative to the ground water
table) decreases and the peatland becomes wet again when subsidence
depth approaches the groundwater table. To maintain an aerated zone in the
organic soils for agriculture, repeated drainage is necessary, thus becoming a
self-perpetuating process. In temperate regions, the drainage system has to be
renewed every 40-50 years (Ferré et al., 2019). Long-term drainage will finally
lead to a loss of the whole peat deposit - converting the organic into a mineral
soil. The subsequent long-term agricultural suitability depends strongly on the
properties of the underlying mineral material. Coastal regions with substantial
soil subsidence over the last century of up to 8 m lead to levee instability
or failure, island inundation, and increased seepage penetration into the
groundwater (Deverel and Leigthon, 2010; Erkens et al., 2016). In addition, high
mineralization rates of the peat cause enhanced nutrient mobilization and thus
the risk of water eutrophication (Klgve et al., 2017, 2010; Prévost et al., 1999).

2.3.2 Pathways and forms of C loss in drained peatlands

During the aerobic decomposition processes of peat in the aerated zone,
most of the carbon is lost as CO, (Fig. 3; IPCC, 2014). Only a minor part is
released as CH, via the ditch waters. Besides gaseous carbon loss, carbon may
be transported in the liquid phase. Losses of particulate organic carbon (POC)
are often connected to water erosion processes. Moreover, POC can also be
eroded by wind, especially when the peat is not covered by vegetation. Peat
fires represent another substantial source of carbon release. Occasionally
they are man-made fires for management purposes, but fires may also occur
naturally in drained peatlands after prolonged drought periods. In addition to
CO,, CO, and CH, emissions from these fires, smoke is released reducing light
and growth conditions and consequently CO, uptake by plants (Turetsky et al.,
2015). The most direct carbon loss in peatlands is peat extraction for horticulture
and energy use — still practised in several northeastern European countries. It
is estimated that global emissions from peat mining activities amount to 0.066
Pg CO,-eqyr™, in contrast to about 1 Pg CO,-eq yr™' released by peat fires and
1.5-2 Pg CO,-eq. yr' by microbial decomposition of peat (Leifeld et al., 2019).

Forestimation of SOClosses, defaultvaluesascompiled by IPCC(2014)canbe
used if no detailed country-specific information is available (see Chapter 9 of this
book). These default values were derived from studies of CO, and CH, emissions
from land and ditches waters, DOC loss and carbon loss from peat fires. Emission
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Figure 3 Summary of main carbon fluxes from drained organic soils contributing to SOC
stock changes and additional carbon exchange fluxes due to management of agricultural
systems on organic soils (see Section 2.1.1; modified after IPCC, 2014 and Jauhiainen
etal., 2019).

factors were assigned to different climate zones and land use (Fig. 4). Depending
on the available number of studies, more specific subclasses such as nutrient
status or drainage depth are given for some categories. Integration of new data
will be used to update and improve the estimated emission factors. Generally,
total carbon losses from drained peatlands are dominated by CO, emissions,
contributing to the total C loss by 93% in the tropics, 94% in the temperate zone,
and 96% in the boreal zone, followed by DOC losses (IPCC, 2014). CH, emissions
amount for<0.1% of the total SOC losses, but are more relevant when fluxes are
expressed as CO,-equivalents. However, the contribution of these fluxes may
differ considerably across peatland types: In drained blanket peat in the UK,
DOC fluxes were the dominating pathway, followed by DIC, POC, CH,, while the
net CO, balance was positive (Rowson et al., 2010).

2.3.3 Drivers of CO, emissions in drained peatlands

Following Fig. 4, temperature is a key driver for CO, emissions from drained
peatlands, causing particularly high emissions in the tropics. In addition, in all
climate zones, the groundwater level strongly determines the CO, emission
(Evans et al., 2021; Huang et al., 2021). Independent of the climatic region,
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Figure 4 Summary of IPCC default values of drained peatlands (IPCC, 2014; 95%
confidence interval; NR, nutrient-rich; NP, nutrient-poor; sh, shallow-drained (<30 cm);
dd, deep-drained (>30 cm); n, number of studies for emissions factor of CO,). No
differentiation was made for the emission factor of temperate and boreal cropland. CH,
includes direct emissions from land and from ditch waters. CH, fluxes are all<7 g C m?
yr~' and consequently too small for visualization.

considerably higher emissions are found at a drainage depth of —80 cm
compared with—40 cm (Table 1). Generally, CO, emissions increase linearly with
falling water table: per 10 cm water table drawdown by 188-267 g C m=2yr~'in
tropical forests, by 134 in temperate peatlands in the UK and Ireland and by
16-33 g C m2 yr' in boreal forests (Evans et al., 2021; Hooijer et al., 2012;
Ojanen and Minkkinen, 2019; Table 1). In contrast, German peatlands are more
sensitive and showed high site-to-site variability in CO, emissions at the same
water table (Tiemeyer et al., 2020). Studies with water tables below 60 cm are
scarce (Ojanen and Minkkinen (2019).

In some cases, the relationship between water table depth and CO,
emissions is not linear (e.g. Tiemeyer et al., 2020; Couwenberg et al., 2010).
In dry summers, the mineralization of peat in the upper layer may be limited
by soil moisture (Glatzel et al., 2006; Hahn-Schofl et al., 2011; Tiemeyer et al.,
2016). Moreover, in shallow peat, no additional carbon may be mineralized with
further lowering of the water table (Paul et al., 2021). While groundwater levels
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16 Management of organic soils to reduce soil organic carbon losses

can have a high predictive power for the CO, emissions in consecutive years
for specific sites (Fortuniak et al., 2017; Hirano et al., 2012), it is unclear whether
this is a general pattern that also holds for deeply drained peatlands.

In a newly established palm oil plantation, McCalmont et al. (2021)
revealed that respiration from the upper soil horizons is more sensitive
to water table changes than that from deeper layers. A 30-cm water table
decrease from =50 to =80 cm resulted in 7% higher soil respiration compared
to 37% when the water table fell from =10 cm to =40 cm (McCalmont et al.,
2021). In line with this observation, Hirano et al. (2012) found a significantly
stronger response of a tropical peat swamp upon water table lowering during
an El Nino event, compared to a drained peatland. Recent EC measurements
in an oil palm plantation revealed a very high carbon loss rate of =3.6 kg C
m~2in the first year following plantation establishment, which was reduced to
-2.9kg Cm=2inthe second and third year and even furtherin the mature phase
(=1.3 kg C m2 yr!, McCalmont et al., 2021). One part of this considerable
loss was explained by a higher water table in mature plantations compared
to newly established ones (-=0.25 cm vs.—0.60 cm). In addition, different peat
qualities, originating from the antecedent decomposition of peat may be
one factor explaining differences in mineralization rates with depth (Section
2.3). Also differences in vegetation induce different peat qualities which was
found to affect decomposability (e.g. Duval and Radu, 2018; Maie et al., 2019;
Moore and Dalva, 1997; Scanlon and Moore, 2000). Whether peatland type
also affects CO, release after drainage is not yet clear. Whereas two studies
found higher CO, mineralization rates for bogs than for fens (e.g. Alm et al.,
1999a; Deppe et al., 2010), other studies reported only small differences in
CO, emission between different peatland types (e.g. Moore and Dalva, 1993;
Updegraff et al., 2001). Moreover, a meta-analyses by Huang et al. (2021)
found a considerably stronger increase in CO, emissions with increasing
drainage depth for fens than for bogs.

It is well established that peat decomposition increases with soil
temperature in all climatic regions (Carter et al., 2012; Wilson et al., 2016a).
Laboratoryincubationsindicated that Q10 values for CO, release underaerobic
conditions are in the range of 1.4-2.5 for tropical peatlands (Girkin et al., 2020;
Jauhiainen et al., 2019; Maie et al., 2019; Inglett et al., 2012; Ali et al., 2006),
1.8-4.2 for temperate peatlands (Bader et al., 2017; Hardie et al., 2011; Lund
etal., 2007; Moore and Dalva, 1993), and 1.2-5.0 for boreal peatlands (Bubier
et al., 1998; Yavitt et al., 2000). Noticeably, the boreal peatlands showed the
highest variability in temperature sensitivity. The variability for CH, production
rates was even more pronounced in boreal and temperate peatlands, which
could be related to vegetation composition. CH, emissions from Sphagnum-
dominated peatlands were more temperature sensitive with an average
Q10 of 8.0 (at single sites Q10 values of up to 30) than wetter minerotrophic
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sedge-dominated peatlands (Q10=4.3, Lupascu et al., 2012). Q10 values of
1.9-5.8 were measured for an arctic permafrost layer in Sweden (Lupascu
etal., 2012).

Determining the temperature dependency of CO, emission rates using
field measurements is very challenging as land-use history, time since drainage,
water table depth, management intensity, and other confounding factors differ
between peatlands and regions. While in the tropics major drainage systems
are relatively young, drainage is ongoing since centuries in the boreal and
particularly in the temperate zone.

As the emitted CO, results from the combined effect of various controlling
factors, including the composition of peat, climatic conditions (soil moisture
and temperature), nutrient availability, land-use history, the influence of a single
parameter on the CO, emissions is site-specific. It is up to now impossible to
predict the emissions for a specific peatland and concurrently estimate the
reduction potential of GHG emissions of management strategies for a particular
site. However, on a broader scale, it can be concluded that the deeper the water
table, the lower the latitude, and the nutrient richer the peatland is, the higher
the CO, emissions and consequently the SOC loss.

2.3.4 Waterborne carbon losses in form of dissolved organic
carbon (DOC) and particulate organic carbon (POC) in
drained peatlands

Waterborne C losses of peatlands comprise different carbon species
of various origins. DOC is released through biological activities during
decomposition processes and plant growth. It is transported horizontally
and vertically and can be exported from the peatland (Fig. 4) with DOC
fluxes ranging from 5 g C m=2yr~" in subarctic and boreal peatlands to 100 g
C m=2 yr7'in tropical peat swamps (Evans et al., 2016; Moore et al., 2013).
Temperature was found to be a major driver for DOC fluxes. Also within
single sites, peat temperature may control the baseline flux of DOC (Rosset
et al., 2020). In addition, drainage is usually considered as a driver for DOC
production as it aerates the peat volume and consequently accelerates the
decomposition rate and induces a shift in vegetation (e.g. Billett et al., 2006;
Ritson et al., 2017; Strack et al., 2008). For example, Evans et al. (2016) found
an overall higher DOC mobilization of 67% in drained as compared to natural
peatlands. A positive correlation of water table depth with DOC fluxes was
observed in drained oil palm plantations (Cook et al., 2018). Drainage depth
was found to influence the age of DOC with deeper drainage leading to
mobilization of older peat-derived carbon than shallow-drained peatland.
Dean et al. (2019) analysed '“C data from studies that measured DOC
export to aquatic systems from drained peatland catchments. As a general
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feature, DOC from arctic, boreal, temperate, and tropical undisturbed and
only slightly disturbed peatlands (n=179) often had modern ages (87-90%),
while 70% of disturbed peatlands (n=30) had DOC, which showed older
ages (Dean et al., 2019). This implies that drainage may trigger mobilization
of older peat in form of DOC.

The contribution of DOC to the total carbon balance depends on the
ecosystem type, disturbance degree, and climatic region and may be a
quantitatively important component of the carbon balance. DOC fluxes
of about 60 g C m=2 yr" in an undrained and about 100 g C m=2 yr' in a
drained peat swamp were reported by Moore et al. (2013). In the latter case,
DOC contributed 16-24% to the total carbon loss, when compared to CO,
fluxes from the previous years (Hirano et al., 2012). In contrast, DOC fluxes of
only 0.53 g C m™2 yr! contributed less than 2% to the total carbon loss of a
temperate drained peat under grassland (Tiemeyer and Kahle, 2014), and in
intensively used peatland in northern Germany, DOC fluxes of 4.28 g C m™2
yr~' contributed about 8% to total carbon loss (Tiemeyer et al., 2016; Frank,
2016). In contrast to temperate or tropical systems, DOC is more relevant for
the overall carbon budget in northern peatlands of the cool temperate or
boreal zone with moderate disturbance (IPCC, 2014). For example, adding the
DOC fluxes of 13 g C m=2yr~" in a peatland in northern Sweden to the gaseous
exchange reduced the total carbon sink considerably from—-37.5 g C m=2 yr™'
t0-23.3gCm=2yr ' (Nilsson etal., 2008). In a raised bog in Southern Scotland,
waterborne fluxes of 30+£6.2 g C m™2 yr~' even equalled CO, fluxes (28+2.5 g
Cm=2yr, (Billett et al., 2004).

In comparison to DOC, POC contributes significantly only in disturbed
peatlands to waterborne carbon fluxes (Billett et al., 2010; Cook et al., 2018;
Dawson et al., 2002; Shuttleworth et al., 2015; Yupi et al., 2016). As particles
are primarily detached and transported during erosion, relevant POC fluxes
occur for bare peat during runoff situations (Billett et al., 2010; Holden, 2006;
Pawson et al., 2012). In strongly disturbed blanket peatlands in the UK with
eroding sites, POC fluxes of 13-79 g C m=2 yr~" were recorded (Pawson et al.,
2012). Evans et al. (2019) calculated that POC fluxes in these systems increased
by around 4 g C m=2 yr' per 1% of exposed bare peat area. For tropical peat
swamps, Moore et al. (2013) also found higher POC fluxes in disturbed (10 g C
m~2 yr~') than in intact peat swamp forests (1 g m=2 yr'), and a high ratio DOC/
POC was found to indicate erosion processes (Moore et al., 2013).

2.4 OM composition in intact and drained peatlands

The composition of OM in peat profiles is mostly related to (i) vegetation
changes which occur following variations in climate and/or hydrology during
millennial peat formation and (ii) ongoing decomposition of the formed peat
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(Moore, 2002). The latter is of particular relevance at it provides insight into
mechanisms of OM transformation in the absence of minerals. Although
intact peatlands almost steadily accumulate new carbon (Yu et al., 2010),
peat formation is coupled to ongoing decomposition both in the acrotelm
and in deeper peat layers (Clymo, 1984), albeit transformation rates in the
permanently water-saturated zone are thermodynamically strongly constrained
(Worrall et al., 2018).

Accordingly, deeper and older peat should reveal a stronger degree of
transformation and a more pounced microbial signature at the expense of
degradable plant remains. Further, lignins as vascular plant markers might be
better preserved owing to the anoxic conditions below the acrotelm. This was
confirmed by a range of studies from different peatland ecosystems. Zaccone
et al. (2008) studied a cool temperate bog in Switzerland and not only showed
that phenols were relatively enriched in the catotelm as compared to the
mesotelm but also indicated that lignin decomposition, as revealed from a
significant demethoxylation and higher degree of lignin oxidation, continues
with depth, albeit at low rates. In general, anoxic conditions prevent lignin
decomposition, requiring high amounts of oxygen. Indeed, preferential loss
of carbohydrates and selective preservation of alkyl-C and aromatic C with
increasing depth, including lignin, was found for tropical and temperate
peatlands in many studies (Preston et al., 1987; Upton et al., 2018; Leifeld et al.,
2012; Moody et al., 2018; Schellekens and Buurman, 2011; Broder et al., 2012).

In contrast, peat C/N ratios as a possible indicator for the microbial
imprint show no clear pattern. Declining peat C/N ratios with depth have been
interpreted as to represent the declining rate of peat decay over time with
a concurrent preservation of nitrogen in the deeper peat layers (Kuhry and
Vitt, 1996), but this pattern cannot be considered universal. For example, C/N
ratios decreased from 50 to 70 in the upper 3.5 m of the profile to around 30
below 5.5 m (Schellekens and Buurman, 2011). Yet, within the upper 3.5 m,
C/N ratios increased with depth. Peat bogs studied by Broder et al. (2012)
showed no clear trend of the C/N ratio with depth. A compilation of data
from dozens of northern peatlands by Loisel et al. (2014) confirms that peat
C/N ratios do not follow a systematic trend with increasing peat age (Fig. 5).
The diverse sources of N inputs from fixation, atmospheric deposition, and
nitrogen inflow, outputs via denitrification and runoff and their variation over
longer timescales makes the N content of peat highly variable within a profile
(Limpens et al., 2006).

2.4.1 Changes in OM composition of peat after drainage
In drained peatlands, new vegetation is established following agricultural

practices, which provides new litter input. For understanding the change in
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Figure 5 Depth trends of peat C/N ratios for selected sites from Loisel et al. (2014). Data
are 20 cm running averages. Site description follows Loisel et al. (2014).

OM composition, peat inherent decomposition processes and incorporation of
new inputs are of particular relevance. The contribution of new inputs to topsoil
organic carbon (0-30 ¢cm) in degrading peatlands was reported to be in the
range of 14-24% after 2 decades, based on results from natural *C labelling
when C3 vegetation was changed to C4 vegetation (Leifeld et al., 2021). The
C4 accumulation rate in these topsoils was not significantly different to that
of mineral topsoils, suggesting an overall similar dynamics of incorporation of
new C. The new assimilates are relatively labile and contribute more to the CO,
as the peat OM was from managed organic soils (e.g. Bader et al., 2017; Fig. 1).
After drainage, microbial transformation of the peat deposit accelerates,
leading to an increase in the N content of OM. This increase can be substantial
and is a major distinction between intact and drained peatland soils (Leifeld
et al., 2020). A study from North-western Germany indicated that decadal
drainage and grassland management reduced C/N ratios from 40-60 to around
20 in the topsoil (0-20 cm). Importantly, the trend was similar at fertilized and
unfertilized sites, indicating that C/N in drained peatlands is related to OM
mineralization and is a relative enrichment of nitrogen (Kriiger et al., 2015).
With ongoing decomposition, exposure of older peat changes the overall
peat composition towards a higher contribution of aryl-C and alkyl-C at the
expense of O-alkyl originating from polysaccharides in boreal and temperate
peatlands (Leifeld et al., 2018). In the same study, a relative enrichment of
pyrogenic C with ongoing degradation was observed. A higher contribution of
aromatics and other recalcitrant moieties was also measured for drained tropical
peatlands (Kénodnen et al., 2016; Gandois et al., 2013; Cooper et al., 2019).

Published by Burleigh Dodds Science Publishing Limited, 2023.



Management of organic soils to reduce soil organic carbon losses 21

80
60 %
£
£ x .
[0
3 404 X
©
9
S 20
5 ] : 0
1 B
T =
0_
alkyl O-alkyl aromatic carboxyl

Figure 6 Chemical shift regions of '*C-NMR spectra from tropical (grey) and northern
(white) peat samples (alkyl-C: 0-45 ppm or 0-50 ppm; O-alkyl-C: 45-110 ppm or 50-110
ppm, aromatic 110-160 ppm, carboxyl 160-210 ppm or 160-220 ppm). Tropical data are
from Purwanto et al. (2005), Sangok et al. (2017, 2020), Wright et al. (2011), northern are
from Leifeld et al. (2018). All samples were derived from intact peatlands and were taken
in the upper 1 m of the profile. Tropical n=22, northern n=17.

An increase in alkyl-C and a corresponding decline in O-alkyl-C is generally
related to microbial decomposition of organic material, which is characterized
by the accumulation of recalcitrant aliphatic plant compounds and/or microbial
material (Baldock et al., 1997).

2.4.2 Latitudinal gradients in peat composition

Lowland tropical peats often form in peat swamp forests, where not only
broadleaf trees but also palm trees (palm forest swamps) and sedges can be
peat building. In addition, the vegetation in temperate and boreal peatlands
is highly variable, including sphagnum spp sedges, broadleaf, and coniferous
species, providing organic material for peat formation. The different conditions
regarding vegetation, hydrology, and climate result in different peat properties.
Tropical peatlands show lower contribution of polysaccharides and higher
aromaticity than northern peatlands (Fig. 6; Hodgkins et al., 2018) because
they contain higher contribution of woody species than temperate and boreal
peatlands. In addition, tropical peatlands show on average lower C/N ratios
(35.0+17.8 SD; Leifeld and Menichetti, 2018) than northern peatlands (average
42.9+18.8; Loisel et al., 2014). For the latter, sphagnum bogs contain the least
nitrogen, resulting in wide C/N ratios of 81.0 £49.2.
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2.4.3 Implications of peat composition for C loss of managed
peatlands

The accumulation of peat is strongly related to the anoxic conditions of the
peat deposit. The low abundance of oxygen directs microbial transformation
towards other terminal electron acceptors, which implies a lower energy return
and, finally, lower rates of decomposition (LaRowe and Van Cappellen, 2011).
In addition, even reactions with a negative Gibbs energy might not occur owing
to the energy requirement for ATP production and an efficiency of reaction of
below 100% (Worrall et al., 2018). With drainage, these limitations are released
and peat decomposition by microbes occurs at high rates.

In line with the thermodynamic constraints of water-logged peatlands,
CO, fluxes from drained peatlands very much depend on climate and water
table depth and thus oxygen availability as discussed above. Yet, these factors
leave a large unexplained variability, and it has been hypothesized that the
chemical composition of different peats might be a determining factor for CO,
emissions from managed organic soils (Glatzel et al., 2004; Leifeld et al., 2012).
In addition, also the abundance or absence of key controlling molecules such
as polyphenols or tannins and their effect on OM decomposition might guide
peat decomposition under drier conditions (Fenner and Freeman, 2020).

In many studies, peat samples from different soil depths were incubated
in the laboratory and their CO,, CH,, or N release was monitored. Such an
approach might be useful also to disentangle the role of peat composition on
decomposability. Almost all of these studies found higher CO, release rates
under aerobic conditions (Brake et al., 1999; Hardie et al., 2011; Hogg, 1993)
and also under anaerobic conditions (Glatzel et al., 2004; Sjégersten et al.,
2016) for surface samples, although depth effects were not always pronounced
(Bader et al., 2018a). The van Post degree of humification, a widely used but
unspecific field indicator of peat degradation (Malterer et al., 1992), was found
to be positively related to the CO, release, that is, more decomposed peat,
typically situated in the aerated topsoil of managed organic soils, was more
labile (Glatzel et al., 2004; Saurich et al., 2019). However, simple indicators such
as nutrient content or peat stoichiometry failed to explain peat decomposability
(Bader et al., 2018a; Saurich et al.,, 2019). A higher degradability of surface
peat might not be related to peat composition but to changes in microbial
community composition and higher soil microbial activity in aerated topsoil
peats (Brake et al., 1999), and to a high contribution of labile OM that derives
from the currentvegetation on former peatlands which may also induce priming
effects (Bader et al., 2018b).

More specific approaches confirmed a regulatory role of OM composition
for peat decomposability. An incubation of various tropical peats revealed a
reduced nitrogen mineralization rate with increasing alkyl/O-alkyl-C ratio, that is,
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with increasing microbial transformation of the OM, as measured by solid-state
13C-NMR spectroscopy (Purwanto et al., 2005). More specifically and also for
tropical peat, Hoyos-Santillan et al. (2016) showed that both in anoxic and oxic
environments, lignin moieties, longer-chain fatty acids, and polysaccharides,
all analysed by TMAH-pyrolysis-GC-MS, were positively related to CH, and
CO, release. For the anaerobic incubation of temperate peat, Reiche et al.
(2010) showed that the peats’ thermal stability, depending on the amount
of carbohydrates in peat, explained 71% (CH,) and 49% (CO,) of the release
of these two GHGs. Importantly, the relationship was non-linear. Leifeld et al.
(2012), Sjogersten et al. (2016), and Normand et al. (2021) found a positive
relationship between the O-alkyl-C content, as measured by *C NMR, and CO,
release from various peatland soils. Together, these findings indicate that (i)
peat composition varies steadily within the peat profile, (ii) peat quality changes
systematically after drainage, and (iii) peat quality is one relevant factor for the
release of CO, after drainage.

3 Management strategies to reduce soil organic carbon
loss from drained peatlands

The most efficient ways to prevent further SOC loss from peatlands is to protect
existing intact peatlands and to raise the water table of managed (drained)
ones. Rewetting is then accompanied by either restoration of the peatland
with the loss of the agricultural production function or with cropping of water-
tolerant crops. In addition, engineering measures with continued management
at deeper water tables were suggested.

3.1 Restoration and rewetting of peatlands without use

Rewetting of peatlands means restoring the water table or hydrological regime
towards a condition where the new groundwater level is close to the surface of
the peatland, with the aim of a partial or total reversal of drainage. However,
the original ecosystem functions may be only partly restored. Restoration of
peatlands aims at revitalizing the peat accumulation process. This includes
the rehabilitation of original fauna and flora and thus the original ecosystem
functions including carbon sequestration. In addition to rewetting measures,
active restoration techniques that reintroduce peatland plant species are
important (Landry and Rochefort, 2012), while the term ‘rehabilitation’ refers to
natural succession after the abandonment of active management.

The continuous loss of SOC from degraded and drained peatlands can
be reversed by rewetting as the main trigger for carbon release - the aerobic
mineralization of the peat - is prevented (Evans et al., 2021; Huang et al.,
2021). A common observation is that while CO, and N,O fluxes decrease CH,
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emissions increase (Figs 4 and 7; Wilson et al., 2016éa). After the successful
recovery of the original vegetation, the carbon fluxes match those of
undisturbed peatlands (IPCC, 2014; Nugent et al., 2019; Wilson et al., 2016b).
Natural peatlands are characterized by a mosaic of habitat structure, including
small-scale differences in water tables resulting in specific plant communities
and GHG emission patterns (e.g. Lai et al., 2014; Laine et al., 2007; Maanavilja
et al., 2011). Small-scale heterogeneity is often restored by rewetting (Wilson
etal., 2013; Strack et al., 2014). However, carbon fluxes may differ in the initial
phase after rewetting. Observed responses include (i) a stronger carbon sink
due to higher carbon uptake during vegetation establishment, (ii) a consistent
large carbon source due to high CO, emissions, or (iii) high CH, emissions
(Valach et al., 2021; Waddington et al., 2010; Wilson et al., 2013). These
short-term rewetting effects are often attributed to a transition period before
a new equilibrium is established. Restoring the original ecosystem functions
may be difficult and is a long-term objective (Vanselow-Algan et al., 2015;
Renou-Wilson et al., 2019; Samaritani et al., 2011; Wilson et al., 2016b). The
restoration success also depends on the state of degradation of the peatland
and restoration techniques. In some cases, restoration may not be possible
due to hydrological restriction or altered peat properties (Klave et al., 2017).
In some cases, restored wetlands may shift to stable states that differ from their
original condition (Moreno-Mateos et al., 2012).

3.1.1 CO, flux changes after rewetting of drained peatlands

Strong reductions of CO, emissions upon rewetting was observed for
temperate and boreal peatlands (IPCC, 2014; Wilson et al., 2016a). Most
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Figure 7 Carbon fluxes of rewetted and natural peatlands for boreal, temperate, and
tropical climate zone. Data from Wilson et al. (2016a). NP, nutrient-poor; NR, nutrient-rich.
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rewetted peatland types are, on average, carbon sinks. The strongest annual
CO, sink is found in nutrient-rich boreal peatlands (=53 g C m=2 yr™'), followed
by nutrient-poor peatlands (41 g C m=2yr~' for boreal and =33 g C m=2 yr~' for
temperate peatlands, Wilson et al., 2016a, Fig. 7). As an exception, nutrient-rich
temperate peatlands showed lower CO, emissions of 26 g C m=2 yr™' (Wilson
et al.,, 2016a). Nutrient-rich peatlands display a wider range of fluxes than
nutrient-poor sites in temperate and boreal peatlands, which can be explained
by their high hydrological, biogeochemical, and biological diversity (Wilson
et al., 2016a). Different functional plant types, including mosses, grasses, and
sedges, are growing in fens (Joosten and Clarke, 2002). Especially boreal fen
sedges are known to be a highly productive system, explaining the greatest
carbon uptake in this system (IPCC, 2014). The elevated diversity of previous
land use of temperate fens might add to the high site-to-site variability, as these
fens were more intensively used than nutrient-poor bogs (Joosten and Clarke,
2002). In addition, a higher disturbance degree or the incorporation of studies
on incompletely rewetted sites, where the natural peat-forming vegetation
has not re-established, or recently rewetted sites that are still undergoing
transitional changes, may explain the observed CO, emissions from rewetted
nutrient-rich temperate peatlands (Wilson et al., 2016a). Also severe droughts
might shift peatlands into a temporary carbon source (Alm et al., 1999b; Lund
etal., 2012; Rinne et al., 2020).

Like in drained peatlands, an influence of mean water table on the CO,
balance was observed for rewetted peatlands, with lower emission or higher
sequestration for elevated water tables. The decrease in CO, emissions per cm
change in the water table is more pronounced in temperate climate (44 gCm™
yr~! per 10 cm water table increase) than in boreal climate (17 g C m=2 yr™' per
10 cm water table increase, IPCC, 2014). A water table above =10 cm depth is
necessary to achieve a CO, sequestration in temperate peatlands, while boreal
peatlands showed a net CO, uptake down to a water table depth of =30 cm. Up
to date, no data of rewetted tropical peatlands are available; therefore, Wilson
et al. (2016a) suggested a default value of 0 based on the observation that
soil subsidence stopped when rewetting tropical organic soils. Due to the low
number of observation in tropical peatlands, these emission factors have a high
uncertainty (Fig. 4).

3.1.2 CH, emissions after rewetting of peatlands

As methane is produced under anaerobic conditions, increased CH, emissions
after restoration of anaerobic conditions is a logical consequence. Up to date,
the database for CH, emissions of rewetted sites is limited. As Wilson et al.
(2016a) found no significant differences in CH, emissions between natural
(undrained) and rewetted sites, data of natural sites are useful to explain the
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driving factors of CH, emission. Several factors, like water table height, plant
species composition, and nutrient status, control CH, emissions of intact
peatlands. Similar to the CO, emissions, the water table is considered the
key driver for CH, emissions. A water table depth of <=0.25 m is sufficient to
markedly reduce CH, emissions as CH, produced in the anoxic zone is oxidized
by methanotrophs in the oxic zone (Turetsky et al., 2015; Evans et al., 2021;
Tiemeyer et al., 2020). Annual CH, fluxes exponentially increase with raising
the water table but with very high site-to-site variability. Comparing 108
peatlands from the boreal and temperate zone, Abdalla et al. (2016) reported
higher CH, emissions for nutrient-rich environments, such as fens (15.4 g
C m=2 yr"), compared to naturally nutrient-poor bogs (7.1 g C m=2 yr™'). This
pattern was confirmed for temperate peatlands in Germany (Tiemeyer et al.,
2016). However, CH, emissions were considerably higher for shallow-drained
nutrient-rich peatlands (79+104 g C m=2 yr™') and for nutrient-poor peatlands
(10.3+£24 g C m=2yr"), indicating overall higher CH, emission upon rewetting
in temperate peatlands (Abdalla et al., 2016; Tiemeyer et al., 2016).

In addition to hydrology, peatland vegetation is a key factor to explain the
magnitude of CH, fluxes. Some graminoid plant species have an aerenchyma
tissue, facilitating the direct gas exchange between roots and the atmosphere,
thereby allowing methane to bypass the upper oxic peat layers (Schimel, 1995).
Accordingly, wet temperate peatlands without this specialized plant species
showed considerably lower CH, emissions (mean: 5 (range:-0.02 to 25 g C
m~2 yr ")) than peatlands supporting a vegetation with an aerenchyma tissue
(mean: 17 (range: 0-76 g C m~2 yr")) (Couwenberg and Fritz, 2012; Turetsky
etal., 2014).

Temperature is another crucial driver for CH, emissions. Plant productivity
and input of labile carbon from plant exudates and mineralization processes
depend on temperature (Conant et al., 2011). CH, fluxes decreased with
increasing latitude from temperate to subarctic in most fens (Turetsky et al.,
2014). In contrast, tropical peatlands showed an opposite trend. Wet tropical
peatlands released on average only 6.1 g C m=2 yr' (Wilson et al., 2016a).
Recent CH, fluxes from EC indicate considerably higher CH, emissions of
7.5-22 g C m=2 yr" in tropical peat swamps (Deshmukh et al., 2020; Griffis
et al., 2020; Wong et al., 2018). Higher CH, emissions from these recent EC
measurement suggested that plant-mediated CH, transport may play a role
in the overall CH, emissions to the atmosphere, and this process is usually
not captured by chamber measurement on which earlier observations were
predominantly based (IPCC, 2014; Pangala et al., 2017; Welch et al., 2019).
However, compared to boreal peatlands, CH, emissions of tropical sites are low
despite the higher temperatures. This may be explained by high mineralization
rates under warm temperatures in combination with a high contribution of
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lignin from tropical forests, which result in recalcitrant peat (Section 2.3) with a
lower availability of labile substrate for methanogenesis.

In most cases, rewetting drained peatlands reduces GHG emissions
(Section 3.4), however, high CH, emissions after rewetting can counteract
mitigation strategies of peatlands that aspire an improved GHG balance
(Waddington and Day, 2007; Wilson et al., 2009). High annual emissions
up to 370 g CH,-C m=2 yr'" were measured in a nutrient-rich fen in the first
years after rewetting (Augustin and Chojnicki, 2008). Rapid flooding of the
site led to a plant die-off, with the decomposing litter serving as an easily
degradable carbon source fuelling microbial decomposition and subsequent
development of anaerobic conditions leading to the high CH, emissions
(Hahn-Schofl et al., 2011). In addition, high nutrient availability and lateral
carbon import from floating biomass supported high methanogenesis rates
(Augustin and Chojnicki, 2008). However, 8 years later considerably lower
annual CH, emissions of about 53 g CH,-C m=2 yr™' from open water surfaces
and 13 g CH,-C m™2 yr' from emerging littoral vegetation were measured
(Franz et al., 2016). Similarly, CH, emission after rewetting of a highly
degraded coastal fen decreased in the first 2 years after rewetting (Hahn
et al., 2015; Koebsch et al., 2015). These studies suggest that rapid flooding
of nutrient-rich fens, where the vegetation was not adapted to flooding
conditions, may induce a CH, peak and seems to represent a transition state
with decreasing CH, emissions over time. However, other studies indicated
high CH, emission rates depend on the vegetation types even after 30 years
of rewetting (Vanselow-Algan et al., 2015). These emissions were explained
by a strongly fluctuating water table, including inundation periods with the
anaerobic decomposition of easy decomposable plants and shunt species
(Vanselow-Algan et al., 2015). Similarly, mulching a rewetted peatland where
the grass cut was left on the side, with temporary inundation, resulted in
relatively high CH, emissions (Kandel et al., 2019b). Thus, it appears that not
the time since rewetting is important, but that the hydrological regime and
plant communities should be controlled to prevent high CH, emissions.

CH, emissions may additionally be affected by nutrient availability:
removal of the upper 30 cm of degraded topsoil prior to rewetting of a former
intensively used bog reduced CH, emissions considerably in the first year (Huth
et al,, 2020). Alongside the CH, reduction following topsoil removal, reduced
fluxes of DOC (60%) and cations (80-90%) from a rewetted former agricultural
peatland were recorded (Harpenslager et al., 2015). Former land use and
hydrologic condition should be considered before rewetting. In particular,
additional input of easily decomposable carbon and nutrients and prolonged
flooding conditions, especially when vegetation is not adapted to inundation,

should be avoided.
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3.1.3 DOC changes following rewetting

DOC fluxes contribute essentially to total carbon fluxes in some peatlands
systems (Section 2.2.2). Drainage usually increases DOC fluxes (Section 2.2.4).
It is assumed that rewetting of drained organic soils generally decreases the
DOC fluxes from peatland (IPCC, 2014; Evans et al., 2016; Wilson et al., 2016a).
Limited information is available on the influence of land use and nutrient
status on DOC fluxes from rewetted peatlands. Accordingly, only aggregated
values are given for the climate zones (51, 24, and 8 g C m=2 yr™" for tropical,
temperate, and boreal zones, respectively (IPCC, 2014, Fig. 7). Several studies
report higher DOC fluxes in the initial phase after rewetting (Glatzel et al., 2003;
Rowson et al., 2010; Worrall et al., 2007). Zak and Gelbrecht (2007) explained
the increased mobilization of DOC with increased amounts of redox-sensitive
substances and enhanced availability of decomposable OM in the upper highly
decomposed peat of a nutrient-rich fen. In 24 Finnish peatlands drained for
forestry, DOC concentration in pore water increased following the first years of
rewetting, thereafter DOC decreased (Menberu et al., 2017). However, 6 years
post-rewetting, DOC was still higher in rewetted sites than in pristine peatlands.
The increase of DOC together with P-concentration in recently rewetted
peatlands under forest was explained by the leaching from forest residues and
soil disturbances following clear-felling (Howson et al., 2021).

Differences in the vegetation of rewetted and natural sites were attributed
to different DOC concentrations in a cutover bog in Canada: Ten years post-
restoration, DOC in a rewetted site remained intermediate between natural and
unrestored peatlands (Strack et al., 2015). In addition, DOC was characterized
by smaller and less-aromatic structures at the restoration site, which indicated
an input of DOC from the fresh litter of growing vegetation at the restored
peatland (Strack et al., 2015). In line with this, Herzsprung et al. (2017) found
higher DOC concentrations with a higher polyphenol contribution in summer
time on sites rewetted for 9 years compared to a natural bog in the Harz
Mountain in Germany. The authors attributed this to the higher degree and
biomass of vascular plants at the rewetted site.

Given the limited data set, the increased DOC fluxes following drainage
generally seem reversible by rewetting. However, as DOC is derived from turnover
processes of peat and the living vegetation, the temporal evolution of vegetation
after rewetting may be accompanied by temporal changes in DOC as well.

3.2 Agricultural management of peatlands without drainage:
paludiculture

The term ‘Paludiculture’ refers to farming and agroforestry systems, which grow
a commercial plant under wetland conditions in a sustainable way. The idea
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is that the SOC stocks of peatlands are preserved under a high water table
and that a cultivated plant species - adapted to wet conditions - generates
an economic income to the farmers (Wichtmann et al., 2016). Co-benefits of
paludiculture include biodiversity and water purification (Giannini et al., 2017;
Vroom et al.,, 2018; Wichtmann et al., 2016). From a conceptual viewpoint,
paludiculture would - under optimal conditions - restore a peat-forming
system, although the aboveground part of plant biomass is removed and can
consequently not contribute to carbon input. To date, much research on this
practice is conducted on pilot studies, which have been recently emerging.
The research in northern peatlands focuses on the climate mitigation potential,
growth conditions, practical implementation barriers, and political barriers
for the cultivation of paludiculture plants. Many of the plants suggested for
paludiculture are wetland species that tolerate a wide range of environmental
conditions (Abel et al., 2013; Joosten and Clarke, 2002; Melts et al., 2019). As
paludiculture is a relatively recent technique, the number of studies providing
empirical data concerning field measurement of GHG exchange is limited.
Particularly, studies covering multiple years of the complete carbon balance
of paludicultures with a whole or several production cycles are missing. As
paludiculture plants are colonizing natural habitats as well, few studies exist of
these unmanaged systems. It is speculated that these unmanaged systems can
serve as a proxy for the carbon balance of managed system and that the effect
of biomass removal will not significantly alter the complete carbon balance
(Tanneberger et al., 2020).

Recently, the transfer of the paludiculture concept to the tropics has
been attempted (Tan et al., 2021). After severe peatland fires in 2015 in
Indonesia, there was a need to rewet degraded and burned peatland and
simultaneously provide benefit for livelihood, which was supported by the
Indonesian Government new peatland restoration strategy (Tata, 2019). In this
context, paludiculture research focuses on short-term socio-economic and
environmental aspects of existing agroforestry systems on peatlands (Budiman
et al., 2020; Tata, 2019). Those socio-economic aspects receive most attention
that attempt to find alternatives to land clearance by fire for agriculture
(Budiman et al., 2020). Tropical paludiculture systems are even less studied
than temperate or boreal ones.

3.2.1 Sphagnum farming on nutrient-poor temperate
peatlands

Sphagnum is a typical paludiculture plant for northern bogs, which can
substitute natural peat for horticulture and thus simultaneously reduce peat
mining activities (Gaudig et al., 2017; Wichtmann et al., 2016). A 6-year-old
sphagnum farm, established on a rewetted cutover bog without topsoil removal,
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was characterized at the 2 last years of the production cycle by CH, emissions
of 2£0.6 g C m2 yr ' and a net carbon uptake amounting to-98+20.1 g C
m~2yr~' (Beyer and Hoper, 2015). Optimization of the sphagnum farm in terms
of availability of labile C and water management might lead to even lower
CH, emissions (Glnther et al., 2017). Particular attention should be paid to
CO, emissions from ditch water and from constructed dams, which have the
potential for further improvements in sphagnum farming (Gunther et al., 2017).
One option would be to use subsoil irrigation to avoid high emissions from
ditch waters (Brown et al., 2017). A constant water table was shown to be
essential in providing optimal conditions for growth and carbon balances in a
North American sphagnum farm (Brown et al., 2017). However, all experimental
plots were CO, sources in the second year of establishment, which was partly
caused by the decomposition of straw, which was introduced for establishing
the sphagnum cultivation (Brown et al., 2017). In addition, a low water table
(around 10-25 cm below peat surface) may have added to the higher CO,
emissions from this farm.

3.2.2 Cultivation of bioenergy plants on nutrient-rich
temperate peatlands

In contrast to sphagnum farming on nutrient-poor bogs, reed (Phragmites)
and Thypa are common wetland plants in fens. Several studies measured
GHG emissions from naturally occurring reed and Thypha sites without
harvesting (Franzetal.,2016; Manderetal.,2012; Minke etal.,2016; Shurpali
et al., 2009; van den Berg et al., 2016). However, no GHG measurement
took place at the harvested sites (Mander et al., 2012; Minke et al., 2016;
Shurpali et al., 2009). Like in other peatlands, a high water table lowered
carbon emissions from peat decomposition, while on the other hand, CH,
emissions increased up to around 100 g C m=2 yr~' under flooding (Franz
et al., 2016; Mander et al., 2012; Minke et al., 2016; Shurpali et al., 2009;
van den Berg et al., 2016). To the best of our knowledge, the only study that
explicitly compares the effect of biomass harvest on the carbon balance was
conducted in temperate rewetted fen by comparing gas fluxes of harvested
and non-harvested plots of Phragmites, Thypa, and Carex vegetation
(Gunther et al., 2015). Cutting above ground biomass changed the net CO,
uptake depending on the year and vegetation type. When including the
biomass export from the harvested plots, harvested paludiculture plots
became in most cases a stronger carbon source compared to the non-
harvest plots. However, carbon losses of these 15-year-old rewetted sites
were lower compared to their drained counterpart and thus would present
a mitigation option (Ginther et al., 2015). Ginther et al. (2015) concluded
that multiple-year studies are needed to evaluate the long-term effect of
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harvest on the carbon balance of managed peatlands. In view of increasing
the yield for bioenergy plants and intensifying cultivation in future, practices
including more frequent biomass harvest and fertilization have to be
carefully evaluated (Mander et al., 2012; Kandel et al., 2019a).

3.2.3 Rice as potential paludiculture crop in subtropics and
tropics

Rice is a staple crop with high water tolerance. Whereas the GHG balance
and CH, release of paddy rice on mineral soil is in general well studied, few
field experiments evaluated these parameters for paddy rice cropping on
organic soils. Studies in Indonesia showed that rice crops had favourable
GHG balances compared to other plant species and that even if rice
cultivation let to high CH, emissions, compared with other corps, these were
overcompensated by reduced CO, release from peat degradation (Hadi et al.,
2005; Furukawa etal., 2005). In a review of other data from SE Asia, Hergoualc’'h
and Verchot (2014) compared data sets from measurements of various land-
use and management types on intact and drained tropical peat. Paddy rice
emitted less CO, than croplands or acadia plantations but did not reveal
an improved GHG balance over most of the land-use types when CH, was
taken into account. Water levels were the highest with rice (4.5 cm), whereas
water levels of other land-use types were between—18 and —78 cm, resulting
in partially high CO, emissions. Hatala et al. (2012) measured CO, and CH,
fluxes on degraded peatlands managed as paddy rice or pasture using EC
over 2 years in California. The water table of the pasture was—50 to —80 cm
throughout the year, whereas the paddy rice was inundated most of the year
but drained 45 days before the start of the growing season for cultivation and
planting and for about 55 days at the end of the growing season for harvest.
Their study showed that paddy rice was a net GHG sink in both years owing
to a substantial CO, uptake, whereas the pasture released large amounts of
CO,, in addition to CH, from cattle, and was overall a strong GHG source. With
harvest exports taken into account, paddy rice management turned into an
overall GHG source which was, however, substantially smaller than the one
from the pasture system.

Together these few available GHG measurements with paddy rice on
organic soil reveal that CO, emissions from peat decomposition can be largely
reduced whereas CH, increases. The latter has long been recognized as anissue
of paddy rice cropping (Seiler et al., 1984), and CH, release can be reduced
by measures such as intermittent flooding to keep periods with preferable
conditions for methanogens short (Minamikawa et al., 2018). Paddy rice on
organic soils might be a more suitable agricultural crop than many others, but
optimization of its GHG balance is still an understudied topic.
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3.2.4 Potential of paludiculture to reduce carbon loss

Based on the available data and mechanistic understanding, a high water table
reduces aerobic peat decomposition and thus CO, emissions of paludiculture
systems compared to management after drained peatland. However, the
empirical database is too small to say how the full carbon balance changes
when harvest is included and hence, if paludiculture systems can be carbon
neutral or even carbon sinks. More field studies investigating the complete
carbon balance of paludicultures are needed to give the scientific background
towards reducing GHG emissions from drained and rewetted peatlands. In
addition, site-specific management options, including technical requirements
to stabilize water tables throughout the year, and the importance of topsoil
removal have to be taken into account.

3.3 Engineering measures to reduce greenhouse gas emissions
under sustained agricultural management

3.3.1 Water management

Due to the strong dependence of the GHG emissions on the water table, the
idea of finding the optimal water table - as high as possible but at the same time
maintaining crop productivity and reducing CH, emissions - is obvious. Evans
et al. (2021) estimated that raising average water tables of organic soils from
currently =90 for cropland and —60 cm for grassland by half could save 3.3 Mt
CO, yr'(2.7-4.0 Mt CO, yr™') with a negligible increase in CH, emissions in UK
peatlands. Globally, a reduction potential of 65% corresponding to 508 Mt CO,
yr~' was approximated by reducing drainage depth by half in all agriculturally
used peatlands (Evans et al., 2021).

However, this technique has received little attention so far, resulting in
few experimental field studies quantifying the potential of reducing carbon
losses through active water management. Short-term mesocosm experiments
revealed that raising the water table from the typical drainage depth of =70 cm
to an optimum of =30 cm would reduce total net emissions by about 42%
in grassland systems (Regina et al., 2015). Musarika et al. (2017) tried to find
the best balance between peat preservation and yield of radish. Raising the
water table from —-50 cm to—30 cm in mesocosms not only reduced the peat
mineralization by half but also improved the productivity of radish. In contrast,
mineralization was reduced by 31% but also decreased the yield of celery by
19% (Matysek et al., 2019). To avoid high economic loss, the authors suggested
to raise the water table only in the non-growing season. Wen et al. (2020)
compared precisely this setting. While raising the water table from—-50 cm
to =30 cm for both, fallow period and growing season, CO, emissions and yield
of lettuce decreased by 36% and by 37%, respectively. In contrast, a higher
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water table restricted to the fallow period reduced annual CO, emissions by
30% without affecting lettuce yield. To balance the reduction of soil subsidence
and yield in sugarcane fields in the Everglades, Florida, Glaz and Morris
(2010) investigated the influence of water table on yield. A constant water
table of =20 cm resulted in a lower sucrose yield compared to a water table
of =45 cm. However, periodic flooding of up to 14 days did not reduce the
yield but showed potential to reduce soil subsidence (Glaz and Morris, 2010).
In contrast, short flooding cycles could also induce higher CO, emissions as
compared to a constant drainage depth of =30 ¢cm (Rodriguez et al., 2021).
As the major part of emission with constant drainage occurs in summertime,
constant flooding restricted to the summer period reduced CO, emissions. The
authors, therefore, suggested to implement crop rotations that allow flooding
during summer to reduce peat loss. Although most studies agree that raising
the water table reduces carbon emissions, Berglund and Berglund (2011)
observed that raising the water table from—80 to—40 cm resulted in slightly
higher CO, emissions. These results demonstrate that the direction and size of
effects following water table manipulations depend on crop and peatland type.

One technical approach to reach the targeted water table depth is
subsurface drainage, also called subsoil irrigation. The basic principle is that
irrigation pipes are placed at about—70 cm in agriculturally used peatlands to
drain the sites at high water tables in autumn, winter, and spring and to raise the
water table in summer to reduce peat mineralization. A relative dense network
of the sub-irrigation pipes as narrow as 10 m was suggested to maintain a
stable water table in the whole field for a lowland UK peat soil (Kechavarzi et al.,
2007). Subsoil irrigation was suggested to reduce soil subsidence from drained
pastures in the Netherlands (Querner et al., 2012). The effect of this technique
on carbon loss was tested at four dairy farms by Weideveld et al. (2021).
However, neither substantial higher yield nor reduced peat mineralization was
found in 2 consecutive years (Weideveld et al., 2021). This could be related to
a relatively small increase in the water table by about 6-18 cm in the summer.
Indeed, only at periods with a water table difference of >20 cm, a reduction in
soil respiration was measured.

In the tropics, a reduction of drainage depth in palm oil plantations to
40-60 cm below surface was proposed as a best management practice in order
to reduce soil subsidence and CO, emissions and thus to extend the economic
life span of adrained peatarea(Lim etal., 2012). Moreover, the best plant growth
of oil palms was found at a drainage depth of =55 cm compared to a drainage
depth of =85 and —25 cm (Hashim et al., 2019). However, the average drainage
depth is often considerably lower than =55 cm. Uda et al. (2020) evaluated the
potential of low-drainage food crops to not only reduce CO, emissions but
also include profitability, scalability of market, and acceptability to farmers.
While sago palm (Metroxylon sagu) and illipe nut/tengkawang (Shorea spp.)
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provided the most sustainable crops, as they grew at near-surface water levels,
bananas (Musa paradisiaca), pineapples (Ananas comosus), and sweet melons
(Cucumis melo) yielded the highest scores in terms of scalability of market and
acceptability to farmers but needed a drainage depth of at least—30 cm (Uda
etal., 2020). Yet, experimental data on the carbon balance of these systems are
missing.

3.3.2 Soil management and cropping

To improve trafficability and increase the yield on drained peatlands under
agriculture, different strategies are applied (Blankenburg, 2015; Sognnes et al.,
2006). In principle, peat is covered with mineral material - mainly sand - with a
thickness of about 20-40 cm. With shallow ploughing without mixing a deeper
peat layer with mineral soil, the sand remains as a covering layer on top of
the peat. Another strategy is to mix the mineral material with peat in a ratio
of 1:1 (Blankenburg, 2015). These strategies were often applied at sites with
underlying sand, which could be directly taken as cover material. Another way
of mixing the peat is deep ploughing, where soils with underlying sand layers
are deeply ploughed at a maximum of 2 m to shift and turn the soil layer at
130-150°, thereby creating alternating tilted bars of sand and peat (Schindler
and Muller, 1999). However, sometimes other material than sand is used as
covering material, including moraine material, material from construction sites,
or clayey material in coastal regions (Blankenburg, 2015; Sognnes et al., 2006;
Ferré et al., 2019). Addition of mineral material consistently alters the physical
properties of drained peat. Hydraulic properties change and result in increased
drainage and aeration of the upper soil layers, attenuation of spring frost,
increased warming in spring, reduced fire risk, increased trafficability with heavy
machinery, and ultimately increased yield (Bambalov, 1999; Blankenburg, 2015;
Schindler and Miller, 1999; Sognnes et al., 2006). Yet the effects of these soil
treatments on soil subsidence and finally carbon loss are poorly studied. Long-
term soil subsidence measurements in the Netherlands revealed that peat soils
with a naturally occurring clay cover subsided less as compared to peat soils
without mineral covering (van den Akker et al., 2008). Moreover, Schindler and
Mller (1999) investigated the soil subsidence of a sand-mixed site during the
first 10 years after establishment in Germany. After initial subsidence of 1.5 cm
yr~', rates decreased to 0.3 cm yr', which was interpreted as a reduction in
SOC loss. In peatlands of north-east Germany, a mineral top layer reduced soil
subsidence from 0.5 cm yr~'to 0.27 cm yr~' when the initial underlying peat had
a thickness of 30-70 cm but increased subsidence to 1.33 cm yr™! at sites with
an underlying peat layer of more than 100 cm (Fell et al., 2016). In contrast, in a
peat soil with sand mixing and sand coverage, both treatments showed higher
carbon mineralization rates, which was explained by higher soil temperatures
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(Zaidelman and Shvarov, 2000). Some recent studies suggest that the addition
of sand does not principally alter the CO, fluxes. Beyer (2014) measured an
average SOC loss of 370-650 g C m=2yr™" on three peatland sites covered with
sand. Furthermore, organic soils mixed with sand, resulting in a carbon content
of about 10%, lost SOC in a similar range as ‘true’ peat soils with high carbon
content (Leiber-Sauheitl et al., 2014). However, Wang et al. (2022) showed
significantly reduced N,O emissions after addition of mineral soil material on a
drained organic soil.

As for sand additions, field experiments in the Netherlands showed that
GHG emissions from peat soils with a naturally occurring clay layer were not
systematically different as compared to peat soils without clay (Weideveld
et al., 2021). Based on the current knowledge, addition of mineral material
does not seem to reduce carbon mineralization. Interaction of the organic
material with the mineral phase does not seem to play a role, in contrast to
mineral soils. However, addition of mineral soils might lead to SOC protection
if it allows to keep higher water levels which are needed to protect the
underlying peat.

Based on the current research, the choice of crop or soil tillage practice
seems to have a minor effect on SOC loss. Norberg et al. (2016a,b) concluded
from 11 field experiments on different organic soil types that differences
between years and sites were in general much larger than differences between
crops (cereals and row crops) grown on the same field. Comparisons of barley
with grassland revealed no clear effect of crop type on CO, emissions (Elsgaard
et al.,, 2012; Maljanen et al., 2001; Lohila, 2004; Lohila et al., 2003) and also
Tiemeyer et al. (2020) found no clear difference between the response of
CO, emissions to water table differences between crop- and grasslands. In
addition, Taft et al. (2018) concluded from the incubation of intact soil columns
of horticultural peatland that zero or minimum tillage could not reduce SOC
loss. Even after cessation of cultivation practices, soil carbon loss remains high
in northern peatlands when cultivation was abandoned (Klgve et al., 2010;
Maljanen et al., 2010). Similarly, bare peatlands, where a vegetation cover is
missing, showed slightly increased carbon loss in three northern peatlands
(Maljanen et al., 2010).

3.3.3 Can afforestation reduce soil carbon loss from drained
peatlands?

Under specific conditions, afforestation of shallow-drained Fennoscandia
peatlands may lead to an increase in SOC stocks. Measuring the components
of NECB with the EC methods showed that a naturally forested pine bog with
drainage and afforestation lead to an increase on average of about 60 g C m=

yr~' SOC in 5 consecutive years (Lohila et al., 2011; Minkkinen et al., 2018).
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Even in a severe drought year, the drained peatland remained a carbon sink
(Minkkinen et al., 2018). This is in line with earlier research, based on SOC stock
measurement (Minkkinen and Laine, 1998; Minkkinen et al., 1999). These results
were explained with the relatively shallow drainage depth of about—-30to —40 cm
in Finnish peatlands, a similar plant structure compared to undrained sites and a
significantly increased tree stand growth and litter production (Minkkinen et al.,
2018). In addition, in drained afforested peatland, a new secondary humus
layer formed on the top of peat (Minkkinen et al., 2008). Drainage induced a
decrease in pH due to oxidation processes, enhanced nutrient uptake by trees,
and decreased enzyme activity. In addition, soil temperature decreased in the
long-term, caused by the decrease of thermal conductivity in the drier surface
peat and increasing shading by growing trees (Minkkinen et al., 2008). It was
shown that drier surface conditions at the drained peatlands lead to retarded
decomposition of pine needles and fine roots compared to undisturbed
peatlands(Laiho etal., 2004). However, this SOC increase is restricted to nutrient-
poor sites, whereas nutrient-rich forests were net carbon sources (Ojanen et al.,
2013). Also Meyer et al.(2013) observed that a spruce-dominated fertile organic
soil on a former agricultural land in southwestern Sweden represents a small
carbon sink during peak forest production but would become a carbon source
in the long run. Laine et al. (1996) evaluated the climatic impact of drainage in
nutrient-poor and -rich southern Finnish peatland by modelling the change in
radiative forcing. Drainage in nutrient-rich sedge fen lead to a cooling effect
due to the low CH, emission, although the peat layer turned from a C sink to a
C source, but increased CO, emissions would have generated a warming effect
over longer time scales. A similar, but smaller, effect was predicted for bogs
(Laine et al., 1996).

The assessment of temporal dynamics through the full forest production
cycle is important, as GHG fluxes change with stand age. Forest clearance
comes with soil preparation and drastic change in site conditions. Directly
after clear-cutting, high CO, emissions of around 840+40 g C m™2 yr' were
measured for the firstand 565+ 34 g C m=2 yr~' for the second year in a nutrient-
rich boreal peatland in southern Finland (Korkiakoski et al., 2019). These high
CO, emissions were explained with a high rate of decomposition of peat and
logging residues, which were left on site. It was estimated that about 49% of
total ecosystem respiration was attributed to the decomposition of logging
residues. In addition, GPP was sharply reduced because of the removal of
assimilating trees and a declining understory. Reduction of evaporation led to
a rise in the water table of about 20 cm, which reduced the volume of aerated
peat and likely reduced decomposition rates of peat. However, increased soil
temperatures may have an inverse effect. Recovery of ground vegetation in
the second year and decreased decomposition of logging residues caused a
reduction in CO, emissions by about 41%.
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Unlike the Fennoscandia-afforested peatlands, considerably fewer data
exist for other global regions, and it was questioned if results from northern
peatlands can be transferred to afforested peatlands under different climate
and management conditions in UK and Ireland (Sloan et al., 2018). In contrast
to relative shallow-drained Fennoscandia afforestation, closely spaced plough
furrows between deeper drainage is a common soil preparation in the UK, which
may also influence carbon mineralization (Sloan et al., 2018). Mature forests
in eight sites in Ireland represented soil carbon sources of about 60-300 g C
(Jovani-Sancho et al., 2021). Using a snap-shot measurement and modelling,
Hargreaves et al. (2003) estimated that the ecosystem of a Scottish peatland
conifers acts as a net source of about 200-400 g C m=2 yr™" in the first years
after ploughing. After 4-8 years when trees started to grow it became a sink of
about—300 g C m2yr' that was further increased up to -500 g C m2yr'in the
following years when tree growth dominated. After accounting for the carbon
stored in the biomass, the soil appeared to lose carbon at a rate of about 100 g
Cm=2yr'. Similarly, a temperate 44-years-old spruce afforestation on a German
bog was a carbon sink of about=157+36 g C m=2 yr~' (Hommeltenberg et al.,
2014). However, when accounting for SOC loss since plantation and average
rotation length of 60 years, the site was found to be a strong SOC source.
Quantifying the carbon balance over a whole production cycle for forests is
challenging but unavoidable for the robust estimate of the effect of peatland
afforestation on the carbon budget. Up to date, available data suggest that -
apart from nutrient-poor bogs in Fennoscandia - many afforested peatlands are
still considerable carbon sources, especially in the tropics.

3.4 Metrics to evaluate reduced CO, emissions versus
increased CH, emissions after rewetting

The balance between CO, sinks and CH, emissions strongly determines
the net climatic impact of rewetted peatlands, and these two GHGs show a
strong and inverse dependence on water table depth. To assess the climatic
impact of rewetting activities through ecosystem GHG exchange, the differing
radiative properties and atmospheric lifetimes of GHGs need to be accounted
for. Compared to CO,, CH, has a much larger radiative efficiency but a much
shorter lifetime of 9-12 years (Myhre et al., 2013). The huge difference in
lifetime leads to strongly time-dependent climatic effects. A steady emission of
CH, at constant rates lead to rapid increase of atmospheric CH, that stabilizes
after a few decades when natural atmospheric removal of CH, balances out
ongoing emissions (Lynch et al., 2020). Correspondingly, the radiative forcing
by CH, emissions rapidly increases due to the high radiative efficiency of CH,
but then largely stabilizes. In contrast, continuous emissions of CO, lead to
steady increases of atmospheric CO, concentrations and a steady increase of
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Figure 8 Emission reduction through rewetting for different land use and climatic zones
(data from Wilson et al., 2016a). NR, nutrient-rich; NP, nutrient-poor; dd, deep-drained
(>30 cm); sd, shallow-drained (<30 cm).
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radiative forcing as long as the emissions sustain (Lynch et al., 2020) because of
the long atmospheric lifetime of CO,. In consequence, CO,-induced radiative
forcing is strongly depending on the cumulative emissions, while CH, emissions
contribute predominately as a function their emission rate (Allen et al., 2016).
The most commonly used metric global warming potential (GWP)
integrates the radiative forcing of a GHG emission pulse over a prescribed
period, often 20 or 100 years. Using the GWP, non-CO, GHG fluxes are
converted to a common unit called CO, equivalent (i.e. the cumulative
radiative forcing of that gas relative to that of CO,). Owing to the different
lifetimes of the GHGs', the GWP is time-dependent. While this measure is
convenient and widely adopted, it does not properly reflect the radiative
forcing of quasi-continuous emissions and uptakes of GHGs' from peatlands.
To overcome this shortcoming, two approaches were suggested. First, the GWP
of sustained emissions and removals, also called sustained flux GWP, captures
more precisely the time-dependent radiative forcing of short-lived GHGs (Allen
et al.,, 2018; Lynch et al., 2020; Neubauer and Megonigal, 2015). It is able to
relate the change in the emission rate of a short-lived GHG such as CH, rather
than the emission rate itself to the radiative effect of CO,,. Yet, Lynch et al. (2020)
encouraged to report the radiative forcing effect of each GHG separately as
the most transparent way for GHG reporting and communication. Despite
these recent advantages in metrics, the most straightforward approach for
describing the temperature effect of GHG emissions and removals is to report
the radiative forcing over time either as instantaneous or cumulative forcing.
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This is particularly meaningful because emission and removal rates may change
during, for example, rewetting, which limits the suitability of static approaches.
Calculating the change in radiative forcing of peatlands over time, based on
GHG fluxes, has been first done by Frolking et al. (2006) who showed that ‘the
current radiative forcing of intact peatlands is determined primarily by a trade-
off between the total C sequestered since the peatland’s formation and the
recent methane fluxes’ and that the net CO, sink of an intact peatland outweighs
its CH, emissions after some centuries or millennia. The time after which a net
cooling (cumulative radiative forcing becomes negative) is achieved can be up
to 14 000 years for intact wetlands as shown by Neubauer (2014). This point
in time, termed radiative forcing switchover time, is strongly and non-linearly
related to the ratio of CO, uptake to CH, release (Frolking etal., 2006; Neubauer,
2014). Another way of approaching the warming versus cooling effect of
peatlands is to look at the instantaneous, not the cumulative, forcing. Ojanen
and Minkkinen (2020) showed that, by calculating instantaneous radiative
forcing, rewetting offers climate benefits for tropical and agricultural peatlands
but not for peatlands previously drained for forestry because of the different
balance of CO, emission savings versus rewetting-induced CH,. Despite long
switchover times, rewetting peatlands reduces their instantaneous radiative
forcing already after a few decades (Gunther et al., 2020).

In this chapter, we have followed the conventional GWP notion as it is
still the most used metric to compare the climatic impact of different GHGs.
Based on the difference of IPCC default values of drained peatlands and an
updated default value for rewetted peatlands, Wilson et al. (2016a) calculated
the emission reduction through rewetting for different climate regions and land
uses, following the IPCC classification (IPCC, 2014; Fig. 8). The magnitude of
the reduction potentials is displayed by climate zone, land-use intensity, and
drainage depth. The highest reduction potential is located in tropical peatlands,
followed by boreal and temperate peatlands used as croplands, and boreal and
temperate peatlands under grass. In almost all cases, rewetted peatlands turn
into CO, sinks whereas CH, emissions increase and N,O becomes negligible.
Based on the 100-years GWP applied by Wilson et al. (2016a), the increased
CH, is the dominant factor for the overall GWP after rewetting for all climate
and land-use combinations. Yet, in all combinations except under nutrient-rich
temperate forests, rewetting provides a climate benefit. Because CH, plays a
relatively important role when GWP100 is used, the climate benefit will likely
increase over longer time scales.

3.5 Outlook

In the course of the discussion about carbon sequestration potentials in soils,
scientific attempts of how to restore the C sink or to reduce the climatic impact
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of organic soils and finally to implement them in climatic mitigation strategies
are rapidly emerging (e.g. Gunther et al., 2020; Humpendéder et al., 2020;
Leifeld and Menichetti, 2018; Paustian et al., 2016; Tanneberger et al., 2020).
Rewetting and restoration of natural peatlands is the main option to avoid SOC
losses, while at the same time increasing CH, losses and economic losses as
main trade offs. The first major rewetting activities occurred in the temperate
and boreal zone at sites, which were not intensively used before. Therefore,
research up to now has focused on little or comparably moderately degraded
peatlands, which were rewetted with the aim of re-establishing the origin habitat
conditions or of restoring peat extraction sites (Wilson et al., 2016b). Owing to
their high emissions, the demand for mitigation and rewetting activities shifted
to more intensively used peatlands as well (Harpenslager et al., 2015; Tiemeyer
etal., 2020), emphasizing the need to investigate the GHG dynamics following
rewetting activities in these formerly intensively used sites with a high potential
of CH, and N,O emissions. Rewetting such sites has a high conflict potential
between economic revenue and GHG reduction potential (Ferré et al., 2019).
Further investigations are needed to develop sustainable management
strategies for the agricultural use of peatlands where restoration is not an
option due to hydrological restrictions or the socio-economic constraints.
Paludiculture was recently introduced as an agricultural practice on rewetted
organic soils to achieve biomass production with water tolerant species such as
sphagnum mosses, reed, and cattail.

Reducing high carbon loss from peat decomposition and fires in tropical
drained peatlands by rewetting offers a substantial mitigation potential (Ojanen
and Minkkinen, 2020). Yet, implementation is challenging because of the high
pressure to clear land by fire for agriculture or plantations (Budiman etal., 2020),
as well as owing to the very high costs of re-establishing ecosystem services
(Hansson and Dargusch, 2017). To overcome this land-use conflict, more
research about tropical paludiculture species and implementation strategies is
urgently needed (Giesen, 2021), particularly in the light of the tremendous and
tragic failure of converting peat swamp forests to rice production in Indonesia
in the 1990es (Goldstein, 2015).

The need for paludiculture research likewise applies to temperate
agriculture, as rewetting offers also rapid climatic benefits (Ojanen and
Minkkinen, 2020). In addition, technical measures such as combining soil
coverage with active water management enhancing SOC protection and
reducing GHG emissions are worth to be investigated further. Finally, for the
mechanistic understanding and modelling of carbon dynamics in drained and
rewetted peatlands, more long-term field studies are needed that integrate
different phases of rewetting and production cycles for various peatland
types and historical uses. These data, together with drainage depth and peat
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quality, are necessary to further develop existing peatland models (e.g. Bona
et al., 2020; Frolking et al., 2010; Premrov et al., 2021) as tools for evaluating
mitigation options.

4 Where to look for further information

There are several societies, non-profit organizations and networks aiming at
the conservation and restoration of peatlands, their sustainable management,
interdisciplinary research on the functioning of these ecosystems, and
knowledge transfer to policy makers and the society. Below is a selection of the
most relevant webpages (all webpages were accessed on 25/4/2022).

e The International Peatland Society (IPS, https://peatlands.org) was
founded in Canada in 1968. Its mission is to serve all those involved in
peatlands and peat through the promotion, gathering, exchange and
communication of knowledge and experience, by means of events and
projects, which address key issues, including climate change, biodiversity,
the need for responsible use and restoration.

e The International Mire Conservation Group (IMCG, http://www.imcg.net/) is
an international network of specialists promoting conservation and exchange
knowledge of mires and related ecosystems. Together with the IPS it publishes
the peer-reviewed journal Mires & Peat (http://www.mires-and-peat.net/),
covering all aspects of peatland science, technology and wise use.

e The aim of the Global Peatland Initiative (https://www.globalpeatlands
.org/) is to save the carbon stored in peatlands by improving the
conservation, restoration and sustainable management of peatlands.

¢ Ramsar Convention on Wetlands of International Importance especially as
Waterfowl Habitat (https://www.ramsar.org/) is an international convention
for the conservation and sustainable use of wetlands.

¢ Wetlands International https://www.wetlands.org/ is a global not-for-profit
organization dedicated to the conservation and restoration of wetlands.

e The IUCN UK Peatlands Programme (https://www.iucn-uk-peatland
programme.org) is a national program to promote peatland restoration in
the UK. The Program advocates the multiple benefits of peatlands through
partnerships, science, policy and practice. The aspect of climate change
mitigation is a central theme.

e The Greifswald Mire Center (https://www.greifswaldmoor.de/home.html)
performs interdisciplinary research, provides policy makers and society
with knowledge and imparts theoretical and practical knowledge on
climate protection, biodiversity and sustainable use of peatlands. As one
special research focus, they study paludiculture.

Published by Burleigh Dodds Science Publishing Limited, 2023.


https://peatlands.org
http://www.imcg.net/
http://www.mires-and-peat.net/),
https://www.globalpeatlands.org/
https://www.globalpeatlands.org/
https://www.ramsar.org/
https://www.wetlands.org/
https://www.iucn-uk-peatlandprogramme.org
https://www.iucn-uk-peatlandprogramme.org
https://www.greifswaldmoor.de/home.html

42 Management of organic soils to reduce soil organic carbon losses

5 References

Abdalla, M., Hastings, A., Truu, J., Espenberg, M., Mander, U. and Smith, P. 2016.
Emissions of methane from northern peatlands: a review of management impacts
and implications for future management options. Ecology and Evolution 6(19),
7080-7102. https://doi.org/10.1002/ece3.2469.

Abel, S., Couwenberg, J., Dahms, T. and Joosten, H. 2013. The Database of Potential
Paludiculture Plants (DPPP) and results for western Pomerania. Plant Diversity and
Evolution 130(3-4), 219-228. https://doi.org/10.1127/1869-6155/2013/0130-0070.

Ali, M., Taylor, D. and Inubushi, K. 2006. Effects of environmental variations on CO2 Efflux
from a tropical peatland in eastern Sumatra. Wetlands 26(2), 612-618. https://doi
.org/10.1672/0277-5212(2006)26[612:EOEVOC]2.0.CO;2.

Allen, M. R., Fuglestvedt, J. S., Shine, K. P,, Reisinger, A., Pierrehumbert, R. T. and Forster,
P.M. 2016. New use of global warming potentials to compare cumulative and short-
lived climate pollutants. Nature Climate Change 6(8), 773-776. https://doi.org/10
.1038/nclimate2998.

Allen, M. R., Shine, K. P, Fuglestvedt, J. S., Millar, R. J., Cain, M., Frame, D. J. and Macey, A.
H. 2018. A solution to the misrepresentations of CO2-equivalent emissions of short-
lived climate pollutants under ambitious mitigation. NPJ Climate and Atmospheric
Science 1(1), 16. https://doi.org/10.1038/s41612-018-0026-8.

Alm, J., Saarnio, S., Nykénen, H., Silvola, J. and Martikainen, P. 1999a. Winter CO,, CH, and
N,O fluxes on some natural and drained boreal peatlands. Biogeochemistry 44(2),
163-186. https://doi.org/10.1007/BF00992977.

Alm, J., Schulman, L., Walden, J., Nykénen, H., Martikainen, P. J. and Silvola, J. 1999b.
Carbon balance of a boreal bog during a year with an exceptionally dry summer.
Ecology 80(1), 161-174.

Alm, J., Shurpali, N. J., Tuittila, E.-S., Laurila, T., Maljanen, M., Saarnio, S. and Minkkinen, K.
2007. Methods for determining emission factors for the use of peat and peatlands—
flux measurements and modelling. Boreal Environment Research 12, 16.

Augustin, J. and Chojnicki, B. 2008. Austausch von klimarelevanten Spurengasen,
Klimawirkung und Kohlenstoffdynamik in den ersten Jahren nach der
Wiederverndssung von degradiertem Niedermoorgriinland. In: Gelbrecht,
J., Zak, D. and Augustin, J. (Eds), Phosphor- und Kohlenstoff-Dynamikund
Vegetationsentwicklung in wiederverndssten Mooren des Peenetals in Mecklenburg-
Vorpommern -Status, SteuergréBen und Handlungsméglichkeiten, Berichte des IGB
Heft 26.1GB, Berlin. pp. 50-67.

Bader, C., Miller, M., Schulin, R. and Leifeld, J. 2018a. Peat decomposability in managed
organic soils in relation to land use, organic matter composition and temperature.
Biogeosciences 15(3), 703-719. https://doi.org/10.5194/bg-15-703-2018.

Bader, C., Miller, M., Szidat, S., Schulin, R. and Leifeld, J. 2018b. Response of peat
decomposition to corn straw addition in managed organic soils. Geoderma 309,
75-83. https://doi.org/10.1016/j.geoderma.2017.09.001.

Bader, C., Mller, M., Schulin, R. and Leifeld, J. 2017. Amount and stability of recent and
aged plant residues in degrading peatland soils. Soil Biology and Biochemistry 109,
167-175. https://doi.org/10.1016/j.s0ilbio.2017.01.029.

Baldock, J. A., Oades, J. M., Nelson, P. N., Skene, T. M., Golchin, A. and Clarke, P. 1997.
Assessing the extent of decomposition of natural organic materials using solid-state
13C NMR spectroscopy. Soil Research 35(5), 1061-1083.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1002/ece3.2469
http://dx.doi.org/https://doi.org/10.1127/1869-6155/2013/0130-0070
http://dx.doi.org/https://doi.org/10.1672/0277-5212200626[612:EOEVOC]2.0.CO;2
http://dx.doi.org/https://doi.org/10.1672/0277-5212200626[612:EOEVOC]2.0.CO;2
http://dx.doi.org/https://doi.org/10.1038/nclimate2998
http://dx.doi.org/https://doi.org/10.1038/nclimate2998
http://dx.doi.org/https://doi.org/10.1038/s41612-018-0026-8
http://dx.doi.org/https://doi.org/10.1007/BF00992977
http://dx.doi.org/https://doi.org/10.5194/bg-15-703-2018
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2017.09.001
http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2017.01.029

Management of organic soils to reduce soil organic carbon losses 43

Bambalov, N. 1999. Dynamic of organic matter in peat soil and under the conditions of
sand-mix culture during 15 years. International Agrophysics 13, 269-272.

Berglund, O. and Berglund, K. 2011. Influence of water table level and soil properties
on emissions of greenhouse gases from cultivated peat soil. Soil Biology and
Biochemistry 43(5), 923-931. https://doi.org/10.1016/}.s0ilbio.2011.01.002.

Beyer, C. 2014. Greenhouse gas exchange of organic soils in northwest Germany: effects of
organic soil cultivation, agricultural land use and restoration. PhD-thesis, Universitat
Bremen. Available at: http://nbn-resolving.de/urn:nbn:de:gbv:46-00103939-13.

Beyer, C.and Hoper, H. 2015. Greenhouse gas exchange of rewetted bog peat extraction
sites and a Sphagnum cultivation site in northwest Germany. Biogeosciences 12(7),
2101-2117. https://doi.org/10.5194/bg-12-2101-2015.

Billett, M., Charman, D., Clark, J., Evans, C., Evans, M., Ostle, N., Worrall, F.,, Burden, A.,
Dinsmore, K., Jones, T., McNamara, N., Parry, L., Rowson, J. and Rose, R. 2010.
Carbon balance of UK peatlands: current state of knowledge and future research
challenges. Climate Research 45, 13-29. https://doi.org/10.3354/cr00903.

Billett, M. F., Deacon, C. M., Palmer, S. M., Dawson, J. J. C. and Hope, D. 2006. Connecting
organic carbon in stream water and soils in a peatland catchment: organic carbon in
stream water and soils. Journal of Geophysical Research: Biogeosciences 111(G2),
n/a-n/a. https://doi.org/10.1029/2005JG000065.

Billett, M. F., Palmer, S. M., Hope, D., Deacon, C., Storeton-West, R., Hargreaves, K. J.,
Flechard, C. and Fowler, D. 2004. Linking land-atmosphere-stream carbon fluxes
in a lowland peatland system: land-atmosphere-stream carbon fluxes. Global
Biogeochemical Cycles 18(1), n/a-n/a. https://doi.org/10.1029/2003GB002058.

Blankenburg, J. 2015. Die landwirtschaftliche Nutzung von Mooren in
Nordwestdeutschland. Telma 5, 29-58.

Bona, K. A., Shaw, C., Thompson, D. K., Hararuk, O., Webster, K., Zhang, G., Voicu, M.
and Kurz, W. A. 2020. The Canadian Model for Peatlands (CaMP): a peatland carbon
model for national greenhouse gas reporting. Ecological Modelling 431, 109164.
https://doi.org/10.1016/j.ecolmodel.2020.109164.

Brake, M., Hoper, H. and Joergensen, R. G. 1999. Land use-induced changes in activity
and biomass of microorganisms in raised bog peats at different depths. Soil Biology
and Biochemistry 31(11), 1489-1497.

Broder, T., Blodau, C., Biester, H. and Knorr, K. H. 2012. Peat decomposition records in
three pristine ombrotrophic bogs in southern Patagonia. Biogeosciences 9(4), 1479-
1491. https://doi.org/10.5194/bg-9-1479-2012.

Brown, C. M., Strack, M. and Price, J. S. 2017. The effects of water management on the
CO2 uptake of Sphagnum moss in a reclaimed peatland. Mires and Peat, 1-15.
https://doi.org/10.19189/MaP.2016.OMB.258.

Bubier, J. L., Crill, P. M., Moore, T. R., Savage, K. and Varner, R. K. 1998. Seasonal patterns
and controls on net ecosystem CO2 exchange in a boreal peatland complex. Global
Biogeochemical Cycles 12(4), 703-714. https://doi.org/10.1029/98GB02426.

Budiman, I., Bastoni, Sari, E. N., Hadi, E. E., Asmaliyah, Siahaan, H., Januar, R. and Hapsari,
R. D. 2020 Progress of paludiculture projects in supporting peatland ecosystem
restoration in Indonesia. Global Ecology and Conservation 23, e01084. https://doi
.org/10.1016/j.gecco.2020.e01084.

Carter, M. S., Larsen, K. S., Emmett, B., Estiarte, M., Field, C., Leith, I. D., Lund, M., Meijide,
A., Mills, R.T.E., Niinemets, U., Pefiuelas, J., Portillo-Estrada, M., Schmidt, I. K., Selsted,
M. B., Sheppard, L. J., Sowerby, A., Tietema, A. and Beier, C. 2012. Synthesizing

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2011.01.002
http://dx.doi.org/http://nbn-resolving.de/urn:nbn:de:gbv:46-00103939-13
http://dx.doi.org/https://doi.org/10.5194/bg-12-2101-2015
http://dx.doi.org/https://doi.org/10.3354/cr00903
http://dx.doi.org/https://doi.org/10.1029/2005JG000065
http://dx.doi.org/https://doi.org/10.1029/2003GB002058
http://dx.doi.org/https://doi.org/10.1016/j.ecolmodel.2020.109164.
http://dx.doi.org/https://doi.org/10.5194/bg-9-1479-2012
http://dx.doi.org/https://doi.org/10.19189/MaP.2016.OMB.258
http://dx.doi.org/https://doi.org/10.1029/98GB02426
http://dx.doi.org/https://doi.org/10.1016/j.gecco.2020.e01084
http://dx.doi.org/https://doi.org/10.1016/j.gecco.2020.e01084

44 Management of organic soils to reduce soil organic carbon losses

greenhouse gas fluxes across nine European peatlands and shrublands - responses
to climatic and environmental changes. Biogeosciences 9(10), 3739-3755. https://
doi.org/10.5194/bg-9-3739-2012.

Clymo, R. S. 1984. The limits to peat bog growth. Philosophical Transactions of the Royal
Society of London. B, Biological Sciences 303(1117), 605-654. https://doi.org/10
.1098/rstb.1984.0002.

Clymo, R. S. and Bryant, C. L. 2008. 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(8), 2048-2066. https://doi.org/10.1016/j.9ca.2008.01
.032.

Charman, D. J., Amesbury, M. J., Hinchliffe, W., Hughes, P. D. M., Mallon, G., Blake, W. H.,
Daley, T. J., Gallego-Sala, A. V. and Mauquoy, D. 2015. Drivers of Holocene peatland
carbon accumulation across a climate gradient in northeastern North America.
Quaternary Science Reviews 121, 110-119.

Conant, R. T., Ogle, S. M., Paul, E. A. and Paustian, K. 2011. Measuring and monitoring
soil organic carbon stocks in agricultural lands for climate mitigation. Frontiers in
Ecology and the Environment 9(3), 169-173. https://doi.org/10.1890/090153.

Cook, S., Whelan, M. J., Evans, C. D., Gauci, V., Peacock, M., Garnett, M. H., Kho, L. K., Teh,
Y. A.and Page, S. E. 2018. Fluvial organic carbon fluxes from oil palm plantations on
tropical peatland (preprint). Biogeosciences 15(24), 7435-7450. https://doi.org/10
.5194/bg-15-7435-2018.

Cooper, H. V., Vane, C. H., Evers, S., Aplin, P, Girkin, N. T. and Sjégersten, S. 2019. From
peat swamp forest to oil palm plantations: the stability of tropical peatland carbon.
Geoderma 342,109-117. https://doi.org/10.1016/j.geoderma.2019.02.021.

Couwenberg, J., Dommain, R. and Joosten, H. 2010. Greenhouse gas fluxes from tropical
peatlands in south-east Asia. Global Change Biology 16(6), 1715-1732. https://doi
.org/10.1111/.1365-2486.2009.02016.x.

Couwenberg, J. and Fritz, C. 2012. Towards developing IPCC methane ‘emission factors’
for peatlands (organic soils). Mires and Peat 10(03), 1-17. Available at: http://mires
-and-peat.net/pages/volumes/map10/map1003.php.

Davidson, N. C. 2014. How much wetland has the world lost? Long-term and recent
trends in global wetland area. Marine and Freshwater Research 65(10), 934. https://
doi.org/10.1071/MF14173.

Dawson, J. J. C., Billett, M. F., Neal, C. and Hill, S. 2002. A comparison of particulate,
dissolved and gaseous carbon in two contrasting upland streams in the UK.
Journal of Hydrology 257(1-4), 226-246. https://doi.org/10.1016/50022
-1694(01)00545-5.

Dean, J. F, Garnett, M. H., Spyrakos, E. and Billett, M. F. 2019. The potential hidden age
of dissolved organic carbon exported by peatland streams. Journal of Geophysical
Research: Biogeosciences 124(2),328-341. https://doi.org/10.1029/2018JG004650.

Deppe, M., Knorr, K.-H., McKnight, D. M. and Blodau, C. 2010. Effects of short-term drying
and irrigation on CO, and CH, production and emission from mesocosms of a
northern bog and an alpine fen. Biogeochemistry 100(1-3), 89-103. https://doi.org
/10.1007/s10533-010-9406-9.

Deshmukh, C.S., Julius, D., Evans, C. D., Nardi, Susanto, A. P, Page, S. E., Gauci, V., Laurén,
A., Sabiham, S., Agus, F., Asyhari, A., Kurnianto, S., Suardiwerianto, Y. and Desai, A.
R. 2020. Impact of forest plantation on methane emissions from tropical peatland.
Global Change Biology 26, 2477-2495. https://doi.org/10.1111/gcb.15019.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.5194/bg-9-3739-2012
http://dx.doi.org/https://doi.org/10.5194/bg-9-3739-2012
http://dx.doi.org/https://doi.org/10.1098/rstb.1984.0002
http://dx.doi.org/https://doi.org/10.1098/rstb.1984.0002
http://dx.doi.org/https://doi.org/10.1016/j.gca.2008.01.032
http://dx.doi.org/https://doi.org/10.1016/j.gca.2008.01.032
http://dx.doi.org/https://doi.org/10.1890/090153
http://dx.doi.org/https://doi.org/10.5194/bg-15-7435-2018
http://dx.doi.org/https://doi.org/10.5194/bg-15-7435-2018
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2019.02.021
http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2009.02016.x
http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2009.02016.x
http://dx.doi.org/http://mires-and-peat.net/pages/volumes/map10/map1003.php
http://dx.doi.org/http://mires-and-peat.net/pages/volumes/map10/map1003.php
http://dx.doi.org/https://doi.org/10.1071/MF14173
http://dx.doi.org/https://doi.org/10.1071/MF14173
http://dx.doi.org/https://doi.org/10.1016/S0022-16940100545-5
http://dx.doi.org/https://doi.org/10.1016/S0022-16940100545-5
http://dx.doi.org/https://doi.org/10.1029/2018JG004650
http://dx.doi.org/https://doi.org/10.1007/s10533-010-9406-9
http://dx.doi.org/https://doi.org/10.1007/s10533-010-9406-9
http://dx.doi.org/https://doi.org/10.1111/gcb.15019

Management of organic soils to reduce soil organic carbon losses 45

Deverel,S.J.and Leigthon, D.A.2010. Historic, recent, and future subsidence, Sacramento-
San Joaquin Delta, California, USA. San Francisco Estuary and Watershed Science
8(2), 2. https://doi.org/10.15447/sfews.2010v8iss2art1.

Duval, T. P. and Radu, D. D. 2018. Effect of temperature and soil organic matter quality
on greenhouse-gas production from temperate poor and rich fen soils. Ecological
Engineering 114, 66-75. https://doi.org/10.1016/j.ecoleng.2017.05.011.

Eggelsmann, R., Heathwaite, A. L., Gross-Braukmann, G., Kuster, E., Naucke, W., Schich, M.
and Schweikle, V. 1993. Physical processes and properties of mires. In: Heathwaite,
A. L. and Gottlich, K. H. (Eds), Mires, Process, Exploration and Conservation. John
Wiley & Sons, Chichester, UK. pp. 171-262.

Egli, M., Wiesenberg, G., Leifeld, J., Gartner, H., Seibert, J., R65sli, C., Wingate, V.,
Dollenmeier, W., Griffel, P., Suremann, J., Weber, J., Zyberaj, M. and Musso, A. 2021.
Formation and decay of peat bogs in the vegetable belt of Switzerland. Swiss Journal
of Geosciences 114(1), 2. https://doi.org/10.1186/s00015-020-00376-0.

Elsgaard, L., Gérres, C.-M., Hoffmann, C. C., Blicher-Mathiesen, G., Schelde, K. and
Petersen, S. O.2012. Net ecosystem exchange of CO2 and carbon balance for eight
temperate organic soils under agricultural management. Agriculture, Ecosystems
and Environment 162, 52-67. https://doi.org/10.1016/j.agee.2012.09.001.

Erkens, G., van der Meulen, M. J. and Middelkoop, H. 2016. Double trouble: subsidence
and CO2 respiration due to 1,000 years of Dutch coastal peatlands cultivation.
Hydrogeology Journal 24(3), 551-568. https://doi.org/10.1007/s10040-016-1380-4.

Evans, C. D., Peacock, M., Baird, A. J., Artz, R. R. E., Burden, A., Callaghan, N., Chapman, P.
J., Cooper, H. M., Coyle, M., Craig, E., Cumming, A., Dixon, S., Gauci, V., Grayson, R.
P., Helfter, C., Heppell, C. M., Holden, J., Jones, D. L., Kaduk, J., Levy, P., Matthews, R.,
McNamara, N. P, Misselbrook, T., Oakley, S., Page, S. E., Rayment, M., Ridley, L. M.,
Stanley, K. M., Williamson, J. L., Worrall, F. and Morrison, R. 2021. Overriding water
table control on managed peatland greenhouse gas emissions. Nature 593(7860),
548-552. https://doi.org/10.1038/541586-021-03523-1.

Evans, C. D., Renou-Wilson, F. and Strack, M. 2016. The role of waterborne carbon in
the greenhouse gas balance of drained and re-wetted peatlands. Aquatic Sciences
78(3), 573-590. https://doi.org/10.1007/s00027-015-0447-y.

Evans, C. D., Williamson, J. M., Kacaribu, F.,, Irawan, D., Suardiwerianto, Y., Hidayat, M.
F., Laurén, A. and Page, S. E. 2019. Rates and spatial variability of peat subsidence
in Acacia plantation and forest landscapes in Sumatra, Indonesia. Geoderma 338,
410-421. https://doi.org/10.1016/j.geoderma.2018.12.028.

Fell, H., RoBkopf, N., Bauriegel, A. and Zeitz, J. 2016. Estimating vulnerability of
agriculturally used peatlands in north-east Germany to carbon loss based on multi-
temporal subsidence data analysis. CATENA 137, 61-69. https://doi.org/10.1016/j
.catena.2015.08.010.

Fenner, N. and Freeman, C. 2020. Woody litter protects peat carbon stocks during
drought. Nature Climate Change 10(4), 363-369. https://doi.org/10.1038/s41558
-020-0727-y.

Ferré, M., Muller, A., Leifeld, J., Bader, C., Muller, M., Engel, S. and Wichmann, S. 2019.
Sustainable management of cultivated peatlands in Switzerland: insights, challenges,
and opportunities. Land Use Policy 87. https://doi.org/10.1016/j.landusepol.2019
.05.038, 104019.

Fortuniak, K., Pawlak, W., Bednorz, L., Grygoruk, M., Siedlecki, M. and Zielinski, M.
2017. Methane and carbon dioxide fluxes of a temperate mire in Central Europe.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.15447/sfews.2010v8iss2art1
http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2017.05.011
http://dx.doi.org/https://doi.org/10.1186/s00015-020-00376-0
http://dx.doi.org/https://doi.org/10.1016/j.agee.2012.09.001
http://dx.doi.org/https://doi.org/10.1007/s10040-016-1380-4
http://dx.doi.org/https://doi.org/10.1038/s41586-021-03523-1
http://dx.doi.org/https://doi.org/10.1007/s00027-015-0447-y
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2018.12.028
http://dx.doi.org/https://doi.org/10.1016/j.catena.2015.08.010
http://dx.doi.org/https://doi.org/10.1016/j.catena.2015.08.010
http://dx.doi.org/https://doi.org/10.1038/s41558-020-0727-y
http://dx.doi.org/https://doi.org/10.1038/s41558-020-0727-y
http://dx.doi.org/https://doi.org/10.1016/j.landusepol.2019.05.038
http://dx.doi.org/https://doi.org/10.1016/j.landusepol.2019.05.038

46 Management of organic soils to reduce soil organic carbon losses

Agricultural and Forest Meteorology 232, 306-318. https://doi.org/10.1016/j
.agrformet.2016.08.023.

Frank, S. 2016. Factors controlling concentrations and losses of dissolved carbon and
nitrogen from disturbed bogs in lower saxony. PhD-thesis. Gottfried Wilhelm Leibniz
Universitat Hannover. https://doi.org/10.15488/8674.

Franz, D., Koebsch, F, Larmanou, E., Augustin, J. and Sachs, T. 2016. High net CO, and
CH, release at a eutrophic shallow lake on a formerly drained fen. Biogeosciences
13(10), 3051-3070. https://doi.org/10.5194/bg-13-3051-2016.

Frolking, S., Roulet, N. and Fuglestvedt, J. 2006. How northern peatlands influence the
Earth's radiative budget: sustained methane emission versus sustained carbon
sequestration. Journal of Geophysical Research 111(G1), GO1008. https://doi.org
/10.1029/2005JG000091.

Frolking, S.and Roulet, N.T.2007. Holocene radiative forcing impact of northern peatland
carbon accumulation and methane emissions. Global Change Biology 13(5), 1079-
1088. https://doi.org/10.1111/j.1365-2486.2007.01339.x.

Frolking, S., Roulet, N. T,, Tuittila, E., Bubier, J. L., Quillet, A., Talbot, J. and Richard, P. J. H.
2010. A new model of Holocene peatland net primary production, decomposition,
water balance, and peat accumulation. Earth System Dynamics 1(1), 1-21. https://doi
.org/10.5194/esd-1-1-2010.

Frolking, S., Talbot, J., Jones, M. C., Treat, C. C., Kauffman, J. B., Tuittila, E.-S. and Roulet,
N.2011. Peatlands in the Earth's 21st century climate system. Environmental Reviews
19, 371-396. https://doi.org/10.1139/a11-014.

Furukawa, Y., Inubushi, K., Ali, M., ltang, A. M. and Tsuruta, H. 2005. Effect of changing
groundwater levels caused by land-use changes on greenhouse gas fluxes from
tropical peat lands. Nutrient Cycling in Agroecosystems 71(1), 81-91. https://doi.org
/10.1007/s10705-004-5286-5.

Gallego-Sala, A. V., Charman, D. J., Brewer, S., Page, S. E., Prentice, |. C., Friedlingstein, P,
Moreton, S., Amesbury, M. J., Beilman, D. W., Bjoérck, S., Blyakharchuk, T., Bochicchio,
C., Booth, R. K., Bunbury, J., Camill, P, Carless, D., Chimner, R. A., Clifford, M.,
Cressey, E., Courtney-Mustaphi, C., De Vleeschouwer, F., de Jong, R., Fialkiewicz-
Koziel, B., Finkelstein, S. A., Garneau, M., Githumbi, E., Hribjlan, J., Holmquist, J.,
Hughes, P.D. M., Jones, C., Jones, M. C., Karofeld, E., Klein, E. S., Kokfelt, U., Korhola,
A., Lacourse, T., Le Roux, G., Lamentowicz, M., Large, D., Lavoie, M., Loisel, J., Mackay,
H., MacDonald, G. M., Makila, M., Magnan, G., Marchant, R., Marcisz, K., Martinez
Cortizas, A., Massa, C., Mathijssen, P., Mauquoy, D., Mighall, T., Mitchell, F. J. G., Moss,
P, Nichols, J., Oksanen, P. O., Orme, L., Packalen, M. S., Robinson, S., Roland, T. P,
Sanderson, N. K., Sannel, A. B. K., Silva-Sanchez, N., Steinberg, N., Swindles, G. T.,
Turner, T. E., Uglow, J., Véliranta, M., van Bellen, S., van der Linden, M., van Geel,
B., Wang, G., Yu, Z., Zaragoza-Castells, J. and Zhao, Y. 2018. Latitudinal limits to
the predicted increase of the peatland carbon sink with warming. Nature Climate
Change 8(10), 907-913. https://doi.org/10.1038/s41558-018-0271-1.

Gandois, L., Cobb, A.R., Hei, I. C., Lim, L. B. L., Salim, K. A. and Harvey, C. F. 2013. Impact of
deforestation on solid and dissolved organic matter characteristics of tropical peat
forests: implications for carbon release. Biogeochemistry 114(1-3), 183-199. https://
doi.org/10.1007/s10533-012-9799-8.

Gaudig, G., Krebs, M. and Joosten, H. 2017. Sphagnum farming on cut-over bog in NW
Germany: long-term studies on Sphagnum growth. Mires and Peat, 1-19. https://doi
.org/10.19189/MaP.2016.0MB.238.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1016/j.agrformet.2016.08.023
http://dx.doi.org/https://doi.org/10.1016/j.agrformet.2016.08.023
http://dx.doi.org/https://doi.org/10.15488/8674
http://dx.doi.org/https://doi.org/10.5194/bg-13-3051-2016
http://dx.doi.org/https://doi.org/10.1029/2005JG000091
http://dx.doi.org/https://doi.org/10.1029/2005JG000091
http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2007.01339.x
http://dx.doi.org/https://doi.org/10.5194/esd-1-1-2010
http://dx.doi.org/https://doi.org/10.5194/esd-1-1-2010
http://dx.doi.org/https://doi.org/10.1139/a11-014
http://dx.doi.org/https://doi.org/10.1007/s10705-004-5286-5
http://dx.doi.org/https://doi.org/10.1007/s10705-004-5286-5
http://dx.doi.org/https://doi.org/10.1038/s41558-018-0271-1
http://dx.doi.org/https://doi.org/10.1007/s10533-012-9799-8
http://dx.doi.org/https://doi.org/10.1007/s10533-012-9799-8
http://dx.doi.org/https://doi.org/10.19189/MaP.2016.OMB.238
http://dx.doi.org/https://doi.org/10.19189/MaP.2016.OMB.238

Management of organic soils to reduce soil organic carbon losses 47

Giannini, V., Silvestri, N., Dragoni, F., Pistocchi, C., Sabbatini, T. and Bonari, E. 2017.
Growth and nutrient uptake of perennial crops in a paludicultural approach in a
drained Mediterranean peatland. Ecological Engineering 103, 478-487. https://doi
.0org/10.1016/j.ecoleng.2015.11.049.

Giesen, W. 2021. Tropical peatland restoration in Indonesia by replanting with useful
indigenous peat swamp species: paludiculture. In: Osaki, M., Tsuji, N., Foead, N. and
Rieley, J. (Eds), Tropical Peatland Eco-Management. Springer, Singapore. https://doi
.org/10.1007/978-981-33-4654-3_14.

Girkin, N. T., Dhandapani, S., Evers, S., Ostle, N., Turner, B. L. and Sjégersten, S. 2020.
Interactions between labile carbon, temperature and land use regulate carbon
dioxide and methane production in tropical peat. Biogeochemistry 147(1), 87-97.
https://doi.org/10.1007/s10533-019-00632-y.

Glatzel, S., Basiliko, N. and Moore, T. 2004. Carbon dioxide and methane production
potentials of peats from natural, harvested and restored sites, eastern Québec,
Canada. Wetlands 24(2), 261-267. https://doi.org/10.1672/0277-5212(2004)024
[0261:CDAMPP]2.0.CO;2.

Glatzel, S., Kalbitz, K., Dalva, M. and Moore, T. 2003. Dissolved organic matter properties
and their relationship to carbon dioxide efflux from restored peat bogs. Geoderma
113(3-4), 397-411. https://doi.org/10.1016/S0016-7061(02)00372-5.

Glatzel, S., Lemke, S. and Gerold, G. 2006. Short-term effects of an exceptionally hot
and dry summer on decomposition of surface peat in a restored temperate bog.
European Journal of Soil Biology 42(4), 219-229. https://doi.org/10.1016/j.ejsobi
.2006.03.003.

Glaz, B. and Morris, D. R. 2010. Sugarcane responses to water-table depth and periodic
flood. Agronomy Journal 102(2), 372-380. https://doi.org/10.2134/agronj2009.0262.

Goldstein, J. 2015. Mega-development, scientific expertise, and the remaking of
Indonesia’s degraded peatlands. dissertation. University of California. Available at:
https://escholarship.org/uc/item/0671h97t.

Griffis, T. J., Roman, D. T., Wood, J. D., Deventer, J., Fachin, L., Rengifo, J., Del Castillo, D.,
Lilleskov, E., Kolka, R., Chimner, R. A., del Aguila-Pasquel, J., Wayson, C., Hergoualc'h,
K., Baker, J. M., Cadillo-Quiroz, H. and Ricciuto, D. M. 2020. Hydrometeorological
sensitivities of net ecosystem carbon dioxide and methane exchange of an
Amazonian palm swamp peatland. Agricultural and Forest Meteorology 295,
108167. https://doi.org/10.1016/j.agrformet.2020.108167.

Grzywna, A. 2017. The degree of peatland subsidence resulting from drainage of land.
Environmental Earth Sciences 76(16), 559. https://doi.org/10.1007/s12665-017
-6869-1.

Gunther, A., Barthelmes, A., Huth, V., Joosten, H., Jurasinski, G., Koebsch, F. and
Couwenberg, J. 2020. Prompt rewetting of drained peatlands reduces climate
warming despite methane emissions. Nature Communications 11(1), 1644. https://
doi.org/10.1038/s41467-020-15499-z.

Gunther, A., Huth, V., Jurasinski, G. and Glatzel, S. 2015. The effect of biomass harvesting
on greenhouse gas emissions from a rewetted temperate fen. GCB Bioenergy 7(5),
1092-1106. https://doi.org/10.1111/gcbb.12214.

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

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2015.11.049
http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2015.11.049
http://dx.doi.org/https://doi.org/10.1007/978-981-33-4654-3_14
http://dx.doi.org/https://doi.org/10.1007/978-981-33-4654-3_14
http://dx.doi.org/https://doi.org/10.1007/s10533-019-00632-y
http://dx.doi.org/https://doi.org/10.1672/0277-52122004024
[0261:CDAMPP]2.0.CO;2
http://dx.doi.org/https://doi.org/10.1672/0277-52122004024
[0261:CDAMPP]2.0.CO;2
http://dx.doi.org/https://doi.org/10.1016/S0016-70610200372-5
http://dx.doi.org/https://doi.org/10.1016/j.ejsobi.2006.03.003
http://dx.doi.org/https://doi.org/10.1016/j.ejsobi.2006.03.003
http://dx.doi.org/https://doi.org/10.2134/agronj2009.0262
http://dx.doi.org/https://escholarship.org/uc/item/0671h97t
http://dx.doi.org/https://doi.org/10.1016/j.agrformet.2020.108167.
http://dx.doi.org/https://doi.org/10.1007/s12665-017-6869-1
http://dx.doi.org/https://doi.org/10.1007/s12665-017-6869-1
http://dx.doi.org/https://doi.org/10.1038/s41467-020-15499-z
http://dx.doi.org/https://doi.org/10.1038/s41467-020-15499-z
http://dx.doi.org/https://doi.org/10.1111/gcbb.12214
http://dx.doi.org/https://doi.org/10.19189/MaP.2015.OMB.210
http://dx.doi.org/https://doi.org/10.19189/MaP.2015.OMB.210

48 Management of organic soils to reduce soil organic carbon losses

Hadi, A., Inubushi, K., Furukawa, Y., Purnomo, E., Rasmadi, M. and Tsuruta, H. 2005.
Greenhouse gas emissions from tropical peatlands of Kalimantan,Indonesia.
Nutrient Cycling in Agroecosystems 71(1), 73-80. https://doi.org/10.1007/s10705
-004-0380-2.

Hahn, J., K&hler, S., Glatzel, S. and Jurasinski, G. 2015. Methane exchange in a coastal fen
in the first year after flooding - A systems shift. PLoS ONE 10(10), e0140657. https://
doi.org/10.1371/journal.pone.0140657.

Hahn-Schéfl, M., Zak, D., Minke, M., Gelbrecht, J., Augustin, J. and Freibauer, A. 2011.
Organic sediment formed during inundation of a degraded fen grassland emits
large fluxes of CH, and CO,. Biogeosciences 8(6), 1539-1550. https://doi.org/10
.5194/bg-8-1539-2011.

Hansson, A. and Dargusch, P. 2017. An estimate of the financial cost of peatland
restoration in Indonesia. Case Studies in the Environment 2(1), 1-8. https://doi.org
/10.1525/cse.2017.000695.

Hardie, S. M. L., Garnett, M. H., Fallick, A. E., Rowland, A. P, Ostle, N. J. and Flowers, T. H.
2011. Abiotic drivers and their interactive effect on the flux and carbon isotope (14C
and 813C) composition of peat-respired CO2. Soil Biology and Biochemistry 43(12),
2432-2440. https://doi.org/10.1016/].s0ilbio.2011.08.010.

Hargreaves, K. J., Milne, R. and Cannell, M. G.R. 2003. Carbon balance of afforested peatland
in Scotland. Forestry 76(3), 299-317. https://doi.org/10.1093/forestry/76.3.299.

Harpenslager, S. F,, van den Elzen, E., Kox, M. A. R., Smolders, A. J. P, Ettwig, K. F. and
Lamers, L. P. M. 2015. Rewetting former agricultural peatlands: topsoil removal as
a prerequisite to avoid strong nutrient and greenhouse gas emissions. Ecological
Engineering 84, 159-168. https://doi.org/10.1016/j.ecoleng.2015.08.002.

Hashim, S. A., Teh, C. B. S. and Ahmed, O. H. 2019. Influence of water table depths,
nutrients leaching losses, subsidence of tropical peat soil and oil palm (Elaeis
guineensis Jacq.) seedling growth. Malaysian Journal of Soil Science 23, 13-30.

Hatala, J. A., Detto, M., Sonnentag, O., Deverel, S. J., Verfaillie, J. and Baldocchi, D. D.
2012. Greenhouse gas (CO,, CH,, H,0) fluxes from drained and flooded agricultural
peatlands in the Sacramento-San Joaquin Delta. Agriculture, Ecosystems and
Environment 150, 1-18. https://doi.org/10.1016/j.agee.2012.01.009.

Hergoualc'h, K. and Verchot, L. V. 2014. Greenhouse gas emission factors for land use and
land-use change in Southeast Asian peatlands. Mitigation and Adaptation Strategies
for Global Change 19(6), 789-807. https://doi.org/10.1007/s11027-013-9511-x.

Herzsprung, P, Osterloh, K., von Timpling, W., Harir, M., Hertkorn, N., Schmitt-Kopplin, P,
Meissner, R., Bernsdorf, S. and Friese, K. 2017. Differences in DOM of rewetted and
natural peatlands - results from high-field FT-ICR-MS and bulk optical parameters.
Science of the Total Environment 586, 770-781. https://doi.org/10.1016/j.scitotenv
.2017.02.054.

Hirano, T., Segah, H., Kusin, K., Limin, S., Takahashi, H. and Osaki, M. 2012. Effects of
disturbances on the carbon balance of tropical peat swamp forests. Global Change
Biology 18(11), 3410-3422. https://doi.org/10.1111/j.1365-2486.2012.02793 x.

Hodgkins, S. B., Richardson, C. J., Dommain, R., Wang, H., Glaser, P. H., Verbeke, B.,
Winkler, B. R., Cobb, A. R., Rich, V. I., Missilmani, M., Flanagan, N., Ho, M., Hoyt, A.
M., Harvey, C. F, Vining, S. R., Hough, M. A., Moore, T. R., Richard, P. J. H., De La
Cruz, F. B., Toufaily, J., Hamdan, R., Cooper, W. T. and Chanton, J. P. 2018. Tropical
peatland carbon storage linked to global latitudinal trends in peat recalcitrance.
Nature Communications 9(1), 3640. https://doi.org/10.1038/s41467-018-06050-2.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1007/s10705-004-0380-2
http://dx.doi.org/https://doi.org/10.1007/s10705-004-0380-2
http://dx.doi.org/https://doi.org/10.1371/journal.pone.0140657
http://dx.doi.org/https://doi.org/10.1371/journal.pone.0140657
http://dx.doi.org/https://doi.org/10.5194/bg-8-1539-2011
http://dx.doi.org/https://doi.org/10.5194/bg-8-1539-2011
http://dx.doi.org/https://doi.org/10.1525/cse.2017.000695
http://dx.doi.org/https://doi.org/10.1525/cse.2017.000695
http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2011.08.010
http://dx.doi.org/https://doi.org/10.1093/forestry/76.3.299
http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2015.08.002
http://dx.doi.org/https://doi.org/10.1016/j.agee.2012.01.009
http://dx.doi.org/https://doi.org/10.1007/s11027-013-9511-x
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2017.02.054
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2017.02.054
http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2012.02793.x
http://dx.doi.org/https://doi.org/10.1038/s41467-018-06050-2

Management of organic soils to reduce soil organic carbon losses 49

Hogg, E. H. 1993. Decay potential of hummock and hollow Sphagnum peats at
different depths in a Swedish raised bog. Oikos 66(2), 269. https://doi.org/10.2307
/3544814.

Holden, J. 2006. Sediment and particulate carbon removal by pipe erosion increase over
time in blanket peatlands as a consequence of land drainage. Journal of Geophysical
Research 111(F2), F02010. https://doi.org/10.1029/2005JF000386.

Hommeltenberg, J., Schmid, H. P, Drésler, M. and Werle, P. 2014. Can a bog drained for
forestry be a stronger carbon sink than a natural bog forest? Biogeosciences 11(13),
3477-3493. https://doi.org/10.5194/bg-11-3477-2014.

Hooijer, A., Page, S., Jauhiainen, J., Lee, W. A,, Lu, X. X., Idris, A. and Anshari, G. 2012.
Subsidence and carbon loss in drained tropical peatlands. Biogeosciences 9(3),
1053-1071. https://doi.org/10.5194/bg-9-1053-2012.

Howson, T., Chapman, P. J., Shah, N., Anderson, R. and Holden, J. 2021. A comparison
of porewater chemistry between intact, afforested and restored raised and blanket
bogs. Science of the Total Environment 766, 144496. https://doi.org/10.1016/]
.scitotenv.2020.144496.

Hoyos-Santillan, J., Lomax, B. H., Large, D., Turner, B. L., Boom, A., Lopez, O. R. and
Sjogersten, S. 2016. Quality not quantity: organic matter composition controls of
CO, and CH, fluxes in neotropical peat profiles. Soil Biology and Biochemistry 103,
86-96. https://doi.org/10.1016/.s0ilbio.2016.08.017.

Hoyt, A. M., Chaussard, E., Seppalainen, S. S. and Harvey, C. F. 2020. Widespread
subsidence and carbon emissions across Southeast Asian peatlands. Nature
Geoscience 13(6), 435-440. https://doi.org/10.1038/s41561-020-0575-4.

Huang, Y., Ciais, P, Luo, Y., Zhu, D., Wang, Y., Qiu, C., Goll, D. S., Guenet, B., Makowski,
D., De Graaf, I, Leifeld, J., Kwon, M. J., Hu, J. and Qu, L. 2021. Tradeoff of CO, and
CH, emissions from global peatlands under water-table drawdown. Nature Climate
Change 11(7), 618-622. https://doi.org/10.1038/s41558-021-01059-w.

Humpendéder, F., Karstens, K., Lotze-Campen, H., Leifeld, J., Menichetti, L., Barthelmes, A.
and Popp, A. 2020. Peatland protection and restoration are key for climate change
mitigation. Environmental Research Letters 15(10). https://doi.org/10.1088/1748
-9326/abae2a, 104093.

Huth, V., Glunther, A., Bartel, A., Hofer, B., Jacobs, O., Jantz, N., Meister, M., Rosinski, E.,
Urich, T., Weil, M., Zak, D. and Jurasinski, G. 2020. Topsoil removal reduced in-situ
methane emissions in a temperate rewetted bog grassland by a hundredfold.
Science of the Total Environment 721, 137763. https://doi.org/10.1016/j.scitotenv
.2020.137763.

Inglett, K. S., Inglett, P. W., Reddy, K. R. and Osborne, T. Z. 2012. Temperature sensitivity of
greenhouse gas production in wetland soils of different vegetation. Biogeochemistry
108(1-3), 77-90. https://doi.org/10.1007/s10533-011-9573-3.

IPCC. 2014. In: Hiraishi, T., Krug, T., Tanabe, K., Srivastava, N., Baasansuren, J., Fukuda, M.
and Troxler, T.G. (Eds), 2013 Supplement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories: Wetlands. 354 p. IPCC, Switzerland.

Jauhiainen, J., Alm, J., Bjarnadottir, B., Callesen, |, Christiansen, J.R., Clarke, N., Dalsgaard,
L., He, H., Jordan, S., Kazanavicditté, V., Klemedtsson, L., Lauren, A., Lazdins, A.,
Lehtonen, A., Lohila, A., Lupikis, A., Mander, U., Minkkinen, K., Kasimir, A., Olsson,
M., Ojanen, P, Oskarsson, H., Sigurdsson, B. D., Segaard, G., Soosaar, K., Vesterdal,
L. and Laiho, R. 2019. Reviews and syntheses: greenhouse gas exchange data from
drained organic forest soils - a review of current approaches and recommendations

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.2307/3544814
http://dx.doi.org/https://doi.org/10.2307/3544814
http://dx.doi.org/https://doi.org/10.1029/2005JF000386
http://dx.doi.org/https://doi.org/10.5194/bg-11-3477-2014
http://dx.doi.org/https://doi.org/10.5194/bg-9-1053-2012
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2020.144496
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2020.144496
http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2016.08.017
http://dx.doi.org/https://doi.org/10.1038/s41561-020-0575-4
http://dx.doi.org/https://doi.org/10.1038/s41558-021-01059-w
http://dx.doi.org/https://doi.org/10.1088/1748-9326/abae2a
http://dx.doi.org/https://doi.org/10.1088/1748-9326/abae2a
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2020.137763
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2020.137763
http://dx.doi.org/https://doi.org/10.1007/s10533-011-9573-3

50 Management of organic soils to reduce soil organic carbon losses

for future research. Biogeosciences 16(23), 4687-4703. https://doi.org/10.5194/bg
-16-4687-2019.

Joosten, H. and Clarke, D. 2002. Wise Use of Mires and peatlands: background and
principles including a framework for decision-making. International Peat Society;
International Mire Conservation Group, Saarijérvi [Greifswald].

Joosten, H.(2010). The Global Peatland CO, Picture: Peatland Status and Drainage Related
Emissions in All Countries of the World. Wetland International, Ede, The Netherlands.
https://www.wetlands.org/download/6672.

Jovani-Sancho, A. J., Cummins, T. and Byrne, K. A. 2021. Soil carbon balance of afforested
peatlands in the maritime temperate climatic zone. Global Change Biology 27(15),
3681-3698. https://doi.org/10.1111/gcb.15654.

Kandel, T. P, Karki, S., Elsgaard, L. and Leerke, P. E. 2019a. Fertilizer-induced fluxes
dominate annual N,O emissions from a nitrogen-rich temperate fen rewetted for
paludiculture. Nutrient Cycling in Agroecosystems 115(1), 57-67. https://doi.org/10
.1007/s10705-019-10012-5.

Kandel, T.P, Laerke, P.E., Hoffmann, C. C.and Elsgaard, L. 2019b. Complete annual CO,,CH,,
and N,O balance of a temperate riparian wetland 12 years after rewetting. Ecological
Engineering 127, 527-535. https://doi.org/10.1016/j.ecoleng.2017.12.019.

Kasimir-Klemedtsson, A., Klemedtsson, L., Berglund, K., Martikainen, P, Silvola, J. and
Oenema, O. 1997. Greenhouse gas emissions from farmed organic soils: a review.
Soil Use and Management 13(s4), 245-250. https://doi.org/10.1111/j.1475-2743
.1997.tb00595.x.

Kechavarzi, C., Dawson, Q. and Leeds-Harrison, P. B. 2010. Physical properties of low-
lying agricultural peat soils in England. Geoderma 154(3-4), 196-202. https://doi
.org/10.1016/j.geoderma.2009.08.018.

Kechavarzi, C., Dawson, Q., Leeds-Harrison, P. B., Szatytowicz, J. and Gnatowski, T. 2007.
Water-table management in lowland UK peat soils and its potential impact on CO2
emission. Soil Use and Management 23(4), 359-367. https://doi.org/10.1111/j.1475
-2743.2007.00125.x.

Klgve, B., Berglund, K., Berglund, O., Weldon, S. and Maljanen, M. 2017. Future options
for cultivated Nordic peat soils: can land management and rewetting control
greenhouse gas emissions? Environmental Science and Policy 69, 85-93. https://doi
.org/10.1016/j.envsci.2016.12.017.

Klgve, B., Sveistrup, T. E. and Hauge, A. 2010. Leaching of nutrients and emission of
greenhouse gases from peatland cultivation at Bodin, Northern Norway. Geoderma
154(3-4), 219-232. https://doi.org/10.1016/j.geoderma.2009.08.022.

Kluge, B., Wessolek, G., Facklam, M., Lorenz, M. and Schwérzel, K. 2008. Long-term carbon
loss and CO2-C release of drained peatland soils in northeast Germany. European
Journal of Soil Science 59(6), 1076-1086. https://doi.org/10.1111/j.1365-2389.2008
.01079.x.

Koebsch, F., Jurasinski, G., Koch, M., Hofmann, J. and Glatzel, S. 2015. Controls for multi-
scale temporal variation in ecosystem methane exchange during the growing
season of a permanently inundated fen. Agricultural and Forest Meteorology 204,
94-105. https://doi.org/10.1016/j.agrformet.2015.02.002.

Konecny, K., Ballhorn, U., Navratil, P., Jubanski, J., Page, S. E., Tansey, K., Hooijer, A.,
Vernimmen, R. and Siegert, F. 2016. Variable carbon losses from recurrent fires in
drained tropical peatlands. Global Change Biology 22(4), 1469-1480. https://doi
.org/10.1111/gcb.13186.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.5194/bg-16-4687-2019
http://dx.doi.org/https://doi.org/10.5194/bg-16-4687-2019
http://dx.doi.org/https://www.wetlands.org/download/6672
http://dx.doi.org/https://doi.org/10.1111/gcb.15654
http://dx.doi.org/https://doi.org/10.1007/s10705-019-10012-5
http://dx.doi.org/https://doi.org/10.1007/s10705-019-10012-5
http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2017.12.019
http://dx.doi.org/https://doi.org/10.1111/j.1475-2743.1997.tb00595.x
http://dx.doi.org/https://doi.org/10.1111/j.1475-2743.1997.tb00595.x
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2009.08.018
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2009.08.018
http://dx.doi.org/https://doi.org/10.1111/j.1475-2743.2007.00125.x
http://dx.doi.org/https://doi.org/10.1111/j.1475-2743.2007.00125.x
http://dx.doi.org/https://doi.org/10.1016/j.envsci.2016.12.017
http://dx.doi.org/https://doi.org/10.1016/j.envsci.2016.12.017
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2009.08.022
http://dx.doi.org/https://doi.org/10.1111/j.1365-2389.2008.01079.x
http://dx.doi.org/https://doi.org/10.1111/j.1365-2389.2008.01079.x
http://dx.doi.org/https://doi.org/10.1016/j.agrformet.2015.02.002
http://dx.doi.org/https://doi.org/10.1111/gcb.13186
http://dx.doi.org/https://doi.org/10.1111/gcb.13186

Management of organic soils to reduce soil organic carbon losses 51

Kéndnen, M., Jauhiainen, J., Laiho, R., Spetz, P, Kusin, K., Limin, S. and Vasander, H.
2016. Land use increases the recalcitrance of tropical peat. Wetlands Ecology and
Management 24(6), 717-731. https://doi.org/10.1007/s11273-016-9498-7.

Korkiakoski, M., Tuovinen, J.-P., Penttila, T., Sarkkola, S., Ojanen, P, Minkkinen, K., Rainne,
J., Laurila, T. and Lohila, A. 2019. Greenhouse gas and energy fluxes in a boreal
peatland forest after clear-cutting. Biogeosciences 16(19), 3703-3723. https://doi
.0rg/10.5194/bg-16-3703-2019.

Kruger, J. P, Alewell, C., Minkkinen, K., Szidat, S. and Leifeld, J. 2016. Calculating carbon
changes in peat soils drained for forestry with four different profile-based methods.
Forest Ecology and Management 381, 29-36. https://doi.org/10.1016/j.foreco.2016
.09.006.

Krager, J.P, Leifeld, J., Glatzel, S., Szidat, S. and Alewell, C. 2015. Biogeochemical indicators
of peatland degradation - a case study of a temperate bog in northern Germany.
Biogeosciences 12(10), 2861-2871. https://doi.org/10.5194/bg-12-2861-2015.

Kuhry, P. and Vitt, D. H. 1996. Fossil carbon/nitrogen ratios as a measure of peat
decomposition. Ecology 77(1), 271-275. https://doi.org/10.2307/2265676.

Lai, D. Y. F, Roulet, N. T. and Moore, T. R. 2014. The spatial and temporal relationships
between CO, and CH, exchange in a temperate ombrotrophic bog. Atmospheric
Environment 89, 249-259. https://doi.org/10.1016/j.atmosenv.2014.02.034.

Laiho, R., Laine, J., Trettin, C. C. and Finér, L. 2004. Scots pine litter decomposition along
drainage succession and soil nutrient gradients in peatland forests, and the effects
of inter-annual weather variation. Soil Biology and Biochemistry 36(7), 1095-1109.
https://doi.org/10.1016/j.s0ilbio.2004.02.020.

Laiho, R. and Pearson, M. 2016. Surface peat and its dynamics following drainage - do
they facilitate estimation of carbon losses with the C/ash method? Mires and Peat,
1-19. https://doi.org/10.19189/MaP.2016.OMB.247.

Laine, A., Byrne, K. A,, Kiely, G. and Tuittila, E.-S. 2007. Patterns in vegetation and CO2
dynamics along a water level gradient in a lowland blanket bog. Ecosystems 10(6),
890-905. https://doi.org/10.1007/510021-007-9067-2.

Laine, J., Silvola, J., Tolonen, K., Alm, J., Nyké&nen, H., Vasander, H., Sallantaus, T.,
Savolainen, ., Sinisalo, J. and Martikainen, P. J. 1996. Effect of water-level drawdown
on global climatic warming: northern peatlands. Ambio - A Journal of the Human
Environment 25, 179-184.

Landry, J. and Rochefort, L. 2012. The drainage of peatlands. Impacts and rewetting
techniques. Département de phytologie, Université Laval. Département de
phytologie, Université Laval, Quebec. Available online: https://www.gret-perg
.ulaval.ca/uploads/tx_centrerecherche/Drainage_guide_Web.pdf (Accessed 16
July 2021).

LaRowe, D. E. and Van Cappellen, P. 2011. Degradation of natural organic matter: a
thermodynamic analysis. Geochimica et Cosmochimica Acta 75(8), 2030-2042.
https://doi.org/10.1016/j.9ca.2011.01.020.

Leiber-Sauheitl, K., FuB, R., Voigt, C. and Freibauer, A. 2014. High CO2 fluxes from
grassland on histic gleysol along soil carbon and drainage gradients. Biogeosciences
11(3), 749-761. https://doi.org/10.5194/bg-11-749-2014.

Leifeld, J. 2018. Distribution of nitrous oxide emissions from managed organic soils
under different land uses estimated by the peat C/N ratio to improve national GHG
inventories. Science of the Total Environment 631-632, 23-26. https://doi.org/10
.1016/j.scitotenv.2018.02.328.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1007/s11273-016-9498-7
http://dx.doi.org/https://doi.org/10.5194/bg-16-3703-2019
http://dx.doi.org/https://doi.org/10.5194/bg-16-3703-2019
http://dx.doi.org/https://doi.org/10.1016/j.foreco.2016.09.006
http://dx.doi.org/https://doi.org/10.1016/j.foreco.2016.09.006
http://dx.doi.org/https://doi.org/10.5194/bg-12-2861-2015
http://dx.doi.org/https://doi.org/10.2307/2265676
http://dx.doi.org/https://doi.org/10.1016/j.atmosenv.2014.02.034
http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2004.02.020
http://dx.doi.org/https://doi.org/10.19189/MaP.2016.OMB.247
http://dx.doi.org/https://doi.org/10.1007/s10021-007-9067-2
http://dx.doi.org/https://www.gret-perg.ulaval.ca/uploads/tx_centrerecherche/Drainage_guide_Web.pdf
http://dx.doi.org/https://www.gret-perg.ulaval.ca/uploads/tx_centrerecherche/Drainage_guide_Web.pdf
http://dx.doi.org/https://doi.org/10.1016/j.gca.2011.01.020
http://dx.doi.org/https://doi.org/10.5194/bg-11-749-2014
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2018.02.328
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2018.02.328

52 Management of organic soils to reduce soil organic carbon losses

Leifeld, J., Alewell, C., Bader, C., Krtiger, J. P, Mueller, C. W., Sommer, M., Steffens, M.
and Szidat, S. 2018. Pyrogenic carbon contributes substantially to carbon storage
in intact and degraded northern peatlands: pyrogenic carbon in peatlands. Land
Degradation and Development 29(7), 2082-2091. https://doi.org/10.1002/1dr.2812.

Leifeld, J., Alewell, C. and Paul, S. M. 2021. Accumulation of C4-carbon from Miscanthus
in organic-matter-rich soils. GCB Bioenergy 13(8), 1319-1328. https://doi.org/10
1111/gcbb.12861.

Leifeld, J., Klein, K. and Wist-Galley, C. 2020. Soil organic matter stoichiometry as
indicator for peatland degradation. Scientific Reports 10(1), 7634. https://doi.org
/10.1038/s41598-020-64275-y.

Leifeld, J. and Menichetti, L. 2018. The underappreciated potential of peatlands in global
climate change mitigation strategies. Nature Communications 9(1), 107 1. https://doi
.0rg/10.1038/s41467-018-03406-6.

Leifeld, J., Muller, M. and Fuhrer, J. 2011. Peatland subsidence and carbon loss from
drained temperate fens. Soil Use and Management 27(2), 170-176.

Leifeld, J., Steffens, M. and Galego-Sala, A. 2012. Sensitivity of peatland carbon loss to
organic matter quality: peat quality and carbon loss. Geophysical Research Leters
39(14), n/a-n/a. https://doi.org/10.1029/2012GL051856.

Leifeld, J., Wust-Galley, C. and Page, S. 2019. Intact and managed peatland soils as a
source and sink of GHGs from 1850 to 2100. Nature Climate Change 9(12), 945-947.
https://doi.org/10.1038/s41558-019-0615-5.

Li, C., Grayson, R., Holden, J. and Li, P. 2018. Erosion in peatlands: recent research
progress and future directions. Earth-Science Reviews 185, 870-886. https://doi.org
/10.1016/j.earscirev.2018.08.005.

Lim, K. H., Lim, S. S., Parish, F. and Suharto, R. (Eds) 2012. Summary: RSPO Manual on Best
Management Practices (BMPs) for Existing Oil Palm Cultivation on Peat. RSPO, Kuala
Lumpur.

Limpens, J., Heijmans, M. M. P. D. and Berendse, F. 2006. The nitrogen cycle in boreal
peatlands. In: Wieder, R. K. and Vitt, D. H. (Eds), Boreal Peatland Ecosystems,
Ecological Studies. Springer, Berlin Heidelberg. pp. 195-230. https://doi.org/10
.1007/978-3-540-31913-9_10.

Liu, H., Price, J., Rezanezhad, F. and Lennartz, B. 2020. Centennial-scale shifts in
hydrophysical properties of peat induced by drainage. Water Resources Research
56(10). https://doi.org/10.1029/2020WR027538.

Lohila, A. 2004. Annual CO2 exchange of a peat field growing spring barley or perennial
forage grass. Journal of Geophysical Research 109(D18), D18116. https://doi.org
/10.1029/2004JD004715.

Lohila, A., Aurela, M., Regina, K. and Laurila, T. 2003. Soil and total ecosystem respiration
in agricultural fields: effect of soil and crop type. Plant and Soil 251(2), 303-317.
https://doi.org/10.1023/A:1023004205844.

Lohila, A., Minkkinen, K., Aurela, M., Tuovinen, J.-P.,, Penttilg, T., Ojanen, P. and Laurila, T.
2011. Greenhouse gas flux measurements in a forestry-drained peatland indicate a
large carbon sink. Biogeosciences 8(11), 3203-3218. https://doi.org/10.5194/bg-8
-3203-2011.

Loisel, J., Gallego-Sala, A. V., Amesbury, M. J., Magnan, G., Anshari, G., Beilman, D. W.,
Benavides, J. C., Blewett, J., Camill, P., Charman, D. J., Chawchai, S., Hedgpeth, A.,
Kleinen, T., Korhola, A., Large, D., Mansilla, C. A., Mdller, J., van Bellen, S., West, J.
B.,Yu, Z., Bubier, J. L., Garneau, M., Moore, T., Sannel, A. B. K., Page, S., Véliranta, M.,

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1002/ldr.2812
http://dx.doi.org/https://doi.org/10.1111/gcbb.12861
http://dx.doi.org/https://doi.org/10.1111/gcbb.12861
http://dx.doi.org/https://doi.org/10.1038/s41598-020-64275-y
http://dx.doi.org/https://doi.org/10.1038/s41598-020-64275-y
http://dx.doi.org/https://doi.org/10.1038/s41467-018-03406-6
http://dx.doi.org/https://doi.org/10.1038/s41467-018-03406-6
http://dx.doi.org/https://doi.org/10.1029/2012GL051856
http://dx.doi.org/https://doi.org/10.1038/s41558-019-0615-5
http://dx.doi.org/https://doi.org/10.1016/j.earscirev.2018.08.005
http://dx.doi.org/https://doi.org/10.1016/j.earscirev.2018.08.005
http://dx.doi.org/https://doi.org/10.1007/978-3-540-31913-9_10
http://dx.doi.org/https://doi.org/10.1007/978-3-540-31913-9_10
http://dx.doi.org/https://doi.org/10.1029/2020WR027538
http://dx.doi.org/https://doi.org/10.1029/2004JD004715
http://dx.doi.org/https://doi.org/10.1029/2004JD004715
http://dx.doi.org/https://doi.org/10.1023/A:1023004205844
http://dx.doi.org/https://doi.org/10.5194/bg-8-3203-2011
http://dx.doi.org/https://doi.org/10.5194/bg-8-3203-2011

Management of organic soils to reduce soil organic carbon losses 53

Bechtold, M., Brovkin, V., Cole, L. E. S., Chanton, J. P,, Christensen, T. R., Davies, M.
A., De Vleeschouwer, F,, Finkelstein, S. A., Frolking, S., Gatka, M., Gandois, L., Girkin,
N., Harris, L. I., Heinemeyer, A., Hoyt, A. M., Jones, M. C., Joos, F., Juutinen, S., Kaiser,
K., Lacourse, T., Lamentowicz, M., Larmola, T., Leifeld, J., Lohila, A., Milner, A. M.,
Minkkinen, K., Moss, P, Naafs, B. D. A., Nichols, J., O'Donnell, J., Payne, R., Philben,
M., Piilo, S., Quillet, A., Ratnayake, A. S., Roland, T. P, Sjégersten, S., Sonnentag,
0., Swindles, G. T., Swinnen, W., Talbot, J., Treat, C., Valach, A. C. and Wu, J. 2021.
Expert assessment of future vulnerability of the global peatland carbon sink. Nature
Climate Change 11(1), 70-77. https://doi.org/10.1038/s41558-020-00944-0.

Loisel, J.,Yu,Z., Beilman, D.W., Camill, P, Alm, J., Amesbury, M.J., Anderson, D., Andersson,
S., Bochicchio, C., Barber, K., Belyea, L. R., Bunbury, J., Chambers, F. M., Charman, D.
J., De Vleeschouwer, F., Fiatkiewicz-Koziet, B., Finkelstein, S. A., Gatka, M., Garneau,
M., Hammarlund, D., Hinchcliffe, W., Holmquist, J., Hughes, P, Jones, M. C., Klein, E.
S., Kokfelt, U., Korhola, A., Kuhry, P, Lamarre, A., Lamentowicz, M., Large, D., Lavoie,
M., MacDonald, G., Magnan, G., M&kila, M., Mallon, G., Mathijssen, P., Mauquoy, D.,
McCarroll, J., Moore, T. R, Nichols, J., O'Reilly, B., Oksanen, P., Packalen, M., Peteet,
D., Richard, P. J., Robinson, S., Ronkainen, T., Rundgren, M., Sannel, A. B. K., Tarnocai,
C., Thom, T., Tuittila, E.-S., Turetsky, M., Véliranta, M., van der Linden, M., van Geel,
B., van Bellen, S., Vitt, D., Zhao, Y. and Zhou, W. 2014. A database and synthesis of
northern peatland soil properties and Holocene carbon and nitrogen accumulation.
The Holocene 24(9), 1028-1042. https://doi.org/10.1177/0959683614538073.

Lund, M., Christensen, T. R., Lindroth, A. and Schubert, P. 2012. Effects of drought
conditions on the carbon dioxide dynamics in a temperate peatland. Environmental
Research Letters 7(4). https://doi.org/10.1088/1748-9326/7/4/045704, 045704.

Lund, M., Lindroth, A., Christensen, T. R. and Stro, L. 2007. Annual CO2 balance of a
temperate bog. Tellus B 59(5), 804-811. https://doi.org/10.1111/j.1600-0889.2007
.00303.x.

Lupascu, M., Wadham, J. L., Hornibrook, E. R. C. and Pancost, R. D. 2012. Temperature
sensitivity of methane production in the permafrost active layer at Stordalen,
Sweden: a comparison with non-permafrost northern wetlands. Arctic, Antarctic,
and Alpine Research 44(4), 469-482. https://doi.org/10.1657/1938-4246-44.4.469.

Lynch, J., Cain, M., Pierrehumbert, R. and Allen, M. 2020. Demonstrating GWP*: a means
of reporting warming-equivalent emissions that captures the contrasting impacts of
short- and long-lived climate pollutants. Environmental Research Letters : ERL [Web
Site] 15(4), 044023. https://doi.org/10.1088/1748-9326/abbd7e.

Maanavilja, L., Riutta, T., Aurela, M., Pulkkinen, M., Laurila, T. and Tuittila, E.-S. 2011. Spatial
variation in CO2 exchange at a northern aapa mire. Biogeochemistry 104(1-3), 325-
345. https://doi.org/10.1007/s10533-010-9505-7.

Maie, N., Maeda, M., Murouchi, A., Melling, L., Takamatsu, R., Sangok, F., Kakino, W., Tanji,
H. and Watanabe, A. 2019. Influence of temperature and water conditions on the
mineralization rate of tropical peat. Humic Substances Research 15, 8.

Maljanen, M., Martikainen, P. J., Walden, J. and Silvola, J. 2001. CO2 exchange in an
organic field growing barley or grass in eastern Finland. Global Change Biology 7,
679-692. https://doi.org/10.1111/j.1365-2486.2001.00437 .x.

Maljanen, M., Sigurdsson, B. D., Gudmundsson, J., Oskarsson, H., Huttunen, J. T. and
Martikainen, P. J. 2010. Greenhouse gas balances of managed peatlands in the
Nordic countries - present knowledge and gaps. Biogeosciences 7(9), 2711-2738.
https://doi.org/10.5194/bg-7-2711-2010.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1038/s41558-020-00944-0
http://dx.doi.org/https://doi.org/10.1177/0959683614538073
http://dx.doi.org/https://doi.org/10.1088/1748-9326/7/4/045704
http://dx.doi.org/https://doi.org/10.1111/j.1600-0889.2007.00303.x
http://dx.doi.org/https://doi.org/10.1111/j.1600-0889.2007.00303.x
http://dx.doi.org/https://doi.org/10.1657/1938-4246-44.4.469
http://dx.doi.org/https://doi.org/10.1088/1748-9326/ab6d7e
http://dx.doi.org/https://doi.org/10.1007/s10533-010-9505-7
http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2001.00437.x
http://dx.doi.org/https://doi.org/10.5194/bg-7-2711-2010

54 Management of organic soils to reduce soil organic carbon losses

Malterer, T.J., Verry, E. S. and Erjavec, J. 1992. Fiber content and degree of decomposition
in peats: review of national methods. Soil Science Society of America Journal 56(4),
1200-1211.

Mander, U., Jarveoja, J., Maddison, M., Soosaar, K., Aavola, R., Ostonen, I. and Salm, J.-
O. 2012. Reed canary grass cultivation mitigates greenhouse gas emissions from
abandoned peat extraction areas. GCB Bioenergy 4(4), 462-474. https://doi.org/10
A111/.1757-1707.2011.01138.x.

Matysek, M., Leake, J., Banwart, S., Johnson, |., Page, S., Kaduk, J., Smalley, A., Cumming,
A. and Zona, D. 2019. Impact of fertiliser, water table, and warming on celery yield
and CO, and CH, emissions from fenland agricultural peat. Science of the Total
Environment 667, 179-190. https://doi.org/10.1016/j.scitotenv.2019.02.360.

McCalmont, J., Kho, L. K., Teh, Y. A,, Lewis, K., Chocholek, M., Rumpang, E. and Hill, T.
2021. Short- and long-term carbon emissions from oil palm plantations converted
from logged tropical peat swamp forest. Global Change Biology 27(11), 2361-2376.
https://doi.org/10.1111/gcb.15544.

Melts, I., Ivask, M., Geetha, M., Takeuchi, K. and Heinsoo, K. 2019. Combining bioenergy
and nature conservation: an example in wetlands. Renewable and Sustainable
Energy Reviews 111, 293-302. https://doi.org/10.1016/].rser.2019.05.028.

Menberu, M. W., Marttila, H., Tahvanainen, T., Kotiaho, J. S., Hokkanen, R., Klgve, B. and
Ronkanen, A.-K. 2017. Changes in pore water quality After peatland restoration:
assessment of a large-scale, replicated before-after-control-impact study in Finland:
restoration and pore water quality. Water Resources Research 53(10), 8327-8343.
https://doi.org/10.1002/2017WR020630.

Meyer, A, Tarvainen, L., Nousratpour, A., Bjork,R.G., Emfors, M., Grelle, A.,Kasimir Klemedtsson,
A., Lindroth, A., Rantfors, M., Rutting, T., Wallin, G., Weslien, P.and Klemedtsson, L. 2013. A
fertile peatland forest does not constitute a major greenhouse gas sink. Biogeosciences
10(11), 7739-7758. https://doi.org/10.5194/bg-10-7739-2013.

Minamikawa, K., Yamaguchi, T., Tokida, T., Sudo, S. and Yagi, K. 2018. Handbook of
monitoring, reporting, and verification for a greenhouse gas mitigation project
with water management in irrigated rice paddies. Institute for Agro-Environmental
Sciences. NARO, Japan, Tsukuba, 42.

Minke, M., Augustin, J., Burlo, A., Yarmashuk, T., Chuvashova, H., Thiele, A., Freibauer, A.,
Tikhonov, V. and Hoffmann, M. 2016. Water level, vegetation composition, and plant
productivity explain greenhouse gas fluxes in temperate cutover fens after inundation.
Biogeosciences 13(13), 3945-3970. https://doi.org/10.5194/bg-13-3945-2016.

Minkkinen, K., Byrne, K. A. and Trettin, C. 2008. Climate impacts of peatland forestry.
In: Strack, M. (Ed.), Peatlands and Climate Change. International Peatland Society,
Jyvaskyla. pp. 98-122.1SBN 978-952-99401-1-0.

Minkkinen, K., Ojanen, P,, Penttil3, T., Aurela, M., Laurila, T., Tuovinen, J.-P. and Lohila, A.
2018. Persistent carbon sink at a boreal drained bog forest. Biogeosciences 15(11),
3603-3624. https://doi.org/10.5194/bg-15-3603-2018.

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

Minkkinen, K. and Laine, J. 1998. Long-term effect of forest drainage on the peat carbon
stores of pine mires in Finland. Canadian Journal of Forest Research 28(9), 1267-
1275. https://doi.org/10.1139/x98-104.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1111/j.1757-1707.2011.01138.x
http://dx.doi.org/https://doi.org/10.1111/j.1757-1707.2011.01138.x
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2019.02.360
http://dx.doi.org/https://doi.org/10.1111/gcb.15544
http://dx.doi.org/https://doi.org/10.1016/j.rser.2019.05.028
http://dx.doi.org/https://doi.org/10.1002/2017WR020630
http://dx.doi.org/https://doi.org/10.5194/bg-10-7739-2013
http://dx.doi.org/https://doi.org/10.5194/bg-13-3945-2016
http://dx.doi.org/https://doi.org/10.5194/bg-15-3603-2018
http://dx.doi.org/https://doi.org/10.1139/x98-104

Management of organic soils to reduce soil organic carbon losses 55

Moody, C. S., Worrall, F.,, Clay, G. D., Burt, T. P, Apperley, D. C. and Rose, R. 2018. A
molecular budget for a peatland based Upon 13 C solid-state nuclear magnetic
resonance. Journal of Geophysical Research: Biogeosciences 123(2), 547-560.
https://doi.org/10.1002/2017JG004312.

Moore, P. D. 2002. The future of cool temperate bogs. Environmental Conservation 29(1),
3-20. https://doi.org/10.1017/50376892902000024.

Moore, S., Evans, C. D., Page, S. E., Garnett, M. H., Jones, T. G., Freeman, C., Hooijer, A.,
Wiltshire, A. J., Limin, S. H. and Gauci, V. 2013. Deep instability of deforested tropical
peatlands revealed by fluvial organic carbon fluxes. Nature 493(7434), 660-663.
https://doi.org/10.1038/nature11818.

Moore, T.R. and Dalva, M. 1997. Methane and carbon dioxide exchange potentials of peat
soils in aerobic and anaerobic laboratory incubations. Soil Biology and Biochemistry
29(8), 1157-1164. https://doi.org/10.1016/50038-0717(97)00037-0.

Moore, T. R. and Dalva, M. 1993. The influence of temperature and water table position
on carbon dioxide and methane emissions from laboratory columns of peatland
soils. Journal of Soil Science 44(4), 651-664. https://doi.org/10.1111/j.1365-2389
.1993.tb02330.x.

Moreno-Mateos, D., Power, M. E., Comin, F. A. and Yockteng, R. 2012. Structural and
functional loss in restored wetland ecosystems. PLoS Biology 10(1), e1001247.
https://doi.org/10.1371/journal.pbio.1001247.

Mrotzek, A., Michaelis, D., Gunther, A., Wrage-Mdnnig, N. and Couwenberg, J. 2020. Mass
balances of a drained and a rewetted peatland: on former losses and recent gains.
Soil Systems 4(1), 16. https://doi.org/10.3390/soilsystems4010016.

Musarika, S., Atherton, C. E., Gomersall, T., Wells, M. J., Kaduk, J., Cumming, A. M. J.,
Page, S. E., Oechel, W. C. and Zona, D. 2017. Effect of water table management and
elevated CO2 on radish productivity and on CH, and CO, fluxes from peatlands
converted to agriculture. Science of The Total Environment 584-585, 665-672.
https://doi.org/10.1016/j.scitotenv.2017.01.094.

Myhre, G., Shindell, D., Breon, F-M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D.,
Lamarque, J.-F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G.,
Takemura, T. and Zhang, H. 2013. Climate change 2013: the physical science
basis. Contribution of working group | to the fifth assessment report of the
Intergovernmental panel on climate change. In: Stocker, T. F,, Qin, D., Plattner, G.-K.,
Tignor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V. and Midgley, P. M.
(Eds), Anthropogenic and Natural Radiative Forcing. Cambridge University Press,
Cambridge, UK and New York. pp. 659-740.

Neubauer, S.C.2014.Onthe challenges of modeling the net radiative forcing of wetlands:
reconsidering Mitsch et al. 2013. Landscape Ecology 29(4), 571-577. https://doi.org
/10.1007/s10980-014-9986-1.

Neubauer, S. C. and Megonigal, J. P. 2015. Moving beyond global warming potentials to
quantify the climatic role of ecosystems. Ecosystems 18(6), 1000-1013. https://doi
.org/10.1007/s10021-015-9879-4.

Nilsson, M., Sagerfors, J., Buffam, I., Laudon, H., Eriksson, T., Grelle, A., Klemedtsson, L.,
Weslien, P. and Lindroth, A. 2008. Contemporary carbon accumulation in a boreal
oligotrophic minerogenic mire - a significant sink after accounting for all C-fluxes:
contemporary carbon accumulation. Global Change Biology 14(10), 2317-2332.
https://doi.org/10.1111/j.1365-2486.2008.01654 x.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1002/2017JG004312
http://dx.doi.org/https://doi.org/10.1017/S0376892902000024
http://dx.doi.org/https://doi.org/10.1038/nature11818
http://dx.doi.org/https://doi.org/10.1016/S0038-07179700037-0
http://dx.doi.org/https://doi.org/10.1111/j.1365-2389.1993.tb02330.x
http://dx.doi.org/https://doi.org/10.1111/j.1365-2389.1993.tb02330.x
http://dx.doi.org/https://doi.org/10.1371/journal.pbio.1001247
http://dx.doi.org/https://doi.org/10.3390/soilsystems4010016
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2017.01.094.
http://dx.doi.org/https://doi.org/10.1007/s10980-014-9986-1
http://dx.doi.org/https://doi.org/10.1007/s10980-014-9986-1
http://dx.doi.org/https://doi.org/10.1007/s10021-015-9879-4
http://dx.doi.org/https://doi.org/10.1007/s10021-015-9879-4
http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2008.01654.x

56 Management of organic soils to reduce soil organic carbon losses

Norberg, L., Berglund, ©. and Berglund, K. 2016a. Seasonal CO2 emission under different
cropping systems on histosols in southern Sweden. Geoderma Regional 7(3), 338-
345. https://doi.org/10.1016/j.geodrs.2016.06.005.

Norberg, L., Berglund, O. and Berglund, K. 2016b. Nitrous oxide and methane fluxes
during the growing season from cultivated peat soils, peaty marl and gyttja clay under
different cropping systems. Acta Agriculturae Scandinavica, Section B — Soil and Plant
Science 66(7), 602-612. https://doi.org/10.1080/09064710.2016.1205126.

Normand, A. E., Turner, B. L., Lamit, L. J., Smith, A. N., Baiser, B., Clark, M. W., Hazlett,
C., Kane, E. S., Lilleskov, E., Long, J. R., Grover, S. P. and Reddy, K. R. 2021. Organic
matter chemistry drives carbon dioxide production of peatlands. Geophysical
Research Letters 48(18), e2021.

Nugent, K. A., Strachan, I. B.,Roulet, N.T., Strack, M., Frolking, S.and Helbig, M.2019. Prompt
active restoration of peatlands substantially reduces climate impact. Environmental
Research Letters 14(12). https://doi.org/10.1088/1748-9326/ab56e6, 124030.

Ojanen, P. and Minkkinen, K. 2019. The dependence of net soil CO2 emissions on water
table depth in boreal peatlands drained for forestry. Mires and Peat, 1-8. https://doi
.org/10.19189/MaP.2019.OMB.StA.1751.

Ojanen, P.and Minkkinen, K. 2020. Rewetting offers rapid climate benefits for tropical and
agricultural peatlands but not for forestry-drained peatlands. Global Biogeochemical
Cycles 34(7). https://doi.org/10.1029/2019GB006503.

Ojanen, P, Minkkinen, K. and Penttil4, T. 2013. The current greenhouse gas impact of
forestry-drained boreal peatlands. Forest Ecology and Management 289, 201-208.
https://doi.org/10.1016/j.foreco.2012.10.008.

Oleszczuk, R., Zajac, E. and Urbanski, J. 2020. Verification of empirical equations
describing subsidence rate of peatland in Central Poland. Wetlands Ecology and
Management 28(3), 495-507. https://doi.org/10.1007/s11273-020-09727-y.

Page, S. E., Rieley, J. O. and Banks, C. J. 2011. Global and regional importance of the
tropical peatland carbon pool: tropical peatland carbon pool. Global Change
Biology 17(2), 798-818. https://doi.org/10.1111/j.1365-2486.2010.02279 x.

Pangala, S. R., Enrich-Prast, A., Basso, L. S., Peixoto, R. B., Bastviken, D., Hornibrook, E. R.
C., Gatti, L. V., Marotta, H., Calazans, L. S. B., Sakuragui, C. M., Bastos, W. R., Malm,
O., Gloor, E., Miller, J. B. and Gauci, V. 2017. Large emissions from floodplain trees
close the Amazon methane budget. Nature 552(7684), 230-234. https://doi.org/10
.1038/nature24639.

Parish, F., Sirin, A., Charman, D., Joosten, H., Minaeva, T. and Silvius, M. (Eds) 2008.
Assessment on Peatlands, Biodiversity and Climate Change. Global Environment
Centre, Kuala Lumpur and Wetlands International Wageningen, 179 p. Available
at: http://www.imcg.net/media/download_gallery/books/assessment_peatland.pdf
(accessed 25 April 2022).

Paul, S., Ammann, C., Alewell, C. and Leifeld, J. 2021. Carbon budget response of an
agriculturally used fen to different soil moisture conditions. Agricultural and Forest
Meteorology 300. https://doi.org/10.1016/j.agrformet.2021.108319, 108319.

Paustian, K., Lehmann, J., Ogle, S., Reay, D., Robertson, G. P. and Smith, P. 2016. Climate-
smart soils. Nature 532(7597), 49-57. https://doi.org/10.1038/nature17174.

Pawson, R. R., Evans, M. G. and Allott, T. E. H. A. 2012. Fluvial carbon flux from headwater
peatland streams: significance of particulate carbon flux: fluvial carbon flux from
eroding peatlands. Earth Surface Process and Landforms 37(11), 1203-1212. https://
doi.org/10.1002/esp.3257.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1016/j.geodrs.2016.06.005
http://dx.doi.org/https://doi.org/10.1080/09064710.2016.1205126
http://dx.doi.org/https://doi.org/10.1088/1748-9326/ab56e6
http://dx.doi.org/https://doi.org/10.19189/MaP.2019.OMB.StA.1751
http://dx.doi.org/https://doi.org/10.19189/MaP.2019.OMB.StA.1751
http://dx.doi.org/https://doi.org/10.1029/2019GB006503
http://dx.doi.org/https://doi.org/10.1016/j.foreco.2012.10.008
http://dx.doi.org/https://doi.org/10.1007/s11273-020-09727-y
http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2010.02279.x
http://dx.doi.org/https://doi.org/10.1038/nature24639
http://dx.doi.org/https://doi.org/10.1038/nature24639
http://dx.doi.org/http://www.imcg.net/media/download_gallery/books/assessment_peatland.pdf
http://dx.doi.org/https://doi.org/10.1016/j.agrformet.2021.108319
http://dx.doi.org/https://doi.org/10.1038/nature17174
http://dx.doi.org/https://doi.org/10.1002/esp.3257
http://dx.doi.org/https://doi.org/10.1002/esp.3257

Management of organic soils to reduce soil organic carbon losses 57

Peacock, M., Gauci, V., Baird, A. J., Burden, A., Chapman, P. J.,, Cumming, A., Evans, J.
G., Grayson, R. P, Holden, J., Kaduk, J., Morrison, R., Page, S., Pan, G., Ridley, L.
M., Williamson, J., Worrall, F. and Evans, C. D. 2019. The full carbon balance of a
rewetted cropland fen and a conservation-managed fen. Agriculture, Ecosystems
and Environment 269, 1-12. https://doi.org/10.1016/j.agee.2018.09.020.

Premrov, A., Wilson, D., Saunders, M., Yeluripati, J. and Renou-Wilson, F. 2021. CO, fluxes
from drained and rewetted peatlands using a new ECOSSE model water table
simulation approach. Science of the Total Environment 754, 142433. https://doi.org
/10.1016/j.scitotenv.2020.142433.

Preston, C. M., Shipitalo, S. E., Dudley, R. L., Fyfe, C. A., Mathur, S. P. and Levesque, M.
1987. Comparison of 3C CPMAS NMR and chemical techniques for measuring the
degree of decomposition in virgin and cultivated peat profiles. Canadian Journal of
Soil Science 67(1), 187-198.

Prévost, M., Plamondon, A. P. and Belleau, P. 1999. Effects of drainage of a forested
peatland on water quality and quantity. Journal of Hydrology 214(1-4), 130-143.
https://doi.org/10.1016/50022-1694(98)00281-9.

Price, J. S. and Ketcheson, S. J. 2009. Water relations in cutover peatlands. Geophysical
Monograph Series 184, 277-287.

Purwanto, B. H., Watanabe, A., Shoon, J. F., Kakuda, K. and Ando, H. 2005. Kinetic
parameters of gross N mineralization of peat soils as related to the composition of
soil organic matter. Soil Science and Plant Nutrition 51(1), 109-115. https://doi.org
/10.1111/j.1747-0765.2005.tb00013.x.

Querner, E. P, Jansen, P. C., van den Akker, J. J. H. and Kwakernaak, C. 2012. Analysing
water level strategies to reduce soil subsidence in Dutch peat meadows. Journal of
Hydrology 446-447,59-69. https://doi.org/10.1016/j.jhydrol.2012.04.029.

Regina, K., Sheehy, J. and Myllys, M. 2015. Mitigating greenhouse gas fluxes from
cultivated organic soils with raised water table. Mitigation and Adaptation Strategies
for Global Change 20(8), 1529-1544. https://doi.org/10.1007/s11027-014-9559-2.

Reiche, M., Gleixner, G. and Kussel, K. 2010. Effect of peat quality on microbial greenhouse
gas formation in an acidic fen. Biogeosciences 7(1), 187-198.

Renou-Wilson, F., Moser, G., Fallon, D., Farrell, C. A., Muller, C. and Wilson, D. 2019.
Rewetting degraded peatlands for climate and biodiversity benefits: results from
two raised bogs. Ecological Engineering 127, 547-560. https://doi.org/10.1016/j
.ecoleng.2018.02.014.

Rinne, J., Tuovinen, J. P, Klemedtsson, L., Aurela, M., Holst, J., Lohila, A., Weslien, P, Vestin,
P., takomiec, P, Peichl, M., Tuittila, E. S., Heiskanen, L., Laurila, T., Li, X., Alekseychik,
P, Mammarella, I., Strom, L., Crill, P. and Nilsson, M. B. 2020. Effect of the 2018
European drought on methane and carbon dioxide exchange of northern mire
ecosystems. Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences 375(1810), 20190517. https://doi.org/10.1098/rstb.2019.0517.

Ritson, J. P, Brazier, R. E., Graham, N. J. D., Freeman, C., Templeton, M. R. and Clark, J.
M. 2017. The effect of drought on dissolved organic carbon (DOC) release from
peatland soil and vegetation sources. Biogeosciences 14(11), 2891-2902. https://
doi.org/10.5194/bg-14-2891-2017.

Rodriguez, A. F.,, Daroub, S. H., Gerber, S., Jennewein, S. P. and Singh, M. P. 2021. Water
management effect on soil oxidation, greenhouse gas emissions, and nitrogen
leaching in drained peat soils. Soil Science Society of America Journal 85(3), 814-
828. https://doi.org/10.1002/saj2.20247.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1016/j.agee.2018.09.020
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2020.142433
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2020.142433
http://dx.doi.org/https://doi.org/10.1016/S0022-16949800281-9
http://dx.doi.org/https://doi.org/10.1111/j.1747-0765.2005.tb00013.x
http://dx.doi.org/https://doi.org/10.1111/j.1747-0765.2005.tb00013.x
http://dx.doi.org/https://doi.org/10.1016/j.jhydrol.2012.04.029
http://dx.doi.org/https://doi.org/10.1007/s11027-014-9559-2
http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2018.02.014
http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2018.02.014
http://dx.doi.org/https://doi.org/10.1098/rstb.2019.0517
http://dx.doi.org/https://doi.org/10.5194/bg-14-2891-2017
http://dx.doi.org/https://doi.org/10.5194/bg-14-2891-2017
http://dx.doi.org/https://doi.org/10.1002/saj2.20247

58 Management of organic soils to reduce soil organic carbon losses

Rogiers, N., Conen, F.,, Furger, M., Stéckli, R. and Eugster, W. 2008. Impact of past and
present land-management on the C-balance of a grassland in the Swiss Alps: impact
of land-management on the c-balance of a grassland. Global Change Biology
14(11),2613-2625. https://doi.org/10.1111/1.1365-2486.2008.01680.x.

Rojstaczer, S. and Deverel, S. J. 1995. Land subsidence in drained histosols and highly
organic mineral soils of California. Soil Science Society of America Journal 59(4),
1162-1167.

Rosset, T., Binet, S., Antoine, J.-M., Lerigoleur, E., Rigal, F. and Gandois, L. 2020. Drivers
of seasonal- and event-scale DOC dynamics at the outlet of mountainous peatlands
revealed by high-frequency monitoring. Biogeosciences 17(13), 3705-3722. https://
doi.org/10.5194/bg-17-3705-2020.

Rowson, J. G., Gibson, H. S., Worrall, F., Ostle, N., Burt, T. P. and Adamson, J. K. 2010. The
complete carbon budget of a drained peat catchment: carbon budget of drained
peat catchment. Soil Use and Management 26(3), 261-273. https://doi.org/10.1111
/j.1475-2743.2010.00274 x.

Samaritani, E., Siegenthaler, A, Yli-Petays, M., Buttler, A., Christin, P.-A. and Mitchell, E. A.
D. 2011. Seasonal net ecosystem carbon exchange of a regenerating cutaway bog:
how long does it take to restore the C-sequestration function? Restoration Ecology
19(4), 480-489. https://doi.org/10.1111/j.1526-100X.2010.00662.x.

Sanderman, J., Hengl, T. and Fiske, G. J. 2017. Soil carbon debt of 12,000 years of human
land use. Proceedings of the National Academy of Sciences of the United States of
America 114(36), 9575-9580. https://doi.org/10.1073/pnas.1706103114.

Sangok, F. E.,, Maie, N., Melling, L. and Watanabe, A. 2017. Evaluation on the
decomposability of tropical forest peat soils after conversion to an oil palm
plantation. Science of the Total Environment 587-588, 381-388. https://doi.org/10
.1016/j.scitotenv.2017.02.165.

Sangok, F. E., Sugiura, Y., Maie, N., Melling, L., Nakamura, T., lkeya, K. and Watanabe, A.
2020. Variations in the rate of accumulation and chemical structure of soil organic
matter in a coastal peatland in Sarawak, Malaysia. CATENA 184. https://doi.org/10
.1016/j.catena.2019.104244, 104244.

Saunois, M., Stavert, A. R., Poulter, B., Bousquet, P, Canadell, J. G., Jackson, R. B,
Raymond, P. A., Dlugokencky, E. J., Houweling, S., Patra, P. K., Ciais, P., Arora, V. K.,
Bastviken, D., Bergamaschi, P, Blake, D. R., Brailsford, G., Bruhwiler, L., Carlson, K.
M., Carrol, M., Castaldi, S., Chandra, N., Crevoisier, C., Crill, P. M., Covey, K., Curry,
C.L., Etiope, G., Frankenberg, C., Gedney, N., Hegglin, M. |., Héglund-Isaksson, L.,
Hugelius, G., Ishizawa, M., Ito, A., Janssens-Maenhout, G., Jensen, K. M., Joos, F.,
Kleinen, T., Krummel, P. B., Langenfelds, R. L., Laruelle, G. G, Liu, L., Machida, T.,
Maksyutov, S., McDonald, K. C., McNorton, J., Miller, P. A., Melton, J. R., Morino,
I, Maller, J., Murguia-Flores, F., Naik, V., Niwa, Y., Noce, S., O'Doherty, S., Parker,
R. J., Peng, C,, Peng, S., Peters, G. P, Prigent, C., Prinn, R., Ramonet, M., Regnier,
P., Riley, W. J., Rosentreter, J. A., Segers, A., Simpson, I. J., Shi, H., Smith, S. J.,
Steele, L. P, Thornton, B. F,, Tian, H., Tohjima, Y., Tubiello, F. N., Tsuruta, A., Viovy,
N., Voulgarakis, A., Weber, T. S., van Weele, M., van der Werf, G. R., Weiss, R. F,,
Worthy, D., Wunch, D., Yin, Y., Yoshida, Y., Zhang, W., Zhang, Z., Zhao, Y., Zheng, B.,
Zhu, Q., Zhu, Q. and Zhuang, Q. 2020. The global methane budget 2000-2017.
Earth System Science Data 12(3), 1561-1623. https://doi.org/10.5194/essd-12
-1561-2020.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2008.01680.x
http://dx.doi.org/https://doi.org/10.5194/bg-17-3705-2020
http://dx.doi.org/https://doi.org/10.5194/bg-17-3705-2020
http://dx.doi.org/https://doi.org/10.1111/j.1475-2743.2010.00274.x
http://dx.doi.org/https://doi.org/10.1111/j.1475-2743.2010.00274.x
http://dx.doi.org/https://doi.org/10.1111/j.1526-100X.2010.00662.x
http://dx.doi.org/https://doi.org/10.1073/pnas.1706103114
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2017.02.165
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2017.02.165
http://dx.doi.org/https://doi.org/10.1016/j.catena.2019.104244
http://dx.doi.org/https://doi.org/10.1016/j.catena.2019.104244
http://dx.doi.org/https://doi.org/10.5194/essd-12-1561-2020
http://dx.doi.org/https://doi.org/10.5194/essd-12-1561-2020

Management of organic soils to reduce soil organic carbon losses 59

Saurich, A., Tiemeyer, B., Dettmann, U.and Don, A.2019. How do sand addition, soil moisture
and nutrient status influence greenhouse gas fluxes from drained organic soils? Soil
Biology and Biochemistry 135, 71-84. https://doi.org/10.1016/j.s0ilbio.2019.04.013.

Scanlon, D. and Moore, T. 2000. Carbon dioxide production from peatland soil profiles:
the influence of temperature, oxic/anoxic conditions and substrate. Soil Science
165(2), 153-160. https://doi.org/10.1097/00010694-200002000-00006.

Schellekens, J. and Buurman, P. 2011. n-Alkane distributions as palaeoclimatic proxies in
ombrotrophic peat: the role of decomposition and dominant vegetation. Geoderma
164(3-4), 112-121. https://doi.org/10.1016/j.geoderma.2011.05.012.

Schimel, J. P. 1995. Plant transport and methane production as controls on methane flux
from arctic wet meadow tundra. Biogeochemistry 28(3), 183-200. https://doi.org/10
.1007/BF02186458.

Schindler, U. and Miiller, L. 1999. Rehabilitation of the soil quality of a degraded peat site.
In: Stott, D. E., Mohtar, R. H. and Steinhardt, G. C. (Eds) 2001. Sustaining the global
farm. Selected papers from the 10th International Soil Conservation Organization
Meeting held 24-29, 1999, Purdue University and the USDA-ARS National Soil
Erosion Research Laboratory.

Schipper, L. A. and Mcleod, M. 2006. Subsidence rates and carbon loss in peat soils
following conversion to pasture in the Waikato Region, New Zealand. Soil Use and
Management 18(2), 91-93. https://doi.org/10.1111/j.1475-2743.2002.tb00225 .x.

Schothorst, C. J. 1977. Subsidence of low moor peat soils in the western Netherlands.
Geoderma 17(4), 265-291. https://doi.org/10.1016/0016-7061(77)920089-1.

Seiler, W., Holzapfelpschorn, A., Conrad, R. and Scharffe, D. 1984. Methane emission from
rice paddies. Journal of Atmospheric Chemistry 1(3), 241-268.

Shurpali, N. J., Hyvénen, N. P, Huttunen, J. T., Clement, R. J., Reichstein, M., Nykanen, H.,
Biasi, C. and Martikainen, P. J. 2009. Cultivation of a perennial grass for bioenergy on
a boreal organic soil - carbon sink or source? GCB Bioenergy 1(1), 35-50. https://doi
.org/10.1111/}.1757-1707.2009.01003 x.

Shuttleworth, E. L., Evans, M. G., Hutchinson, S. M. and Rothwell, J. J. 2015. Peatland
restoration: controls on sediment production and reductions in carbon and pollutant
export: peatland restoration: controls on sediment production. Earth Surface Process
and Landforms 40(4), 459-472. https://doi.org/10.1002/esp.3645.

Simola, H., Pitkdnen, A. and Turunen, J. 2012. Carbon loss in drained forestry peatlands in
Finland, estimated by re-sampling peatlands surveyed in the 1980s. European Journal
of Soil Science 63(6), 798-807. https://doi.org/10.1111/j.1365-2389.2012.01499 x.

Sjégersten, S., Caul, S., Daniell, T. J., Jurd, A. P. S., O'Sullivan, O. S., Stapleton, C. S. and
Titman, J. J. 2016. Organic matter chemistry controls greenhouse gas emissions
from permafrost peatlands. Soil Biology and Biochemistry 98, 42-53. https://doi.org
/10.1016/j.s0ilbio.2016.03.016.

Sloan, T. J., Payne, R. J., Anderson, A. R., Bain, C., Chapman, S., Cowie, N., Gilbert, P,
Lindsay, R., Mauguoy, D., Newton, A. J. and Andersen, R. 2018. Peatland afforestation
in the UK and consequences for carbon storage. Mires and Peat, 1-17. https://doi
.org/10.19189/MaP.2017.0MB.315.

Sognnes, L. S., Fystro, G., @pstad, S. L., Arstein, A. and Bgarresen, T. 2006. Effects of adding
moraine soil or shell sand into peat soil on physical properties and grass yield in
western Norway. Acta Agriculturae Scandinavica, Section B - Plant Soil Science 56(3),
161-170. https://doi.org/10.1080/09064710500218845.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2019.04.013
http://dx.doi.org/https://doi.org/10.1097/00010694-200002000-00006
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2011.05.012
http://dx.doi.org/https://doi.org/10.1007/BF02186458
http://dx.doi.org/https://doi.org/10.1007/BF02186458
http://dx.doi.org/https://doi.org/10.1111/j.1475-2743.2002.tb00225.x
http://dx.doi.org/https://doi.org/10.1016/0016-70617790089-1
http://dx.doi.org/https://doi.org/10.1111/j.1757-1707.2009.01003.x
http://dx.doi.org/https://doi.org/10.1111/j.1757-1707.2009.01003.x
http://dx.doi.org/https://doi.org/10.1002/esp.3645
http://dx.doi.org/https://doi.org/10.1111/j.1365-2389.2012.01499.x
http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2016.03.016
http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2016.03.016
http://dx.doi.org/https://doi.org/10.19189/MaP.2017.OMB.315
http://dx.doi.org/https://doi.org/10.19189/MaP.2017.OMB.315
http://dx.doi.org/https://doi.org/10.1080/09064710500218845

60 Management of organic soils to reduce soil organic carbon losses

Strack, M., Keith, A. M. and Xu, B. 2014. Growing season carbon dioxide and methane
exchange at a restored peatland on the Western Boreal Plain. Ecological Engineering
64, 231-239. https://doi.org/10.1016/j.ecoleng.2013.12.013.

Strack, M., Waddington, J. M., Bourbonniere, R. A., Buckton, E. L., Shaw, K., Whittington, P.
and Price, J. S. 2008. Effect of water table drawdown on peatland dissolved organic
carbon export and dynamics. Hydrological Processes 22(17), 3373-3385. https://doi
.org/10.1002/hyp.6931.

Strack, M., Zuback, Y., McCarter, C. and Price, J. 2015. Changes in dissolved organic
carbon quality in soils and discharge 10years after peatland restoration. Journal of
Hydrology 527, 345-354. https://doi.org/10.1016/j.jhydrol.2015.04.061.

Taft, H. E., Cross, P. A. and Jones, D. L. 2018. Efficacy of mitigation measures for reducing
greenhouse gas emissions from intensively cultivated peatlands. Soil Biology and
Biochemistry 127, 10-21. https://doi.org/10.1016/j.s0ilbio.2018.08.020.

Tan, Z. D., Lupascu, M. and Wijedasa, L. S. 2021. Paludiculture as a sustainable land use
alternative for tropical peatlands: a review. Science of the Total Environment 753,
142111. https://doi.org/10.1016/j.scitotenv.2020.142111.

Tanneberger, F., Schréder, C., Hohlbein, M., Lenschow, tU., Permien, T., Wichmann, S.
and Wichtmann, W. 2020. Climate change mitigation through land use on rewetted
peatlands - cross-sectoral spatial planning for Paludiculture in Northeast Germany.
Wetlands 40(6), 2309-2320. https://doi.org/10.1007/s13157-020-01310-8.

Tata, H. L. 2019. Mixed farming systems on peatlands in Jambi and Central Kalimantan
provinces, Indonesia: should they be described as paludiculture? Mires and Peat,
1-17. https://doi.org/10.19189/MaP.2018.KHR.360.

Tiemeyer, B., Albiac Borraz, E., Augustin, J., Bechtold, M., Beetz, S., Beyer, C., Drosler, M.,
Ebli, M., Eickenscheidt, T., Fiedler, S., Forster, C., Freibauer, A., Giebels, M., Glatzel, S.,
Heinichen, J., Hoffmann, M., Héper, H., Jurasinski, G., Leiber-Sauheitl, K., Peichl-Brak,
M., RoBkopf, N., Sommer, M. and Zeitz, J. 2016. High emissions of greenhouse gases
from grasslands on peat and other organic soils. Global Change Biology 22(12),
4134-4149. https://doi.org/10.1111/gcb.13303.

Tiemeyer, B., Freibauer, A., Borraz, E. A., Augustin, J., Bechtold, M., Beetz, S., Beyer,
C., Ebli, M., Eickenscheidt, T., Fiedler, S., Forster, C., Gensior, A., Giebels, M.,
Glatzel, S., Heinichen, J., Hoffmann, M., Hoéper, H., Jurasinski, G., Laggner, A,
Leiber-Sauheitl, K., Peichl-Brak, M. and Drésler, M. 2020. A new methodology for
organic soils in national greenhouse gas inventories: data synthesis, derivation
and application. Ecological Indicators 109. https://doi.org/10.1016/j.ecolind
.2019.105838, 105838.

Tiemeyer, B. and Kahle, P. 2014. Nitrogen and dissolved organic carbon (DOC) losses
from an artificially drained grassland on organic soils. Biogeosciences 11(15), 4123-
4137. https://doi.org/10.5194/bg-11-4123-2014.

Turetsky, M. R., Benscoter, B., Page, S., Rein, G., van der Werf, G. R. and Watts, A. 2015.
Global vulnerability of peatlands to fire and carbon loss. Nature Geoscience 8(1),
11-14. https://doi.org/10.1038/nge02325.

Turetsky, M. R., Kotowska, A., Bubier, J., Dise, N. B., Crill, P., Hornibrook, E. R. C., Minkkinen,
K., Moore, T. R., Myers-Smith, |. H., Nykénen, H., Olefeldt, D., Rinne, J., Saarnio,
S., Shurpali, N., Tuittila, E. S., Waddington, J. M., White, J. R., Wickland, K. P. and
Wilmking, M. 2014. A synthesis of methane emissions from 71 northern, temperate,
and subtropical wetlands. Global Change Biology 20(7), 2183-2197. https://doi.org
/10.1111/gcb.12580.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2013.12.013
http://dx.doi.org/https://doi.org/10.1002/hyp.6931
http://dx.doi.org/https://doi.org/10.1002/hyp.6931
http://dx.doi.org/https://doi.org/10.1016/j.jhydrol.2015.04.061
http://dx.doi.org/https://doi.org/10.1016/j.soilbio.2018.08.020
http://dx.doi.org/https://doi.org/10.1016/j.scitotenv.2020.142111
http://dx.doi.org/https://doi.org/10.1007/s13157-020-01310-8
http://dx.doi.org/https://doi.org/10.19189/MaP.2018.KHR.360
http://dx.doi.org/https://doi.org/10.1111/gcb.13303
http://dx.doi.org/https://doi.org/10.1016/j.ecolind.2019.105838
http://dx.doi.org/https://doi.org/10.1016/j.ecolind.2019.105838
http://dx.doi.org/https://doi.org/10.5194/bg-11-4123-2014
http://dx.doi.org/https://doi.org/10.1038/ngeo2325
http://dx.doi.org/https://doi.org/10.1111/gcb.12580
http://dx.doi.org/https://doi.org/10.1111/gcb.12580

Management of organic soils to reduce soil organic carbon losses 61

Uda, S. K., Hein, L. and Adventa, A. 2020. Towards better use of Indonesian peatlands with
paludiculture and low-drainage food crops. Wetlands Ecology and Management
28(3), 509-526. https://doi.org/10.1007/s11273-020-09728-x.

Updegraff, K., Bridgham, S. D., Pastor, J., Weishampel, P. and Harth, C. 2001. Response
of CO2 and CH , emissions FROM peatlands to warming and water table
manipulation. Ecological Applications 11(2), 311-326. https://doi.org/10.1890/1051
-0761(2001)011[0311:ROCACE]2.0.CO;2.

Upton, A., Vane, C. H., Girkin, N., Turner, B. L. and Sjégersten, S. 2018. Does litter input
determine carbon storage and peat organic chemistry in tropical peatlands?
Geoderma 326, 76-87. https://doi.org/10.1016/j.geoderma.2018.03.030.

Valach, A. C., Kasak, K., Hemes, K. S., Szutu, D., Verfaillie, J. and Baldocchi, D. D. 2021.
Carbon flux trajectories and site conditions from restored impounded marshes in
the Sacramento-San Joaquin Delta. Geophysical Monograph Series 267, 247-271.

van den Akker, J. J. H., Jansen, P. C., Hendriks, R. F. A., Hoving, I. and Pleijter, M. 2008.
Submerged infiltration to halve subsidence and ghg emissions of agricultural peat
soils. 14th International Peat Congress.

van derBerg, M. V. D., Ingwersen, J., Lamers, M. and Streck, T.2016. The role of Phragmites
in the CH, and CO, fluxes in a minerotrophic peatland in southwest Germany.
Biogeosciences 13(21), 6107-6119.

van Seters, T. E. and Price, J. S. 2002. Towards a conceptual model of hydrological change
on an abandoned cutover bog, Quebec. Hydrological Processes 16(10), 1965-1981.
https://doi.org/10.1002/hyp.396.

Vanselow-Algan, M., Schmidt, S. R., Greven, M., Fiencke, C., Kutzbach, L. and Pfeiffer, E.
-M. 2015. High methane emissions dominated annual greenhouse gas balances 30
years after bog rewetting. Biogeosciences 12(14), 4361-4371. https://doi.org/10
.5194/bg-12-4361-2015.

Vroom, R. J. E., Xie, F.,, Geurts, J. J. M., Chojnowska, A., Smolders, A. J. P, Lamers, L. P. M.
and Fritz, C. 2018. Typha latifolia paludiculture effectively improves water quality and
reduces greenhouse gas emissions in rewetted peatlands. Ecological Engineering
124, 88-98. https://doi.org/10.1016/j.ecoleng.2018.09.008.

Waddington, J. M. and Day, S. M. 2007. Methane emissions from a peatland following
restoration: methane and peatland restoration. Journal of Geophysical Research:
Biogeosciences 112(G3), n/a-n/a. https://doi.org/10.1029/2007JG000400.

Waddington, J. M., Strack, M. and Greenwood, M. J. 2010. Toward restoring the net
carbon sink function of degraded peatlands: short-term response in CO, exchange
to ecosystem-scale restoration. Journal of Geophysical Research 115(G1), GO1008.
https://doi.org/10.1029/2009JG001090.

Wallor, E., Rosskopf, N. and Zeitz, J. 2018. Hydraulic properties of drained and cultivated
fen soils part | - Horizon-based evaluation of van Genuchten parameters considering
the state of moorsh-forming process. Geoderma 313, 69-81. https://doi.org/10
.1016/j.geoderma.2017.10.026.

Wang, Y., Paul, S. M., Jocher, M., Alewell, C. and Leifeld, J. 2022. Reduced nitrous oxide
emissions from drained temperate agricultural peatland after coverage with mineral
soil. Frontiers in Environmental Sciences 157. https://doi.org/10.3389/fenvs.2022
.856599.

Wang, Y., Paul, S. M., Jocher, M., Espic, C., Alewell, C., Szidat, S. and Leifeld, J. 2021. Soil
carbon loss from drained agricultural peatland after coverage with mineral soil.
Science of the Total Environment 800, 149498.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1007/s11273-020-09728-x
http://dx.doi.org/https://doi.org/10.1890/1051-07612001011[0311:ROCACE]2.0.CO;2
http://dx.doi.org/https://doi.org/10.1890/1051-07612001011[0311:ROCACE]2.0.CO;2
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2018.03.030
http://dx.doi.org/https://doi.org/10.1002/hyp.396
http://dx.doi.org/https://doi.org/10.5194/bg-12-4361-2015
http://dx.doi.org/https://doi.org/10.5194/bg-12-4361-2015
http://dx.doi.org/https://doi.org/10.1016/j.ecoleng.2018.09.008
http://dx.doi.org/https://doi.org/10.1029/2007JG000400
http://dx.doi.org/https://doi.org/10.1029/2009JG001090
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2017.10.026
http://dx.doi.org/https://doi.org/10.1016/j.geoderma.2017.10.026
http://dx.doi.org/https://doi.org/10.3389/fenvs.2022.856599
http://dx.doi.org/https://doi.org/10.3389/fenvs.2022.856599

62 Management of organic soils to reduce soil organic carbon losses

Weideveld, S. T. J., Liu, W., van den Berg, M., Lamers, L. P. M. and Fritz, C. 2021.
Conventional subsoil irrigation techniques do not lower carbon emissions from
drained peat meadows. Biogeosciences 18(12), 3881-3902. https://doi.org/10
.5194/bg-18-3881-2021.

Welch, B., Gauci, V. and Sayer, E. J. 2019. Tree stem bases are sources of CH, and N,O in a
tropical forest on upland soil during the dry to wet season transition. Global Change
Biology 25(1), 361-372. https://doi.org/10.1111/gcb.14498.

Wen, Y., Freeman, B., Ma, Q., Evans, C. D., Chadwick, D. R., Zang, H. and Jones, D. L. 2020.
Raising the groundwater table in the non-growing season can reduce greenhouse
gas emissions and maintain crop productivity in cultivated fen peats. Journal of
Cleaner Production 262. https://doi.org/10.1016/].jclepro.2020.121179, 121179.

Wichtmann, W., Schroder, C. and Joosten, H. (Eds) 2016. Paludiculture - Productive Use of
Wet Peatlands (vol. VIII). Schweizerbart Science Publishers, Stuttgart. 272 p.

Wiggins, E. B., Czimczik, C. I., Santos, G. M., Chen, Y., Xu, X., Holden, S. R., Randerson, J.
T., Harvey, C. F,, Kai, F. M. and Yu, L. E. 2018. Smoke radiocarbon measurements from
Indonesian fires provide evidence for burning of millennia-aged peat. Proceedings
of the National Academy of Sciences of the United States of America 115(49), 12419-
12424. https://doi.org/10.1073/pnas.1806003115.

Wilson, D., Alm, J., Laine, J., Byrne, K. A., Farrell, E. P. and Tuittila, E.-S. 2009. Rewetting of
cutaway peatlands: are we Re-creating hot spots of methane emissions? Restoration
Ecology 17(6), 796-806. https://doi.org/10.1111/j.1526-100X.2008.00416.x.

Wilson, D., Blain, D. and Couwenberg, J. 2016a. Greenhouse gas emission factors
associated with rewetting of organic soils. Mires and Peat, 1-28. https://doi.org/10
.19189/MaP.2016.0MB.222.

Wilson, D., Farrell, C. A., Fallon, D., Moser, G., Muller, C. and Renou-Wilson, F. 2016b.
Multiyear greenhouse gas balances at a rewetted temperate peatland. Global
Change Biology 22(12), 4080-4095. https://doi.org/10.1111/gcb.13325.

Wilson, D., Farrell, C., Mueller, C., Hepp, S., and Renou-Wilson, F. 2013. Rewetted
industrial cutaway peatlands in western Ireland: a prime location for climate change
mitigation? Mires and Peat 11(01), 1-22.

Wong, G. X., Hirata, R., Hirano, T., Kiew, F., Aeries, E. B., Musin, K. K., Waili, J. W., Lo, K. S.
and Melling, L. 2018. Micrometeorological measurement of methane flux above a
tropical peat swamp forest. Agricultural and Forest Meteorology 256-257, 353-361.
https://doi.org/10.1016/j.agrformet.2018.03.025.

Worrall, F., Armstrong, A. and Holden, J. 2007. Short-term impact of peat drain-blocking
on water colour, dissolved organic carbon concentration, and water table depth.
Journal of Hydrology 337(3-4), 315-325. https://doi.org/10.1016/j.jhydrol.2007.01
.046.

Worrall, F., Moody, C. S., Clay, G. D., Burt, T. P, Kettridge, N. and Rose, R. 2018.
Thermodynamic control of the carbon budget of a peatland. Journal of Geophysical
Research: Biogeosciences 123(6), 1863-1878. https://doi.org/10.1029/2017JG
003996.

WRB. 2015. USS Working Group WRB. World reference base for soil resources 2014,
update 2015. International soil classification system for naming soils and creating
legends for soil maps. World Soil Resources Reports No. 106. FAO, Rome. Available
at: https://www.fao.org/3/i3794en/13794en.pdf (Accessed 25 April 2022).

Wright, E. L., Black, C.R., Cheesman, A.W., Drage, T., Large, D., Turner, B. L. and Sjégersten,
S. 2011. Contribution of subsurface peat to CO, and CH, fluxes in a neotropical

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.5194/bg-18-3881-2021
http://dx.doi.org/https://doi.org/10.5194/bg-18-3881-2021
http://dx.doi.org/https://doi.org/10.1111/gcb.14498
http://dx.doi.org/https://doi.org/10.1016/j.jclepro.2020.121179
http://dx.doi.org/https://doi.org/10.1073/pnas.1806003115
http://dx.doi.org/https://doi.org/10.1111/j.1526-100X.2008.00416.x
http://dx.doi.org/https://doi.org/10.19189/MaP.2016.OMB.222
http://dx.doi.org/https://doi.org/10.19189/MaP.2016.OMB.222
http://dx.doi.org/https://doi.org/10.1111/gcb.13325
http://dx.doi.org/https://doi.org/10.1016/j.agrformet.2018.03.025
http://dx.doi.org/https://doi.org/10.1016/j.jhydrol.2007.01.046
http://dx.doi.org/https://doi.org/10.1016/j.jhydrol.2007.01.046
http://dx.doi.org/https://doi.org/10.1029/2017JG
003996
http://dx.doi.org/https://doi.org/10.1029/2017JG
003996
http://dx.doi.org/https://www.fao.org/3/i3794en/I3794en.pdf﻿

Management of organic soils to reduce soil organic carbon losses 63

peatland: carbon fluxes in a neotropical peatland. Global Change Biology 17(9),
2867-2881. https://doi.org/10.1111/j.1365-2486.2011.02448 x.

Wiust-Galley, C., Mdssinger, E. and Leifeld, J.2016. Loss of the soil carbon storage function
of drained forested peatlands. Mires and Peat, 1-22. https://doi.org/10.19189/MaP
.2015.0MB.189.

Yavitt, J. B.,Williams, C. J. and Wieder, R. K. 2000. Controls on microbial production of
methane and carbon dioxide in three Sphagnum-dominated peatland ecosystems
as revealed by a reciprocal field peat transplant experiment. Geomicrobiology
Journal 17(1), 61-88. https://doi.org/10.1080/014904500270503.

Yu, Z., Loisel, J., Brosseau, D. P, Beilman, D. W. and Hunt, S. J. 2010. Global peatland
dynamicssincethelastglacialmaximum: global peatlandssincethe LGM.Geophysical
Research Letters 37(13), n/a-n/a. https://doi.org/10.1029/2010GL043584.

Yupi, H. M., Inoue, T. and Bathgate, J. 2016. Concentrations, loads and yields of organic
carbon from two tropical peat swamp forest streams in Riau Province, Sumatra,
Indonesia. Mires and Peat, 1-15. https://doi.org/10.19189/MaP.2015.0MB.181.

Zaccone, C., Said-Pullicino, D., Gigliotti, G. and Miano, T. M. 2008. Diagenetic trends in
the phenolic constituents of Sphagnum-dominated peat and its corresponding
humic acid fraction. Organic Geochemistry 39(7), 830-838. https://doi.org/10.1016
/j.orggeochem.2008.04.018.

Zaidelman, F.R. and Shvarov, A. P.2000. Hydrothermic regime, dynamics of organic matter
and nitrogen in drained peaty soils at different sanding modes. Archives of Agronomy
and Soil Science 45(2), 123-142. https://doi.org/10.1080/03650340009366117.

Zak, D. and Gelbrecht, J. 2007. The mobilisation of phosphorus, organic carbon and
ammonium in the initial stage of fen rewetting (a case study from NE Germany).
Biogeochemistry 85(2), 141-151. https://doi.org/10.1007/s10533-007-9122-2.

Published by Burleigh Dodds Science Publishing Limited, 2023.


http://dx.doi.org/https://doi.org/10.1111/j.1365-2486.2011.02448.x
http://dx.doi.org/https://doi.org/10.19189/MaP.2015.OMB.189
http://dx.doi.org/https://doi.org/10.19189/MaP.2015.OMB.189
http://dx.doi.org/https://doi.org/10.1080/014904500270503
http://dx.doi.org/https://doi.org/10.1029/2010GL043584
http://dx.doi.org/https://doi.org/10.19189/MaP.2015.OMB.181
http://dx.doi.org/https://doi.org/10.1016/j.orggeochem.2008.04.018
http://dx.doi.org/https://doi.org/10.1016/j.orggeochem.2008.04.018
http://dx.doi.org/https://doi.org/10.1080/03650340009366117
http://dx.doi.org/https://doi.org/10.1007/s10533-007-9122-2




	1 Introduction
	2 Soil properties and carbon dynamic following peatland drainage
	3 Management strategies to reduce soil organic carbon loss from drained peatlands
	4 Where to look for further information
	5 References

