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Even an entire society, a nation, or all simultaneously existing societies taken
together, are not owners of the earth. They are simply its possessors, its beneficiaries,
and have to bequeath it in an improved state to succeeding generations [..].

— Karl Marx, Capital, Vol. 3





Thesis overview and summary

The accelerated burning of fossil fuels and the large-scale transformation of forests into agricultural
land since the industrial revolution have led to rapid climate warming which, if not mitigated, is
threatening human life on Earth. The field of climate science strives to better understand the
complex climate system and its internal feedbacks and with that be able to provide reliable
projections of future changes. These depend most and foremost on societal and political dynamics.
In the Paris Agreement, the global community has committed to limit warming below 2◦C,
which requires global net-zero greenhouse gas emissions until the year 2050. However, global
efforts to reduce emissions are still by far insufficient to reach the agreed target.

Although climate science long has identified immediate emission reduction as the most
important mitigation strategy, a multitude of internal feedbacks and processes are still poorly
understood. This creates the need for further investigations into potential impacts of past and
future emissions, not only on the climate but also on the global biosphere, including potential
irreversible tipping points or mitigation opportunities. One important sub-system of the global
climate system and carbon cycle that is expected to see increased pressures from anthropogenic
disturbance and climate warming are global wetlands. Wetlands are sources of methane, an
important greenhouse gas, and thus hold the potential to contribute to future warming. A
special type of wetlands, peatlands, also act as long-term carbon stores and thus could both
help to remove anthropogenic carbon from the atmosphere on long timescales or lead to large
additional release of carbon into the atmosphere.

This thesis presents model investigations of wetland dynamics, using the dynamic global
vegetation model LPX-Bern, which is developed and maintained at the University of Bern.
LPX-Bern is used to investigate changes in wetland area and greenhouse gas budgets from the
past to the future, with a particular focus on peatlands.

Chapter 1 gives an introduction to the key concepts discussed in this thesis. First, the
global carbon cycle and its different components are introduced. Then wetlands, the main
subject of this thesis, are defined and discussed in detail. Wetlands are a key component of the
global carbon cycle as they function both as large carbon stores and sources of methane. The
history of wetlands and their reconstruction through proxy evidence is discussed in the context
of past climate variability. The past and potential future effects of human activities on wetlands
are examined. Finally, the world of wetland modeling is introduced, giving an overview of the
historic model development and different model complexities.

Chapter 2 then introduces the LPX-Bern and presents model adjustments that were
implemented during this thesis. The modules representing peatlands and wetlands are discussed
in detail, including the formulation for the dynamic calculation of wetland and peatland area
and the new treatment of dynamic peatland area in case of prescribed land-use change. The
discussion of the methane module includes the emission calculation for different types of wetlands,
the implementation of methane emissions from fires, and the description of a re-calibration of
key emission factors in preparation for the different modeling studies presented in the following
chapters.
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In chapter 3, a modeling study published in Biogeosciences is presented which investigates
the transient history of peatlands from the Last Glacial Maximum (LGM), about 21,000 years
ago, to the present. Transient LPX-Bern simulations suggest that peatland area was highly
dynamic in the past and changes in area were driven mostly by changes in precipitation and
temperature. The study argues that to determine the net peat carbon balance, the full history of
peatlands has to be considered, including peatlands that vanished over time. The simulated
transient evolution of today’s northern peatlands is compared to data reconstructions and
large model-data mismatches are found concerning the inception of peat in northern Asia.
However, the simulated peatland distribution and carbon storage at present-day compare well to
literature estimates. Additional time-slice simulations at the LGM show that uncertainties in the
prescribed climate forcing propagate to large uncertainties in peatland variables.

Chapter 4 presents a follow-up study published in Biogeosciences which directly builds
on results from the study presented in chapter 3. The transient simulation from the LGM to
the present is taken as the basis for future projections of peatland dynamics. Different future
climate and land-use scenarios are used to investigate potential future short-term and long-term
changes in peatland area and carbon storage. The results suggest likely future losses of global
peatland area and carbon, even under present-day climate, with large parts of today’s northern
peatlands at risk. Losses in response to future climate and land-use change are expected to
increase with increasing future emissions. Uncertainties connected to uncertain climate anomalies
are quantified by using output from a climate model ensemble as forcing.

In chapter 5, model investigations into past wetland methane emissions are presented.
Results from transient LPX-Bern simulations from the LGM to the present are compared to the
methane ice-core record. Large model-data mismatches are found, most notably the absence
of a simulated increase in emissions from the LGM to the pre-industrial period (PI). Driver
attribution reveals a small temperature sensitivity and large sea-level driven tropical wetland loss
as potential sources of the small LGM-PI methane emission increase. Preliminary investigations
into model adjustments, addressing the temperature dependence of methane production and the
dynamic wetland model, show potential to increase the LGM-PI methane emission rise, but
alone are not sufficient to close the model-date gap. Furthermore, the discussed model changes
could worsen model performance in other respects which would need to be addressed.

Chapter 6 presents a selection of two collaborative studies for which LPX-Bern model
output was provided. First, simulations that contributed to the Global Methane Budget, a
community publication that is part of the Global Carbon Project, are discussed in detail, with a
focus on comparing wetland methane emissions between LPX-Bern simulations with prescribed
and dynamically calculated wetland area. Emissions are found to be globally comparable,
but with regional biases in wetland prediction translating into large regional differences in
simulated emissions. In the second part, simulations are presented that contributed to a
model-intercomparison project investigating projected future changes in peatland net carbon
balance and methane emissions under different scenarios. The LPX-Bern simulations in this
study, where the peatland area is prescribed, are compared to similar LPX-Bern simulations
from chapter 4, where the peatland area is calculated dynamically. Future peatland area loss is
found to mostly lead to larger predicted carbon loss but also smaller peatland methane emissions
than if peatland area is held constant.

Finally, Chapter 7 gives an outlook over potential future model investigations and model
development, progressing and building on the work presented in this thesis. An additional
appendix describes the implementation of a new transient land-sea-ice mask for paleo simulations
into the LPX-Bern, which however was not used in any simulations presented in the main text.
The new implementation increases the update time-step and allows for variable grid cell land
fractions.
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Chapter 1

Introduction

Since the industrial revolution, the global climate system experiences rapid changes caused by
the burning of fossil fuels and the large-scale reshaping of the terrestrial land surface by human
activities (IPCC, 2013). The climate is a complex system with a multitude of processes and
interconnected sub-systems that interact and feed back on each other. Solid knowledge about all
components is required to quantify how a specific perturbation at one point of the system might
propagate and change the state of the system as a whole. One of the most important elements of
the climate system is the global carbon cycle, which is heavily disturbed by human-caused
emissions of carbon dioxide (Ciais et al., 2013). Knowledge about the past, present, and future of
the global carbon cycle is essential to understand how anthropogenic climate change impacts life
on earth and to find effective mitigation strategies that avoid crossing irreversible tipping points
of the climate system (Lowe & Bernie, 2018). One of the key components of the terrestrial
carbon cycle are wetlands. This thesis provides detailed investigations of wetlands and their close
relationship to the global carbon cycle and the climate system. Their dynamics have contributed
to changes in the budgets of the greenhouse gases carbon dioxide and methane and thus have
affected climate in the past and will continue to affect it in the future.

This chapter provides a general introduction to the concepts and processes that play an
important role in the investigations presented in the following chapters. First, an overview of the
global carbon cycle and its components is given in section 1.1, which serves as a backdrop for all
model investigations presented in this thesis. Section 1.2 then defines and introduces the general
concept of wetlands as the main subject of this thesis. Following, different aspects of global
wetlands are introduced in detail. Section 1.3 presents the role of wetlands in the global carbon
cycle. Section 1.4 gives a short introduction to past climate dynamics and explores how wetlands
responded to past climate change and how these changes can be reconstructed from proxy
records. Section 1.5 looks at how anthropogenic disturbance has affected wetlands in the recent
past and might continue to affect wetlands in the future. Finally, section 1.6 discusses how
wetlands and wetland processes are modeled and how these models are used in climate science.

1.1 The global carbon cycle

The global carbon cycle refers to the distribution and fluxes of carbon through, and its interaction
with, the earth system. Carbon can be found in all spheres of the earth system. As an integral
building block of life, the carbon cycle and the biosphere are deeply intertwined. Similar is true
for the climate system, which is fundamentally shaped by two of the gaseous forms of carbon,
carbon dioxide (CO2) and methane (CH4), due to their contribution to the greenhouse effect
(Ciais et al., 2013). The greenhouse effect alters the energy balance of the earth by reducing the
long-wave thermal radiation that escapes through the earths’ atmosphere (Wild et al., 2013).
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Figure 1.1: Simplified illustration of the main carbon pools (boxes) and fluxes (arrows) of the global carbon
cycle from Ciais et al. (2013). Numbers for carbon pools are in the units petagrams of carbon (PgC), which can
also be expressed as gigatons of carbon (GtC), and for fluxes in PgC yr−1. Black numbers and arrows indicate the
pre-industrial state (at 1750) and red numbers and arrows indicate the cumulative anthropogenic perturbation
from 1750 to 2011 in case of carbon pools, and average perturbation over 2009–2011 in the case of fluxes. Updated
numbers for selected fluxes from Friedlingstein et al. (2020) are given in the text.

Greenhouse gasses like water vapor, CO2, CH4, and nitrous oxide (N2O) absorb part of the
earth’s thermal radiation and transform the atmosphere into an insulating layer resulting in
a substantial increase of global surface temperature. Life on earth depends on this natural
greenhouse effect, as mean global surface temperatures would be about 33◦C lower without
it (Schmidt et al., 2010). The majority of the natural greenhouse effect can be attributed to
water vapor (about half), clouds (about a quarter), and CO2 (about a fifth) (Huang et al.,
2013). Other gasses such as CH4 and N2O play a smaller yet increasing role given anthropogenic
emissions (Etminan et al., 2016).

The atmospheric concentrations of CO2 and CH4, and with them important controls on the
global climate, are directly linked to the balance of carbon fluxes between all the spheres of the
earth system. Before the industrial period, the global carbon cycle was in rough equilibrium
entailing large gross carbon fluxes, but only small net carbon fluxes between atmosphere, land,
and oceans (Ciais et al., 2013, Fig. 1.1). The anthropogenic disturbance of the carbon cycle since
then mostly consisted in the burning of fossil fuels, which are inert deposits of organic carbon
formed millions of years ago in the terrestrial biosphere and transformed into oil, coal, and
methane. In addition, large-scale deforestation and other land-use changes released carbon stored
in the land biosphere. This has shifted the balance of the global carbon fluxes and led to an
almost doubling of atmospheric CO2 concentrations since the pre-industrial period (Friedlingstein
et al., 2020, Fig. 1.1).
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Fossil fuel extraction and burning also releases large amounts of methane into the atmosphere
(Ciais et al., 2013, Fig. 1.2). Other large anthropogenic sources include emissions from livestock,
rice cultivation, biomass burning, and waste management. Together these disturbances of the
methane budget led to an almost tripling of methane concentrations since the pre-industrial
period (Saunois et al., 2020, Fig. 1.2).

Atmosphere

The atmosphere stores with 860 gigatons of carbon (GtC) only a small fraction of the global
carbon, but acts as the main coupler of the carbon cycle, with large gross carbon fluxes between
atmosphere, ocean, and land (Fig. 1.1 Friedlingstein et al., 2020). CO2 is generally well mixed
within the free atmosphere, with only small, but noticeable, regional differences. CO2 has no
major atmospheric sinks or sources and changes in its atmospheric concentration are thus
determined by net fluxes between the atmosphere, oceans, and land and the anthropogenic input
from fossil fuel burning. The seasonal cycle of atmospheric CO2 concentrations is dominated by
the exchange with the land biosphere in the northern hemisphere, where the landmass is the
largest. During the growing season, the biosphere shows a net uptake of carbon, and during
winter a net release.

Atmospheric CO2 concentrations increased from about 277 parts per million (ppm) in 1750
(Joos & Spahni, 2008) to about 410 ppm in 2019, corresponding to an increase in atmospheric
carbon storage of about 285 GtC (Friedlingstein et al., 2020). This represents only about 41 % of
the total anthropogenic carbon released into the atmosphere since the pre-industrial period, with
the rest taken up by the global oceans and the land biosphere. The annual atmospheric growth
rate, however, has steadily increased reaching 5.1 GtC yr−1 in the years 2010–2019.

Methane, in contrast to CO2, has a large atmospheric sink due to its reaction with hydroxyl
radicals (OH). The majority of natural and anthropogenic methane sources are located on land,
leading to a small inter hemispherical gradient with larger atmospheric methane concentrations in
the northern hemisphere (Mayer et al., 1982). The lifetime of atmospheric methane is estimated
to be 9–11 years (Prather et al., 2012; Voulgarakis et al., 2013; Maasakkers et al., 2019). Despite
the short lifetime, the atmospheric concentrations have increased from about 700 parts per billion
(ppb) in the pre-industrial period Schilt et al. (2010b) to 1879 ppb in 2020 (Ed Dlugokencky,
2021) due to large anthropogenic emissions (Saunois et al., 2020).

Oceans

The largest fraction of the carbon stored in the three relatively fast exchanging reservoirs -
atmosphere, ocean, and land biosphere - is in the ocean (Fig. 1.1). The majority of that carbon,
about 38,000 GtC, is stored as dissolved inorganic carbon (DIC), about 700 GtC are stored as
dissolved organic carbon (DOC), and only about 3 GtC are stored in living marine biomass
(Ciais et al., 2013). The three main parts of dissolved inorganic carbon, dissolved carbonic acid,
bicarbonate, and carbonate ions, are all tightly coupled through acid-base chemistry (Sarmiento
& Gruber, 2006). Apart from a small carbon input from rivers and carbon loss to sediments,
the ocean exchanges carbon mainly with the atmosphere by air-sea gas exchange. This flux is
driven by the air-sea difference in CO2 partial pressure (pCO2) and is on global average nearly
balanced (Sarmiento & Gruber, 2006). The fast exchange of carbon between the surface ocean
and the atmosphere tightly couples these two reservoirs.

The state of the ocean governs the natural atmospheric CO2 inventory as the ocean holds
much more carbon than the atmosphere. Surface-to-deep ocean gradients in carbon and alkalinity,
and therefore also pCO2 in the surface water are co-governed by the so-called solubility pump,
biological pump, and carbonate pump (Volk & Hoffert, 1985; Denman et al., 2007). Due to the
temperature dependence of the CO2 solubility, cold waters can hold more DIC than warm waters.
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Figure 1.2: Simplified illustration of the main methane pools (boxes) and fluxes (arrows) of the global methane
cycle from Ciais et al. (2013). Numbers for methane pools are in the units teragram of methane (Tg CH4). Black
arrows represent natural fluxes, with no direct anthropogenic interference. Red arrows represent anthropogenic
methane fluxes, and the light brown arrow represents a combination of natural and anthropogenic fluxes. The
increase in atmospheric methane since 1750 is given in red and the pre-industrial methane load in black. Updated
numbers for selected fluxes from Saunois et al. (2020) are given in the text.

The surface ocean is on average warmer than the cold deep ocean and therefore depleted in DIC
relative to the deep. The solubility pump is driven by water masses entering the deep ocean at
deepwater formation zones in the Arctic regions of the North Atlantic and the Southern Ocean,
where cool temperatures and high salinity lead to the sinking of cold, carbon-rich surface waters
(Kuhlbrodt et al., 2007). In the case of up-welling of these carbon-rich waters in warmer tropical
regions solubility decreases and CO2 is out-gassed back to the atmosphere.

The biological pump also lowers DIC in the surface relative to the deep ocean. DIC is
converted to organic carbon by plankton. A small but important fraction of this organic carbon
is transported to the deep ocean in the form of gravitationally sinking particulate organic carbon
or dissolved organic carbon. This organic carbon is remineralized to DIC in the thermocline and
deep ocean and eventually transported back to the surface by the ocean circulation.

The carbonate pump is connected to marine biota which builds calcareous shells (Holligan
& Robertson, 1996). Although these shells bind carbon, their formation increases the partial
pressure of CO2 through the carbon chemistry in the ocean, thus working against the biological
pump with respect to CO2. Calcareous shells are typically slowly remineralized after sinking
to a depth below the saturation horizon of calcium carbonate. A small part of the organic
carbon and calcareous shells reaches the seafloor, where it forms long term deposits. The calcium
carbonate deposits can eventually form limestone and can reenter the carbon cycle in form
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of rock weathering or volcanism (Denman et al., 2007). The sedimentation and weathering
represent an important long-term control of the carbon cycle with timescales on the order
of tens of thousands to millions of years (Jeltsch-Thömmes et al., 2019). Changes in these
carbon pumps and geological fluxes were likely responsible for changes in atmospheric CO2 over
glacial-interglacial cycles of the order of 100 ppm (e.g. Sigman & Boyle, 2000; Sigman et al.,
2010). Since the pre-industrial period, the ocean has taken up about 24 % of the anthropogenic
carbon release corresponding to about 170 GtC (Friedlingstein et al., 2019). This uptake was
mainly driven by the increase in atmospheric partial pressure due to the CO2 input from fossil
fuel burning and land use.

In terms of methane, the oceans represent a small source of about 13 teragrams of methane
per year (Tg yr−1) which is released from frozen methane hydrates and other geological and
biogenic sources (Fig. 1.2 Saunois et al., 2020). Methane hydrates are solid crystalline structures
formed out of water and methane, mostly found in the upper layers of the ocean sediments.
They accumulate methane mostly formed by the microbial or thermal degradation of organic
material in the sediments. It is estimated that they potentially hold 2000–9000 Gt of methane,
which is about 390–1740 times more as currently present in the atmosphere (Ciais et al., 2013).
Rising ocean temperatures can lead to the destabilization of methane hydrates, especially in
shallower coastal regions, leading to the out-gassing of methane. However, in the case of gradual
out-gassing most of the methane is respired to CO2 by methanotrophs in the water column and
little methane reaches the surface (Ruppel & Kessler, 2017). It has been suggested that the large
continuous release of methane from hydrates could have driven large climate warming in the
deep past such as during the Latest Paleocene Thermal Maximum about 55.6 million years ago
(Dickens et al., 1995). However, in the future, the gradual methane release from hydrates is
expected to remain moderate but could become important on geological timescales (Archer, 2007;
O’Connor et al., 2010).

Land Biosphere

The carbon cycle of the terrestrial biosphere is tightly coupled to the terrestrial nutrient and
water cycles (Fig. 1.1 Ciais et al., 2013). CO2 is taken up from the atmosphere during plant
photosynthesis. The solar energy is stored in carbohydrates. The carbohydrates are partly used
immediately to drive plant metabolism, where the associated carbon is respired and released
back to the atmosphere, and partly to build up biomass (Lambers et al., 2008). The total
amount of carbon taken up by photosynthesis per unit time is referred to as gross primary
production (GPP), and the fraction of organic carbon that remains after plant respiration and is
used for plant growth is referred to as net primary production (NPP). Living vegetation stores
about 450–650 GtC globally, with carbon densities varying between ecosystem types, such as
grasslands and forests (Prentice et al., 2001). The heterotrophic part of the terrestrial biosphere,
encompassing animals, fungi, and microorganisms gradually respires the organic carbon built
up by plants within a complex food web. Turnover timescales vary between different carbon
pools (Prentice et al., 2001). Plant litter that accumulates at the soil surface generally has a
fast turnover time on the order of months to years, while a small, more stable, fraction of the
organic carbon remains in the soils, where it has turnover times of decades to millennia. The
difference between NPP and heterotrophic respiration (HR) per unit time is called net ecosystem
productivity (NEP) and to a first degree determines the net carbon balance of the land biosphere.
When considering also disturbances like wildfires, which lead to additional oxidation of organic
carbon, the net carbon balance is denoted as net biome production (NBP).

Heterotrophic decay rates of organic carbon are modulated by a multitude of factors, such as
temperature, moisture, species, and other soil properties (Rustad et al., 2000). Under the specific
conditions in peatlands and permafrost soils, where heterotrophic respiration is reduced to
a minimum, organic carbon can accumulate into large pools (see section 1.3.1). Global soils
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are estimated to store about 1500 GtC up to a depth of 1 m (Scharlemann et al., 2014) and
about 2300 GtC up to 3 m depth (Jobbágy & Jackson, 2000). About 600 GtC are stored in
peatlands alone (Yu et al., 2010; Ribeiro et al., 2021; Hugelius et al., 2020). Perennially frozen
permafrost soils constitute a second large soil carbon pool storing about 800 GtC (Hugelius
et al., 2014). However, large uncertainties are connected especially to the estimates of peatland
and permafrost carbon and some overlap between these pools exist.

Before the industrial period, the land was in rough equilibrium with the atmosphere, with only
a small net carbon uptake partly driven by peatlands (Kleinen et al., 2010; Yu, 2011). Since then,
drastic land-use changes and global warming have significantly disturbed the terrestrial carbon
cycle. Deforestation and land-use change have contributed about 36 % to the anthropogenic
emissions since 1750 corresponding to about 255 GtC, with estimated yearly emissions of 1.6 GtC
between 2010–2019 (Friedlingstein et al., 2020). However, increases in global mean temperature,
precipitation, and atmospheric CO2 have also led to an increase in NPP, outweighing the
concurrent increase in HR and disturbance fluxes. This land biosphere sink partly compensates
for the anthropogenic emissions from land use, with a gross uptake of about 230 GtC since 1750
(Friedlingstein et al., 2020).

At present, the global land biosphere is thought to act as a net carbon sink with an average
uptake of about 1.8 GtC yr−1 in the years 2010–2019, despite the continuing emissions from
land use. The terrestrial carbon cycle thus provides a strong negative feedback to anthropogenic
climate change, however, this net negative feedback could change in the future (Friedlingstein &
Prentice, 2010; Schurgers et al., 2018). The so-called CO2 fertilization effect increases productivity
with rising atmospheric CO2 concentrations by allowing to optimize CO2 uptake and water loss
(Schimel et al., 2015; Zhu et al., 2016), however, its effectiveness and restrictions due to nutrient
limitations are debated (e.g. Gedalof & Berg, 2010; Terrer et al., 2016; He et al., 2017; Joos et al.,
2020). Rising temperatures can result in longer growing seasons and increased NEP in some
regions of the world, but reduced NEP in others (Gallego-Sala et al., 2018; Fernández-Mart́ınez
et al., 2019). High temperatures potentially also put large peatland and permafrost carbon pools
at risk (Qiu et al., 2020; Hugelius et al., 2020), as discussed in chapter 4. Furthermore, continued
deforestation and land-use change will increase anthropogenic land-use emissions and limit the
ability of the land biosphere for future carbon uptake (Strassmann et al., 2008; Riahi et al., 2017;
Popp et al., 2017).

In terms of methane, the natural terrestrial carbons cycle presents both a large source
(about 134–215 Tg yr−1 in 2008–2017) and small sink (about 30–38 Tg yr−1) (Fig. 1.2 Saunois
et al., 2020). The methane is produced during the heterotrophic respiration of organic carbon
under anoxic conditions and biomass burning. Wetlands are the largest natural source of
methane (see section 1.3.2). Other sources include termites, ruminants, wildfires, freshwaters,
and geological sources. A part of the methane produced in wetlands and wet soils is directly
consumed by methanotrophic microorganisms. In dry soils, methanotrophs consume methane
from the atmosphere forming the terrestrial methane sink. Similar to ocean sediments, frozen
methane hydrates are thought to store large amounts (about 20 GtC) of accumulated methane
in deep Arctic permafrost soils (Ruppel, 2015). For now, emissions from permafrost hydrates are
estimated to be small (Saunois et al., 2020), however, the fate of this methane depends on the
rate and extent of future permafrost thawing. Anthropogenic methane emissions mostly originate
from fossil fuel burning, animal farming, landfills, and rice cultivation. They are estimated to
amount to about 360 Tg yr−1 in the years 2008–2017 and thus surpass the natural emissions
(Saunois et al., 2020).

Carbon isotopes

Carbon is present in the form of the stable isotopes 12C and 13C and the radioactive 14C. Only
about 1 % is present as 13C and only a vanishing small fraction as 14C (14C/C ∼ 10−12). 13C
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and 14C are subject to fractionation relative to 12C during biological and physical processes.
Measurements of their molar fractions in, e.g., atmospheric CO2 or CH4, ocean waters, and
sediment cores, can thus be used to deduce carbon cycle properties during the past and at
present (e.g. de Jong et al., 2010; Beck et al., 2018; Mackensen & Schmiedl, 2019). Due to its
known half-life and atmospheric content, 14C can be used to date the age of organic carbon and
ocean waters (Jull et al., 2013). In this thesis, however, carbon isotopes are not part of the
presented investigations and the reader is thus referred to the literature for more information (e.g.
Griffiths, 1997).

1.2 Wetlands and peatlands

Wetlands are vegetated terrestrial ecosystems which are characterized by high permanent,
seasonal, or intermitted soil moisture (Mitsch & Gosselink, 2015). The water table in wetlands is
typically near or above the surface, for at least part of the year. Wetland plant species include
trees, mangroves, shrubs, weeds, and mosses, and often show adaptations to moist conditions
like aerenchyma, which allow for the transport of gasses to the roots. Wetlands can form in
freshwater, saltwater, or brackish water, and can be found across all latitudes and altitudes.
They can perform important environmental services including flood control, water purification,
shoreline protection through buffering and filtering of water, biodiversity conservation as unique
habitats, and climate change mitigation, through uptake and storage of carbon (Kimmel &
Mander, 2010; Minayeva & Sirin, 2012; Xu et al., 2018a). At the same time, they are the largest
natural source of methane, an important greenhouse gas (Saunois et al., 2020).

Wetlands are categorized, depending on water and vegetation characteristics, into swamps,
marches, peatlands, and a multitude of subcategories (Mitsch & Gosselink, 2015). Swamps
are wetlands dominated by trees, whereas marches are dominated by herbaceous vegetation.
Wetlands that form peat are called peatlands and can range from moss-dominated boreal
peatlands to tropical forested peat swamps (Moore, 1989; Rydin & Jeglum, 2013; Lindsay,
2018). Peat is formed by partially decomposed organic matter accumulating under waterlogged
conditions, where decomposition is slowed by a large degree of anoxia (Blodau, 2002). Peat
accumulation can continue over millennia and peat columns can reach depths of multiple meters.
Due to the preservation of organic material in consecutive layers, peatland cores, drilled to reveal
the full depth profile of a peatland, hold information about its history, the local vegetation, and
climate, similar to cores drilled from ice cores or lake and marine sediments (Barber, 1993;
de Jong et al., 2010). Radiocarbon dating and volcanic ash layers can be used to establish an
age-depth model. Measurements of preserved pollen and plant fragments, charcoal, testate
amoebae species compositions, and isotopic composition can then be used to make inferences
about past vegetation, climate, and human activities in the region.

The most common processes for peatland inception are paludification, where peat forms
on previously dry mineral soils, and terrestrialization, in which aquatic systems such as lakes
or ponds slowly fill with organic material (Charman, 2002). Peatlands can be categorized
into fens and bogs, depending on the source of water and nutrients (Lindsay, 2018). Fens are
mineatrophic and are mostly fed by nutrient-rich ground and surface waters. In contrast, bogs
are ombotrophic with a vegetation cover that is uncoupled from the groundwater and is mostly
fed by nutrient-poor and acidic rainwater. These trophic differences translate to differences in
plant species and carbon cycling. Bogs are often dominated by Sphagnum moss carpets, but in
low latitudes can also be densely forested. Fens generally are characterized by larger plant
diversity, including sedges, grasses, mosses, and trees, and see faster carbon cycling than bogs.
Fens and bogs are often seen as two distinct phases of the peatland life cycle. The transition
from fen to bog often happens rapidly and is based on the decoupling of the vegetation from the
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(b)

Figure 1.3: Mean maximum wetland area distribution (a) and standard deviation (b) based on five different
wetland data sets described in Zhang et al. (2017). Units indicate the area fraction covered by wetlands. Figure
adapted from Zhang et al. (2017).

groundwater, through the growth of the peat column itself, or through allogenic factors, such as
changes in climate (Väliranta et al., 2017; Loisel & Bunsen, 2020).

Today, the global wetland area is estimated between 5.3–10.2 million square kilometers
(Mkm2; Zhang et al., 2017, Fig. 1.3). The large inconsistencies between wetland datasets can
partly be explained by different wetland definitions (Hu et al., 2017a). Peatlands make up about
half of all wetlands covering about 2.77–5.7 Mkm2, when combining estimates for northern (Yu
et al., 2010; Xu et al., 2018b; Hugelius et al., 2020) and tropical peatlands (Yu et al., 2010; Page
et al., 2011; Gumbricht et al., 2017; Xu et al., 2018b). Most wetlands (∼56 %), and an even
larger share of global peatlands (∼75 %) can be found in the northern mid and high latitudes
with large wetland and peatland areas in the boreal regions of Canada, Europe, and Asia. A large
part of these northern peatlands (∼46 %) is located within permafrost regions (Hugelius et al.,
2020). Large tropical wetlands can be found in central Africa, South East Asia, and the Amazon
basin, with a larger share of seasonally flooded wetlands that follow the rhythm of the monsoon.
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