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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. 8






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.



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 [I.I} which serves as a backdrop for all
model investigations presented in this thesis. Section 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 looks at how anthropogenic disturbance has affected wetlands in the recent
past and might continue to affect wetlands in the future. Finally, section 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 (CHy), 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 (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~!. 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, CHy4, 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 COy (about a fifth) (Huang et al.
. Other gasses such as CH4 and N2O play a smaller yet increasing role given anthropogenic
emissions (Etminan et al. 2016]).

The atmospheric concentrations of COy and CHy, 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 COy concentrations since the pre-industrial period
Fig. [).
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Fossil fuel extraction and burning also releases large amounts of methane into the atmosphere
(Ciais et al.l 2013, Fig. . 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 all, [2020, Fig. [L.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. Friedlingstein et al., 2020)). COq 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 COs 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 COq 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~! 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. . 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 COs9 partial pressure (pCOsz) 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 COq inventory as the ocean holds
much more carbon than the atmosphere. Surface-to-deep ocean gradients in carbon and alkalinity,
and therefore also pCOs in the surface water are co-governed by the so-called solubility pump,
biological pump, and carbonate pump (Volk & Hoffert| |1985; Denman et al.l 2007)). Due to the
temperature dependence of the COs 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 . Numbers for methane pools are in the units teragram of methane (Tg CH,). 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 lm m 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 COs 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
& 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 COs. 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.l 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-Thommes 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 COy 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~!) which is released from frozen methane hydrates and other geological and
biogenic sources (Fig. 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 CO9 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. Ciais et al, 2013). COq 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 . 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 (Jobbagy & 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 CO9 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~! 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 &
Prenticel 2010; [Schurgers et al.l, [2018]). The so-called CO» fertilization effect increases productivity
with rising atmospheric COq 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.l 2018; |[Fernandez-Martinez
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 4l 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.l 2017;
Popp et al., 2017)).

In terms of methane, the natural terrestrial carbons cycle presents both a large source
(about 134-215 Tg yr~! in 2008-2017) and small sink (about 30-38 Tg yr—!) (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 . 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~—! 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 '?C and C and the radioactive "*C. Only
about 1 % is present as '3C and only a vanishing small fraction as *C (C/C ~ 10712). 13C
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and 4C are subject to fractionation relative to >C during biological and physical processes.
Measurements of their molar fractions in, e.g., atmospheric CO, or CHy4, 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, 1*C 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.
Griftiths, |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., [2018al). 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 & Jegluml 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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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 (Véliranta et al., 2017} Loisel & Bunsen, [2020).

Today, the global wetland area is estimated between 5.3—10.2 million square kilometers
(Mkm?; |Zhang et al., 2017, Fig. . 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 Mkm?, when combining estimates for northern @
et al., |2010; Xu et al., 2018b; |[Hugelius et al., |2020) and tropical peatlands (Yu et al., 2010; [Page
et al., 2011} [Gumbricht et all [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 ,
. 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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1.3 The role of wetlands in the carbon cycle and the climate
system

Wetlands play an important role in the global carbon cycle both as long-term carbon stores
and as large methane sources. Both roles will be further explored in the main chapters of this
thesis. To provide a general overview over the relations of wetlands to the global carbon cycle,
section will give an introduction to the role of peatlands as large terrestrial carbon stores
and section will introduce the role of wetlands as methane sources.

1.3.1 Peatlands as long term carbon stores

Most of today’s peatlands formed over the past ten thousand years and have accumulated
carbon over millennia (e.g. [Yu et al. 2010; [Morris et al.l |2018). Although they cover only 3 % of
the global land area (Xu et al. 2018b) they hold up to a third of the global soil organic carbon
(Page et al. [2011}; Yu, 2012). About 75 % of global peatlands can be found north of 30° N mostly
in the northern parts of North America, Europe, and Asia. Traditionally northern peatlands
have been studied much more intensively than peatlands in the tropics (30°S-30°N), leading to
more robust estimates about area extent and carbon storage. Estimates for northern peatland
carbon storage range between 270-604 GtC, using various methods and area estimates (see
Yu/ (2012)) and [Yu et al.| (2014) for a review), with the most recent credible estimates ranging
between 415-436 GtC (Loisel et al., 2014} [Hugelius et al., [2020). Estimates for organic carbon
storage in tropical peatlands were recently revised upward to 70-288 GtC (Dargie et al., 2017}
Ribeiro et al., 2021)), compared to 44-92 GtC from earlier estimates (Yu et al., [2010; Page et al.,
2011). The revision is the result of larger assumed peatland areas.

Most peatlands still functioned as net carbon sinks in recent centuries, with a collective
yearly uptake of about 0.14 GtC yr~! during the last millennium (Gallego-Sala et al., [2018). The
potential cooling effect of peat carbon sequestration on the global climate can be partially offset
by methane emission from wet peatlands (see also section [1.3.2)). Given the short lifetime of
the emitted methane versus the sustained long-term removal of carbon from the atmosphere,
however, peatlands likely exerted a net cooling over most of the Holocene up to today (Frolking
& Roulet), 2007). If subject to drainage and land-use change, the radiative balance, however, can
quickly turn positive (Dommain et al., 2018)).

Carbon accumulation rates (CARs) in peatlands, given in first order as the balance between
NPP and HR, are driven by multiple factors including vegetation cover, water table, temperature,
nutrient availability, and photosynthetically active radiation. For northern peatlands, temperature
and photosynthetically active radiation were found to have the largest control, with higher
temperatures leading to longer growing seasons and larger photosynthetic productivity (Charman
et al., 2013} 2015; |Gallego-Sala et al.l 2018). High water tables are an important prerequisite for
carbon accumulation and water table height has a positive correlation with peatland CARs
(Potvin et al., [2015; |Chimner et al., 2017). Additional to the external controls of peatland CARs,
there is a multitude of internal feedbacks on peatland hydrology, vegetation, and energy balance
that can affect peatland CARs (Morris et al., 2011; Waddington et al., [2015; Zhong et al., [2020).

These external and internal controls on peatland CARs, entail potential feedbacks to the
global carbon cycle and climate system. Rising temperatures could increase heterotrophic
respiration and, through the increase of evapotranspiration, lower the water tables exposing large
amounts of carbon to oxic conditions and thus turning peatlands into net carbon sources (Ise
et al., [2008). However, increasing temperatures and rising precipitation could also strengthen the
carbon sink especially of northern peatlands through the increase in productivity (Charman
et al., [2015; Gallego-Sala et al., 2018). Permafrost thaw could lead to new peatland formation
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after initial carbon loss (Swindles et al., 2015} Jones et al., [2017; Magnusson et al., 2020)) or even
directly invigorate carbon accumulation (Estop-Aragonés et al.,2018)). In chapter |4} the responses
of peatlands and their carbon balance to past and future climate change are investigated in
detail.

In the literature, different definitions of CARs are used in different contexts. Studies reporting
results from peatland cores in the field often report so-called apparent CARs, given by the carbon
density of peat layers and a radiocarbon-derived depth-age model (e.g. Turunen et al., 2002}
Loisel et al., [2014; |Loisel & Bunsen, 2020)). These apparent CARs incorporate the integrated
heterotrophic respiration of the respective layer from its formation to the present, and thus
not only depend on the environmental conditions at the time of carbon deposition but also
their changes since then and the time that has passed. Modeling studies, which have the full
information of the model system available at every timestep often report CARs which represent
the net carbon balance of the whole peat column at a given time (e.g. |Frolking et al.l |2010). The
same models might have difficulties, depending on their soil column resolution, to resolve the
state of carbon in particular layers (Spahni et al.| |2013; [Miiller & Joos, 2020)). Other definitions
refer to an instantaneous CAR, meaning the rate of deposition of organic carbon on top of
the peat layer, not considering peat decay from deeper layers (e.g. |Ledn et al., 2018). These
diverging definitions are sometimes mixed and/or insufficiently specified (e.g. Marrs et al., 2019;
Chaudhary et al., [2020]), warranting care when comparing results from different studies (Young
et al. 2019, [2021)).

1.3.2 Methane emissions from wetlands

Wetlands are the largest natural source of terrestrial methane emissions (Saunois et al., [2020).
The anoxic environment in the water-saturated soils favors methanogenic microorganisms that
produce methane during the respiration of organic carbon. Methane emissions were found to be
strongly temperature dependent, with emissions increasing faster than concurrent CO2 emissions
under rising temperatures (Yvon-Durocher et al., [2014; Turetsky et al. 2014). The temperature
dependence of plant productivity, heterotrophic respiration, and methane production leads to
generally higher emissions from low latitude wetlands. Higher water tables increase methane
emissions (Turetsky et al., 2008), however, after reaching an optimum, further rising water tables
reduce methane emissions possibly due to limiting diffusion and plant productivity (Turetsky:
et al. 2014).

Other environmental factors controlling wetland methane emissions include substrate
availability and vegetation cover (Lai, 2009). Future climate change has thus both the potential
to increase methane emissions through higher temperatures and wettening under increasing
precipitation and reduce methane emissions in case of wetland drying. Section briefly
discusses future modeled methane emissions from peatlands under different scenarios.

Most methane that is produced in the soil, is directly oxidized by methanotrophic microorgan-
isms in the soil or water column, using oxygen and other electron acceptors, before it can reach
the atmosphere (Lai, 2009). The amount of methane that is emitted thus also depends on the
speed of methane transport to the atmosphere. Methane can reach the atmosphere via diffusion
through the soil column, out-gassing via bubbles (ebullition), or by being transported through
plant tissues (Fig. Carmichael et al., [2014). The latter requires vegetation that allows gas
transport from the roots to the surface such as sedges with aerenchyma. Recently it has been
found that in forested tropical wetlands large amounts of methane are transported by trees,
which allows the methane to escape to the atmosphere despite water tables that seasonally can
reach up to ten meters (Pangala et al.l |2017)). Similar, but smaller methane emissions from trees
have also been found in forested mid-latitude wetlands and even uplands, suggesting possible
production of methane within the stems (Barba et al., [2019)). The differences in soil, vegetation,
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Figure 1.4: Simplified schematic of methane production, consumption, and transport pathways in wetlands.
Depicted transport pathways for gasses consist of diffusion, plant transport, and outgassing via gas bubbles
(ebullition). Methane consumption is dependent on the transport of Oxygen (O2) into the soil. Figure from
(Carmichael et al., |2014).

water table, and trophic regimes lead to differences in emissions from different wetland types
(Turetsky et al., 2014)). In mineatrophic fens, the faster production and respiration of organic
carbon, together with higher water tables and a larger fraction of plants with aerenchyma, results
in generally larger methane emissions than in ombotrophic bogs.

For the years 2008-2017, estimates of methane emissions from process-based models range
between 102-182 Tg yr~! while estimates from atmospheric inversions range between 159
200 Tg yr~!, with most emissions originating in the tropics in both cases (Saunois et al., [2020)).
The partial mismatch between the estimate ranges is a reflection of the still persisting knowledge
gaps about global wetland distribution and environmental controls on emissions, and the difficulty
of partitioning between freshwater, wetland, and other natural sources. Past and present methane
emissions from global wetlands are further discussed and investigated in chapter [5| and section [6.1

1.4 Wetlands in the past

This thesis focuses in part on the past evolution of wetlands and their interactions with the
carbon cycle. To place these investigations into the broader context of past climate variability,
section [1.4.1] gives a brief introduction into the concepts of paleoclimate and glacial-interglacial
cycles. Section then gives a brief introduction to paleo wetlands over the last 21,000 years.

1.4.1 Paleoclimate overview

Proxy records allow the reconstruction of climate and environmental variables up to millions of
years into the past (Masson-Delmotte et al., 2013). They can encompass a multitude of methods,
including measurements of isotopes ratios, element ratios, or biological markers in sediments,
ice cores, or speleothems, with new methods and proxies constantly being developed. Some
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Figure 1.5: Orbital parameters and proxy records over the past 800,000 years. Shown are (a) eccentricity, (b)
obliquity, and (c) precessional parameters. Proxy records include (d) atmospheric CO2 concentration measured in
Antarctic ice cores, (e) tropical sea surface temperature anomaly reconstructed from ocean sediments, (f) Antarctic
temperature anomaly reconstructed from ice cores, (g) benthic 580 as a proxy for deep ocean temperature and
global ice volume, (h) sea-level reconstruction from benthic 580, and (i) the rate of temperature change during
the last deglaciation. Shaded areas indicate the ranges of modeling results. Figure from |Masson-Delmotte et al.|

(2013). See there for references.

properties can even be measured directly, such as the atmospheric concentrations of gases that
are preserved in continental ice sheets, where current records go back up to 800,000 years (e.g.
Lithi et al., [2008; Loulergue et al., |2008; Schilt et al., 2010a).

The comparison of different environmental variables reconstructed from independent proxies
reveals a large correlated variability of global mean temperature, atmospheric concentrations of
greenhouse gases, sea level, and ice volume over the last 800,000 years suggesting a highly dynamic
earth system (Fig. Masson-Delmotte et al., [2013). The variability is dominated by prominent
glacial-interglacial cycles, where relatively short (~10-30 kyrs) warm periods characterized by
low global ice volume, high sea levels, and high atmospheric greenhouse gas concentrations,
called interglacials, are separated by longer (~70-90 kyrs) cold periods characterized by large
global ice volume, low see levels, and low atmospheric greenhouse gas concentrations, called
glacials (Masson-Delmotte et al., 2013; Past Interglacials Working Group of PAGES| 2016]).
This periodicity of about 100 kyrs can be observed back to the Mid-Pleistocene Transition
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about 1.2-0.8 million years ago before which glacial-interglacial cycles had a periodicity of about
40 kyrs (Chalk et al., |2017).

The deglaciation, that is the transition from a glacial to an interglacial period, typically
happens abrupt (over a few thousand years), with large parts of the global ice sheets relatively
quickly collapsing, while the glaciations, that is the transition from an interglacial to a glacial, is
more gradual, with the global ice sheets reforming over tens of thousands of years. Glacials are
characterized by large instabilities, so-called Dansgaard-Oeschger events, which entail rapid
Greenland warming, and gradual cooling on the timescales of centuries (e.g. Dansgaard et al.,
1993; [Erhardt et al., [2019; [Li & Born, [2019).

It has to be noted that even in light of the past variability of the climate system various
aspects of the anthropogenic disturbances are without analog. This is especially true for the
rate of anthropogenic carbon release which is unprecedented during the past 20,000 years
(Joos & Spahni, 2008)) and compared to the large climate fluctuation at the Paleocene-Eocene
Thermal Maximum around 55 million years ago (Zeebe et al., 2016|). The large human-caused
carbon release could lead to rates of ocean acidification unprecedented in the records of the past
65 million years (Ridgwell & Schmidt], 2010)).

The main pacemaker of the glacial-interglacial cycles is the change in solar insolation on the
northern hemisphere, which changes based on the orbital parameters: the orbital eccentricity, the
axial tilt (obliquity), and the axial precession (Fig. Hays et al., |1976; Imbrie et al., 1993).
Although these parameters change on different timescales, their combined effect on the climate
system resulted in a relatively regular 100,000 years periodicity of the glacial-interglacial cycles
over the past 800,000 years (Jouzel et al., 2007; |[Loulergue et al., [2008]). The exact mechanisms
behind the glacial-interglacial cycles are still debated, however, there is consensus that the
relatively small changes in solar forcing are amplified by a multitude of internal climate feedbacks
related to ice sheet dynamics, ocean circulation changes, and atmospheric CO2 and dust load
(e.g. |Ganopolski & Calov, 2011} van Nes et al., [2015; [Weinans et al., 2021)).

The transition from the Last Glacial Maximum (LGM) to the Holocene, the current
interglacial, occurred roughly between 17.5 and 11.5 kyrs before present (BP, with present defined
as the year 1950). It entailed an increase in global mean temperature of 3-8 °C', melting of large
ice sheets over North America and Europe, a sea-level rise of about 120 meters, and increases of
atmospheric greenhouse gas concentrations by about 80 ppm for CO9 and about 300 ppb for
methane (Masson-Delmotte et al 2013; [Kohler et al., 2017)). The climatic changes drove large
shifts in the terrestrial biosphere with a net land uptake of about 850 GtC (Jeltsch-Thommes
et al., |2019). The last deglaciation was not a continuous process but was divided into several
northern hemisphere (NH) cold and warm phases. These are associated with a large-scale
reorganization of the ocean circulation, thought to have been provoked by freshwater release
from ice sheet melting leading to changes in the ocean heat transport (Stocker & Johnsen)
2003; [Rasmussen et al., 2014). The NH climate swings entailed global changes, mediated by
ocean currents and atmospheric circulation. For example, small changes in the Intertropical
Convergence Zone, due to changing temperature gradients between high and low latitudes,
probably led to substantial changes in tropical precipitation (McGee et al., 2014} Shi & Yan,
2019; Cao et al.) 2019)).

In this thesis, the time period since the LGM, including the deglaciation and the Holocene, is
investigated in detail with respect to peatland evolution (chapter [3) and methane emissions from
wetlands (chapter . The following sections give a short introduction to the available knowledge
about wetlands during that period.
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1.4.2 Paleo wetlands

Peatlands themselves, through their accumulation and preservation of organic material, are
archives of environmental change, allowing the reconstruction of their evolution and the past
environmental conditions they witnessed (Chambers & Charman) 2004)). Most of today’s peatlands
are younger than 12,000 years and formed as a result of the climatic and environmental changes
during the last deglaciation. This finding has been the result of an ever-expanding database of
peatland basal ages, determined by the dating of the deepest part of peatland cores (e.g. Halsey
et al.l 2000; |Gajewski et all 2001; MacDonald et al., |2006; |(Gorham et al.l 2007; [Yu et al.l |2010;
Ruppel et al.| 2013; Morris et al., 2018; [Treat et al., 2019} Fig. . This basal age data can be
used to reconstruct the initiation history and lateral expansion of the sampled active peatlands
(Yu et al., 2010; [Korhola et al., 2010; [Ruppel et al., [2013; |Dommain et al., 2014; |Loisel et al.,
2017)). Peat initiation in the northern latitudes started at about 11-12 kyrs BP but initiation
and lateral expansion continued to the present (Loisel et al., [2017). Expansion peaked at the
beginning of the Holocene about 9-10 kyrs BP and slowed down since then.

In North America, peatland expansion followed the retreat of the Laurentide ice sheet with
a delay of a few thousand years, leading to a delayed expansion peak around 8-5 kyrs BP
(Gorham et al., 2007; Ruppel et al., 2013). In the Hudson Bay area, land emergence and peatland
expansion continued after the ice sheet retreat due to isostatic adjustment which continues
until today (Glaser et al.| 2004)). Besides the newly available land area, the strong warming at
the beginning of the Holocene is identified as the main driver of peatland expansion, leading
to longer growing seasons and high northern latitudes becoming hospitable for peat-forming
vegetation (Morris et al 2018]). Concurrently increasing precipitation likely also played an
important and, in some regions such as the Western Siberian Lowlands, a dominant role.

Peatland research has historically focused on the extensive peatlands in North America and
northern Europe, with about 80 % of all peat cores drilled there (Fig. Treat et al. 2019).
This makes reconstructions of past peatland dynamics in other regions such as the tropics much
more uncertain. Nonetheless, applying the same statistical approach to the few available tropical
peat cores suggests a more or less continuous peatland expansion picking up after 18 kyr BP
(Yu et al.l |2010). However, a few tropical peatlands exist that are much older, initiating up to
50 kyrs ago (Treat et al.l 2019). Given the sparse basal age data, Dommain et al.| (2014)) used a
depth-age relation derived from regional accumulation rates to reconstruct peatland expansion in
Indonesia. Their results suggest a much later peatland expansion than the statistical approach,
with 90 % of peatlands establishing after 7 kyr BP and 60 % after 3 kyr BP. Local sea level was
suggested as the main driver, with rising sea levels during the deglaciation and early Holocene
enabling inland peatland formation through increased moisture availability and a lowering of the
hydrological gradient. Sea-level stabilization and subsequent retreat after ~4 kyr BP led to the
establishment of today’s extensive coastal peatlands.

The above-discussed reconstructions of peatland history, by design, focus only on peatlands
still existing today. However, under a changing climate, not only new peatlands may form but
conditions for existing peatlands might become unfavorable and the accumulated peat might
degrade or become buried under mineral sediments (e.g. Talbot et al., 2010; |Tchilinguirian
et al., [2014; |Campos et al., |2016; Lahteenoja et al., [2012; Tipping, 1995)). Similarly, former
coastal peatlands or peatlands on continental shelves might be flooded due to rising sea levels
(Kreuzburg et al., [2018). Data about buried peat is still very sparse, as most buried peat layers
are found incidentally in sediment and drilling cores instead of a targeted search (Fig. Treat
et al., [2019).

Treat et al. (2019) presented data of buried peat layers dating back up to the last interglacial,
130-116 kyrs ago. The presence of peatlands peaked during that time, with a decline towards
the last glacial. Buried peat in the northern extratropics increases again between 57-29 kyrs
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Figure 1.6: Peat core data of present-day peatlands (purple), buried peat older than 18 kyrs (orange), and
buried peat younger then 18 kyrs (yellow). Figure from [Treat et al.| (2019).

BP corresponding to marine isotope stage 3, a period of slightly warmer mean temperatures
compared to the LGM. Large buried peat deposits are again found dating from the deglaciation
and throughout most of the Holocene, indicating a highly dynamic peatland area during the
peak formation time of today’s peatlands up to the middle and late Holocene. A large part of
these buried peat deposits was found in northern and central Europe along the borders of the
Fennoscandinavian ice sheet and in eastern North America along the borders of the Laurentide
ice sheet (Fig. . This suggests peat accumulation at the LGM, which during the deglaciation
shifted further North with time and under continually changing climate. North American pollen
data of Sphagnum paints a similar picture (Halsey et al. |2000; Gajewski et al., |2001). In the
tropics, only a small amount of dated buried peat layers exist (Treat et al., 2019). The buried
peat mostly dates from after 60 kyrs BP and suggests tropical peatland area to have shifted
continuously since then, with peat burial driven by climatic and sea-level changes. However, due
to the limited amount of data, uncertainties are large.

Paleo wetlands that did not leave organic carbon in the form of peat behind are even harder
to reconstruct. One approach is to use preserved pollen from aquatic vegetation as a proxy for
wetland location and extent (e.g. Finkelstein & Cowling), 2011). Byun et al| (2021) used this
approach on a regional scale and suggest a large expansion of wetlands in western North America
during the Bglling-Allergd, a northern hemisphere warm period during the last deglaciation.
These extensive wetlands (up to 60 % land cover) could have been supported by meltwater
discharge from the Laurentide ice sheet. During the Younger Dryas, the following cold period,
meltwater abruptly declined and wetlands retreated. These results are regionally and temporally
in line with the evidence for peat.

Due to its short atmospheric lifetime, changes in source strength quickly manifest in changes
in the atmospheric concentration of methane. The ice core record of atmospheric methane thus
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can resolve abrupt environmental changes from the past on a high temporal resolution. This
feature of the atmospheric methane record is often used to synchronize the timescales of different
ice cores, even from different hemispheres (Blunier et al., 2007; Buizert et al., 2015). The abrupt
changes seen in the atmospheric methane at the onset of interglacials or Dansgaard-Oeschger
events are often connected to source changes in wetland emissions (e.g. |Bock et al., |2017)).
Methane emission changes from boreal peatlands were also linked to the Northern Hemisphere
cold event around 8.2 kyrs BP (Ziircher et al., 2013). However, the changes in methane emissions
are suggested to be responses and positive feedbacks to environmental changes, rather than their
drivers (e.g. Brook et al.l [2000; Huber et al., 2006]). There is evidence that in the deep past when
wetlands were much more prominent, methane might have played a much more important role in
shaping the climate of the earth (Beerling et al., 2009).

In chapter [3] a modeling study is presented, investigating peatland evolution since the LGM
and comparing model results to the above-described reconstructions. In chapter |5 simulations
over the same period are investigated with respect to wetland methane emissions, and model
results are compared to the ice core record.

1.5 Wetlands in the Anthropocene

The Anthropocene is a term that has recently emerged to describe a new geological era that
is fundamentally shaped by humanity (Lewis & Maslin, [2015). Human changes to the land
surface and the unprecedented release of greenhouse gases have long-lasting effects that will be
measurable in geological records for millions of years. This human influence extends to wetlands
and peatlands, which have been subject to extensive drainage and land-use conversion in the
recent past, and, in the future, will experience more and more pressure from a changing climate.
With this, past and future disturbances put large carbon pools at risk (Goldstein et al., [2020)).

Modeling studies suggest that a large part of natural wetlands have already been lost through
human intervention (Hu et al., [2017Db)). Leifeld et al.| (2019) estimate global peatland loss and
suggest that 0.51 Mkm? of peatland area and 22 + 5 GtC of peatland carbon was lost from 1850
to 2015 due to drainage and land-use conversion. Another modeling study estimates carbon
loss from drained northern peatlands to about 72 GtC between 850-2010 (Qiu et al., 2021]).
Throughout most of the industrial period, peatland loss was largest in the northern mid and high
latitudes, however, drainage in the tropics dramatically increased since the 1960s (Hergoualc’'h &
Verchot| 2011} [Dohong et al. 2017} Leifeld et al., |2019; Dommain et al., |2018; Hoyt et al., [2020)).
If no action is taken, the degradation of former peatlands will release carbon for decades to come
(Leifeld & Menichetti, |2018). However, immediate and resolute action towards restoration and
re-wetting (Warren et al., [2017; Nugent et al., [2019; \Guinther et al., 2020) together with strong
policies for protection (Humpenoder et al.l 2020; Wibisana & Setyorinil, 2021) could mitigate
part of this committed and future carbon loss.

The impact of future anthropogenic climate change on wetlands depends among others on
the changes in their moisture balance. Mean annual precipitation is projected to increase over
large parts of the northern boreal regions, however, northern high latitudes are also expected to
see disproportionately large warming due to the polar amplification (Collins et al., 2013). The
temperature-driven increase in evapotranspiration could outweigh the increases in precipitation,
especially in boreal peatlands, where evapotranspiration is more sensitive to temperature changes
than in boreal forests (Helbig et al. [2020). Indeed, past climate change already led to an
observed drying trend in peatlands in northern Europe (Swindles et al., [2019; ZHANG et al.,
2020) and eastern Canada (Pellerin & Lavoie, |2003)), with a shift in vegetation cover from
moss-dominated to shrub- and tree-dominated (Pellerin & Lavoie, [2003; (Talbot et al., [2010;
Beauregard et al., 2020).
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A decrease in the water table can expose deep peat layers to oxic conditions. Together with
warmer soil temperatures, this could potentially lead to the release of large amounts of carbon
(Ise et al., [2008} [Hopple et al., [2020)). Although deep peat carbon might be more robust to
future warming than the surface peat carbon (Wilson et al., 2016|). At the same time, warmer
temperatures and higher atmospheric COo concentrations could increase carbon uptake through
increases in plant productivity (Charman et al., 2013; |Gallego-Sala et al., |2018). Increased fire
frequency due to low water tables poses another risk of carbon loss (Turetsky et al., 2015]).
In case of stable or even increasing water tables, wetland methane emissions are expected to
substantially increase under future warming (Turetsky et al., 2014]).

The responses and net feedbacks of wetlands and peatlands to future changes in climate,
atmospheric CO2, and the continued pressures from land-use conversion are still very uncertain
as the different drivers potentially both increase and decrease wetland area and net carbon
uptake. In chapter 4] a modeling study is presented that in detail investigates and discusses
potential committed and future changes of global peatlands under different scenarios.

1.6 Modeling of wetlands

Process-based models are a reflection of the knowledge of a dynamical system. They can be used
to test the process understanding by comparing model results to observations and to investigate
process and system dynamics under various boundary conditions, including past and future
climate states, for which observations are sparse, exist only as proxies, or are non-existent. The
high temporal and spatial resolution of model output allows for a detailed analysis and the
exploration of complex interactions between different processes.

In climate science, the use of models has a long history and they are used on all temporal,
spatial, and process scales (Edwards, |2011)). Physics-based models simulate ocean and atmospheric
dynamics and the energy balance with varying spatial resolutions (e.g. Beadling et al., 2019),
biochemistry models simulate the carbon and nitrogen cycles on land and in the ocean (Anav,
et al., 2013) often together with dynamic vegetation and ecology models simulating plant growth
and species distribution (Prentice & Cowling, [2013]), and socioeconomic models are used to
simulate economic and societal dynamics (Nordhaus, 2017). Models for different processes are
often coupled allowing for interactions and feedbacks between different sub-systems. Dynamic
global vegetation models (DGVMs) often combine formulations for the terrestrial carbon, nutrient,
and water cycles with simulated vegetation dynamics and soil physics. Finally, fully coupled
earth system models strive to represent all parts of the earth system including ocean, atmosphere,
land, and biosphere processes (Flato, [2011). Models of varying complexity and scope are used
in different contexts. High-resolution earth system models are limited in their use by their
computational cost and large data production and thus are mostly used for short transient or
time-slice simulations (e.g. Eyring et al., |2016)). Models of intermediate complexity can be used
to explore system dynamics on long, e.g. glacial-interglacial, timescales and can be used to derive
fundamental large-scale properties of the system (Claussen et al., [2002]).

Process-based models used for wetland area prediction combine hydrological models with
information about local topography, soil characteristics, and climate. They can vary from detailed
catchment-scale models (e.g. Evenson et al., |2016; [Lee et al., [2019) to simplified global scale
models (e.g. [Melton et al., [2013). Global wetland models are often integrated into DGVMs,
where the spatial resolution is too coarse to resolve small-scale topography and where single grid
cells might cover multiple unconnected catchments or large watersheds might be split into
multiple grid cells. Most DGVMs thus simulate the terrestrial water cycle on a grid cell basis,
with simulated water transport through the vertical soil column but often with no explicit
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surface or groundwater flow between grid cells (e.g. |Sitch et al. [2003; Hagemann & Stacke, [2015)
and instead use a Topographic Index Model (TOPMODEL) approach to predict wetland area.

The TOPMODEL was developed as a simplified rainfall-runoff model that could predict the
area of soil water saturation within a catchment based on topographic information and mean
water storage deficit within the catchment (Beven & Kirkby, |1979). Originally designed for small
to medium catchment areas, the model has been further developed and used in many different
contexts since its development (Beven et al., |2021)), including the adaptation for wetland area
prediction on a global scale (e.g. (Gedney & Cox, 2003; Kleinen et al., [2012; [Stocker et all, [2014).
The global TOPMODEL approach allows for a cost-efficient calculation of grid-cell wetland
fraction in DGVMs, using sub-grid topography and the grid-cell mean water table which is
dynamically simulated by the DGVM. In this thesis, the DGVM LPX-Bern v1.4 is used
& Joos| [2018)), which also uses a wetland scheme that is based on the TOPMODEL approach
(Stocker et all 2014)). The approach is discussed in detail in section [2.1.1]

Models of peat accumulation were first developed as one dimensional soil column models,
which increased in complexity with time including processes such as water table and vegetation
dynamics (e.g. |Clymol, 1984; [Frolking et al., [2010; [Morris et al., 2011). Other models were
developed to capture the two and three-dimensional aspects and ecohydrological feedbacks that
play important roles in peat domes (e.g. Morris et al., [2012; Baird et al., 2012; Swinnen et al.,
2019). [Wania et al| (2009alb)) were the first to implement an explicit peatland representation of
northern peatlands within a DGVM with dynamic soil freezing and explicit peatland vegetation.
Their approach subsequently served as the basis for the implementation of peatland models in
other DGVMs including the LPX-Bern (Kleinen et al., 2012; Spahni et al., 2013). Those models
simulate peatland carbon accumulation with a simplified two-layer separating carbon pools
for acrotelm and catotelm, respectively. Recently, integration of peatlands into DGVMs also
include models where peat accumulation is simulated in distinct layers (Chaudhary et al.l [2017}
Largeron et al., [2018).

Another model development concerns the dynamic prediction of peatland area. While
traditionally simulations of regional and global peatlands relied on prescribed maps of peatland
area, a new generation of peatland models determine peatland area prognostically from
environmental conditions. Peatland area can be determined by climatic envelope models alone
(e.g. Gallego-Sala et al., 2016; Cong et al., 2020)) or in combination with information about
terrain morphology (Alexandrov et al., 2016]). In DGVMs, including the LPX-Bern, models of
dynamic peatland area are mostly based on the TOPMODEL approach described above. There,
peatland area is determined from inundation persistency (Kleinen et al., 2012; Stocker et al.,
2014; [Largeron et al.,[2018; |Qiu et al., 2018). The integration of dynamic peatlands into DGVMs
allows for the first time for large-scale model investigations of peatland dynamics under past
Kleinen et al., 2012} [Treat et al., 2019; Chaudhary et al., 2020; Miiller & Joos, 2020) and future
Qiu et al.| [2020; Miiller & Joos, 2021) environmental conditions. In this thesis, the LPX-Bern
and its peatland module are used for model investigations of past peatland dynamics (chapter [3)
and projections of future peatland dynamics (chapter @) The respective peatland module of
LPX-Bern is described in detail in section .11}

Modeling methane emissions from wetlands dates back almost four decades and includes
models with varying complexities . As methane production depends on carbon
cycle dynamics, most methane models are integrated into carbon cycle models or DGVMs. The
simplest methane models diagnose emissions as a function of first-order determinants of the
available substrate for methanogenesis such as NPP, HR, or soil carbon often dependent also on
temperature or biome type (e.g. |Christensen et al., 1996; Kaplan, 2002; Zhang et al., 2016]).
Most simple models, however, additionally consider the important control of soil moisture, with
methanogenesis confined to the saturated part of the soil column (e.g.|Cao et al., |1996; |Gedney|
et all 2004; Mokhov et al., [2007).
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More complex models explicitly simulate the production and consumption of methane in the
soil as well as various transport pathways of methane to the atmosphere, such as diffusion,
ebullition, and plant transport, which determine methane residence time in the soil and consider
specific flood-tolerant plant functional types (e.g. van Huissteden et al., |2006; [Wania et al., 2010;
Ziircher}, [2013; Ringeval et al., [2014; [Raivonen et al., 2017} [Kleinen et al. [2020). Estimating
methane emissions on a regional scale requires prescribed or simulated wetland area data,
which is still one of the largest sources of uncertainty for large-scale emission estimates (Zhang
et all [2017; [Melton et all 2013} Liu et al., 2020). LPX-Bern includes formulations for methane
emissions of different complexity for different wetland types, which are discussed in detail in
section Chapter [5|looks at methane emissions from the LGM to the present simulated by
LPX-Bern and sections [6.1] and discuss model results for the present and future, respectively.
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Chapter 2

Methods

The work presented in this thesis is based on the Land-surface Processes and eXchanges
(LPX-Bern) dynamic global vegetation model (DGVM) version 1.4 (Lienert & Joos, 2018), which
is developed and maintained in Bern. This chapter gives an overview of this model (section
and a detailed look at the modules most used in this thesis, together with the discussion of
various model changes. The peatland module is discussed in section and the methane
module is discussed in section

2.1 LPX-Bern description

LPX-Bern is based on the Lund-Potsdam-Jena (LPJ) model (Sitch et al., [2003). LPX-Bern can
be run coupled to the ocean-atmosphere model Bern3D (Ritz et al.,|2011)), which is also developed
in Bern, to form the earth system model of intermediate complexity Bern3D-LPX. In this thesis,
however, LPX-Bern was used standalone in the so-called offline mode. Prescribed atmospheric
COz concentrations, anthropogenic land cover, and soil properties together with monthly input
fields of near-surface temperature, precipitation, cloud cover, and nitrogen deposition are used to
interactively simulate vegetation dynamics, wetland and peatland extent, and, on a daily basis,
the carbon-, water- and nitrogen cycle, and fluxes of the greenhouse gases CO2, CHy, and N9O.

Carbon and nitrogen are distributed and transferred between pools of living biomass (roots,
leaves, sapwood, and heartwood), slow and fast overturning litter and soil carbon pools. Decay
rates depend on the pool type and are modulated by soil temperature and soil moisture. The
simulated soil column of 2 m is subdivided into two water buckets connected via percolation. To
accurately simulate thermal properties throughout the soil column and the freezing and thawing
in different depths, the heat diffusion is calculated based on eight soil layers with varying depths
(0.1, 0.1, 0.1, 0.2, 0.2, 0.3, 0.5, and 0.5 m) and an additional four layer soil padding reaching from
2 m to 10 m in depth (Wania et al., [2009b). Thermal properties are dependent on the soil
type and water-, ice-, and air content. Individual soil layers can freeze and thaw independently.
Vegetation composition is simulated with plant functional types (PFTs), which compete for
water, light, and nutrients (Sitch et al.l 2003; | Xu-Ri et al., [2012; |Spahni et al., 2013).

The model can be adapted to run on any grid-cell resolution. In this thesis, a relatively
high (0.5° x 0.5°), medium (1° x 1°), and coarse (3.75° longitudinal and 2.5° latitudinal)
resolutions are used. Prescribed land fractions can range between 0-1 in the case of high and
medium resolution and are fixed to 1 in case of the coarse resolution. For the coarse resolution, a
transient land-sea-ice mask based on (Peltier, 2004) allows for transient simulations over the past
22,000 years. The land-sea-ice mask is updated every 1000 years with yearly linearly interpolated
area changes. In chapter [A] the implementation of an updated transient land-sea-ice mask is
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discussed, reducing the timestep and introducing variable land fractions. The updated version,
however, was not yet used for any simulations.

Each grid cell is partitioned into different independent land classes, that can include natural
vegetation, land-use areas, and peatlands. Each land class is described with its own carbon,
water, and nutrient pools and vegetation is represented by land-class specific PFTs. Wetland
and peatland area can be prescribed or calculated dynamically using the Dynamical Peatland
Model Based on TOPMODEL (DYPTOP) module (Stocker et al., 2014b). A methane module
calculates the soil sink and emissions both from peatlands (Wania et al., 2010) and inundated
mineral soils as well as from wet mineral soils (Spahni et al., [2011). For this thesis, the peatland
and methane modules are especially important. They are described in detail below, together
with additional adjustments of these modules performed as part of this thesis.

2.1.1 Peatland module

The peatland module is based on the LPJ-WHyMe model (Wania et al., [2009a,b) and was
originally designed to model northern high latitude peatlands. The two original PFTs represent
Sphagnum moss and flood-tolerant graminoids. The module was later expanded for global use
(Stocker et al., 2014b)), with the addition of three PFTs representing tropical peatland vegetation:
flood-tolerant tropical evergreen and deciduous tree PFTs, and a flood-tolerant C4-type grass.
Soil water- and carbon pools are modeled based on the distinction between the catotelm and
acrotelm of peatlands. The catotelm is often defined as the deep permanently water-saturated
part of the peat column, where decomposition of organic material is almost halted (Ingram, 1978).
In LPX-Bern, the catotelm is defined as spanning the soil column from 0.3 m to 2 m depth and
is per definition permanently saturated. Above that, the acrotelm is subject to water table
fluctuations and in the model is defined as the upper 0.3 m of the soil column. Decomposition in
the acrotelm is much faster than in the catotelm with soil moisture and temperature modulating
the decay rates. The carbon flux between the acrotelm and catotelm (F4¢) is determined by an
average acrotelm carbon density of 18.7 kg C m~?2 derived from (Belyea & Clymo, 2001). If
at the end of the year the acrotelm carbon density exceeds this value, the excess carbon is
transferred to the slow overturning catotelm throughout the next year and vice versa (Spahni
et al., 2013). If the litter input to the acrotelm exceeds acrotelm decay, this leads to a buildup of
peat in the catotelm. If however acrotelm decay dominates, e.g. if the peatland dries out, this
can lead to a gradual loss of accumulated catotelm carbon.

TOPMODEL

The DYPTOP module developed by |Stocker et al.| (2014b) determines the monthly inundated
grid-cell fraction (f;) using the TOPMODEL approach, which in turn is used to calculate the
potential peatland fraction (fp,). The TOPMODEL approach (Beven & Kirkby, [1979) is based
on compound topographic indices (CT'Is) given on a sub-grid resolution (~1x1 km), which
provide topographically derived information about floodability. They are defined as:

a

CTI =1 ) 2.1

" (tanﬁ> (21)

where a represents the area that drains into or through the respective sub-grid pixel divided

by the pixel contour length and 5 represents the slope of the pixel. The sub-grid C'T'Is are used

to relate the mean grid-cell water table position (W7 P), which is defined as negative below the
surface, to f;. Based on WTP, a threshold (CTI*) is calculated:

CTI*=CTI,— M -WTP, (2.2)
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where CT1I} is the mean CTI, averaged over the entire primary catchment area in which the
respective grid cell is located and M is a tunable parameter. Sub-grid pixels with C'T'I > CTT*
are assumed to be flooded. Sub-grid pixels with a CTI < CTI,,;, are assumed unfloodable
irrespective of the water table position, with CT'[,,;, being the second tunable parameter. The
flooded grid-cell fraction f; is then determined as the proportion of flooded sub-grid pixels
within the respective grid cell. Stocker et al.| (2014b)) tuned the free parameters to CT L, = 12
and M = 8. To simplify the resource-intensive calculation on the sub-grid level, in every grid cell
an asymmetric sigmoid function is fitted to the characteristic relationship between WT P and
fi, which is then used to determine monthly inundated area fractions in place of the sub-grid
calculation during simulations.

The calculation of WT P was slightly changed in this thesis compared to [Stocker et al.
(2014b). LPX-Bern calculates drainage and surface runoff as the excess water above the water
holding capacity of the lower and upper water bucket of the two-bucket hydrological scheme.
As runoff occurs instantaneously in LPX-Bern, the excess water is lost immediately and the
calculated WT' P would be limited by the soil water holding capacity in case the runoff is not
considered. Previously, drainage and surface runoff were both added directly to the calculated
WTP. Drainage runoff, however, which extends the water saturation into soil layers below the
simulated soil column, should not affect the water table position which is defined as the distance
from the surface to the zone of water saturation. The exception would be if the excess water can
not leave the simulated soil column because of water-impermeable soil layers, however, such
cases are not considered in LPX-Bern. Drainage runoff was thus excluded from the calculation
and only surface runoff is added to the calculated WT P.

Furthermore, the calculation of transpiration and interception loss for tropical peatland tree
PFTs was updated. Previously, evapotranspiration from peatlands was calculated using an
empirical relationship derived for moss-dominated peatlands, only depending on the equilibrium
evapotranspiration and the peatland water table, but irrespective of actual peatland vegetation
cover (Wania et al., 2009b). This formulation was not updated after the introduction of tree
PFTs on tropical peatlands. Here, the calculation of transpiration for tropical tree peatland
PFTs was adjusted to be in line with the calculations for the standard tree PFTs based on water
demand and supply (Sitch et al., |2003)). The previous calculation is continued to be used for all
herbaceous and moss peatland PFTs and for evaporation from peatland soils without vegetation
cover. Furthermore, interception loss is now also calculated for peatland tree PFTs, analogue
to the calculation for standard tree PFTs. These updates slightly change the peatland water
balance and thus indirectly also the calculated grid-cell WT'P.

Criteria for peatland presence

Potential peatland area is determined by inundation persistence, with f,, equal to the area
flooded at least NV = 18 months in the previous 31 years. Potential peatland area thus changes
with changes in inundated area, with a 31-year memory.

The existence of peatlands is further limited by moisture and carbon balance criteria.
Water balance is defined as annual precipitation over annual evapotranspiration (POAET)
and is required to be larger than one. Newly establishing peatlands are required to have a
positive net ecosystem balance (NEP) and a large enough average acrotelm to catotelm flux
(Fac > 10 g m=2 yr~1), except for the model spinup, where alternatively a peatland soil carbon
density above 50 kg m~2 suffices. Once established, peatlands that do not fulfill these carbon
balance criteria, e.g. when they are near equilibrium or lose carbon, are required to remain above
a soil carbon density of 50 kg m~2 or suffer a reduction in potential area. For a peat C stock,
Cpeat, from 50 kg m™2 to about 45 kg m~2 f,, is reduced to an actual potential peatland
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fraction, fqpp, according to a sigmoid function:

. 1 ; -2
Fanp = {fpp 1520 024 Cpear—15) | if Cpeat <50kg m™~, (2.3)

Jop | if Cpeat > 50 kg m™2.

For peatland establishment the criteria are evaluated based on a small peatland seed, with
peatland fraction f, = le~®, that is present in all grid cells. The carbon balance criteria
used in this thesis differ slightly to Stocker et al.| (2014b), where the soil carbon criteria of
Cpeat > 50 kg m~?2 was a strict threshold that also applied for peatland initiation. With the
updated criteria, abrupt peatland collapse due to carbon loss and sudden peatland initiation due
to slow carbon buildup in the peatland seeds are prevented.

Peatland area dynamics

Given that all criteria are fulfilled and f,,, > 0, peatland fraction, f,, is free to grow or shrink
to approach f,p, with a rate of 1 % of its current size. Area changes of small peatlands thus
are much slower than those of already large peatlands. In the case of peatland retreat, the
lost grid-cell fraction is treated as a separate land class for former peatlands. It inherits the
carbon stocks of the shrinking peatland and is subsequently treated in the same way as the
mineral soils regarding vegetation, hydrology, and carbon cycling. Growing active peatlands first
expand on former peatlands inheriting the remaining carbon there. This treatment prevents
carbon dissolution into mineral soils due to area fluctuations. Using postprocessing described in
chapters [3] and [4] it is possible to track the peatland carbon through the different land classes
even after peatland retreat.

Effect of peatland module changes

Figure shows the peatland area simulated from the Last Glacial Maximum as discussed in
chapter [3| next to the same simulation with an LPX-Bern model version prior to minor bug fixes
and the changes to the water table calculation and peatland presence criteria described above.
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Figure 2.1: Peatland area dynamics since the Last Glacial Maximum simulated with the LPX-Bern after (solid
lines) and before (dotted lines) the implementation of changes in the water table calculation and peatland presence
criteria described in the main text, and additional minor bug fixes. Forcings and model setup are identical to
simulations presented in chapter

The changes lead to a substantial reduction in tropical peatland area, with only a small
reduction in northern high latitudes during the Holocene. The largest effect comes from the
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exclusion of drainage runoff from the WT P calculation, which leads to a decrease in peatland
area, especially in the tropics. As discussed in chapters [3] and [d], present-day peatland area
distribution is shifted towards the tropics compared to most estimates, even after the model
changes. The changes to the peatland module thus bring the modeled tropical peatland area
closer to the observational estimates.

Peatland and land-use change

Land-use and land-use change are tested and often used features of LPX-Bern (Stocker et al.,
2014a}; Lienert & Joos, [2018). However, up to now, simulations with land-use change could not
be used together with the dynamic peatland module DYPTOP and vice versa. For chapter [4] the
option of land-use change with dynamic peatlands was added to LPX-Bern and its following
description is partly adopted from |Miiller & Joos) (2021]).

Land-use area in the model is represented by three specific land classes: pasture, cropland,
and urban (Lienert & Joos, [2018). Pastures and croplands have specific vegetation represented
by two PFTs each. Changes in land-use area are treated as net changes, where all growing land
classes proportionally inherit the carbon, water, and nutrients of all shrinking land classes. In the
absence of gross change information, three assumptions were made: 1) Changes within the three
land-use classes that do not affect the total land-use area are assumed as shifts between land-use
types (e.g. shift from pasture to cropland). 2) Increases in total land-use area reduce all other
land classes proportionally, including peatlands. 3) Peatland area that is converted to land-use
area can not be reclaimed by expanding peatlands at a later stage. For this, the peatland area
fraction converted to land-use area fpy is tracked and subtracted from the actual potential
peatland fraction f,p,. Without this restriction, peatlands would quickly recover by expanding
on the remaining non-land-use mineral soils, as their target area (f,pp) would remain unchanged.
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Figure 2.2: Global simulated peatland area from 1500 to present without (dashed line; setup as in chapter [3))
and with land-use and land-use change since 1500 (solid line; setup as in chapter [4).

Figure shows the difference between simulated global peatland evolution since 1500
without (as in chapter [3)) and with land-use and land-use change (as in chapter [4]). Future
data synthesis focusing on information about global gross peatland to land-use conversions
could enable additional implementation of land-use gross changes as they are already in use for
mineral soil only simulations with the LPX-Bern (Stocker et al., 2014a).
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2.1.2 Methane module

The modeling of methane emissions from peatlands in LPX-Bern is based on the LPJ-WhyMe
implementation by Wania et al. (2010)). Emissions from flooded mineral soils, wet mineral soils,
and rice paddies as well as the soil methane uptake were later added (Spahni et al.l 2011)).
In the following, the important parts of these different components are described together
with developments made during this thesis, including the addition of temperature-dependent
methane production, methane emissions from fire, and an updated wetland emission calibration.
Emissions from rice paddies are not considered throughout the thesis and are thus excluded from
the model description.

2.1.2.1 Methane emissions from peatlands

The calculation of Methane emissions from peatlands is based on Wania et al.| (2010]) and has
the most sophisticated representation of all methane source types in LPX-Bern. This section
gives an overview of the simulated processes, starting with methane production in the soil
based on anaerobic heterotrophic respiration, followed by a description of the various transport
pathways of methane to the atmosphere, and finally short descriptions of how available oxygen
(O2) is used for methane oxidization and how peatland microtopography is handled.

Production

Methane production in the model is directly linked to the modeled heterotrophic respiration
in litter and soil pools as well as the respiration of root exudates. The root distribution and
potential frozen layers are used to distribute production over different soil layers. The ratio 7,
between carbon released as methane (CH4) and as carbon dioxide (CO2) in peatlands is a
tunable parameter in the model (see Sect. . This ratio is weighted by the degree of
anoxia «, with a = 1 — f;-. The air fraction, f,;, of each soil layer, is dependent on soil porosity
and water and ice fractions.

Originally no explicit temperature dependence of the methane production was included
(Wania et al., 2010). Production of methane is only indirectly affected by temperature through
the temperature dependence of heterotrophic respiration. However, methane emissions have been
found to often respond much stronger to increases in temperature compared to the concurrent
COg emissions (Yvon-Durocher et al., 2014} |Turetsky et al., 2014]). This suggests that the
CH4/CO4 production ratio has an explicit temperature dependence. Various methane models
thus additionally scale the CHy/CO4 ratio with soil temperature (Melton et al., 2013; Xu et al.,
2016). For the investigations discussed in chapter |5, an additional temperature modifier mp was
added to the methane production calculation. The temperature modifier is calculated based on
an Arrhenius equation following |Lloyd & Taylor| (1994), which is also used for modulating
heterotrophic respiration:

EU(T 1—TO_T ;—TO)
mr=e ref soi , (2.4)

where Tioi1, Trep, and T are the soil temperature, the reference temperature at which
mp = 1, and a calibration temperature determined to Ty = 227.13K in Lloyd & Taylor| (1994).
E, is linked to the activation energy and determines the slope of the function, analog to a Q10
factor. With the application of the temperature modifier the produced methane, Pog,, thus is
determined as:

Pop, = p'rp'(l_fair)'mTy (2.5)
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where R, is the heterotrophic respiration of the peatland. For the results reported in this
thesis, the additional temperature modifier is only used for the investigations in chapter 5| and is
set to mp = 1 otherwise.

Transport

LPX-Bern simulates three transport pathways of peatland methane and other gasses between
the soil and the atmosphere: diffusion, plant transport, and ebullition. Diffusion through the
soil layers is based on the same Crank-Nicolson numerical scheme as for the heat diffusion
(Wania et al. 2009b), with an increased time resolution of one-hundredth of a day. Diffusion at
the water-air boundary of the top layer is solved analytically (Wania et al., [2010). Diffusion is
calculated for the gases CHy4, CO9, and Os. Diffusivities depend on soil temperature, porosity,
and water- and air content. All gasses can diffuse out and into the soil, depending on the
concentration gradient. However, in most cases, CH4 and COs diffuse out of the soil into the
atmosphere whereas O diffuses into the soil where it is consumed.

Transport via vascular plants is the second pathway for gas diffusion in and out of the soil.
Of the five peatland PFTs, only the extratropical flood-tolerant graminoid is considered for
plant transport. Recently methane emissions from tropical wetland tree stems and leaves have
identified tree-mediated emissions as one of the most important emission pathways in tropical
wetlands (Pangala et al., [2017). Future development thus should strive to include plant methane
transport also for tropical peatland PFTs. For now plant transport of CHy, COs, and Os is
limited to graminoids. Over the area available for plant transport, determined by abundance and
phenology, diffusion is handled similar to the diffusion at the water-air boundary of the first soil
layer.

The third emission pathway of CHy and COs is ebullition, first introduced in [Wania et al.
(2010) and further developed in |Ziircher et al. (2013). The gasses CHy, CO2, and Ny are separated
in a dissolved and a gaseous part. If the sum of partial pressures of the gaseous part of CHy,
COa2, and Ny exceeds the sum of atmospheric and hydraulic pressures, CH4 and CO3 can be
released via bubbles directly from deeper soil layers to the atmosphere. The total amount of No
is assumed to be constant. In LPX-Bern, ebullition is the dominant emission pathway and plant
transport is the rarest (Ziircher) 2013]).

Oxidation

The O, that enters the soil via diffusion and plant transport is used to oxidize CHy stored
in the soil layers. It is assumed, that two-third of the oxygen is consumed by roots and
non-methanotrophic microbes. The rest is used to oxidize the CHy to COs in the soil layers with
two moles of Oy per mole of CHy. If enough Os is present, all CHy is oxidized.

Microtopography

Peatlands are a heterogeneous landscape with a rich microtopography of hummocks, lawns, and
hollows, which influences methane emissions (Cresto Aleina et al., [2015). To account for the
effects of local differences in substrate, water table, vegetation, and soil conditions on large-scale
methane emissions, a microtopography scaling factor, mt,, is used. This factor is tuned based
on regional methane budgets (see chapter |5)) and is applied after the calculation of peatland
methane emissions described above.

2.1.2.2 Methane on mineral soils

Spahni et al| (2011) added methane emissions from seasonally inundated mineral soils and wet
mineral soils to LPX-Bern. The inundated fraction is prescribed or determined by the DYPTOP
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module. Soil moisture determines emissions from non-inundated mineral soils. The soil sink, i.e.
methane uptake and oxidation in mineral soils is calculated separately and can occur in the same
grid cell alongside wet mineral soil emissions.

Inundated mineral soils

The prescribed or prognostically determined inundation fraction is assumed to first flood any
existing peatlands. Only the inundation fraction f; , that exceeds peatland extent, and thus
forms seasonal wetlands on mineral soils and land-use areas, is used for the simplified calculation
of inundation methane emissions F; :

m*

Eim = Ri Ty M, (2.6)

where R; is the area-weighted heterotrophic respiration averaged over all land class fractions
that are inundated by f;, and r; is the tunable CH,4/CO3 ratio for inundation methane
emissions (see section . Emissions from seasonal wetlands on mineral soils are thus
directly proportional to the respiration and the inundated area fraction. The temperature
modifier myp is the same as for peatlands and is only used for the investigations in chapter 5} In
all other cases mp = 1.

Wet mineral soils

Wet mineral soils in LPX-Bern can be a source of methane even when they are not fully inundated.
The grid-cell fraction covered by wet soils f,, is determined by a threshold of 95 % soil saturation
in the first soil layer. Peatlands and inundated soils are excluded. Wet mineral soil emissions F,,
are then given by:

Ey, =

{Rw'Wl-rw-mT | if Wy > 0.95 - Wea, 27

0 | otherwise

where R,, is the total heterotrophic respiration on f,,, W7 is the water fraction of the first
soil layer, W, is the soil type dependent water fraction at field capacity, and r,, is the tunable
CH,4/COq ratio for methane emissions from wet mineral soils. The temperature modifier myp is
the same as described above.

Soil sink

The uptake of methane by mineral soils is calculated on the grid-cell fraction that is neither
peatland nor inundated mineral soil. That means that methane uptake can also occur on methane
emitting mineral soils but is reduced due to dependencies of diffusivity and oxidation rate on soil
moisture. The soil uptake, Us, is modeled after |Curry| (2007)):

Us = 4o Catm : (Dsoil : ko)1/27 (28)

where gq is a constant factor that transforms the atmospheric methane concentration Clyyyp,
into an intake flux. This flux is further modulated by the diffusivity of the first soil layer Dy
and the oxidation rate k,. Diffusivity and oxidation rate are parametrized after |Curry| (2007)
and depend on water content and soil temperature.
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2.1.2.3 Emission Calibration

The parameters of the methane module described above were updated for chapter [5] and chapter [6]
Re-tuning became necessary due to a recent parameter update to key LPX-Bern parameters
through data assimilation by |Lienert & Joos (2018). Updated parameters included parameters
affecting vegetation productivity, heterotrophic respiration, and nitrogen cycling, which all
have a direct or indirect effect on methane emissions. The re-tuning procedure was in part
based on previous versions in |Wania et al.| (2010), Ziircher et al. (2013) and [Spahni et al.| (2011).
Re-tuning was performed in three successive steps for three parameters: 1) the CH4/COq ratio
in peatland methane production, r,, based on site data 2) the microtopography scaling factor in
peatland methane production, mt,, based on a Hudson Bay Lowland budget, and the CH;/CO»
ratio in methane production on inundated mineral soils, 7;, based on an Amazon basin budget.

1) Tuning of r, based on site data

The emission data for the six sites used to determine ry, is identical to Wania et al.| (2010) and
Ztrcher et al.| (2013) (see table for references). The Abisko site (Jackowicz-Korczynski et al.|
2010), was excluded due to lack of data at the time.

Model simulations for all six sites were first done with a starting value of r, = 0.2. Monthly
input of temperature, precipitation, cloud cover, and wet days was taken from the reanalysis
product of the Climatic Research Unit (CRU) version 3.26 on a 0.5° x 0.5° resolution. Simulations
ranged from 1901-2017, but only years corresponding to the measurement years were evaluated.
To evaluate model performance, the root mean squared error normalized by the site mean
and weighted by observation length (RMSENW) was used as distance measure between
modeled emissions and monthly mean observational site data. Emissions were scaled to minimize
RMSENW towards the observations. The resulting scaling factor was then applied to r,, resulting
in r, = 0.088 with RMSENW = 0.31. A second iteration of simulation and optimization
proved this value of r, to be robust. Figure shows the simulated site emissions before and
after tuning of r, compared to observations.

Summer methane emissions at the Michigan site are underestimated and simulated peak
emissions in the Degeroe site are shifted towards the autumn compared to observations. Both
biases were also seen in a previous version (Zurcher et al., |2013). Emissions at the Sanjiang site
are also underestimated, however, observation length is the shortest of all sites, which resulted in
a low priority for optimization. For the Minnesota site agreement of modeled emissions with
observations increased in the spring compared to |Zurcher et al.| (2013]).

2) Tuning of mt, based on regional budget

In a second step, the microtopography scaling factor mt, for peatland methane emissions
was determined based on a regional emission budget for the peatland-dominated Hudson Bay

Table 2.1: Site data used for tuning of r,, similar to [Wania et al.| (2010) and |Ziircher et al.| (2013]).

Cite Name Year Country Coordinates Reference

Boreas 1996 Canada 56°N, 99°W  Bubier et al.| (1998)
Sanjiang 2002  China 33°N, 103°E  Ding et al.| (2004])
Salmisuo 1993  Finland 63°N, 31°E Saarnio et al.| (1997
Degero 1996  Sweden 64°N, 20°E Granberg et al.| (2001])
Michigan 1991  USA 42°N, 84°W  |Shannon et al.| (2009)

Minnesota 1989 USA 47°N, 93°W  Dise| (1993)
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Figure 2.3: Observed and simulated site emissions before (r, = 0.2) and after (r, = 0.088) tuning for the sites

in table E

Lowland (HBL). Pickett-Heaps et al.| (2011) estimate HBL methane emission between 2004-2008
using aircraft measurements, surface observations, and a chemical transport model. The region
of the HBL is defined as 50° N-60° N, 75° W—96° W. A regional HBL simulation with prescribed

peatland area (Xu et al., 2018) and 0.5° x 0.5° resolution was performed with the value of 7,
determined in step 1. Emissions from peatlands were then scaled with mt, so that:

Eupr = mtp : Epeat + Ewet — Ssoils (29)

where Epeqr and Eye; are simulated emissions from peatlands and wet mineral soils, Sgo; is
the simulated soil sink, and Eg gy, is the HBL emission budget estimated by |Pickett-Heaps et al.|
(2011). During the time of tuning, Expr, between 2004-2008 was assumed to be 2.9 teragrams of
methane per year (Tg yr—!) resulting in mt, = 0.197. Upon revisiting, however, Frpy, should
have been taken as 2.3 Tg yr—!, as this is the best guess estimate in [Pickett-Heaps et al, (2011)
after data constraining, whereas the higher value is prior to constraining. The lower Eppr,
would result in mt, = 0.157.

3) Tuning of r; based on regional budget

In a third step, the CH4/COq ratio r; which scales methane emissions from inundated mineral
soils was determined based on a regional budget for the Amazon basin (AB). |Pangala et al.
presented a top-down and a detailed bottom-up estimate for the period 2010-2013 based
on measurements, including measurements of emissions via tree stems. A regional AB simulation
with prescribed peatland area (Xu et al., |2018) and 0.5° x 0.5° resolution was performed
with the values of r, and mt, determined in step 1 and 2. Taking the top-down estimate of
42.7 Tg yr~! and subtracting bottom-up estimates for sources not simulated by LPX-Bern (open
water with 1.2 Tg yr~! and river channels with 0.4 Tg yr~!), results in an AB wetland emission
budget of 41 Tg yr~!. The extent of the simulated AB, determined based on the HYDRO1K
basin map , @D, was 10.6 % smaller than the reported 6.7 x 10° km? reported in
Pangala et al.| (2017). Taking the smaller area into account, the target emission budget, F4p,
between 2010-2013 is 36.6 Tg yr~—!. To reach this target, emissions from inundated mineral soils
were scaled with r; so that:

Eap = T Ein’nzl + Epeat + Eweta (2-10)
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where Epeqr and Eyerson are simulated emissions from peatlands and wet mineral soils
and Ejpl|r,—=1 are the un-scaled emissions from inundated mineral soils. Optimization of r;
according to equation [2.10| results in r; = 0.058. At time of tuning the simulated soil sink was not
considered in this step. In retrospect, the soil sink should have been included similar to step 2,
as the top-down target emission budget was based on atmospheric measurements. Including the
soil sink would increase r; to r; = 0.065. If additionally in step two the lower Fppy is used with
mt, = 0.157, r; would increase to r; = 0.070.

Summary of emission calibration

The three tuning parameters were determined to: r, = 0.088, mt,, = 0.197, and r; = 0.058.
These parameters were used in simulations for model intercomparison projects in sections [6.1
and where the resulting global wetland emission from LPX-Bern are presented and compared
to results from other methane models. Upon revisiting, two easy to fix shortcomings of the
tuning procedure were identified leading to updated posterior scaling factors: mt, = 0.157 and
r; = 0.070. These updated parameters were used for the simulations in chapter [5, where the
resulting global emissions for present day are discussed and compared to observations and
estimates. The tuning procedure described above has multiple additional shortcomings that
could be addressed in a future iteration. Step 1 included only six stations of which only two
provided data for all twelve months of the year. Additionally, all stations are located north of
30° N, and thus no information about tropical peatland sites was used. The inclusion of more site
data with the full seasonal cycle both from the tropics and the northern extratropics would
give a more accurate picture of the performance of LPX-Bern on a global scale. In the next
tuning iteration, step 2 should be done with the best guess emission budget from [Pickett-Heaps
et al. (2011) and optimally validated with regional budgets from other regions. As tropical
and high-latitude peatlands have very different structures, it might be necessary to determine
mt, independently for different zones. Additionally, the scaling factors mt, and r; could be
dependent on the spatial model resolution, which was not considered here. Separate tuning for
different model resolutions could improve inter-resolution consistency. Furthermore, a sensible
approach to optimize emissions from wet mineral soils should be integrated into the procedure
described above.

2.1.2.4 Methane emissions from fire

During this thesis, a simple parametrization for methane emissions from wildfires was added to
LPX-Bern. Fire occurrence and frequency in LPX-Bern are limited by the amount of biomass
fuel and litter moisture. The carbon lost by fire further depends on PFT-specific fire resistances.
All burned carbon is released into the atmosphere as COs. To diagnose the amount of methane
emitted by wildfires, emission factors were taken from (Andreae & Merlet, 2001)). Emission
factors are reported in gram species per kilogram dry matter burned and for three biomes,
savanna and grassland (COq: 1613 + 95; CHy: 2.3 + 0.9), tropical forest (COq: 1580 + 90; CHy:
6.8 + 2.0), and extratropical forest (COg: 1550 + 95; CHy: 6.1 £ 2.2). For the same biomes,
estimates for dry matter burned yearly in the late 1990s are given as 3160 Tg, 1330 Tg, and 640
Tg for savanna and grassland, tropical forest, and extratropical forest respectively. Average
global emission factors for CH4 and COs were calculated by averaging over biomes, weighted by
burned biomass, and then converted to units of gram carbon per kilogram dry matter burned. In
LPX-Bern, only the amount of carbon burned is calculated. To convert to model units the ratio
of the observational emission factors is assumed to be equal to the ratio in model emission
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factors:

m o

ECH4 _ ECH4
m - ) ’

ECOQ ECOQ

(2.11)

where Eg, i and Egoz are the emission factors of CHy and CO4 derived from observations
in grams carbon per kilogram dry matter burned, and E¢y, and Ef,, are the model emission
factors in grams carbon per grams carbon. This results in an LPX-Bern emission factor of
8.56 - 10~ gC released as methane for every gram carbon released as CO,. For the output,
emissions are converted from grams of carbon to grams of methane.

Figure shows global methane emissions from fire in a simulation over the historical period
with dynamic peatlands and land-use, CO5, N-deposition, and CRU climate forcing. Average
emissions from 2000-2009 are 3.67 Tg yr~! and thus within the range of other bottom-up
estimates of 1 to 5 Tg yr~! over the same period (Kirschke et al., [2013). Further development
should aim to substitute the global emission factor averaged over biomes by PFT-specific
emission factors.
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Figure 2.4: Global simulated methane emissions from wildfires in a simulation over the historical period with
COz2, N-deposition, land-use, and CRU climate forcing.
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Abstract. Peatlands are an essential part of the terrestrial car-
bon cycle and the climate system. Understanding their his-
tory is key to understanding future and past land—atmosphere
carbon fluxes. We performed transient simulations over the
last 22000 years with a dynamic global peat and vegeta-
tion model forced by Earth system model climate output,
thereby complementing data-based reconstructions for peat-
lands. Our novel results demonstrate a highly dynamic evo-
lution with concomitant gains and losses of active peatland
areas. Modeled gross area changes exceed net changes sev-
eral fold, while net peat area increases by 60 % over the
deglaciation. Peatlands expand to higher northern latitudes
in response to warmer and wetter conditions and retreating
ice sheets, and they are partly lost in midlatitude regions. In
the tropics, peatlands are partly lost due to the flooding of
continental shelves and are regained through nonlinear re-
sponses to the combined changes in temperature, precipita-
tion, and CO,. Large north—south shifts of tropical peatlands
are driven by shifts in the position of the intertropical con-
vergence zone associated with the abrupt climate events of
the glacial termination. Time slice simulations for the Last
Glacial Maximum (LGM) demonstrate large uncertainties in
modeled peatland extent (global range from 1.5 to 3.4 Mkm?,
million square kilometers) stemming from uncertainties in
climate forcing. The net uptake of atmospheric CO by peat-
lands, modeled at 351 GtC since the LGM, considers de-
cay from former peatlands. Carbon uptake would be mises-
timated, in particular during periods of rapid climate change
and subsequent shifts in peatland distribution, when consid-
ering only changes in the area of currently active peatlands.
Our study highlights the dynamic nature of peatland distribu-

tion and calls for an improved understanding of former peat-
lands to better constrain peat carbon sources and sinks.

1 Introduction

Peatlands are a wetland landscape type that is character-
ized by permanently waterlogged conditions, resulting in ac-
cumulation of dead plant material as peat (Gorham, 1957,
Moore, 1989; Blodau, 2002). Peatlands are globally dis-
tributed and can take multiple forms from minerotrophic fens
to ombrotrophic bogs and forested tropical peat swamps (Ry-
din and Jeglum, 2013; Page and Baird, 2016; Lindsay, 2018).
Peatlands cover less than 3 % of the global land area (Xu
et al., 2018), but they store a share of the total global soil
organic carbon that is up to an order of magnitude higher
(Page et al., 2011; Yu, 2012). At the same time, they are a
significant carbon sink (e.g., Gorham et al., 2012; Lihteenoja
etal., 2012; Leifeld et al., 2019) and a large natural source of
methane (e.g., Frolking and Roulet, 2007; LAI, 2009; Ko-
rhola et al., 2010; Yu et al., 2013; Packalen et al., 2014);
thus, they are an integral part of the terrestrial carbon cycle
(Gorham, 1991; Yu, 2011; Page et al., 2011). Most of to-
day’s peatlands, formed over the past 12 000 years as a result
of deglacial climate change and ice sheet retreat (e.g., Halsey
et al., 2000; Gajewski et al., 2001; MacDonald et al., 2006;
Gorham et al., 2007; Yu et al., 2010; Ruppel et al., 2013;
Morris et al., 2018; Treat et al., 2019). Since then, northern
peatlands alone have sequestered about 500 GtC (Yu et al.,
2010; Yu, 2012), resulting in a net cooling effect on the cli-
mate (Frolking and Roulet, 2007). The drainage and conver-
sion of existing peatlands to plantations or other forms of
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land use leads to release of peat carbon into the atmosphere,
adding to the ongoing global warming trend (Dommain et al.,
2018; Leifeld et al., 2019). Additionally, global warming will
likely diminish the net carbon sink of remaining global peat-
lands (Spahni et al., 2013; Gallego-Sala et al., 2018; Wang
et al., 2018; Leifeld et al., 2019; Ferretto et al., 2019), de-
spite a possible increase in the sink of some northern peat-
lands (Swindles et al., 2015; Chaudhary et al., 2017a).

Despite their global importance, peat research has long fo-
cused almost exclusively on northern high-latitude peatlands
with about 80 % of dated peat cores taken in Europe and
North America, which only covers roughly 40 % of global
peat area (Xu et al., 2018; Treat et al., 2019). Although re-
search on tropical peatlands has increased in recent years
(e.g., Page et al., 2011; Dommain et al., 2011, 2014; Law-
son et al., 2015; Silvestri et al., 2019; Gumbricht et al., 2017;
Cobb and Harvey, 2019; Leng et al., 2019; I11és et al., 2019),
our understanding about tropical peatlands, including their
dynamics and life cycles, is still limited. This also entails on-
going new discoveries of previously unknown peatland com-
plexes such as in the Congo Basin (Dargie et al., 2017). The
tendency to search for the deepest core within a peatland
(Loisel et al., 2017) and the acute lack of information about
the fate of old and buried peat (Treat et al., 2019) represent
additional sampling biases that contribute to our limited un-
derstanding of peatland evolution and its drivers. These gaps
in our understanding are also reflected in the large ranges of
estimates of today’s peatland area (e.g., Yu et al., 2010; Page
etal., 2011; Loisel et al., 2017; Xu et al., 2018) and peatland
carbon (e.g., Tarnocai et al., 2009; Yu et al., 2010; Yu, 2012;
Page et al., 2011; Gumbricht et al., 2017) in the literature.
Only recently, a highly contested study proposed a doubling
of conventional northern high-latitude peat carbon stock es-
timates (Nichols and Peteet, 2019; Yu, 2019). Refining our
understanding and estimates of peatland carbon dynamics is
timely, as the potential past and future effects of peatlands on
the global carbon cycle are substantial, and knowledge of the
amount, timing, and speed of carbon removal and release is
crucial to constrain them.

Results from process-based models can offer an indepen-
dent perspective on the transient evolution of global peat-
lands and peat carbon stocks, complementing data-based re-
constructions of global peatland expansion and carbon accu-
mulation (e.g., MacDonald et al., 2006; Gorham et al., 2007;
Yu et al., 2010; Ruppel et al., 2013; Dommain et al., 2014;
Loisel et al., 2017; Treat et al., 2019). Efforts to model peat-
lands and processes within them exist at the site level (e.g.,
Frolking et al., 2010; Morris et al., 2011; Baird et al., 2012;
Morris et al., 2012; Kurnianto et al., 2015; Cresto Aleina
et al., 2015; Chaudhary et al., 2017b; Cobb and Harvey,
2019) as well as on regional to global scales (e.g., Wania
et al., 2009a,b; Kleinen et al., 2012; Spahni et al., 2013;
Gallego-Sala et al., 2016; Alexandrov et al., 2016; Chaud-
hary et al., 2017a; Stocker et al., 2017; Largeron et al., 2018;
Qiu et al., 2019; Swinnen et al., 2019). Although still small,
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the number of dynamic global vegetation models (DGVMs)
with integrated peatland modules and dynamic peatland area
is increasing (Kleinen et al., 2012; Stocker et al., 2014; Larg-
eron et al., 2018; Qiu et al., 2018) enabling, for the first time,
a hindcast of past and a prediction of future peatlands on
large spatial and temporal scales. Representations of peat-
lands have also been developed for the inclusion in the land
modules of complex Earth system models (Lawrence and
Slater, 2008; Schuldt et al., 2013). However, peatlands are
generally still prominently missing from the newest gen-
eration of Earth system models (ESMs) taking part in the
sixth phase of the Climate Model Intercomparison Project
(CMIP6), which is the main source for future climate and car-
bon cycle projections used for the determination of interna-
tional climate mitigation targets (Eyring et al., 2016). Thus,
rigorous testing and improvement of the existing peat mod-
ules not only has the potential to yield further insights into
peatland dynamics but can also pave the way for the integra-
tion of peat into the next generation of ESMs for improved
climate projections.

Peatlands and their carbon stocks evolve dynamically
through time and over glacial cycles. Peatlands may disinte-
grate or be buried by mineral sediments when climatic con-
ditions become locally unfavorable for peat growth or lo-
cal hydrologic conditions change (e.g., Talbot et al., 2010;
Tchilinguirian et al., 2014; Campos et al., 2016; Lihteenoja
et al., 2012; Tipping, 1995). Peatlands on exposed coastal
shelves may be flooded during periods of rising sea levels
(Kreuzburg et al., 2018), and new peatlands may form in
areas previously covered by continental ice sheets or in ar-
eas that were previously too cold or too dry for peat estab-
lishment. Therefore, net changes in peat extent are the dif-
ference of concomitant gains and losses in peatland area.
Similarly, the net flux of CO; from the atmosphere to peat
carbon is the sum of complex changes. Peat carbon accu-
mulates on active and expanding peatlands. Dying peatlands
may lose some of the accumulated carbon to the atmosphere
through degradation whereas another part might be buried
and, thus, conserved on long timescales. Estimating peat car-
bon stocks for today’s active peatlands is an important but
insufficient step to fully constrain the influence of peat car-
bon changes on the atmospheric carbon balance. At the same
time, peatlands are, in the absence of abrupt anthropogenic
disturbance, slowly reacting systems with process timescales
ranging from years to millennia. Thus, the present distribu-
tion of peatland and peat carbon and their future fate depend
on past peatland dynamics and legacy effects from the last
glacial—interglacial climate transition as well as the current
interglacial (Holocene). However, model studies that thor-
oughly investigate the establishment and the disintegration of
global peatlands constraining the total carbon balance tran-
siently over the deglaciation are still lacking.

Here, our goal is to present a rigorous model investiga-
tion of peatland area and carbon dynamics since the Last
Glacial Maximum (LGM), 21 000 years before present (BP).
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We use a DGVM to simulate the LGM peatland distribution
and assess uncertainties stemming from the climate forcing.
Transient model and factorial simulations from the LGM to
the present are analyzed to learn about past peatland dynam-
ics, underlying drivers, and the net peatland carbon balance.
Model results are compared to available data for the present
and the LGM as well as to reconstructions of modern-day
peatland initiation and development.

2 Methods
2.1 Model description

The simulations presented here were performed with the
Land surface Processes and eXchanges (LPX-Bern) dynamic
global vegetation model (DGVM) version 1.4 (Lienert and
Joos, 2018). It includes an interactive carbon, water, and
nitrogen cycle and simulates dynamic vegetation composi-
tion with plant functional types (PFTs), which compete for
water, light, and nutrients (Sitch et al., 2003; Xu-Ri et al.,
2012; Spahni et al., 2013). The implementation of permafrost
and peatlands as long-term carbon stores are based on the
Lund-Potsdam—Jena Wetland Hydrology and Methane (LPJ-
WHyMe) model (Wania et al., 2009a,b) and a module to sim-
ulate peat area dynamically (Stocker et al., 2014). Peatlands
are represented as a separate land class within a grid cell. The
area of each grid cell is split into a fraction covered by the
“peat”, “mineral soils”, and “old peat” (formerly active peat
now treated as mineral soils) land classes. In this study, an-
thropogenic land use and land use change and corresponding
land classes are not considered. Estimates of peat carbon loss
through land use only exist for the industrial period. Leifeld
et al. (2019) estimate that about 22 45 GtC of peat carbon
was lost globally between 1850 and 2015. Houghton and
Nassikas (2017) used results from Randerson et al. (2015)
and Hooijer et al. (2010) to estimate carbon loss from the
draining and burning of peatlands for oil palm plantations in
Southeast Asia. Losses are negligible before 1980, and they
amount to about 6 GtC for the period from 1980 to 2015.
These estimates of the loss of peat carbon through land use,
although substantial, are still small compared with the total
pool sizes. Peatland vegetation is represented by five peat
PFTs: Sphagnum and flood tolerant graminoids, as mostly
indicative of high-latitude peatlands, and flood tolerant trop-
ical evergreen and deciduous tree PFTs as well as a flood
tolerant version of the C4 grass PFT, as mostly indicative of
tropical peatlands (Stocker et al., 2014). Carbon cycling in
peat soils is based on the distinction between a lower, fully
water-saturated slow overturning pool (catotelm) and an up-
per, fast overturning pool (acrotelm) with a fluctuating water
table position (WTP; Spahni et al., 2013). For the determina-
tion of the carbon flux between acrotelm and catotelm a fixed
average acrotelm carbon (C) density (18.7 kng’3) is used,
along with a fixed acrotelm depth of 0.3 m. The difference

https://doi.org/10.5194/bg-17-5285-2020

between this target acrotelm density and the actual average
acrotelm density, determined by carbon influx from the litter
pools and heterotrophic respiration within the acrotelm, is
used to determine the size and sign of the daily flux between
acrotelm and catotelm (Spahni et al., 2013). Decay rates are
modulated by temperature in the catotelm and by tempera-
ture and the WTP in the acrotelm (Wania et al., 2009a).

The area fraction covered by peat (fpea) in a given grid
cell is determined dynamically with the DYPTOP (Dynami-
cal Peatland Model Based on TOPMODEL) module (Stocker
etal., 2014). The TOPMODEL approach (Beven and Kirkby,
1979) is used to predict the monthly inundated area fraction
given sub-grid-scale topographic information and mean grid
cell WTP. Here, the WTP calculation of mineral soils has
changed slightly with respect to Stocker et al. (2014), with
drainage runoff excluded from the calculation. The area po-
tentially available for peatlands ( fpor) is then determined by
inundation persistency. Peatlands expand or shrink towards a
changing fpor at a rate of 1% of the current fpeq per year.
The grid cell fraction lost during peatland retreat is treated
as a separate land use class named “old peat”; it inherits the
carbon stocks of the dying peat and is subsequently treated in
the same way as the mineral soils regarding vegetation, hy-
drology, and carbon cycling. Growing active peatlands first
expand on eventual old peat, inheriting the remaining carbon
there.

As vegetation growth and carbon cycling continues nor-
mally on the old peat fraction, the carbon inherited by the
former peatland, which would form distinct organic soil lay-
ers in the real world, can not be distinguished from new
carbon accumulated by new non-peatland vegetation in the
model. The same is true for grid cells that get flooded by ris-
ing sea levels. Given the evidence of coastal peat carbon de-
posits (Kreuzburg et al., 2018; Treat et al., 2019), we assume
that most of the carbon is buried within sediments rather
than released to the atmosphere during flooding. In case of
flooding in the model, carbon from all land use classes in
the respective cell is combined into a single “flooded” land
use class, where it slowly decays with a mean lifetime of
15 kyr. Despite this mixing of carbon from different sources,
we can track peat carbon in post-processing using the tran-
sient model output for peatland area changes, decay rates of
slow pool carbon, and carbon input into the catotelm of the
active peatlands. Area changes are used to transfer carbon
between active, old, and flooded peatlands. Transient decay
rates are used to decay the carbon in the respective pools.
Thus, carbon is tracked from the entry into the catotelm of an
active peatland until decay in either an active peatland, an old
peatland, or peatland flooded by ocean. This approach can
not take the acrotelm carbon into account; however acrotelm
carbon constitutes only a small part of total peat carbon (5 %
in the preindustrial (PI) period, and we can assume that this
carbon at the peat surface is quickly respired after peatland
transformation. The “old peat carbon” calculated this way
represents the remaining peatland carbon after peatland death
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and is used in the calculation of the peatland carbon balance
(see Sect. 3.3.5).

Peatland existence, beyond a small peatland “seed”
(fpeat = 10’5) in every grid cell, is further limited by cri-
teria on its carbon (C) and water balance. In this study,
the evapotranspiration for peatland tree PFTs is now calcu-
lated analogously to non-peatland tree PFTs using demand
and supply functions (Sitch et al., 2003). The determina-
tion of the criterion of a positive water balance (precipita-
tion over evapotranspiration ratio in peat > 1), however, was
kept functionally unchanged to Stocker et al. (2014). The C
criteria were slightly improved in this study. The peat es-
tablishment and persistence criterion on the C balance dur-
ing the spin-up is a positive net ecosystem production (NEP)
and an acrotelm to catotelm flux higher than 10gm~2yr—!,
or C stocks of the peat seed exceeding 50kgm=2 as in
Stocker et al. (2014). During the transient run this criterion is
changed so that peat establishment depends on the acrotelm
to catotelm flux alone. For peat persistence, the sharp C stock
threshold is softened. For a peat C stock from 50 kgm~2 to
about 45kgm™2, fpot is reduced to an actual potential peat-
land fraction ( fapot) according to a sigmoid function:

1
1420 672,4 (Cpem746)
<50 kgm™2, o

Sapot = fpot X [ if Cpeat
P P P

where Cpe, represents the peatland soil carbon pool in units
of kilograms per square meter (kg m~2). This avoids peatland
collapse due to a sharp threshold. Peatlands can now endure
short periods of carbon loss, even with C pools falling below
the threshold of 50 kg m~2, but they have to suffer area losses
as a consequence, as fpeat NOW approaches fupor-

The representation of peatlands in the LPX described
above is a simplification in many respects. The absence of
local processes and information like lateral water flow, the
influence of sea level variations on the water balance, local
soil features, or the influence of animals by grazing and river
damming can limit the ability of the TOPMODEL approach
to predict peatlands on a regional to local scale. Further, di-
rect anthropogenic influences such as land use, drainage, or
peat mining are not considered. The lack of a distinction and
transition between different peatland types, like fens, bogs,
blanket bogs, or marshes, neglects possible differences in the
constraints on their formation and evolution. The treatment
of acrotelm and catotelm as single carbon pools and the ab-
sence of strong disturbances such as peat fires constitute lim-
its on the comparability of the model results to peat core
carbon profiles. This simplified representation, however, has
been shown to reproduce peatland area and carbon accumu-
lation well within the observational constraints (Wania et al.,
2009a; Spahni et al., 2013; Stocker et al., 2014, 2017) while
using a minimal set of free parameters. Our efficient repre-
sentation allows for long transient paleo-simulations and sen-
sitivity studies such as those we present here.
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2.2 Simulation setup

The transient LPX simulations from the Last Glacial Maxi-
mum (LGM), 22 kyr before present (BP), until present were
run with a model resolution of 2.5° latitude x 3.75° longitude
and were forced with CO; (Joos and Spahni, 2008), tempera-
ture, and precipitation fields as well as transient evolving or-
bital parameters influencing available photosynthetic active
radiation. Temperature and precipitation anomalies are taken
from the transient CCSM3 run TraCE21k (Liu et al., 2009).
The TraCE21k experiment constitutes a unique climate forc-
ing, not only because it is currently the only published tran-
sient simulation over the deglaciation using a fully coupled
general circulation model (GCM) but also because the melt-
water forcing in TraCE21k was chosen, using sensitivity ex-
periments, to best reproduce the abrupt climate events such
as the Bglling—Allergd (BA) and the Younger Dryas (YD)
(He, 2011). The TraCE21k anomalies are imposed on the
CRU TS 3.1 (Mitchell and Jones, 2005) base climate from
1960 to 1990. Thus, interannual variability is adopted from
TraCE21k. The land—sea—ice mask is changes every 1 kyr ac-
cording to Peltier (2004) and is interpolated in between. The
model is spun up under LGM conditions for 2.5kyr before
starting the transient simulations.

In addition to the standard LPX transient simulation, five
transient factorial simulations were performed using the
same setup but keeping one of the five transient forcings
(land-sea—ice mask, orbital, CO,, precipitation, and temper-
ature) constant at LGM levels for each simulation. These
were used to identify the dominant drivers and driver contri-
butions through time by comparing the factorial and standard
runs (see Sect. 3.3).

To investigate the uncertainty stemming from the choice
of climate forcing, seven additional LGM time slice simula-
tions were performed. Mean LGM climate anomalies from
six different PMIP3 models (including CCSM4, COSMOS-
ASO, IPSL-CM5A-LR, MIROC-ESM, MPI-ESM-P, and
MRI-CGCM3; Braconnot et al., 2012) and the mean LGM
anomaly of the TraCE21k simulation were imposed on the
CRU 3.1 climatology from 1901 to 1931. Thus, interannual
variability is adopted from CRU. CO,, ice-sea-land mask,
and orbital parameters are set to LGM levels (in this case
21 kyr BP). Two of the eight available LGM simulations
from phase 3 of the Paleoclimate Modelling Intercomparison
Project (PMIP3) were not used (FGOALS-g2 and CNRM-
CM5) due to their poor performance compared to observa-
tional data, especially in the variables of temperature and pre-
cipitation (Harrison et al., 2014). Simulations are spun up for
2.5 kyr and run for an additional 2 kyr under unchanged con-
ditions. In the analysis, the temporal mean over the last 2 kyr
is used.
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2.3 Validation data

Even estimates for the current global peatland area are still
subject to large uncertainties as peatlands often lie in remote,
inaccessible, or understudied regions, such as the tropical
forests or the Arctic tundra. Even estimates for the relatively
well-studied northern high-latitude peatlands have a range
from 2.4 to 4.0 Mkm? (see Loisel et al., 2017 for a review).
The total area of tropical peatlands is even less well defined
and estimates range from 0.37 to 1.7 Mkm?2 (Yu et al., 2010;
Page et al., 2011; Gumbricht et al., 2017). The upper end
of this range is given by an estimate that uses an expert
system method, combining hydrological modeling, satellite
imaging, and topographic data and, thus, tries to also ac-
count for currently undiscovered peatlands (Gumbricht et al.,
2017). The most extensive and comprehensive compilation
of known peatlands to date is the recent PEATMAP by Xu
et al. (2018). PEATMAP shows a distribution shifted more
towards the tropics than previous estimates from the lit-
erature. For example, Yu et al. (2010) estimates the area
of northern peatlands to be 4Mkm? and the area of tropi-
cal peatlands to be 0.37 Mkm?, whereas PEATMAP gives
3.18 and 0.99 Mkm?, respectively. In Fig. 1, Table 1, and
Sect. 3.1, the LPX present-day peatland extent and global
distribution are compared against a 0.5° x 0.5° gridded ver-
sion of PEATMAP.

Measured peat core basal dates have long been used to es-
timate northern peat initiation and lateral expansion through
time. Yu et al. (2013) compiled a dataset containing 2808
basal dates combining published datasets from MacDonald
et al. (2006), Gorham et al. (2007), and Korhola et al. (2010).
Loisel et al. (2017) used this dataset (MGK13) to produce
a version with only the oldest date per 1° x 1° grid cell
(MGKI13G), as a proxy for peatland initiation. The MGK13G
dataset is used in this study for comparison with simulated
northern peat initiation (see Sect. 3.3.4). Multiple local basal
dates are needed to disentangle lateral expansion from ini-
tiation. Loisel et al. (2017) compiled a reconstruction based
on the gridded MGK13 dataset, but only grid cells with three
or more peat cores were considered (MGK13S). Expansion
curves were built regionally and then stacked to compen-
sate for regional sampling bias. Korhola et al. (2010) used
a similar approach utilizing 954 basal dates from 138 sites,
with at least three dated cores per site. Their expansion re-
construction (KOR10) shows delayed expansion compared
with Loisel et al. (2017) and the fastest expansion between
3 and 5 kyr BP. Both MGK13S and KOR10 are compared to
the expansion simulated by LPX for currently existing north-
ern peatlands (see Sect. 3.3.4), thereby not including area
changes of peatlands that had previously existed but have al-
ready disappeared.
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3 Results and discussion

3.1 Distribution and carbon inventories of present-day
peatlands

3.1.1 Peatland area

The modern peatland distribution simulated by LPX-Bern
(standard run) compares well to the distribution given by
PEATMAP (see Fig. 1 and Table 1). LPX and PEATMAP
yield a very similar global peatland area, with respective val-
ues of 4.37 and 4.23Mkm?. The same is true for the lat-
itudinal distribution. LPX simulates 3.2Mkm? in the high
latitudes (> 30° N) and 1.15Mkm? in the tropics (30° S—
30° N), whereas PEATMAP gives 3.18 and 0.99 Mkm?, re-
spectively. This broad-scale agreement between LPX and
PEATMAP notably emerges without any tuning of LPX
against PEATMAP. These results are similar to previous
results using the LPX (Stocker et al., 2014) with slightly
larger tropical peatland coverage in the current study. Differ-
ences are due to a new model version after data assimilation,
LPX v1.4, (Lienert and Joos, 2018) and the additional model
changes described in Sect. 2.1.

Minor and major differences in peatland area between
LPX and PEATMAP are seen on the local to regional scale
(Fig. 1 and Table 1). In the tropics, LPX simulates more peat
in South America and Southeast Asia than PEATMAP indi-
cates. Compared to the estimate of Gumbricht et al. (2017),
the LPX peatland extent is similar for South America and
a factor of 2 smaller for Southeast Asia. The vast peatland
complex in the Congo Basin is almost absent in LPX. In the
northern mid to high latitudes, LPX seems to underestimate
European peatland area by a factor of 2 and slightly overesti-
mates peatland area in northern Asia, mostly west and east of
the western Siberian lowland (WSL) peat complex. In North
America, LPX simulates more peat in Alaska and Quebec
and less in Western Canada than PEATMAP.

Other modeling studies present results from prognostic
simulations of Northern Hemisphere peatlands. Kleinen et al.
(2012) simulated peatland dynamics and carbon accumu-
lation over the past 8000 years using the coupled climate
carbon cycle model CLIMBER2-LPJ. However, no quanti-
tative results in terms of peatland area were reported. Qiu
et al. (2019) used the ORCHIDEE-PEAT DGVM (Qiu et al.,
2018) to simulate northern (> 30° N) peat expansion over
the Holocene. Their simulated northern present-day peat-
land area is, at 3.9Mkm?, slightly larger than in LPX.
They find similar regional discrepancies between simulated
and observation-based peat area in North America, north-
ern Europe, and Asia, as described above for LPX. Peat
area dynamics in ORCHIDEE-PEAT are also using the TOP-
MODEL approach following Stocker et al. (2014), with some
different expansion criteria. This might indicate that these
discrepancies could have their source in the TOPMODEL
approach and its limitations. Another major source of un-
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Figure 1. Global present-day peatland distribution according to PEATMAP (Xu et al., 2018) in a 0.5° x 0.5° gridded version (a) and
simulated by LPX-Bern after the transient “standard” setup simulation from 22 kyr BP to present (b). The colored rectangles show three of
the regions listed in Table 1: northern Asia (red), the western Siberian lowland (orange) region, and Southeast Asia (green)

certainties is in the climate data used to force LPX (see
also Sect. 3.2.2). In particular, precipitation data show large
discrepancies between available observational products (Sun
etal., 2018).

3.1.2 Peatland carbon

Total peat carbon estimates are closely linked to the estimates
for area and, thus, inherit their uncertainties. Additional as-
sumptions on bulk density and peat depth introduce addi-
tional uncertainties. Therefore, the ranges of both carbon es-
timates and area estimates are large (Gorham, 1991; Turunen
et al., 2002; Yu et al., 2010). The research bias allows for
more constrained estimates in well-studied regions such as
Europe and North America and less constrained estimates in
the tropics and northern Asia. Estimates for northern peat-
lands range from 270 to 604 GtC and were obtained using
various methods and area estimates (see Yu, 2012 and Yu
et al., 2014 for a review). The modern carbon inventory of
northern peatlands simulated by LPX at the end of the tran-
sient standard run from the LGM until present is, at 361 GtC,
well within this observational range. In the tropics, LPX sim-
ulates a peat carbon inventory of 136 GtC which is sub-
stantially larger than classical estimates from the literature
that range from 50 to 87 GtC (Yu et al., 2010; Page et al.,
2011). These, however, also assume a substantially smaller
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tropical peatland area than LPX or PEATMAP suggest (see
Sect. 3.1.1). Including estimates for the newly discovered
peat in the Congo Basin, Dargie et al. (2017) estimate a trop-
ical peat inventory of 69.6—-129.8 GtC, which is closer to the
LPX results. Gumbricht et al. (2017) calculate an even larger
area than LPX, and combining their area estimate with the
peat properties assumed by Page et al. (2011) would result in
a tropical peat inventory of 350 GtC.

Previous studies with LPX-Bern reported somewhat dif-
ferent carbon inventories than given here. Stocker et al.
(2014) reported 460 and 88 GtC for northern and tropical
peatlands, respectively. Differences stem from an updated
model version, also resulting in different areas as mentioned
in the previous section. Additionally, their carbon stocks
were the results of an accelerated spin-up scheme, whereas
the pools in this study are filled over a transient run. Spahni
et al. (2013) also report northern peatland carbon stocks after
a transient LPX run from the LGM, although with prescribed
not prognostic peatland area. Their simulation resulted in
365 GtC stored in northern peatlands.

Other model studies with dynamic peatland area reported
317 GtC after an 8 kyr Holocene run (Kleinen et al., 2012)
and 463 GtC after a 12 kyr Holocene run (Qiu et al., 2019) in
northern peatlands.
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Table 1. Peatland area for different regions and latitudinal bands as given by PEATMAP (Xu et al., 2018) for today and peatland area
and their carbon stocks as simulated by LPX-Bern for the preindustrial (PI) period and the Last Glacial Maximum (LGM) in the transient
“standard” setup simulation from 22 kyr BP to present. The extent of the northern Asia, western Siberian (WS) lowland, and Southeast Asia

regions are shown in Fig. 1.

Region PEATMAP LPX (PI) LPX (LGM)

(Mkm?) (Mkm?) (GtC) (Mkm?) (GtC)
Global 4232 4366  499.3 2687 275.6
Northern (> 30° N) 3.168 3202 3614 1430 14211
Tropics (30° S to 30° N) 0.976 1151 1357 1236 1316
North America 1.330 1294 992 0.823 864
South America 0.489 0.744 949 0.634 627
Europe 0.414 0231 196 0331 308
Northern Asia 1.467 1.685 243.4 0301 270
WS lowland region 0.624 0.691  108.9 0.030 2.5
Africa 0.189 0.050 3.9 0.115 7.0
Southeast Asia 0.273 0349  36.1 0471  60.4

3.2 Peatlands during the Last Glacial Maximum
3.2.1 Peatland distribution and carbon storage

Under LGM conditions, global simulated peatland area and
carbon inventories are reduced compared with the prein-
dustrial period (Table 1). Globally, simulated peatland area
and the peat C inventory are 38 % and 45 % smaller at the
LGM than during the PI period, respectively. This reduc-
tion is dominated by the northern extra-tropics, where peat
extent and the C inventory are almost 60 % smaller at the
LGM than during the PI period. In contrast, the peat C in-
ventory in the tropics is only about 3 % smaller, and the
tropical peat area is even 7 % larger at the LGM than dur-
ing the PI period. This difference in the tropics is mostly
linked to large peatlands simulated on flat exposed continen-
tal shelves in Southeast Asia at the LGM, which were sub-
sequently flooded during the deglaciation. Another modeling
study by Kaplan (2002) also suggests extensive wetlands on
the flat Sunda Shelf, but reconstructions of Indonesian peat-
lands suggest that vast peat presence in Indonesia during the
LGM is unlikely (Dommain et al., 2014). Establishment of
now existing inland peatlands seems to be connected to ris-
ing sea level (Dommain et al., 2011). In sediment cores from
the now submerged Sunda Shelf, there is little evidence of
peatlands during the LGM (Hanebuth et al., 2011). Dommain
et al. (2014) suggest that the shelf, although with a small
topographic gradient, had an effective drainage system with
deeply incised river valleys, preventing the formation of large
wetlands. Both the hydrological feedback of rising sea level
and deep river systems are not represented in LPX and, thus,
might limit the models ability to reproduce peat and wetland
dynamics in this region correctly.

Simulated peatland coverage in northern mid and high lat-
itudes is smaller and is shifted southwards at the LGM com-
pared with the PI period. Ice sheets covered large parts of
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Europe and North America during the LGM preventing veg-
etation and peat from growing. However, peat is also mostly
absent in northern Asia and the WSL due to the substan-
tially colder and dryer conditions compared with today. On
the other hand, large peatland complexes are simulated along
the southern ice sheet margins in North America and in Eu-
rope (Fig. 2), in regions where modeled peatlands are mostly
absent under current conditions. This even leads to a simu-
lated net increase of peatland area in Europe (443 %) com-
pared with the present. Verifying the existence of these ex-
tensive LGM peatlands that do not exist under present con-
ditions (compare Fig. 1) is difficult, as existing compilations
of peat core dates focus almost exclusively on today’s exist-
ing peatlands (MacDonald et al., 2006; Gorham et al., 2007;
Yu et al., 2010; Loisel et al., 2017). In a recent study, Treat
et al. (2019) presented a compilation of dated buried peat de-
posits and simulated peatland area and carbon stocks. Their
simulation also suggests large midlatitude peatlands in North
America in agreement with our results. Their peat deposits
data for the LGM (Fig. 2; dots), together with pollen analyses
suggesting the presence of at least some Sphagnum in eastern
North America (Halsey et al., 2000; Gajewski et al., 2001),
provide plausible evidence for the existence of midlatitude
LGM peatlands in North America and Europe. Their extent,
however, is probably overestimated in our simulation. Com-
parisons between the North American LGM hydroclimate in
TraCE21k and proxy reconstructions have resulted in a poor
skill score, especially in eastern North America (Lora and
Ibarra, 2019). Bad performance in this region is shared with
all PMIP3 models (Lora and Lora, 2018).

3.2.2 Uncertainties from climate forcing
The peat distribution as simulated by LPX-Bern for the LGM

and the past 20000 years is subject to many uncertainties.
Uncertainties arise from model parameterizations, not only
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Figure 2. Peatland distribution at the Last Glacial Maximum (LGM) as simulated by LPX-Bern in the standard setup (a), agreement (as
number of models simulating peat in given grid cell) between LGM time slice simulations run with LPX and forced with different climates
anomalies from six PMIP3 models as well as the TraCE21k anomaly (b), and the squared correlation coefficient for a linear regression
between physical properties of the different time slice simulations (precipitation minus evapotranspiration, P—E, and growing degree days
above 0°C) and peat fraction in the respective cells. Only cells with significant correlation (p > 0.05) are plotted. The colored shading in
panel (b) indicates how many time slice simulations show a peat fraction of > 0.05 in the respective cell. The color code in panel (¢) denotes
the dominant predictor in the respective cell. Dots in panels (a) and (b) show buried and still active peat deposits that indicate active peat
accumulation during the LGM (24.5-17.5 kyr BP). Peat core data are from Treat et al. (2019).

in the peat module but through all components of the model,
and are often hard to quantify. Data assimilation, as done re-
cently for the LPX in Lienert and Joos (2018) to constrain
model parameters, is an approach to improve model per-
formance in the light of uncertain key parameters. Another
source of uncertainty stems from uncertainties in the pre-
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scribed forcings. The orbital parameters, atmospheric CO,
mixing ratio, and land—sea—ice mask for the LGM and their
deglacial evolution are all well constrained for the purpose
of peat modeling, in contrast to the climate anomalies. Al-
though there are paleoclimate reconstructions for the LGM
(Bartlein et al., 2011; Schmittner et al., 2011; Annan and
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Hargreaves, 2013), 6 k (Bartlein et al., 2011) and the last mil-
lennium (Hakim et al., 2016; Tardif et al., 2019), they lack
the temporal resolution and/or spatial coverage needed for a
global transient simulation from the LGM to present. Climate
models can fill these gaps; however, climate anomalies are
model dependent, and model performance differs between
variables, regions, and the simulated time period (Harrison
et al., 2014). These differences in climate models have been
shown to propagate large uncertainties into carbon cycle pro-
jections (Stocker et al., 2013; Ahlstrom et al., 2017).

We assess the uncertainty in peatland area and peat car-
bon stemming from climate forcing uncertainties. Climate
anomalies from seven different models are used to force the
LPX into seven different LGM states (see Sect. 2.2). This
yields a very wide range for global mean inundated area
(2.6-3.6M krnz), peat area (1.5-3.4M km2), and peat carbon
(147-347 GtC). Interestingly, simulated wetland and peat-
land area and the peat C inventory for the 21 kyr BP period
are also substantially different between the standard tran-
sient simulation using temporally evolving climate anoma-
lies from the TraCE21k simulation compared with the time
slice simulation forced with TraCE21k anomalies (Fig. 3,
gray star versus gray dot). This highlights both the influence
of different methods of input preparation, with slightly dif-
ferent treatment of anomalies and an interannual variability
taken from TraCE21k in the transient simulation and from
CRU 3.1 for the time slice, as well as the importance of mem-
ory effects for a slowly reacting system such as peatlands.

Agreement on the simulated peat extent among the seven
simulations differs among regions (Fig. 2b). It tends to be
higher in the tropics and East Asia and lower in North Amer-
ica, Europe, and western Siberia. Differences in temperature
and precipitation anomalies propagate into differences in the
water balance and productivity, partly limited by growing
season length, and thus into differences in peat abundance
and extent.

A statistical analysis of the differences in climatic drivers
and simulated peat area reveals regionally different mecha-
nisms (Fig. 2¢). Temperature, precipitation, precipitation mi-
nus evapotranspiration (P—E), and growing degree days over
0°C (GDDy) are considered as climatic predictor variables
for the peat fraction within a grid cell. We correlated, for each
grid cell, the seven climatological mean values of a selected
predictor with the modeled peat fraction from each of the
seven time slice simulations. P—E and GDDg show signifi-
cant correlations (p < 0.05) in more grid cells than precipi-
tation and temperature, respectively. Both moisture balance
and GDDy have been shown to be among the most important
predictors of northern peat initiation and carbon accumula-
tion in the past (Morris et al., 2018; Charman et al., 2013).
In LPX the water balance, influenced by P—E, and the car-
bon balance, influenced by temperature and growing season
length, define thresholds on peatland existence and size. In
eastern Europe, differences in peat extent between the seven
LGM time slice simulations are mostly driven by differences
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in local precipitation anomalies driving P—E. The same is
true in the tropics, with MRI-CGCM3 and IPSL-CMS5A-
LR being the driest models with the least tropical peatlands
and TraCE21k and COSMOS-ASO being the wettest with
the largest tropical peatlands. However, in parts of central
South America, temperature is the dominant predictor signal-
ing a fragile carbon balance, where peat presence in some of
the model climates is possible because of cooler conditions
and, thus, reduced respiration. In the south of North Amer-
ica, moisture balance, with contributions of both P and E, is
the dominant determinant of the inter-model differences. The
time slice forced with TraCE21k climate shows the peatland
distribution in North America more shifted to the east com-
pared with most other PIMP3 forcings alongside warmer and
wetter conditions (see also Lora and Lora, 2018). The peat-
land extent in the north of North America is sensitive to tem-
perature differences with longer growing season allowing for
increased productivity and, therefore, peat formation. In the
MRI-CGCM3 time slice, temperature anomalies with respect
to the preindustrial period are lowest and peat is subsequently
shifted northwards compared with other time slices. Similar
is true for northern and East Asia where lower temperature
anomalies allow for more peatlands. Large areas in central
Europe, East Asia, and South America show differences in
peatland extent induced by differences in climate forcings,
but no significant correlations between peat fraction and pre-
dictor variables are found. This might be the result of non-
linear interactions and threshold behaviors not captured by
our linear regression approach. Taken together, these find-
ings demonstrate a strong sensitivity of simulated peat ex-
tent and the C inventory to the prescribed climate fields and
a strong dependence of the results on the choice of climate
model output used to force LPX. In other words, caution is
warranted when interpreting model results for times and re-
gions in which proxy records or observations are sparse and
have limited power to constrain the actual climate conditions.
This holds not only in the context of this study but also for
global peat and carbon cycle model studies in general.

3.3 Transient peat evolution

Figure 4a shows the peatland evolution in the transient model
run. The model simulates the establishment and expansion
of peatlands under favorable conditions as well as the de-
cay and disappearance of peatlands under unfavorable condi-
tions. Both processes can happen simultaneously on a global
as well as a regional scale (Fig. Al). To treat carbon stor-
age in a consistent manner, we distinguish between the active
peatlands, which are treated as peatlands in the LPX, and old
peatlands, which are treated as mineral soils. Old peatlands
inherit the carbon stocks of the peatlands that are shrinking
or vanishing. Similarly, growing active peatlands first expand
onto the area of old peatlands, inheriting the remaining car-
bon stored there (see also Sect. 3.3.5). In the analysis, we de-
compose the net changes of peatland area into gross positive
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Global changes in peatland area and carbon before the onset
of the Heinrich Stadial 1 (HS1) are small, due to the relatively
small changes in the main drivers. There is initial carbon loss
in some regions of the tropics, due to some grid cells still
approaching equilibrium after the spin-up (Fig. Al). North
America already sees an accelerating carbon accumulation
with unchanging area before the HS1, driven mostly by in-
creasing temperature. Carbon and area also increase in Eu-
rope with large temperature-driven fluctuations

3.3.2 17.43-11.65kyr BP

Three main features characterize the peat area evolution
over the last glacial termination: (i) a northward shift in the
distribution of northern extra-tropical peatlands, including
peat expansion in northern Asia; (ii) dipole-like north—south
shifts in tropical South America, associated with north—
south shifts of the rain belts of the intertropical convergence
zone (ITCZ); and (iii) flooding of peatlands on continental
shelves, mostly in Southeast Asia, due to rising sea levels.
The last termination represents the transition of the cli-
mate system from the last glacial to the current interglacial,
accompanied by large warming, ocean circulation changes,
and an increase in atmospheric CO, (Monnin et al., 2001;
Shakun and Carlson, 2010; Ritz et al., 2013). The termi-
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kyr BP

Figure 4. Simulated peatland area over time (a), gross positive and
negative peatland area changes in 0.5kyr bins, the evolution of to-
day’s simulated peatland area and old peat area (b), and driver con-
tributions to the same changes (c), calculated using factorial simu-
lations (see Sect. 2.2). Contributions by regions (b) and by drivers
(c) are plotted cumulatively. Vertical bars indicate the Last Glacial
Maximum (LGM) period, the Heinrich Stadial 1 (HS1) Northern
Hemisphere cold phase, the Bglling—Allergd (BA) Northern Hemi-
sphere warm phase, and the Younger Dryas (YD) Northern Hemi-
sphere cold phase.

nation is divided into the Heinrich Stadial 1 (HS1, 17.43—
14.63 kyr BP) Northern Hemisphere (NH) cold period, the
Bglling—Allergd (BA, 14.63-12.85kyrBP) NH warm pe-
riod, and the Younger Dryas (YD, 12.85-11.65 kyr BP) NH
cold period (Rasmussen et al., 2014). These NH cold—warm
swings are associated with a large-scale reorganization of
ocean circulation, which is thought to have been provoked by
freshwater release from ice sheet melting leading to changes
in the ocean heat transport (Stocker and Johnsen, 2003).
With changing low- to high-latitude temperature gradients,
the ITCZ shifted and with it the high precipitation zones in
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Figure 5. Maps showing the changes in the peatland fraction during three periods of past substantial climate change: (a) the Heinrich Stadial 1
(HS1, 17.43-14.63 kyr BP), (b) the Bglling—Allergd Northern Hemisphere warm period (BA, 14.63—12.85 kyr BP), and (c) the Younger Dryas

Northern Hemisphere cold period (YD, 12.85-11.65 kyr BP).

the tropics (McGee et al., 2014; Shi and Yan, 2019; Cao et al.,
2019). These climate dynamics are well captured by the tran-
sient TraCE21k simulation (Liu et al., 2009).

The responses of peatlands in LPX to these climatic
changes are drastic. Large shifts in peatland area start to
set in at the onset of the HSI and increase into the BA.
During the BA, peatlands show the fastest gross positive
and negative area changes throughout the simulation (see
Fig. 4b). In the northern mid and high latitudes, peatlands
shift north and eastward (see Figs. 5, A2). Peatlands dis-
appear in midlatitude North America and Europe, and new
peatlands emerge at higher latitudes and in cold continen-
tal regions of Asia. These new peatlands include the large
peat complex in the western Siberian lowland (WSL) region.
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Some of the peatlands established in northern Europe dur-
ing HS1 vanish again during the BA. The described changes
are driven by the TraCE21k climate which shows a substan-
tial warming and wetting of the Northern Hemisphere be-
ginning during the HS1. Temperature is the dominant driver
for peat loss and expansion in Europe and North America.
The loss of old peat is especially abrupt in North America
(see Fig. Alb). Here, precipitation decreases and tempera-
ture increases abruptly over southwestern North America at
13 870 BP. Both changes decrease the water balance given
by P—E which leads to a decrease in potential peat area
and, thus, loss of the previous extensive peat complexes. As
this abrupt climate change occurs at a discontinuity of the
trace boundary conditions (changes in ice sheet configuration

Biogeosciences, 17, 5285-5308, 2020
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Figure 6. Drivers of the change in peatland area from LGM to present. Colors indicate the most important driver, and colored shading shows

the contribution of the respective driver on a scale from 0 (no contribution) to 1 (only contributor).

and freshwater forcing), the speed of this change is probably
drastically overestimated. In northern Asia both temperature
and precipitation drive the peatland expansion. This expan-
sion sees a pronounced halt during the YD where the North-
ern Hemisphere climate briefly returns to more glacial con-
ditions (see Fig. A2e).

In the tropics, the area and carbon changes are mostly
driven by precipitation changes. Largest changes are simu-
lated in South America, where precipitation patterns respond
to changes in ITCZ position (see Fig. 5). During the HS1
and the YD where the Atlantic meridional overturning circu-
lation (AMOC) is in a reduced state, peatland area shifts to
the south following the southward shift of the ITCZ. During
the BA the AMOC is strong and precipitation and peatland
area shift back north. In Africa half the peatland area is lost
during the BA mostly driven by drying. In Southeast Asia
peatlands are lost over the whole termination due to precipi-
tation changes and the onset of sea level rise, which starts to
flood the large continental shelves at about 16 kyr BP.

The shifts in peatland distribution result in a similar global
peatland area at the beginning of the Holocene compared
with the LGM and at the onset of the HS1. However, much
less carbon is stored in active peatlands at the beginning of
the Holocene than during the LGM and at the onset of the
HS1. Thus, the carbon density per unit area is much lower
for the newly established peatlands than for the lost LGM
peatlands.

3.3.3 11.65-0kyr BP

Modeled peatlands in the Holocene show a continuous net
expansion in the northern extra-tropics, with newly form-
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ing peatlands more than balancing the loss of peatlands else-
where. The Holocene experienced relative stability in climate
and CO; levels compared with the termination. The early to
mid Holocene was likely characterized by warmer summer
temperatures than the preindustrial period with a larger sea-
sonality in the Northern Hemisphere (Marcott et al., 2013;
Liu et al., 2014; Samartin et al., 2017). Ice sheet retreat and
sea level rise lagged behind the deglacial temperature in-
crease and was mostly completed at about 7 kyr BP (Peltier,
2004). Locally, new land keeps emerging to this day due to
isostatic rebound. This effect is especially pronounced in the
Hudson Bay lowlands, where new land emerges at a rate of
up to 12mmyr~! (Henton et al., 2006).

For northern peatlands, positive area changes are consis-
tently larger than negative changes throughout most of the
Holocene (see Fig. 4a). This leads to a large continuous area
expansion. Old peatland area is also simulated to increase
continuously during the Holocene (Fig. 4b), showing that the
parallel positive and negative changes are more than mere
fluctuations of existing peat but that there is actual contin-
uous peatland loss and growth. Net area increase picks up
at about 9 kyr BP, decreases in the late Holocene, and turns
into a net area reduction in the last millennium. This late
Holocene slowdown and reversal of net peatland area growth
is most pronounced in northern Asia where increasing neg-
ative changes start to balance and eventually offset the still
large positive changes (Figs. Al and A2). Here, both negative
and positive dynamics are driven by temperature and precip-
itation. The early, fast expansion in northern Asia is offset by
a temperature-driven net area loss in Europe which is recov-
ered partly towards the late Holocene. Net area increase in
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North America is delayed by continued loss of midlatitude
peat and the slow retreat of the Laurentide Ice Sheet, which
limits the establishment of new peatlands. Today’s peatlands
in North America start to establish after about 9 kyr BP with
most of today’s peatlands forming between 7 and 2 kyr BP.
Carbon stocks follow these regional trends but with larger
relative increases especially towards the late Holocene. As
the timescale for building up carbon pools is generally much
longer than the timescale of potential area changes, fluctua-
tions in area, mostly by young peatlands, are smoothed in the
carbon stocks (see, e.g., Fig. Alb).

The tropical peatland area is simulated to stay relatively
stable throughout the Holocene, with positive changes bal-
ancing negative changes. Southeast Asia sees a reduction in
area in the early Holocene due to continued sea level rise and
a subsequent gradual recovery of integrated peat area driven
by precipitation and nonlinear effects. Peat area in South
America increases slightly over the Holocene with mostly
precipitation-driven fluctuations in between. On the other
hand, fluctuations in region-integrated peat carbon stocks are
largely absent in South America, as carbon, with changing
area, is shifted between peat and old peat pools. Peat carbon
stocks in South America show a large relative increase fol-
lowing a near-linear path. Africa sees an increase in area at
about 10kyr BP driven by precipitation and enabled by high
CO; concentrations. The new area gradually degrades again
until 3 kyr BP with another peak at 0.5 kyr BP.

3.3.4 Model versus reconstructions

The study of peatland initiation, life cycle, dynamics, and re-
sponses to external forcing has been focused on today’s ex-
isting and active peatlands. This work includes large com-
pilations of peat core basal dates (MacDonald et al., 2006;
Gorham et al., 2007; Yu et al., 2010) which are used to recon-
struct initiation dates and lateral expansion (Yu et al., 2010;
Korhola et al., 2010; Dommain et al., 2014; Loisel et al.,
2017) of the sampled active peatlands. This approach, how-
ever, does not include earlier peatlands that dried out, were
buried or flooded, or otherwise ceased to be active accumu-
lating peatlands. Treat et al. (2019) presented a first compila-
tion of dated buried peat layers, but the small sample size
make quantitative reconstructions difficult. Thus, we limit
most of the model—data comparison of the transient behavior
to today’s existing peatlands. Figures 7 and 8c show mod-
eled initiation date frequency, area, and carbon dynamics of
northern peatlands that are still active at present.

Figure 7a compares LPX results to a gridded “oldest age”
dataset compiled by Loisel et al. (2017), and Fig. 7b and
¢ compare LPX results to two different reconstructions for
lateral expansion (Loisel et al., 2017; Korhola et al., 2010)
based on similar methods but different underlying peat core
datasets (see Sect. 2.3). The two reconstructions for peat ex-
pansion agree on a limited pre-Holocene expansion, but they
disagree substantially on the timing of fastest expansion dur-
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ing the Holocene (Fig. 7). Both simulated initiation and peat
expansion have peaks about 4 kyr earlier than the reconstruc-
tions. The model simulates early initiation of today’s north-
ern peatlands, already beginning in HS1, and a large expan-
sion during BA. The reconstructions, on the other hand, sug-
gest lateral peat expansion picking up only with the transi-
tion into the Holocene. Agreement between model and re-
constructions becomes good in the mid to late Holocene.

The early expansion in the model also propagates to the
carbon balance for presently active peatlands. The model
simulates earlier accumulation extending into the HS1 and
slower accumulation during the early Holocene than sug-
gested by net carbon balance (NCB) reconstructions by Yu
(2011) (Fig. 7c). The summed simulated carbon increase
from the LGM to the PI period in today’s northern peatlands
amounts to 313 GtC (Fig. 8c).

The early expansion of northern peatlands in the simula-
tion is mostly dominated by peat establishment in western
Siberian lowland (WSL) region and northern Asia in general
(see Sect. 3.3.2 and Fig. Al). The dominant drivers of this
expansion are temperature and precipitation, which, accord-
ing to TraCE21k, both increase substantially over northern
Asia during the HS1 and BA. A similar simulated early ex-
pansion into the WSL was reported by Treat et al. (2019),
with the coupled CLIMBER2-LPJ setup. Morris et al. (2018)
investigated possible climatic drivers for peat initiation in a
modeling study using the HadCM3 model. They suggest that
the WSL responded to an increase in effective precipitation at
about 11.5kyrBP, instead of the early warming. One source
of the model data mismatch could lie in the uncertainties in
climate anomalies discussed in Sect. 3.2.2. Especially at high
latitudes, climate anomalies can vary greatly between climate
models, and model performance at one point in time does not
always correspond to performance at another point in time
(Harrison et al., 2014). Although the freshwater change in
TraCE21k was designed to capture the rapid climate events
during the glaciation, the magnitude and timing of regional or
even hemispheric changes can still have large biases. To date,
TraCE21k is the only available transient GCM simulation,
but new simulations under the umbrella of PMIP4 might shed
more light on the model dependence of the warming pattern
in question (Ivanovic et al., 2016). Another source of the mis-
match could lie in the simple representation of peatlands in
the model, which might be unsuitable to reproduce specific
initiation and expansion pathways, like terrestrialization and
fen—bog transition that might have been important control-
ling factors in that time and region (Kremenetski et al., 2003).
One example could be the relative weakness of the initiation
criteria on the moisture balance (precipitation over evapo-
transpiration > 1), which is almost always weaker than the
indirectly mediated condition on inundation persistence. This
might pose a problem, especially in the WSL where moisture
balance might have been the driving factor for peat initiation
(Morris et al., 2018). Lastly, although the WSL is relatively
densely sampled and reconstructions of peat initiation are ro-
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bust, other areas of northern Asia are vastly under sampled
and reconstructions are less reliable.

Throughout the tropics dated buried and active peat cores
already show peatland presence during and preceding the
LGM. However, peatland extent or evolution towards the
presence are not well constrained and are subject to large
uncertainties. The small number of available dated tropical
peat cores impedes a statistical approach. Applied neverthe-
less, it indicates a more or less continuous growth of today’s
peatlands since about 19 kyrBP with the largest expansion
rates between 8 and 4kyrBP (Yu et al., 2010). Dommain
et al. (2014) reconstructed the evolution of Indonesian peat-
lands using a combination of dated cores and a transfer func-
tion between depth and age. They argue for a peat expan-
sion much later than that inferred by basal ages alone, with
90 % of today’s peat establishing after 7 kyr BP and 60 % af-
ter 3kyrBP. In this study, the dominant control on peatland
area was found to be local sea level. Rising sea level dur-
ing the termination and the early Holocene triggered the es-
tablishment of inland peatlands through alterations in mois-
ture availability and the hydrological gradient, and the stabi-
lization of sea level and subsequent sea level regression af-
ter 4 kyr BP prompted the establishment of coastal peatlands.
In contrast to these reconstructions, the transient simulation
shows that 60 % of today’s tropical peatland area is already
present in the LGM and only small expansion during the
recent millennia. The sparsity of the data warrants caution
when comparing reconstructions to model results. However,
in Southeast Asia, this discrepancy could indicate the impor-
tance of the feedback of sea level on local hydrology, which
is missing in LPX.

3.3.5 Transient carbon balance of peatland soils and
the land biosphere as seen by the atmosphere

In this section, we address how carbon stored in soils of ac-
tive peatlands and carbon stored in the remains of former peat
soils changed over time. Thus, we quantify the overall con-
tribution of peatland soils and peat carbon to the changes in
the global carbon inventory of the land biosphere.

When trying to quantify the net effect of peatlands on the
atmosphere, looking only at carbon stored in today’s active
peatlands can be misleading. Former active peatlands have
transformed into other landscapes. Organic-rich peat layers
may now be buried under mineral soils on land or in coastal
ocean sediments (Treat et al., 2019; Kreuzburg et al., 2018).
‘When analyzing the transient carbon balance of global peat-
lands such “old peat carbon” pools have to be considered.

Figure 8b shows the temporal evolution of carbon stored
in soils of active peatlands, old peat soil carbon remaining
on former peatlands, and old peat carbon stored on flooded
continental shelves. Here, the old peat pools presented ex-
clusively include the carbon from the organic-rich layers of
formerly active peatlands that remain after accounting for de-
composition over time (see Sect. 2.1). In the PI period, 499,
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Figure 7. Simulated and reconstructed dynamics of today’s exist-
ing northern peatlands: (a) peatland initiation frequency (two over-
lapping histograms), (b) peatland area expansion and (c) expansion
rate, and (d) the net carbon balance (NCB) normalized by respec-
tive estimates of today’s carbon pool. The reconstruction datasets
are described in Sect. 2.3. The background colors indicate different
time periods, as in Fig. 4

139, and 22 GtC of peat carbon are stored in their respective
pools. The total simulated increase in peat carbon from the
LGM to the PI period within these three pools is 351 GtC.
This represents the simulated net carbon accumulation of
global peat and, thus, the net amount of carbon sequestered
from the atmosphere by peat. When only considering car-
bon stored in active peatlands, we would underestimate the
deglacial peat carbon change with a value of 224 GtC. On
the other hand, if we only consider the carbon stored in to-
day’s active peatlands, the inferred deglacial change amounts
to 365GtC (Fig. 8c), and we would overestimate the net
peat accumulation since the LGM. While the latter differ-
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ence in net peat carbon accumulation between the complete
and incomplete accounting scheme appears small for the total
deglacial change, the difference can be substantial and rele-
vant for other periods. For example, a particular large differ-
ence is identified for the phase of high peatland expansion
and loss rates as simulated from the Bglling—Allergd to the
Preboreal in our model. Here, the carbon balance is given as
12 GtC when including old peat, versus 102 GtC when only
looking at the carbon in today’s active peat for the period
from 14.6 to 10 kyr BP.

Peatlands contribute about 40 % to the total land biosphere
carbon increase of 893 GtC. The result for the total land
carbon increase between the LGM and the PI period is in

https://doi.org/10.5194/bg-17-5285-2020

good accordance with a recent estimate, integrating multiple
proxy constraints (median: 850 GtC; 450-1250 GtC = 1 stan-
dard deviation) (Jeltsch-Thommes et al., 2019). The model
also simulates the total change of the land biosphere car-
bon inventory between the beginning of the Holocene and
the preindustrial period in reasonable agreement with the re-
construction by Elsig et al. (2009). The simulated temporal
evolution, however, is different, with a rapid uptake in the
early Holocene in the reconstruction compared with a de-
layed uptake in the mid to late Holocene in the simulation.

4 Conclusions

We used the LPX-Bern dynamic global vegetation model to
produce an in-depth model analysis of the transient area and
carbon dynamics of global peatlands from the Last Glacial
Maximum (LGM) to the present. For the LGM, peatland
area, reduced to the tropics and northern midlatitudes, is pre-
dicted at 2.687 Mkm? in the transient run, storing 275.6 GtC
of carbon. Under LGM climatic conditions, LPX-Bern pre-
dicts peatlands in areas with low or no peat cover at present
or on currently submerged continental shelves. Uncertainty
from the climate forcing was assessed by using, in addition
to the TraCE21k, climate anomalies from six different time
slice simulations for the LGM from phase 3 of the Paleocli-
mate Modelling Intercomparison Project (PMIP3). This re-
sults in a peat area range of 1.5-3.4 Mkm? with a carbon
storage of 147-347 GtC. This large range illustrates the de-
pendence of results on, uncertain, LGM climate conditions
and the sensitivity of simulated peatlands to these differ-
ences. Sparse data on paleo-peatlands, on their extent, and
on their carbon storage make it difficult to further constrain
this range. At the same time, there are currently only a few
coupled climate simulations for the LGM and only one tran-
sient simulation with an atmosphere—ocean general circula-
tion model available for the period from the LGM to present.

A driver attribution of the simulated transient evolution
of peatlands using factorial simulations showed regional and
temporal differences. Modeled changes in the tropics were
dominated by shifts in the position of the intertropical con-
vergence zone and associated precipitation changes during
the last glacial termination as well as by rising sea level.
Changes in the northern high latitudes are mostly driven by
temperature and precipitation increases. The largest model
mismatches to available area reconstructions can be seen
in the onset and timing of the earliest expansion of today’s
northern peatlands. A strong warming in the climate forcing
during Heinrich Stadial 1 and the Bglling—Allergd triggers a
first expansion into northern Asia, which according to recon-
structions only starts during the Preboreal, about 4 kyr later.

The simulated transient evolution of peatlands is charac-
terized by continuous and simultaneous increases and de-
creases of area and carbon, with the fastest positive and
negative changes happening during the termination (Hein-
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rich Stadial 1 and Bglling—Allergd). This reveals a different
perspective from the commonly assumed linear and contin-
uous growth of global peatlands. Instead peatlands become
a dynamic, growing, dying, and shifting landscape. Carbon
in soils of formerly active peatlands can be trapped in min-
eral soils or ocean sediments. Thus, when assessing the net
carbon balance of global peatlands over time, accounting
for paleo-peatlands and their remains becomes essential. In
our transient simulation the LGM to the PI period net peat
carbon balance is predicted at 351 GtC, with 499, 139, and
22 GtC stored in the PI period in soils of still active peat-
lands, in the remains of former peat soils on land, and in the
remains on submerged shelves, respectively. For today’s ac-
tive northern peatlands, simulated peat area and carbon is in
good accordance with the range of estimates from the litera-
ture, whereas predictions for the tropics are larger than most
estimates. However, data constraints in the tropics are sig-
nificantly weaker, as peatland science has long focused on
the northern high latitudes and has only began accelerating
its effort in the tropics over the last few decades. Even fewer
data are available to constrain old peat carbon that remains
outside of today’s active peatlands.

Taken together, our study provides an in-depth model anal-
ysis of peatland development, the associated drivers, and the
uncertainties on a global scale. It contributes to a foundation
for a better understanding of past peat dynamics and empha-
sizes the importance of treating and understanding peatlands
as dynamic and evolving systems. In a next step, the results
presented here can serve as a starting point for projections of
future peat dynamics under different scenarios.

A growing database of buried peat and knowledge emerg-
ing from the growing literature on anthropogenically drained
peatlands might shed more light on the fate of old peat car-
bon and inform future modeling studies. New time slice and
transient climate model simulations under PMIP4 (Ivanovic
et al., 2016; Kageyama et al., 2017) as well as an increased
effort from the peat community to fill gaps in sample cover-
age both for today’s peatlands and buried peat layers, espe-
cially in North America, northern Asia, and the tropics, might
help to constrain past peat dynamics further and to test the ro-
bustness of the results presented here. At the same time, there
is potential for improvements to the LPX-Bern that could
decrease model data mismatches, especially on the regional
scale. Future improvements could include refining the mois-
ture balance criteria on peat initiation, improving hydrology
and boundary conditions on continental shelves, and finding
key processes that might benefit from a more complex rep-
resentation, such as a multilayer peat profile and distinctions
between different peatland types.
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Abstract. Peatlands are diverse wetland ecosystems dis-
tributed mostly over the northern latitudes and tropics. Glob-
ally they store a large portion of the global soil organic car-
bon and provide important ecosystem services. The future of
these systems under continued anthropogenic warming and
direct human disturbance has potentially large impacts on at-
mospheric CO; and climate.

We performed global long-term projections of peatland
area and carbon over the next 5000 years using a dynamic
global vegetation model forced with climate anomalies from
10 models of the Coupled Model Intercomparison Project
(CMIP6) and three standard future scenarios. These projec-
tions are seamlessly continued from a transient simulation
from the Last Glacial Maximum to the present to account for
the full transient history and are continued beyond 2100 with
constant boundary conditions.

Our results suggest short to long-term net losses of global
peatland area and carbon, with higher losses under higher-
emission scenarios. Large parts of today’s active northern
peatlands are at risk, whereas peatlands in the tropics and,
in case of mitigation, eastern Asia and western North Amer-
ica can increase their area and carbon stocks.

Factorial simulations reveal committed historical changes
and future rising temperature as the main driver of future
peatland loss and increasing precipitations as the driver for
regional peatland expansion.

Additional simulations forced with climate anomalies
from a subset of climate models which follow the extended
CMIP6 scenarios, transient until 2300, show qualitatively
similar results to the standard scenarios but highlight the im-

portance of extended transient future scenarios for long-term
carbon cycle projections.

The spread between simulations forced with different cli-
mate model anomalies suggests a large uncertainty in pro-
jected peatland changes due to uncertain climate forcing.

Our study highlights the importance of quantifying the fu-
ture peatland feedback to the climate system and its inclusion
into future earth system model projections.

1 Introduction

Peatlands are a wetland type that is characterized by thick
layers of accumulated organic matter facilitated by perma-
nently waterlogged conditions (Moore, 1989; Blodau, 2002).
Suitable conditions can vary globally and can depend on lo-
cal hydrology, topography, climate, and vegetation (Gorham,
1957), resulting in multiple forms from minerotrophic fens to
ombrotrophic bogs and forested tropical peat swamps (Rydin
and Jeglum, 2013; Page and Baird, 2016; Lindsay, 2018). Al-
though peatlands cover only 3 % of the global land area (Xu
et al., 2018b), they have an integral role in the global car-
bon cycle (Gorham, 1991; Yu, 2011; Page et al., 2011). They
function as long-term carbon stores holding up to a third of
the total global soil organic carbon (Page et al., 2011; Yu,
2012). Most of today’s peatlands formed and accumulated
carbon over the last 12000 years, driven by deglacial cli-
mate change and ice sheet retreat (e.g., Halsey et al., 2000;
Gajewski et al., 2001; MacDonald et al., 2006; Gorham et al.,
2007; Yu et al., 2010; Ruppel et al., 2013; Morris et al., 2018;
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Treat et al., 2019; Miiller and Joos, 2020). Peatlands often
are at the same time long-term sinks of carbon (e.g., Gorham
et al., 2012; Lahteenoja et al., 2012; Leifeld et al., 2019)
as well as large natural sources of methane (e.g., Frolking
and Roulet, 2007; LAI, 2009; Korhola et al., 2010; Yu et al.,
2013; Packalen et al., 2014; Dommain et al., 2018). The net
radiative effect over the Holocene has been a cooling (Frolk-
ing and Roulet, 2007).

Apart from their function as long-term carbon stores, and
net carbon sinks, peatlands provide many more important
ecosystem services (Kimmel and Mander, 2010; Page and
Baird, 2016). Peatlands act as hydrological bufters providing
purified drinking water (Xu et al., 2018a). As unique ecosys-
tems, peatlands are a habitat to many rare and specialized
species and thus preserve global biodiversity (Minayeva and
Sirin, 2012). Culturally they can serve recreational and spir-
itual functions. For environmental researchers, they provide
a unique archive for environmental and cultural change over
millennia (de Jong et al., 2010).

Direct and indirect anthropogenic disturbances, however,
have exerted increasing pressures on global peatlands, threat-
ening their important ecosystem services and potentially
putting large carbon stocks at risk (Posa et al., 2011; Gold-
stein et al., 2020). Direct disturbances include peatland
drainage for land-use conversion and peat mining, which
has led to large carbon losses in temperate and tropical re-
gions (Hergoualc’h and Verchot, 2011; Dohong et al., 2017;
Leifeld et al., 2019; Dommain et al., 2018; Hoyt et al., 2020).
Low water tables after drainage also facilitate increased peat
burning (Turetsky et al., 2015; Page and Hooijer, 2016).
Drainage of agricultural areas can also affect neighboring
unmanaged peatlands (Beauregard et al., 2020). Degradation
following past land-use conversion will continue to release
large amounts of carbon over decades to come (Leifeld and
Menichetti, 2018). Given prompt action, this committed and
additional carbon loss could be partly mitigated with large-
scale restoration and re-wetting efforts (Warren et al., 2017;
Nugent et al., 2019; Giinther et al., 2020) in conjunction
with strong protection policies (Humpendoder et al., 2020;
Wibisana and Setyorini, 2021).

Indirect human disturbances are mediated through anthro-
pogenic climate change which is rapidly changing the bound-
ary conditions for global peatlands. Mean annual precipita-
tion is projected to increase in regions of large peatland ex-
tent such as the northern high latitudes and Southeast Asia
(Collins et al., 2013), possibly improving conditions for peat-
land development and carbon accumulation. However, in-
creases in precipitation are often offset by increased evapo-
transpiration under a warmer climate. Temperatures are pro-
jected to disproportionately increase in the northern high lat-
itudes (Collins et al., 2013), where the largest portion of
global peatlands reside (Xu et al., 2018b). Industrial warming
has already led to increases in peatland evapotranspiration
(Helbig et al., 2020b), leading to a widespread drying trend
in the peatlands of northern Europe (Swindles et al., 2019;
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Zhang et al., 2020) and eastern Canada peatlands (Pellerin
and Lavoie, 2003). The water table is an important regulator
in peatland ecosystems with complex feedbacks to vegeta-
tion and carbon cycling (Sawada et al., 2003; Zhong et al.,
2020). A water table drawdown leads to increased fire fre-
quency (Turetsky et al., 2015) and a shift in vegetation cover
from moss-dominated to shrub- and tree-dominated (Pellerin
and Lavoie, 2003; Talbot et al., 2010; Pinceloup et al., 2020;
Beauregard et al., 2020). Lower water tables also lead to the
exposure of progressively deeper peat layers to oxic condi-
tions, increasing decomposition (Ise et al., 2008; Zhong et al.,
2020). Higher temperatures also generally lead to higher
decomposition rates with increases in both measured CO,
(Hopple et al., 2020; Kluber et al., 2020) and methane emis-
sions (Turetsky et al., 2014). Although some studies suggest
deep peat carbon to be robust under future warming (Wil-
son et al., 2016). In the northern high latitudes, this might
be offset by increases in plant productivity, even leading to
net increases in carbon accumulation (Charman et al., 2013;
Gallego-Sala et al., 2018).

About 46 % of northern peatlands are underlain by per-
mafrost (Hugelius et al., 2020), which in some regions is
quickly thawing as a response to global warming (Camill,
2005; Lara et al., 2016; Mamet et al., 2017). Permafrost thaw
is projected to accelerate dramatically depending on the fu-
ture scenario (Lawrence et al., 2012; Guo and Wang, 2016).
Permafrost peatlands have been found to often collapse af-
ter thaw and form thermokarst landscapes and collapse-scar
wetlands (Payette et al., 2004; Olefeldt et al., 2016; Mag-
nidsson et al., 2020) characterized by carbon loss and high
methane emissions (Jiang et al., 2020; Voigt et al., 2019;
Turetsky et al., 2020; Estop-Aragonés et al., 2020). Given
sustained inundation, renewed and invigorated accumulation
is assumed to set in after collapse, leading to an eventual re-
turn to a net cooling effect after decades to millennia of net
warming (Swindles et al., 2015; Jones et al., 2017; Magns-
son et al., 2020). However, some peatlands show an increase
in carbon accumulation already directly after thaw (Estop-
Aragonés et al., 2018).

Investigating the potential future trajectories of global
peatlands is of great importance, given the multiple pres-
sures on peatlands as unique ecosystems and carbon stores,
which will further increase with future climate and land-use
change. Although the potential feedbacks between peatlands,
the carbon cycle, and the climate system could be immense,
peatlands are in general still not included in state-of-the-art
earth system models (ESMs) (Loisel and Bunsen, 2020), with
only a few exceptions (Schuldt et al., 2013). A large part of
the global carbon cycle is thus also missing in the future cli-
mate and carbon cycle projections used for the determina-
tion of international climate mitigation targets, such as the
sixth phase of the Coupled Model Intercomparison Project
(CMIP6) (Eyring et al., 2016). Different approaches have
been used to independently project different aspects of future
peatland dynamics under future scenarios. Paleo-data-driven
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approaches can be used to investigate future peatland carbon
accumulation rates (Gallego-Sala et al., 2018). Bioclimatic
envelope models enable estimates of regional peatland area
changes in blanket bogs in the United Kingdom (Gallego-
Sala et al., 2016; Ferretto et al., 2019) and China (Cong et al.,
2020). Process-based models provide another way to project
potential futures of complex systems under changing bound-
ary conditions. Peatland projections, however, have mostly
focused on peatland area (Alexandrov et al., 2016) and peat-
land carbon dynamics (Spahni et al., 2013; Warren et al.,
2017; Wang et al., 2018; Chaudhary et al., 2017; Voigt et al.,
2019; Swinnen et al., 2019; Chaudhary et al., 2020) inde-
pendently. A still limited but increasing number of dynamic
global vegetation models (DGVMs) with dynamically de-
termined peatland area (Kleinen et al., 2012; Stocker et al.,
2014b; Largeron et al., 2018; Qiu et al., 2018) enables, for
the first time, the projection of peatland area and carbon dy-
namics on a large spatial scale (Qiu et al., 2020). The focus,
however, is still often put on northern boreal peatlands alone
(Chaudhary et al., 2020; Qiu et al., 2020).

The dynamic simulation of peatlands is complicated by the
non-trivial model spinup. Peatland initiation, expansion, and
peat carbon accumulation and loss occurred at different times
in different regions during the glacial termination and the
Holocene as climate and environmental conditions changed.
However, peat models are typically spun up uniformly for
all regions, over a constant period, and by applying constant
preindustrial climate and environmental (e.g., CO», total land
area, and land-use area) conditions. This common spinup ap-
proach does not fully account for the transient and gradual
evolution of peatlands, driven and constrained by transient
climate evolution, ice sheet retreat, and sea-level rise (Loisel
et al., 2017). In a system with long timescales such as peat-
lands, the system’s history might be a strong determinant of
future changes.

Here we present the first combined projection of global
peatland area and carbon dynamics. A previously published
transient simulation from the Last Glacial Maximum (LGM,
22000 years before present) to the present (Miiller and
Joos, 2020) is used to base the projections on a fully tran-
sient spinup. This allows not only the consideration of all
legacy effects of the transient peatland development but also
the consideration of former peatlands in the carbon bal-
ance calculation. Committed and future peatland responses
to three different standard future emission and land-use sce-
narios are investigated using the DGVM LPX-Bern. Sim-
ulations are continued with constant forcing beyond 2100
to reveal delayed long-term effects on peatlands over the
next 5000 years. Standard simulations are compared to ad-
ditional simulations with extended transient scenario forcing
until 2300 and constant forcing thereafter. Uncertainties and
drivers are analyzed using multiple climate model forcings
and factorial simulations.

https://doi.org/10.5194/bg-18-3657-2021

2 Methods
2.1 Model description

All simulations were performed with the Land surface Pro-
cesses and eXchanges (LPX-Bern) dynamic global vegeta-
tion model (DGVM) version 1.4 (Lienert and Joos, 2018).
The model setup is mostly identical to Miiller and Joos
(2020), which is briefly described below. LPX-Bern includes
an interactive carbon, water, and nitrogen cycle and simu-
lates dynamic vegetation composition with plant functional
types (PFTs), which compete for water, light, and nutrients
(Sitch et al., 2003; Xu-Ri et al., 2012; Spahni et al., 2013).
The implementation of permafrost and peatlands as long-
term carbon stores is based on the LPJ-WHyMe model (Wa-
nia et al., 2009a, b) with the addition of dynamic peatland
area (Stocker et al., 2014b).

Peatland vegetation is represented by five peat plant func-
tional types (PFTs): Sphagnum and flood-tolerant graminoids
as indicative mostly for high-latitude peatlands, and flood-
tolerant tropical evergreen, deciduous tree PFTs, and a flood-
tolerant C4 type grass as indicative mostly for tropical peat-
lands (Stocker et al., 2014b). Carbon cycling in peat soils is
based on the distinction between a lower, fully water satu-
rated slow overturning pool (catotelm; from 0.3 to 2 m of the
soil column) and an upper, fast-overturning pool (acrotelm;
upper 0.3 m of the soil column) with fluctuating water table
position (WTP) (Spahni et al., 2013). Decay rates are modu-
lated by temperature in the catotelm and by temperature and
WTP in the acrotelm (Wania et al., 2009a). The size and sign
of the carbon flux between acrotelm and catotelm are deter-
mined by the acrotelm carbon balance. Methane emissions
from peatlands are simulated but not part of the analysis in
this study.

The area fraction covered by peat in a given grid cell is
determined dynamically with the DYPTOP module (Dynam-
ical Peatland Model Based on TOPMODEL) (Stocker et al.,
2014b). The TOPMODEL approach (Beven and Kirkby,
1979) is used to predict the monthly inundated area fraction
given sub-grid-scale topographic information and mean grid
cell WTP, averaged over all land classes. The area potentially
available for peatlands is then determined by inundation per-
sistency. Peatlands expand or shrink towards a changing po-
tential extent with a rate of 1 % of their current grid cell frac-
tion per year. The grid cell fraction lost during peatland re-
treat is treated as a separate land class for former peatlands.
It inherits the carbon stocks of the shrinking peatland and is
subsequently treated in the same way as the mineral soils re-
garding vegetation, hydrology, and carbon cycling. Growing
active peatlands first expand on former peatlands inheriting
the remaining carbon there. This treatment prevents carbon
dissolution into mineral soils due to fluctuations in peatland
area.

Different to Miiller and Joos (2020) we also consider
changing land-use area in our simulations. Land-use area in
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the model is represented by three specific land classes: pas-
ture, cropland, and urban (Lienert and Joos, 2018). Pastures
and croplands have specific vegetation represented by two
herbaceous PFTs each. Changes in land-use area are treated
as net changes, where all growing land classes proportionally
inherit the carbon, water, and nutrients of all shrinking land
classes. A more complex implementation, which considers
gross changes, exists but is not compatible with the peat-
land module used here (Stocker et al., 2014a). In the absence
of gross change information, three assumptions were made.
(1) Changes within the three land-use classes that do not af-
fect the total land-use area are assumed as shifts between
land-use types (e.g., shift from pasture to cropland). (2) In-
creases in total land-use area reduce all other land classes
proportionally, including peatlands. (3) Peatland area that is
converted to land-use area cannot be reclaimed by expanding
peatlands at a later stage. These assumptions are simplifica-
tions that fail especially in areas where peatlands are prefer-
entially targeted for land-use conversion, such as in Indone-
sia (Dommain et al., 2018; Hoyt et al., 2020), or are sub-
ject to restoration efforts after conversion (e.g., Haapalehto
et al., 2011; Young et al., 2017). However, given the techni-
cal restrictions and the lack of detailed worldwide informa-
tion about gross land-use changes on peatlands, we think this
simplified approach is the most robust.

The above-described representation of peatlands in the
LPX is a simplification in many respects. The absence of lo-
cal processes and information such as lateral water flow, lo-
cal soil features, or influence of animals by grazing and river
damming can limit the ability of the TOPMODEL approach
to predict peatlands on a regional to local scale. Further, di-
rect human-caused influences such as land use, drainage, or
peat mining are only considered in a strongly simplified way.
The lack of a distinction and transition between different
peatland types like fens, bogs, blanket bogs, or marshes ne-
glects possible differences in the constraints on their forma-
tion and evolution. The treatment of acrotelm and catotelm as
single carbon pools, and the absence of strong disturbances
such as peat fires, constitute limits on the comparability of
the model results to peat core carbon profiles. This simpli-
fied representation, nevertheless, has been shown to repro-
duce peatland area and carbon accumulation well within the
observational constraints (Wania et al., 2009a; Spahni et al.,
2013; Stocker et al., 2014b, 2017; Miiller and Joos, 2020)
while using a minimal set of free parameters.

2.2 Calculation of peat carbon

Peat carbon can be present not only in soils of active but also
in the soils of former peatlands. Peat may be preserved dur-
ing peatland conversion and form distinct organic soil layers
on non-peatland areas (Lihteenoja et al., 2012; Broothaerts
et al., 2014; Xu et al., 2016; Campos et al., 2016; Treat
et al., 2019). In the model, subsequent land classes inherit
the soil carbon from former peatlands, including peatlands
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converted to land-use areas. Yet, this peat carbon is mixed
within the model’s soil pools and cannot be directly distin-
guished from carbon transferred to soils from more recently
established vegetation. It is, however, possible to track peat
carbon that at one point was sequestered in the catotelm of
active peatlands through the soil pools of other land classes
using post processing. For this, transient model output for
peatland area changes, the decay rates of slow overturning
pools, and the carbon input into the catotelm of active peat-
lands is needed. Area changes are used to transfer carbon
between active peatlands, former peatlands, land-use areas,
and natural vegetation classes. Transient decay rates are used
to decay the carbon in the respective pools. Carbon is thus
tracked from its entry into the catotelm of an actively accu-
mulating peatland until its decay there or in a former peat-
land or land-use area. This approach cannot take account of
the acrotelm carbon. However, acrotelm carbon constitutes
only a small part of simulated total peatland carbon (5 % at
1975), and we can assume that this carbon at the peat sur-
face is quickly respired after peatland transformation. For
the analysis, we refer to two different variables related to
peat carbon: (1) peatland carbon, which refers to the car-
bon stored in the acrotelm and catotelm pools of active peat-
lands, and (2) fotal peat carbon, which is calculated in post-
processing and represents all carbon in the catotelm of active
peatlands and organic, not-yet-decomposed carbon that was
at some point sequestered into a catotelm on peatlands trans-
formed to land-use areas and other former peatlands. After
ecosystem transformation, depending on the transition and
the conditions thereafter, former peatlands can see a fast col-
lapse or erosion of carbon stocks (Hoyt et al., 2020; Li et al.,
2018) as well as buried peat carbon layers preserved for mil-
lennia (Treat et al., 2019). The two carbon variables can be
interpreted as two bounding cases to the fate of peat carbon
in former peatlands. Changes in the variable peatland car-
bon can represent a fast emission bounding case where peat-
land carbon is lost immediately after ecosystem or land-use
transformation. The slow emission bounding case, with peat
carbon decaying in former peatlands over a long timescale,
can be represented by changes in the variable rotal peat car-
bon. The true fate of peat carbon in former peatlands in most
cases will lie somewhere in between these worst- and best-
case scenarios.

2.3 Simulation setup

The simulations presented here are a direct continuation of a
transient simulation from the Last Glacial Maximum (LGM)
to the present, which was discussed in detail in Miiller and
Joos (2020). This enables future projections starting from
a truly transient spinup, including all potential legacy ef-
fects of the past 22000 years. The LGM simulation was
run with a model resolution of 2.5° latitude x 3.75° longi-
tude and was forced with CO; (Joos and Spahni, 2008) and
temperature and precipitation fields. Temperature and precip-
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itation anomalies were taken from the transient CCSM3 run
TraCE21k (Liu et al., 2009). The TraCE21k anomalies were
imposed on the CRU TS 3.1 (Mitchell and Jones, 2005) base
climate from 1960 to 1990. Interannual variability thus came
from TraCE21k. Temperature anomalies were calculated as
absolute and precipitation anomalies as relative values.

The resolution of the LGM simulation was adopted for
the future simulations. This ensures a truly seamless tran-
sition between the simulations, without unpredictable effects
of downscaling on peatland dynamics.

In the original LGM simulation, land use was not consid-
ered as the focus of the study was on the natural develop-
ment and evolution of peatlands since the LGM. To integrate
a transient history of land use, the simulation was restarted
in the year 1500 with subsequent transient land-use forcing
(Hurtt et al., 2020) and otherwise unchanged boundary con-
ditions.

In the year 1975, the midpoint of the base climate period,
forcing transitions from TraCE21k to CMIP6 climate anoma-
lies (temperature, precipitation, and cloud cover) (O’Neill
et al., 2016, see Fig. 1), whereas the base climate remains
unchanged. From this point on, simulations are done for
each model of a 10-member climate model ensemble (see
Sect. 2.5). Short historical simulations from 1975 to 2014
bridge the gap between the LGM simulation and the start of
the CMIP6 scenarios with anomalies taken from the CMIP6
historical simulation of the climate model ensemble.

Simulations corresponding to three different CMIP6 sce-
narios start from the year 2015. One strong-mitigation sce-
nario (SSP1-2.6), one middle-of-the-road scenario (SSP2-
4.5) and one high-emission scenario (SSP5-8.5) were se-
lected to represent the scenario range. The standard CMIP6
scenarios end in the year 2100. To investigate the delayed
long-term responses of peatlands, the forcing is extended into
the future with a detrended version of the last 30 years of
each time series repeated over almost 5000 years until the
year 7000. The trend correction was done per grid cell and
month and with respect to the end of the time series. Scenario
CO; forcing was adopted from Meinshausen et al. (2020).
Land-use forcing is taken from the Land-Use Harmonization
(LUH2) project (see Fig. 2g—i, Hurtt et al., 2020).

CMIP6 also includes extended versions of the scenarios
SSP1-2.6 and SSP5-8.5 that range until 2300. At the time of
this study, however, only three climate models had provided
output for these extended scenarios. Climate projections of
these three models alone are not representative of the full
CMIP6 scenario. They were, however, included in the 10-
member climate model ensemble used here (see Sect. 2.5 and
Fig. S1) and additional simulations with transient climate and
CO; forcing until 2300 were performed to compare results to
the standard simulations.

To disentangle future changes in peatlands that are induced
by changes in climate, CO,, and land use up to 2014 from
those induced by future changes in these drivers, we per-
formed an additional simulation with constant boundary con-
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ditions at 2014 levels for each ensemble member. Here cli-
mate forcing was extended with a detrended version of the
last 30 years of the historical forcing. Similarly, a control
simulation was performed with constant boundary conditions
after 1500 to show the undisturbed model state. These sim-
ulations reveal the committed changes in peatland area and
carbon induced by the deglacial changes prior to the prein-
dustrial state at 1500 and the changes over the historical pe-
riod until 2014 respectively.

2.4 Driver contributions

To determine the different driver contributions to the changes
in peatland variables, additional factorial simulations were
performed for all scenarios and climate model ensemble
members. For each standard simulation, there are five facto-
rial simulations with one of the five transient forcings (tem-
perature, precipitation, cloud cover, CO», and land use) kept
constant at 2014.

The driver contribution to the anomaly of peatland vari-
ables was determined as the difference between the standard
run anomaly and the anomaly in the respective factorial run.
The contribution from already committed changes due to past
climate and land-use change was determined as the anoma-
lies in the simulations with overall constant forcing after
2014 (see Sect. 2.3). The residual of the difference between
the sum of all contributions and the standard run anomaly
was identified as the contributions from non-linear interac-
tions and other factors not considered in the analysis. Cloud
cover was found to have only a minimal effect on the con-
sidered peat variables in the LPX-Bern, and thus for further
analysis its contribution was added to the other/non-linear
category.

As a second step, driver contributions were classified
as driving contributions (same sign as peatland variable
anomaly) and dampening contributions (opposite sign as
peatland variable anomaly) and re-normalized respectively.
Figures show only the driving contributions of the respective
positive and negative peatland variable anomalies.

2.5 Climate model selection

‘We chose a subset of 10 climate models out of a CMIP6 en-
semble of 22 models (see Figs. 2a—f and S1) that at the time
(June 2020) provided monthly output for all necessary forc-
ing variables — precipitation, near-surface temperature, and
cloud cover — and for all considered experiments — historical,
SSP1-2.6, SSP2-4.5, and SSP5-8.5. Climate model output
was downloaded from the earth system grid database. One
additional model, the Community Integrated Earth System
Model (CIESM), had to be excluded from the CMIP6 en-
semble as it showed a discontinuity in the precipitation data
between the historical and the scenario simulations.

Three models, IPSL-CM6A-LR, MRI-ESM2-0, and
CanESMS5, were included in the subset a priori as they were
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Figure 1. Diagram of the simulation setup. A transient simulation from the LGM to 1975 and with additional land-use forcing after 1500
(LGM*) is followed by short historical simulations until 2014 (HIST) and subsequent standard and extended Shared Socioeconomic Pathway
(SSP) scenario simulations forced by CMIP6 climate anomalies. After the end of the transient forcing (solid arrows), SSP scenarios are
continued with constant forcing (light color arrows). Additional commitment simulations with constant boundary conditions start at 1500

and 2014.

the only ones that also provided output for both of the ex-
tended SSP1-2.6 and SSP5-8.5 scenarios (see Sect. 2.3). The
other seven were chosen for the ensemble subset to optimally
represent the full CMIP6 ensemble as a whole. The optimiza-
tion targets of ensemble total range, interquartile range, and
median, were defined with respect to the anomalies (from
1961-1990 to 2071-2100) in precipitation and temperature
as the most important forcings to the LPX-Bern. The opti-
mization was inspired by McSweeney and Jones (2016). A
total of 2000 randomly drawn subsets were ranked accord-
ing to the distance of the subset to the targets with normal-
ized scores calculated and averaged over all individual grid
cells, months, scenarios, and variables. The rating of the best-
performing subsets was further improved by a careful hand-
picked combination, resulting in the final subset including
the climate models referenced in Table 1.

This subset performs best when calculated both over the
total land area and over the simulated peatland area alone.
Over land, temperature anomaly total range, interquartile
range, and median differ between the ensemble subset and
the full ensemble by 0.25, —0.18, and 0.02 °C respectively,
with larger distance at higher-emission scenarios. Averaged
over the simulated peatland area at 1975, the distances are
0.28, —0.31, and 0.03°C respectively. For precipitation,
anomaly total range, interquartile range, and median differ
between full ensemble and ensemble subset by 9.7, 0.64, and
—0.15mm over all land area and 7.3, 0.54, and —0.49 mm
over the peatland area respectively. The optimization proce-
dure thus yielded an ensemble subset representative of the
full CMIP6 ensemble, although, given the number of pos-
sible combinations, optimization could be improved further
with further sampling.
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2.6 Present-day model state

There are still considerable uncertainties connected to esti-
mates of the global area covered by peatlands and the amount
of organic carbon stored within them. Estimates for northern
peatland area, using various methods ranging from inventory
based to machine learning, lie between 2.4 and 4.0 million
square kilometers (Mkm?) (Yu et al., 2010; Loisel et al.,
2017; Xu et al., 2018b; Hugelius et al., 2020). For tropical
peatlands, which are still much less studied than northern
peatlands, peatland area estimates have increased in recent
years following the discovery of large new peatland com-
plexes, such as in the Congo Basin (Dargie et al., 2017),
and due to new methodologies trying to account for poten-
tially undiscovered peatlands (Gumbricht et al., 2017). Ear-
lier estimates of tropical peatland area thus range from 0.37
to 0.44 Mkm? (Yu et al., 2010; Page et al., 2011) and more
recent estimates from 1.0 to 1.7 Mkm? (Gumbricht et al.,
2017; Xu et al., 2018b). Peatland areas simulated by LPX
in the year 1975, the end of the transient simulation from
the LGM, are within the range of literature estimates with
a global, northern (> 30°N), and tropical (30° S to 30° N)
peatland area of 3.8, 2.8, and 1.0 Mkm? respectively. Global
peatland area is shifted more towards the tropics as in most
estimates. However, most major peatland complexes seen in
global peatland maps, e.g., PEATMAP (Xu et al., 2018b, see
Fig. 3), are captured well. Major regional differences exist
in Africa, where LPX-Bern fails to simulate the large Congo
Basin peatland complex. Peatland area is also underestimated
in northern Europe. In North America the model overesti-
mates peatland area in Alaska and Quebec and underesti-
mates peatland extent in western Canada.

Estimates of global peatland carbon are directly depen-
dent on peatland area estimates and thus also come with a
large uncertainty range. Northern peatlands have been esti-
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Table 1. Ensemble of CMIP6 earth system models used to force the LPX-Bern. Output data were used for monthly precipitation, surface
temperature, and cloud cover from the “rlilpl1f1” variant of the respective historical simulations and future scenarios SSP1-2.6, SSP2-4.5,
and SSP5-8.5

Model Model reference Data reference

CAMS-CSM1-0 Rong et al. (2018) Rong (2019a, b)

GFDL-ESM4 Dunne et al. (2020) Krasting et al. (2018); John et al. (2018)
CanESM5 Swart et al. (2019a) Swart et al. (2019b, c)

EC-Earth3 Daoscher et al. (2021) EC-Earth Consortium (EC-Earth) (2019a, b)
INM-CM5-0 Volodin et al. (2017) Volodin et al. (2019a, b)

IPSL-CM6A-LR  Boucher et al. (2020)
MPI-ESM1-2-LR  Mauritsen et al. (2019)

Boucher et al. (2018, 2019)
Wieners et al. (2019b, a)

MRI-ESM2-0 Yukimoto et al. (2019a)  Yukimoto et al. (2019b, ¢)

KACE-1-0-G Lee et al. (2020) Byun et al. (2019b, a)

NorESM2-LM Seland et al. (2020) Seland et al. (2019a, b)
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Figure 2. Global surface air temperature (a—c), precipitation (d—f), and land-use area (g—i) anomalies for the 1961-1990 average for three
CMIP6 scenarios: SSP1-2.6 (a, d, g), SSP2-4.5 (b, e, h), SSP5-8.5 (c, f, i). Magenta lines show anomalies of the climate model ensemble
subset applied to force LPX-Bern versus the rest of the CMIP6 ensemble in gray. Dashed vertical gray lines show the year 2015 from which
the future scenarios diverge. Pasture, cropland, and urban land-use areas amount to 31.2, 14.4, and 0.3 Mkm? during the 1961-1990 baseline
period respectively.

mated to store 270 to 604 gigatons of carbon (GtC), using
various methods and area estimates (see Yu, 2012, and Yu

accumulated about 441 GtC of soil organic carbon globally.
From this, northern and tropical peatlands make up 319 and

et al., 2014, for a review). For tropical peatlands, estimates
of organic carbon storage range from 44 to 92 GtC in ear-
lier estimates (Yu et al., 2010; Page et al., 2011) and increase
as a result of larger assumed areas in recent estimates from
70 to 288 GtC (Dargie et al., 2017; Ribeiro et al., 2021). In
the year 1975, peatlands simulated by the LPX-Bern have
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121 GtC respectively. Simulated carbon stocks thus lie within
the literature estimates but again with a distribution shifted
more towards the tropics than most estimates suggest.
Throughout the 22000 years of the transient simula-
tion up to the year 1975, peatland area was highly dy-
namic with today’s peatlands gradually expanding but also
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large paleo-peatlands vanishing over time (Miiller and Joos,
2020). There, similarly as described in Sect. 2.2, the carbon
from former peatlands was tracked through subsequent land
classes until its decay. At 1975 LPX-Bern gives a total of
195 GtC of peat carbon leftover from former peatlands on
land, with 165 GtC in northern latitudes and 28 GtC in the
tropics. Total peat carbon is thus simulated to be 612 GtC.
Very little is known about the amount and location of peat
leftover and buried from former peatlands, although various
deposits have been found (Treat et al., 2019). Peat carbon
lost due to past or future sea-level rise is not considered in
this study.

Unlike the original LGM simulation in Miiller and Joos
(2020), here land use and land-use change is considered since
the year 1500, with land-use areas being able to expand onto
peatlands (see Sect. 2.3). Up to 1975 about 0.42 Mkm? of
peatland area and 50 GtC of peatland carbon are lost from
active peatlands due to land-use change in the simulation.
Carbon loss is reduced to about 5 GtC when considering to-
tal peat carbon, which does not assume an immediate loss but
a slow decay in former peatlands. Leifeld et al. (2019) esti-
mate that about 0.51 Mkm? of peatland area and 22 4 5 GtC
of peatland carbon was lost globally from 1850 to 2015
due to drainage and land-use conversion of peatlands, which
is in rough agreement with the simulated values (see also
Sect. 3.1.1).

3 Results and discussion
3.1 Historical and committed changes
3.1.1 Historical 1975-2014

The gap between the end of the transient LGM run in
1975 and the beginning of the future scenarios in 2015 is
bridged by short historical simulations. These are forced
with climate anomalies from the 10 ensemble climate mod-
els (see Sect. 2.3). During this short period, climate anoma-
lies already drift apart substantially between the different
climate models (see Fig. 2). Differences in climate forcing
are propagated to differences in peatland responses. Aver-
aged over 1995-2014 simulated global peatland area varies
between 3.6-3.8 Mkm?. Legacy effects and accelerating cli-
mate change lead to a reduction in peatland area with re-
spect to 1975 in most simulations, resulting in a median of
3.7Mkm?2. A part of this reduction (median: —0.1 Mkm?2) is
also attributable to an increase in land-use area, which claims
an additional 0.06 Mkm? from 1975 to 2014.

The respective carbon stored in global peatlands is simu-
lated to be 423 (419-432) GtC, with changes mostly a result
of the peatland area changes. Changes in total peat carbon,
including carbon in former peatlands (see Sect. 2.2), also are
mostly negative but small, with global peat carbon stocks at
611(610-612) GtC.
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3.1.2 Committed 2015-2300

Past changes in climate and land use have long-lasting ef-
fects on global peatlands that are superimposed on changes
induced by future disturbances. To disentangle the effects
of past and future changes in drivers, simulations with con-
stant 2014 boundary conditions were made for each climate
model ensemble member. These “commitment” simulations
reveal the delayed response to disturbances in the past and
thus represent the committed changes independent of the
future scenario for climate, land use, and CO; (Figs. 4, 5,
and S2).

In most commitment simulations, global peatland area
continues to decrease and reaches a new equilibrium un-
til 2300. Gross changes reveal, however, also regions of local
peatland expansion (Fig. 4). Northeastern Canada, northern
Europe, and East Asia are regions with large losses, whereas
northwestern Canada, northeastern Asia, and Southeast Asia
see an increase in peatland area up to 2300.

Peatland carbon decreases together with global area in
most simulations, with the new peatland area showing lower
carbon density as lost areas. Total peat carbon, depending on
the overall balance of accumulation and decay rather than on
peatland area dynamics, is changing only slightly but is de-
clining in 8 out of 10 simulations. Taken together, the simu-
lations suggest a small to moderate peat carbon loss to the at-
mosphere over the next 300 years given 2014 conditions. Un-
certainties, however, are large. The spread between the sim-
ulations increases significantly after 2014 despite boundary
conditions being kept constant. In the year 2300, the simu-
lated global peatland area anomaly relative to 1995-2014 av-
erages ranges from —13 % to +4 %, with a median of —4 %
and interquartile range (IQR) from —6 % to —2 % (Table 2).
Global carbon stored in active peatlands and global total peat
carbon are simulated to change by —9 (total range: —16 to
—0; IQR: =10 to —=7)% and —1 (=2 to +1; —1 to —0) %
respectively. The increasing uncertainty highlights how rel-
atively small differences in forcing can propagate and result
in large long-term ecosystem and carbon cycle uncertainties.

3.1.3 Committed after 2300

Some simulated peatland responses to historical changes in
climate and land use are delayed even beyond 2300. Be-
tween about 2700 and 3500 all simulations see a rapid peat-
land expansion. At 3500 the global peatland area anomaly
compared to 1995-2014 averages is +8(—1 to +16; +5 to
+11) %. With that, peatland area is simulated even larger
than at present but with a dramatically shifted global and re-
gional distribution. The delayed peatland expansion is lim-
ited to the northern highest latitudes and the tropics. The re-
sulting peatland distribution at 3500 shows loss of sizable
parts of today’s northern peatlands, with new peatlands partly
expanding into permafrost regions and the tropics.
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Figure 3. Global peatland area fraction as (a) estimated by PEATMAP (Xu et al., 2018b), shown here in a 0.5° x 0.5° gridded version,
and (b) simulated by LPX in the year 1975 after a transient simulation from the Last Glacial Maximum.

Table 2. Median and corresponding interquartile range (IQR) in parentheses of relative anomalies for simulated peatland area, peatland
carbon, and total peat carbon as defined in Sect. 2.2. Medians and the IQR are given relative to 1995-2014 averages. IQR boundaries are
listed in Table S1. Values are rounded to integer values. Northern latitudes are defined as > 30° N and tropical latitudes as 30° S-30° N. For
the reference period, simulated median peatland area, carbon, and total peat carbon is 3.7 Mkmz, 423 GtC, and 611 GtC for global peatlands;
2.7Mkm?2, 301 GtC, and 500 GtC for northern peatlands; and 1 Mkm?2, 121 GtC, and 142 GtC for tropical peatlands respectively

A peatland area [%] ‘

A peatland carbon [%] ‘

A total peat carbon [%]

2100 2300 3500 ‘ 2100 2300 3500 ‘ 2100 2300 3500
Global
Committed —34) —4(4) +8(5) -73) -9@3) +46) | —0(0) —1(1) +1(4)
SSP1-2.6 —=7() -4 (17) +16 (22) —14(@8) —12(21) +726) | —0(1) —-0Q3) +3(14)
SSP2—4.5  —11(10) —23(19) 027) | —=19(11) =33(22) —17@31) | —=0(1) —-2(4) —4(18)
SSP5-8.5 —14(9) —29(13) —2(Q27) | —22(10) —43(16) —29Q0) | —1(1) —=5(6) —17(1)
Northern
Committed -84 —11(6) —4(5) —10(4) —12(4) —-1@4) | +00) —-0(0) -0
SSP1-2.6 —15(12) —18(28) —8(25) | —19(10) —18(30) -5@35 | —=0(1) —1(3) —-2(14)
SSP2—4.5  —22(15) —41(29) =31 (31 | =26(15) —47(30) —-37(37) | -0() -3 —14(19
SSP5-8.5 —28(9) —61(20) —54(30) | —32(12) —65(16) —61Q227) | —1(1) —=7(6) —32(25)
Tropical
Committed +9(7) +14(10) +37 (8) -0(3) +2(5) +21(8) | —0(1) —1(1) +5(4)
SSP1-2.6  +14(11) +27(19) +66 (26) +2(3) +5(8) +3221) | +0(1) —-0(5) +13(16)
SSP2—-4.5  +14(10) +34(15) +84 (19) —-1(2) 4+2(6) +32(13) | —=1(1) —1(4) +13(10)
SSP5-8.5 +19(9) +60(34) +143(31) —0(4) +7(13) +5631) | —1(1) +1(9) +28(28)
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Figure 4. Median anomalies for the simulations with constant 2014 forcing at 2300 in (a) peatland area fraction and (b) total peat carbon as
defined in Sect. 2.2. Anomalies are calculated between 20-year averages spanning 1995-2014 and 2291-2310.

Carbon accumulation within old, as well as newly formed,
active peatlands continues over millennia, reaching a global
peatland carbon stock of +4(—4 to +16; +1 to 4+8) % in
the year 3500 compared to 1995-2014 averages, illustrating
a large long-term accumulation potential (Fig. S2).

For global total peat carbon, the expansion in peatland
area also results in a trend reversal in most simulations. The
large accumulation in the newly established peatlands helps
to shift the balance from decay-dominated to accumulation-
dominated. At 3500 total peat carbon is simulated at 41 (=5
to +7; —1 to +2) % compared to 1995-2014 averages and
continues to increase with continued accumulation until the
end of the simulation.

3.1.4 1500 control simulation

An additional simulation with constant 1500 CE boundary
conditions, and thus with only limited land use and no indus-
trial climate change, shows that without major disturbance
peatland area remains stable, with only a small increase of
2% over the whole 5500 years of simulation (Figs. 5 and
S2). Carbon shows a stronger positive trend reflecting the
still large accumulation potential of undisturbed global peat-
lands, with an increase of 22 % and 17 % for peatland and
total peat carbon respectively. Millennium-scale accumula-
tion rates, however, are larger in simulations with constant
2014 boundary conditions, due to higher productivity in high
latitudes and newly emerging peatlands. This indicates that
despite an initial loss peat carbon storage under 2014 condi-
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tions could exceed storage under 1500 conditions but only
after millennia of ecosystem transformations and renewed
carbon accumulation. Another study investigating the fate
of permafrost peatland carbon in the circum-Arctic region
comes to similar conclusions about the future long-term stor-
age capacity of peatlands (Swindles et al., 2015).

3.2 Future projections
3.2.1 Standard scenarios
2015-2300

The standard CMIP6 scenarios provide transient climate
anomalies from 2015 to 2100, after which boundary condi-
tions are held constant. Until the end of the century, global
peatland area, peatland carbon, and total peat carbon are sim-
ulated to decline (Table 2). This decline is larger than com-
mitted changes alone and increases with increasing scenario-
based emissions for all three variables (Figs. 5 and 6). These
results suggest a clear relationship between future emissions
pathways and resulting peatland area and carbon losses until
the end of the century.

From 2100 to 2300, global peatland area, peatland car-
bon, and total peat carbon continue to decrease for scenar-
ios SSP2-4.5 and SSP5-8.5 despite constant boundary con-
ditions after 2100 (Table 2). Only under the strong-mitigation
scenario SSP1-2.6 do most simulations show an increase in
peatland area and partly in carbon compared to 2100. Medi-
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ans are similar to the simulations under constant 2014 forc-
ing. However, the uncertainty, represented by the spread be-
tween the simulations, is larger in the SSP scenarios than in
the commitment simulations. This uncertainty increases with
time for all scenarios.

Spatial anomaly patterns at 2300 for the strong-mitigation
scenario SSP1-2.6 (Fig. 7) are similar to the committed
changes (Fig. 4). The regions of peatland area loss are north-
eastern Canada, northern Europe, central Russia, and East
Asia, and peatland area increases can be found in northwest-
ern Canada, northeastern Asia, and Southeast Asia. Losses
and gains are further amplified with respect to the commit-
ted changes. Thus, the increase in global area after 2100 in
SSP1-2.6 is not due to a recovery of lost peatlands but rather
due to a stronger increase of peat area in the regions of local
peatland expansion.

The higher the scenario-based emissions are, the more ex-
tensive the regions of peatland area and carbon loss in the
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Figure 6. Boxplots of anomalies in (a) global peatland
area, (b) global peatland carbon, and (c) global total peat carbon
as defined in Sect. 2.2 for simulations under three future scenar-
ios and constant 2014 forcing. Black dots indicate the individual
simulations forced with different climate model anomalies. Boxes
indicate the interquartile range, whiskers the total range, solid lines
the median, and dashed lines the mean. Brown stars indicate addi-
tional simulations forced with extended versions of scenario SSP1-
2.6 and SSP5-8.5. Anomalies are calculated between 20-year av-
erages (2091-2110, 2291-2310, and 3491-3510) and the reference
period 1995-2014.

northern high latitudes become and the more reduced the re-
gions of gains are. In the high-emission scenario SSP5-8.5,
losses dominate most of the northern high latitudes (Fig. 8).
Small regions of area gains remain in northeastern Asia but
with weakened expansion compared to lower-emission sce-
narios. The northern peatland area is simulated to reduce
by 18 %, 41 %, and up to 61 % until 2300 under SSP1-2.6,
SSP2-4.5, and SSP5-8.5 respectively. These results suggest
that large parts of today’s northern peatlands might be at risk
under future climate change. In the tropics, this trend is re-
versed, with area expansion in South America and Southeast

Biogeosciences, 18, 3657-3687, 2021
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Asia amplified under higher-emission scenarios. Although
net area gains in the tropics are substantial, carbon anoma-
lies remain small and at 2100 only positive for the strong-
mitigation scenario, indicating a strong concurrent increase
in heterotrophic respiration.

Taken together these results suggest a likely net loss of
global peatland area as well as carbon until the end of the
century, driven mostly by northern peatlands, even under the
strongest mitigation scenario and continued net loss up to
2300 for the scenarios SSP2—4.5 and SSP5-8.5, with climate
assumed to remain constant after 2100. This is in contrast
to another recent modeling study investigating future north-
ern peatland area and carbon dynamics. Qiu et al. (2020)
used the ORCHIDEE-PEAT DGVM model, with similar
TOPMODEL-driven peatland area dynamics as the LPX-
Bern and forced by IPSL-CM5A-LR and GFDL-ESM2M
model climate to simulate northern peatland dynamics from
1861-2099. They found a strong positive trend in northern
peatland area and together with a sustained sink also in peat-
land carbon over the whole historical period and the two in-
vestigated scenarios RCP2.6 and RCP6.0. They identified the
main driver of this trend as an internal feedback between grid
cell water table position and peatland area, which is indepen-
dent of the climate forcing. This feedback is also part of the
LPX-Bern implementation; however, here it does not lead to
a strong sustained historical or future increase in northern
peatland area, illustrated by the relatively stable control sim-
ulation under constant 1500 boundary conditions (Fig. 5). On
the contrary, here it amplifies the simulated negative trend
(see Sect. 3.3). One of the main reasons for the different be-
haviors might be the spinup procedure, which is very differ-
ent in both cases. Whereas Qiu et al. (2020) used an idealized
spinup with constant climate conditions, the spinup in this
study corresponds to a full transient simulation. Other factors
could be the different parametrization and implementation
details. Despite the differences in projected net peatland area
trends, there are also regional agreements. Qiu et al. (2020)
found central and northern Europe to be regions of future
peatland loss, especially given the warmer IPSL-CM5A-LR
forcing, and northeastern Asia to be a region of particularly
strong peatland expansion, partly matching regional patterns
presented here. For central Russia, the simulated dynamics
partly agree with another modeling study. Alexandrov et al.
(2016) projected the potential future peatland area in west-
ern Siberia using an impeded drainage model and MPI-ESM
climate anomalies. They found a strong increase in potential
area north of 60° N and a strong decrease south of 60° N.
A similar response pattern can be found in the simulations
forced with MPI-ESM1-2-LR climate anomalies and weaker
also in the ensemble medians but only up to the SSP2-4.5
scenario, after which losses dominate over western Siberia.

Peatland area dynamics translate directly and indirectly
into the simulated carbon dynamics. In the strong-mitigation
scenario, the simulated net loss of northern peatland car-
bon and total peat carbon is mainly a result of the north-
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ern peatland dynamics rather than of declining carbon ac-
cumulation rates. Figure 7b shows that the net ecosystem
production (NEP) of active peatlands, which represents the
net carbon uptake from the atmosphere per year, changes
only slightly until 2300, with decreases throughout the trop-
ics and in parts of the northern latitudes. Regional increases
in NEP are simulated in central and eastern Europe as well
as East Asia. The same is true for the SSP2—4.5 scenario but
with slightly larger decreases in the northern mid-latitudes.
Under the high-emission scenario SSP5-8.5, simulated NEP
decreases strongly in North America, Europe, and western
Asia, with most mid- to high-latitude active peatlands turn-
ing from a carbon sink to a carbon source and thus con-
tributing directly to the net carbon loss. Regionally NEP in-
creases are simulated again mostly in East Asia, with larger
increases compared to SSP1-2.6. (Fig. 8b). It has to be noted
that in the case of regional peatland expansion NEP might
increase independent of environmental drivers, simply due
to the dilution of soil carbon. The results are in broad ac-
cordance with a previous study conducted with an older ver-
sion of the LPX-Bern. Spahni et al. (2013) conducted tran-
sient northern peatland simulations from the LGM up to 2100
with prescribed peatland area using CMIP5 future climate
anomalies together with the LPX-Bern version 1.0. They
found mean northern peatland NEP to slightly decrease over
time under the RCP2.6 scenario and strongly decrease un-
der RCP8.5. Qiu et al. (2020), however, simulate net NEP of
northern peatlands to increase slightly and peak mid-century
before a decline back to roughly 2005 levels at 2099. Re-
gionally, Qiu et al. (2020) project NEP to decline in west-
ern Canada, western Europe, and the China—Russia border,
especially under the RCP6.0 scenario, but only matching
western Canada as a region of NEP decline simulated by
LPX-Bern. In both models, northern peatland productivity
and soil carbon respiration increase concurrently but balance
slightly differently. Chaudhary et al. (2020) investigated past
and future carbon accumulation rates (CARs) of northern-
high-latitude peatlands up to 2100 using a dynamic vegeta-
tion model and similarly found net increases in simulated
CARs until the mid-century and declining rates thereafter,
which are most pronounced under the RCP8.5 scenario. They
found Siberian and highest-latitude peatlands to potentially
increase their CARs, whereas northern European and North
American mid-latitude peatlands were most vulnerable to
carbon sink decreases or even carbon loss, roughly matching
regions of NEP increases and decreases simulated by LPX-
Bern. Gallego-Sala et al. (2018) used data-derived relation-
ships between CARs and climate variables for global future
projections. They found a latitude-dependent response, with
CARs increasing continuously until 2300 in high latitudes
and decreasing in low latitudes. Under a high-emission sce-
nario, CARs switched in mid-latitudes from an increasing
to a decreasing trend with rising temperatures. Changes in
peatland NEP simulated by LPX-Bern have a less-latitude-
dependent pattern but also project carbon uptake to decrease
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Figure 7. Simulated median anomalies under the SSP1-2.6 scenario in the year 2300 in (a) peatland area fraction, (b) peatland NEP,
and (c) total peat carbon as defined in Sect. 2.2. Anomalies are calculated between 20-year averages spanning 1995-2014 and 2291-2310.
Grid cells where NEP becomes negative are marked with a minus. Hatched areas in panel (b) indicate a positive area anomaly, which in the
model can lead to an increase in NEP through the dilution of soil carbon and a corresponding reduction in soil carbon respiration per area

most strongly in the tropics and large parts of the mid-
latitudes, with widespread switching to net carbon sources.
Large increases in the northern-high-latitude peatland NEP,
however, are only simulated in East Asia and parts of eastern
Europe.

3.2.2  After 2300

The continuation of the simulations for several millennia un-
der constant boundary conditions reveals the delayed long-
term responses of peatlands to the previous changes in forc-
ing. Similar to the committed changes, the future scenarios
see a delayed rapid expansion in global peatland area be-
tween about 2700 and 3500 CE (Figs. 5, 6, and Table 2).
Regionally this expansion is dominated by new peatlands in
tropical South Asia, with smaller contributions in the high-
est northern latitudes and Africa. The expansion in South
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Asia increases in magnitude under increasing emission sce-
narios. This leads to a large overlap between the uncertainty
ranges of the different scenarios after 3500. The median of
global peatland area anomaly in 2300, however, is substan-
tially higher for SSP1-2.6 than for the other scenarios and
for constant 2014 climate. Medians of global peatland area
in the higher-emission scenarios SSP2—4.5 and SSP5-8.5 re-
main below the levels given by 2014 boundary conditions for
the whole time of the simulation, despite the large delayed
expansion.

Carbon storage in old and new active peatlands increases
continuously after 2300, with similar rates for all scenar-
ios, preserving the large differences in total peatland car-
bon stocks formed in previous centuries. The peatland expan-
sion after about 2700 also results in a trend reversal in total
peat carbon which continues to increase thereafter. Rates of

Biogeosciences, 18, 3657-3687, 2021
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Figure 8. As Fig. 7 but for the SSP5-8.5 scenario.

global carbon sequestration are larger than rates under con-
stant 1500 or 2014 conditions, which are most pronounced
in the SSP1-2.6 scenario. Towards the end of the simulation,
total peat carbon storage in SSP1-2.6 exceeds carbon stocks
under constant 1500 conditions. This reflects higher mean
productivity of the remaining and newly formed peatlands
under moderately warmer and wetter conditions and with a
higher atmospheric CO, concentration.

Taken together, the long-term response of global peatlands
to future climate change suggests that under strongly limited
future climate change and after negative effects dominating
over centuries, potential global peatland area and peat carbon
could increase compared to today and even compared to pre-
industrial levels on a millennial timescale. Higher-emission
scenarios, however, show a negative effect on global peatland
area and a reduced peat carbon storage potential persisting
for millennia compared to constant 2014 conditions. Uncer-
tainties towards the end of the simulations, indicated by the
ensemble spread, however, become very large.

Biogeosciences, 18, 3657-3687, 2021

3.2.3 Extended scenarios

The assumption of stable climate and atmospheric CO, lev-
els over millennia after 2100 is a highly idealized one and not
suited for predictions. The extended simulations are rather
intended to reveal delayed responses and long-lasting effects
in the slow-reacting peatland system. Depending on the fu-
ture emission pathway, global temperature and atmospheric
CO, are expected to either decline, stabilize, or dramatically
increase beyond 2100 (see Sect. 3.2.3). Continued ocean and
land uptake of CO; and heat will shape the future climate, sea
level, and atmosphere for centuries to millennia after green-
house gas emissions stop (Frolicher and Joos, 2010; Zickfeld
et al., 2013; Frolicher et al., 2014; Clark et al., 2016). Ad-
ditionally, possible tipping points in the earth system could
abruptly change the trajectory of the climate system (Lenton
et al., 2008). Learning about the long-term responses to dis-
turbances of key parts of the climate system, such as peat-
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lands and their large carbon stocks, is an important part of
understanding future earth system responses as a whole.

To additionally investigate the effect of transient bound-
ary conditions from 2100 to 2300, additional simulations
were performed for 3 of the 10 ensemble models that pro-
vided climate output for the extended scenarios SSP1-2.6
and SSP5-8.5 (see Sect. 2). Results are compared to sim-
ulations with standard scenarios in Figs. 9 and 6. For the
extended SSP1-2.6 scenario, global mean temperatures be-
gin to decline again after peaking at about 2100 together
with atmospheric CO, concentrations (Fig. S1). This leads
to a weakening of the long-term peatland response com-
pared to constant 2100 conditions in all three simulations.
Simulations forced with climate anomalies from the IPSL
and CanESM models, with relatively large climate sensitivi-
ties, show negative global peatland area and carbon variable
anomalies up to 2100. After 2100, the extended scenario mit-
igates the external pressure, and long-term losses in peatland
area and carbon are lower than under continued 2100 con-
ditions. The simulation forced with MRI climate anomalies,
with a relatively small climate sensitivity, on the other hand,
sees a positive global peatland area anomaly at 2100 and thus
shows less global peatland area and long-term peatland car-
bon storage under the extended scenario, compared to con-
stant 2100 conditions.

The extended SSP5-8.5 scenario forces global tempera-
tures and atmospheric CO; to increase drastically until 2300
(Fig. S2). Mean global temperatures over land reach 24—
34°C at 2300 with an atmospheric CO, concentration of
2162 ppm. Under these extreme conditions all simulations
show a reduction in global peatland area and carbon com-
pared to constant 2100 conditions. The simulations forced
with the IPSL and CanESM models lose practically all high-
and mid-latitude peatlands as well as the Amazon basin com-
plex until the end of the simulation. This results in a peatland
carbon and total peat carbon reduction of about 50 %—60 %.
Old and newly established peatlands that remain until the end
of the simulations are mostly located in tropical South Asia,
Southeast Asia, and coastal regions of South America. The
responses in the simulation forced with climate anomalies
from the less sensitive MRI model are less extreme but also
show a significant reduction in global peatland area and car-
bon compared to constant 2100 conditions.

The models that provided the extended scenario output are
not representative of the ensemble or the full CMIP6 ensem-
ble as a whole. The additional simulations, however, make
clear, that the consideration of transient climate after 2100
can change simulated long-term peatland responses strongly,
depending on the emission pathway. If the discussed differ-
ences in the peatland response to constant and transient forc-
ing after 2100 are similar for all climate models, assumptions
can be made about how the ensemble results would change in
the case of transient climate until 2300. Transiently extend-
ing SSP1-2.6 would likely lead to an overall weaker peat-
land response, leading to a reduced model spread and less
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peat carbon loss in the ensemble median. For the SSP5-8.5
we would expect a larger loss of peatland area and carbon
over the whole ensemble, shifting medians to larger nega-
tive anomalies. As the end of the 21st century approaches
steadily, the main focus of future projections and climate pol-
icy remains on the next few decades up to 2100. To better
understand the long-term effects of past and future emissions
on global peatlands and to assess their potentially large feed-
backs on future climate, the horizon of the future must be ex-
panded beyond 2100. Scenarios extended to 2300 should be
elevated to standard practice for future climate projections.

3.3 Driver contributions

A factorial analysis was used to attribute the positive and
negative changes in peatland variables to individual forcing
drivers (see Sect. 2.4). Figure 10 shows the calculated mean
driver contributions to the global gross positive and negative
anomalies in peatland area, peatland carbon, and total peat
carbon.

Increases in peatland area up to 2300, both in the high and
low latitudes, are driven mostly by committed changes (con-
stant 2014 conditions) and an increase in regional precipita-
tion. In northern permafrost regions, this is further strength-
ened given strong mitigation and moderately rising temper-
atures resulting in longer growing seasons and larger water
retention (Fig. Al). Suggested pathways of permafrost peat-
lands after thaw are still debated but include rapid degrada-
tion (Avis et al., 2011; Turetsky et al., 2020), collapse fol-
lowed by long-term recovery (Jones et al., 2017; Magnus-
son et al., 2020; Swindles et al., 2015), and increased carbon
accumulation (Estop-Aragonés et al., 2018), depending on
multiple factors such as thaw velocity and local hydrology.

Simulated peatland area losses are driven mostly by com-
mitted changes and increasing temperatures. Higher temper-
atures lead to an increase in evapotranspiration, especially in
boreal peatlands (Helbig et al., 2020b), and thus a decrease in
the regional water balance which is not compensated for de-
spite a potential concurrent increase in annual precipitation.
This corresponds to the already observed decade-to-century-
long drying trends in northern Europe (Swindles et al., 2019;
Zhang et al., 2020) and eastern Canada peatlands (Pellerin
and Lavoie, 2003; Pinceloup et al., 2020; Beauregard et al.,
2020), regions of large simulated committed area loss, which
is found to result in negative effects on carbon accumulation
rates and strong trends of woody encroachment. These trends
are expected to continue and amplify under future climate
change.

In the LPX-Bern, a decreasing water balance can lead to a
positive feedback on the retreating water table. A long-term
drawdown of the mean grid cell water table leads to a reduc-
tion in peatland area, which in turn reduces the mean grid cell
water table further. In some cases, this can lead to a much
larger reduction in peatland area than would be the result
of the initial disturbance. In reality a lot of complex and of-
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Figure 9. Simulated anomalies of (a-b) global peatland area, (c—d) global peatland carbon, and (e-f) global total peat carbon as defined in
Sect. 2.2 for three models providing output for the extended future scenarios SSP1-2.6 (a, ¢, e) and SSP5-8.5 (b, d, f). Solid lines show
simulations with extended scenario forcing, evolving transiently until 2300. Dashed lines show simulations with standard scenario forcing,
transient only until 2100. Note the change in the time axis after the year 2300

ten still poorly understood both positive and negative hydro-
logical feedbacks control the peatland water table position
in response to disturbances (Morris et al., 2011; Wadding-
ton et al., 2015). The simplified structure of DGVMs like
the LPX-Bern cannot mirror these complex interactions, and
thus this strong internal feedback needs to be interpreted with
caution. However, although peatlands, in some cases, have
been found to be relatively resilient with respect to limited
disturbances (Cole et al., 2015; Swindles et al., 2016; Page
and Baird, 2016), there could be possible tipping points that
could lead to fast vegetation and ecosystem transitions under
strong persisting disturbance (Eppinga et al., 2009; Heijmans
et al., 2013; Page and Baird, 2016).

Peatland carbon and total peat carbon dynamics up to 2300
are dominated by committed and temperature-driven losses.
The decline in peatland area directly reduces global peatland
carbon and indirectly affects the total peat carbon balance by
reducing overall accumulation. At the same time, global de-
cay in active as well as in former peatlands is increased by the
higher temperatures. Peatland NEP in the northern high lati-
tudes is also driven in large parts by committed changes and
increasing temperatures which can both increase or decrease
NEP given the balance between respiration and productivity
and their effect on permafrost (Figs. Al and A2). Increasing
CO,, precipitation, and non-linear interactions between the
drivers have strong positive effects on NEP in East Asia. In
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the tropics, the negative trend in NEP is mostly driven by the
higher temperatures and non-linear effects.

Up to 2300, land-use change and atmospheric CO, have
a comparatively small impact on the global scale. Increasing
CO; concentrations have a positive effect on carbon accu-
mulation which is progressively larger with increasing emis-
sion scenarios. This also translates into a moderate peatland
area gain at 2300. Effects of land-use change are negative for
all peatland variables but remain small. One reason for this
small impact might be that only net land-use area increases
are considered to affect peatlands in the model. The global
net increase in land-use area, however, is much smaller in the
future scenarios, than for the historical period (Sect. 2.6). Es-
pecially in regions where peatlands are directly targeted for
land-use conversion, such as in Indonesia (Dommain et al.,
2018; Hoyt et al., 2020), our approach might significantly
underestimate the negative effect of land-use change.

The late expansion after 2300 is driven by peatlands newly
establishing in model grid cells with no previous peatland
presence. In some grid cells, the historical and future cli-
mate change and atmospheric CO rise lead to the fulfillment
of criteria for peatland establishment, targeting the peatland
water and carbon balance. The more the boundary condi-
tions change under future scenarios, the more grid cells,
especially in the tropics, become able to support peatlands
(see Sect. 3.2.2). Initiation of new peatlands in the tropics is
mostly driven by CO; fertilization nudging the carbon bal-
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Figure 10. Mean driver contributions to gross positive and negative
anomalies since 2014 in (a) global peatland area, (b) global peat-
land carbon, and (c) global total peat carbon as defined in Sect. 2.2.
Anomalies for all three future scenarios are with respect to 2014.
Committed driving contributions can decrease, i.e., switching from
driving to dampening, if the anomaly in the respective grid cell
changes sign under the different scenarios

ance over the initiation thresholds (Fig. A3). In northeast-
ern Asia, the temperature rise is the most prominent initia-
tion driver, whereas in northwestern Canada mostly precipi-
tation increases drive the initiation of new peatlands. In the
model, newly established peatlands start from a small seed,
and their growth is restricted to 1% of their size per year.
They thus reach noticeable size only centuries after their ini-
tial establishment. Outside of the model world, the speed of
lateral expansion of growing peatlands depends on multiple
factors, including local topography, hydrology, and peatland
type (Charman, 2002; Ruppel et al., 2013). Topography can
constrain lateral expansion velocities. Depending on terrain
slopes, peat accumulation can be limited to a small area or
depression for centuries to millennia until the peat column
grows tall enough or expand quickly over a flat plain (Bauer
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et al., 2003; Loisel et al., 2013; Broothaerts et al., 2014;
Le Stum-Boivin et al., 2019). This heterogeneity and com-
plexity in lateral expansion of newly established peatlands
is not represented by the model used here. The magnitude
and timing of the simulated late expansion should therefore
be taken with care. However, the results suggest that histor-
ical and future climate change might create the potential for
newly forming peatlands in regions where conditions have
been mostly unsuitable before.

3.4 Climate forcing uncertainty

The spread between simulations forced with climate anoma-
lies from the different CMIP6 climate models indicates a
large climate-anomaly-related uncertainty in simulated peat-
land variables. This is in line with previous studies that also
found a large uncertainty propagation from climate variables
to peatland and carbon cycle variables in general (Stocker
et al., 2013; Ahlstrom et al., 2017; Qiu et al., 2020; Miiller
and Joos, 2020).

The magnitude of uncertainties is regionally different,
with large uncertainties in the northern high latitudes for
peatland area (Fig. S3) and total peat carbon (Fig. S4) and
in the mid-latitudes for peatland NEP (Fig. S5). The cli-
mate variables driving the uncertainty depend on the re-
gion and peatland variable in question. Linear regressions
for each grid cell were used to investigate how the differ-
ences between the model climate anomalies translate to the
simulated peatland variables. Differences in northern-high-
latitude peatland area between simulations were found to be
dominantly a factor of climate model temperature. Warmer
anomalies resulted in less peatland area in most grid cells,
except for northeastern Asia, where warmer temperatures fa-
cilitate peat expansion in some grid cells (Fig. S3). In the
tropics, the difference in precipitation is the best predictor
for most grid cells, with anomalies from wetter models re-
sulting in larger peatlands. Total peat carbon, determined
by the balance between total accumulation and total decay
of peat carbon, shows a similar regional pattern (Fig. S4).
Northern-high- and mid-latitude peat carbon is reduced with
higher temperature anomalies as the area for accumulation
declines and heterotrophic respiration increases. In the trop-
ics precipitation remains the dominant predictor, increasing
the accumulation area and limiting respiration. For peatland
NEDP, precipitation minus evapotranspiration, as a measure of
the moisture balance, resulted in a larger number of grid cells
with significant (regression p value < 0.05) results compared
to temperature or precipitation alone (Fig. S5). Climate mod-
els resulting in a more positive water balance mostly also
resulted in a higher peatland NEP due to the controls of peat-
land water table depth on both productivity and respiration.
In permafrost regions, also temperature on its own is a strong
positive factor for simulated peatland NEP.

The results show that the differences in peatland responses
to different climate forcings can be explained mostly by the
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same drivers and mechanisms as the transient changes (dis-
cussed in Sect. 3.3). They also reveal the large dependence
of peatland and carbon cycle projections on key properties
of climate models. Further constraining model climate sen-
sitivity is thus essential to reduce uncertainty in carbon cy-
cle projections. Here the climate model ensemble subset was
selected to best represent the full CMIP6 ensemble and with
this the fullest possible range of projections. However, model
performance compared to different targets is highly variable
(Harrison et al., 2014), and different ensemble subset selec-
tions or weighted ensemble medians might be preferable in
future work, depending on the focus.

The simulations presented here are also subject to other
large but less quantifiable uncertainties. Keeping the forcing
constant after 2100 or 2300 is an idealization with true cli-
mate dynamics depending on highly uncertain factors such
as future social and economic dynamics and potential tip-
ping points. Structural and parameter uncertainties, not only
in the peat module, but through all components of the model,
are unavoidable in simplified global models such as the LPX-
Bern, especially on regional and local scales. Implementa-
tion of peatlands in DGVMs is still in its early stages, and
comprehensive model comparison and structural uncertainty
evaluation are still mostly lacking. With the inclusion of peat-
lands into more and more DGVMs and earth system models,
comparative studies might identify the most promising model
developments and thus pave the way for more robust peatland
and carbon cycle projections.

4 Conclusions

The dynamic global vegetation model LPX-Bern was used
to estimate committed and projected mid- to long-term fu-
ture changes in global peatland area and carbon under three
different climate and land-use scenarios. A previously pub-
lished transient simulation from the Last Glacial Maximum
to the present (Miiller and Joos, 2020) was used as the start-
ing point for the future projections, accounting for the tran-
sient history and potential legacy effects of today’s and for-
mer peatlands. LPX-Bern was forced by climate anomalies
from 10 different CMIP6 earth system models, selected to
optimally represent the full CMIP6 ensemble range. Peat car-
bon dynamics were analyzed for carbon in active peatlands
(peatland carbon) and peat carbon in all land classes includ-
ing former peatlands (fotal peat carbon), representing two
land—-atmosphere interaction bounding cases.

Averaged over 1995-2014, median global peatland area,
peatland carbon, and total peat carbon are simulated to be
3.7Mkm?, 423 GtC, and 611 GtC respectively. This puts the
modeled peatlands within the range of literature estimates
but with a heavier weight on tropical peatlands than most
estimates suggest. Simulations with constant 2014 boundary
conditions revealed committed losses of northern peatland
area (median: —8 %) and peatland carbon (median: —10 %)
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until the end of the century and beyond, with losses in Eu-
rope and eastern Canada partly compensated for by peatland
area expansion in eastern Asia, the western part of North
America, and the tropics. These results suggest that past cli-
mate and land-use change has already led to regional changes
in the environmental conditions that put a large part of to-
day’s northern peatlands at risk while potentially improv-
ing conditions for others. With higher-emission scenarios,
global net losses in peatland area and carbon are increased
with increases in losses in the northern latitudes and in-
creasing gains in the tropics. Under the SSP1-2.6, SSP2—
4.5, and SSP5-8.5 scenario, assuming constant climate, CO2,
and land-use forcing after 2100, the northern peatland area is
simulated to decrease by a median of —18 %, —41 %, and
—61 % until 2300 respectively, with concomitant decreases
in northern peatland carbon (—18 %, —47 %, and —65 %)
and total peat carbon (—1%, —3 %, and —7 %). These re-
sults illustrate the extent to which today’s northern peatlands
and their large carbon stocks are at risk from future climate
change. Estimated peat carbon loss here depends on the as-
sumed emission bounding case and could be large if the car-
bon is quickly released to the atmosphere (peatland carbon)
or moderate to small if the carbon decays only slowly after
ecosystem transformation (total peat carbon). To reduce this
persisting uncertainty, additional research focus on the fate
of carbon in former peatlands is needed, leading to dedicated
model parameterizations for this carbon pool. In our simula-
tions, higher future emissions are clearly tied to a larger po-
tential loss of peatland area and carbon, highlighting the role
of fast emission reduction for peatland protection. While di-
rect human disturbances of peatlands through drainage and
land-use conversion can be partly mitigated by prompt peat-
land restoration and legal protection, indirect disturbances
from anthropogenic climate change can only be limited by
drastically cutting future emissions.

All simulations showed delayed peatland responses be-
yond 2300 under constant climate and environmental forc-
ing, most notably a delayed peatland expansion in grid cells
with no prior peatland presence. This delayed peatland ex-
pansion is especially pronounced in the tropics and the high-
est northern latitudes. Although the timing and magnitude
of this expansion are most likely strongly model depen-
dent, it illustrates the potential for new peat initiation in
regions that were formerly unsuited for peat development.
Towards the end of the simulations, medians for simulated
global peatland area, peatland carbon, and total peat car-
bon in the strong-mitigation scenario exceed the ones of
the 1500 and 2014 commitment simulations. The millennial-
scale potential for global peatland area and peat carbon stor-
age is thus simulated to be larger under strongly mitigated
climate change than under pre-industrial or present-day con-
ditions. This potential, however, is only realized after cen-
turies to millennia of dominating negative effects, with large
permanent losses of northern peatland area, peat carbon,
and ecosystem services provided by them. For the higher-
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emission scenarios, globally aggregated negative changes in
area and carbon persist until the end of the simulation.

Additional simulations with extended SSP scenario cli-
mate forcing from three different climate models showed
that continuing transient forcing along a scenario trajectory
can substantially change the simulated results. Extending the
SSP1-2.6 scenario to 2300 with global temperature anoma-
lies decreasing again after 2100 led to a reduction in the
response, positive or negative, relative to the standard sce-
nario. The extension of SSP5-8.5 on the other hand leads
to a drastically increased loss of peatland area and carbon
due to the extreme increases in mean global temperature un-
til 2300. Assuming similar results when extended scenarios
would be used for the whole ensemble, model spread and
median peat carbon loss are expected to be smaller under
SSP1-2.6, and median loss of peatland area and carbon is
expected to be substantially larger under SSP5-8.5. These
results highlight the importance of extended emission path-
ways to project long-term effects of anthropogenic climate
change not only on peatlands but on the carbon cycle and
the climate system as a whole. As the current century grows
shorter the next phase of CMIP should aim to extend projec-
tions beyond the end of the century as a standard practice.

Driver contributions to future changes were analyzed us-
ing factorial simulations. Besides committed changes, in-
creasing temperature was identified as the main driver of
peatland area and carbon losses, and increasing precipitation
was identified as the main driver of gains. After 2300, influ-
ences of CO; and non-linear interactions on peat initiation
become more apparent, when peatland area begins to expand
more widely. Cloud cover was found to have only small in-
fluences on global peatland variables. Future changes in the
net area under land use are small (< 11 %) in the scenarios
compared to the historical changes and have a small impact
on global peatlands in our simulations. Here a simplified as-
sumption was taken, with peatlands being affected by land-
use change proportional to their size. However, this might not
be the case if peatlands are directly targeted for conversion to
land-use areas. Future studies might try to integrate specific
peatland-land-use conversion scenarios to better quantify the
effect of potential future land-use conversion within a global
modeling framework.

The spread between the simulations forced with different
climate anomalies from the 10 ensemble climate models re-
veals that a large uncertainty is propagated from the climate
anomalies to the global peatland and carbon cycle variables.
Depending on the region, uncertainty was propagated mostly
by temperature, precipitation, or a combination of both. The
uncertainty increases with time even after climate forcing
is kept constant due to the long response timescales impor-
tant for peatlands. Even in the case of the 2014 commitment
simulations, which only see 40 years of slightly diverging
climate anomalies, uncertainties grow large over time. This
shows that small differences in climate forcing can propagate
to large long-term differences in peatland and carbon cycle
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variables. In future studies, uncertainties could be reduced
by including a skill criterion into the climate model ensem-
ble selection or the subsequent ensemble analysis. Structural
model uncertainties are harder to quantify but could poten-
tially be equally large. A focus of future work must be to
quantify these structural uncertainties in peatland model in-
tercomparison projects and continue model development to-
wards simple but robust formulations for dynamic peatlands
on a global scale. Given the large and diverse uncertainties
involved, the results presented here should be interpreted as
a model analysis of potential risks, their transient evolution,
environmental drivers, and uncertainties rather than as robust
predictions.

The climate and the terrestrial carbon cycle in the sim-
ulations presented in this study are uncoupled. The results,
however, suggest potentially large feedbacks between the
simulated changes in global peatlands and the global car-
bon cycle and climate system. Carbon released to the at-
mosphere would additionally warm the climate, leading to
a positive feedback. Every 100 GtC released from peatlands
would cause a warming of about 0.2 °C (Allen et al., 2009).
Other feedbacks not considered here include changes in the
methane source, surface energy balance, and surface albedo.
Changing surface albedo and energy balance might lead
to warming given a transition from moss-dominated boreal
peatlands to a dense forest (Helbig et al., 2020a), but it
is strongly dependent on the actual vegetation succession.
Decreasing methane emissions from reduced northern peat-
lands could be compensated for or even superseded by in-
creased emissions from expanding tropical peatlands. In ad-
dition, methane emissions increase with temperature (Turet-
sky et al., 2014). The sign of the methane feedback, therefore,
is dependent on multiple factors. The absence of these poten-
tially important feedbacks between peatlands and the climate
system in the state-of-the-art future projections such as pro-
duced by the CMIP is a potential limit to formulating ade-
quate climate policy. Future work should focus on the pro-
duction of fully coupled peatland—climate simulations to as-
sess the magnitude of the potential feedbacks, as well as the
integration of peatland modules into the next generation of
earth system and integrated assessment models (Loisel et al.,
2021).

Taken together our study provides long-term future pro-
jections of global peatland area and carbon, based on a tran-
sient spinup since the Last Glacial Maximum, and accom-
panied by an in-depth analysis of future scenarios, drivers,
and uncertainties. It suggests that large parts of northern
peatlands are at risk of both committed and future climate
change and highlights the need for strong-mitigation and pro-
tection efforts. The large uncertainties found call for contin-
ued model development and refinement. The long response
timescales and potentially large climate feedbacks of peat-
lands stress the need for century-to-millennial-scale coupled
climate—peatland simulations.
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Figure Al. Dominant driver contributions to SSP1-2.6 anomalies at 2300 in (a) peatland area fraction (PF), (b) peatland NEP, and (c) total
peat carbon (TPC). Colors indicate the most important driver and color shade the contribution of the respective driver on a scale from 0 (no
contribution) to 1 (only contributor). Anomalies are calculated with respect to 1995-2014 averages.
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Figure A2. As Fig. Al but for the SSP5-8.5 scenario.
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Figure A3. Dominant driver contributions to peatland area at 3500 in grid cells with no peatland presence before the year 1500 for (a)
SSP1-2.6, (b) SSP2-4.5, and (¢) SSP5-8.5. Colors indicate the most important driver and color shade the contribution of the respective
driver on a scale from O (no contribution) to 1 (only contributor).
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Figure S1:

Global temperature (a-c) and precipitation (d-f) anomalies to the 1961-1990 average for three
CMIP6 scenarios: SSP1-2.6 (a,d), SSP2-4.5 (b,e), SSP5-8.5 (c,f) and extended SSP1-2.6 and SSP5-
8.5 for three models. Mangenta lines show anomalies of the climate model sample versus the rest of
the CMIP6 ensemble in grey. Dashed vertical gray lines show the year 2015 from which the future
scenarios diverge
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Figure S2:

Simulated continued transient evolution after the LGM run (LGM*) of (a) global peatland area, (b)
global peatland carbon, and (c) global total peat carbon under under constant 1500 and 2014
conditions. Shown are ten simulations forced with different climate model anomalies. The dashed
vertical line indicates the year 2014. Note the change in the time axis after the year 2300
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Figure S3:
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Figure S4:

Year 2300 SSP2-4.5 total peat carbon anomaly (a) median, (b) inter quartile range and (c) squared
correlation coefficient (R?) for a linear regression between the ten different sample precipitation or
temperature values and the resulting total peat carbon concentrations in the respective simulation.
Plotted in (c) are only cells with significant correlation (p > 0.05). Color code in (c) denotes the
dominant predictor in the respective cell. Cells with a negative regression slope are marked with a
minus
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Figure S5:

Year 2300 SSP2-4.5 peatland NEP anomaly (a) median, (b) inter quartile range and (c) squared
correlation coefficient (R?) for a linear regression between the ten different sample precipitation or
temperature values and the resulting peatland NEP in the respective simulation. Gridcells where
NEP becomes negative are marked with a minus in (a). Plotted in (c) are only cells with significant
correlation (p > 0.05). Color code in (c) denotes the dominant predictor in the respective cell. Cells
with a negative regression slope are marked with a minus. Hatched areas indicate a positive area
anomaly, which in the model can lead to an increase in NEP through the dilution of soil carbon
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Chapter 5

Wetland methane emissions through time

5.1 Motivation

Methane is an important greenhouse gas and plays a major role in regulating global temperature
(Ciais et al., 2013). Despite its relatively short atmospheric residence time, atmospheric methane
concentrations have more than doubled since the pre-industrial period, from about 700 parts
per billion (ppb) |Schilt et al. (2010) to 1879 ppb in 2020 (Ed Dlugokencky, [2021). Next to
anthropogenic methane sources from agriculture, waste management, fossil fuel, and bio-fuel
burning, emissions from natural sources have also been increasing. Today, still about a quarter
to half of the global methane emissions have natural sources such as wildfires, hydrates, termites,
wild animals, open waters, and wetlands (Saunois et al., 2020)).

The largest natural sources of methane are wetlands. Waterlogged conditions create an anoxic
environment in which methanogenic microorganisms produce methane during the respiration of
organic carbon. Understanding the response of wetlands and wetland methane emissions to
future climate change is thus an integral part of quantifying climate feedbacks and determining
feasible trajectories towards global warming targets (Arneth et al., 2010; Stocker et al., 2013}
Zhang et al.; 2017bj; Dean et al. 2018). Under changing boundary conditions not only emissions
per unit wetland area might change, but also wetland area extent and wetland types with large
indirect effects on total methane emissions.

Process-based models which dynamically and simultaneously predict wetland area and
methane emissions can be a unique tool to project the evolution of future wetland methane
emissions (e.g. Gedney et al., 2004; |Zhang et al., 2017b)). To allow for robust projections, models
need to be validated over a multitude of different boundary conditions. The application of
models in the paleo setting provides an opportunity to test model behavior under different
boundary conditions and can provide valuable insights about the important processes controlling
wetland area and methane emissions in the past.

One way to validate model performance in the paleo setting is using ice cores extracted from
the ice shields of Antarctica and Greenland. They enable the reconstruction of atmospheric
methane concentration over the past 800,000 years by measuring gas trapped in the ice (Loulergue
et al. 2008). For the last deglaciation and the following Holocene, the high temporal resolution
and accuracy of these records (e.g. Schilt et al., |2010; |[Mitchell et al., 2013; Baumgartner et al.,
2014) allow for the validation of process-based models over a large climatic space (e.g. [Hopcroft
et al., [2017; Kleinen et al., 2020)).

In this chapter, transient simulations from the Last Glacial Maximum (LGM, ~21 kyrs BP)
to the present are presented and analyzed. The results presented here are for the most part
based on work dating back to 2017/18. However, for this chapter, the analysis has been updated
and extended and all simulations have been redone with the newest version of LPX-Bern (v1.4)
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(Lienert & Joos, 2018)) and with the methane module as described in section Note that the
updated scaling factors for peatland (mt, = 0.157) and seasonal wetland emissions (r; = 0.070)
were used compared to sections and The setup of the simulations and the model forcing
is the same as in chapter [3] Simulated emissions from peatlands, seasonal wetlands, and wet
mineral soils are compared to different estimates for present day in section In section 5.3
simulated transient wetland emissions since the LGM are presented and compared to ice core
data, including a driver attribution analysis. Potential model changes to overcome identified
shortcomings are explored in section [5.41 Finally, section [5.5| provides a summary and gives a
brief overview over possible future model improvements and the future of the research project.

5.2 Present-day wetland area and emissions

Estimates of wetland area are needed to estimate wetland methane emissions, e.g. with process-
based models such as the LPX-Bern. These area estimates, however, are subject to large
uncertainties (Hu et al., [2017). [Zhang et al. (2017a)) compared five commonly used wetland data
sets, three of which are static in nature and two dynamic with a monthly time step. To compare
the dynamic to the static datasets, the maximum area within a year was averaged over all years
within the dataset. They found large differences in wetland extent. Global wetland area ranged
from 5.3 to 10.2 million square kilometers (Mkm?) with tropical wetlands (30° S-30° N) making
up about 43 + 4 %.

Wetland area simulated by the LPX-Bern, defined similarly as peatland area plus the
maximum extent of seasonal wetlands averaged over the end of the simulation (1980-1990), is
with 8.1 Mkm? well within the range of estimates (Fig. . The proportion of tropical wetlands,
however, is with 35 % simulated to be smaller than suggested by the data estimates. When
considering only the maximum inundated grid-cell fraction, f;, determined by the DYPTOP
module, wetland extent amounts to 7.4 Mkm? of which 36 % are located in the tropics.

Methane emissions from wetlands for the years 2000-2009 are estimated by |[Saunois et al.
(2020)) using bottom-up and top-down approaches. The bottom-up estimate range of 102-179
teragram methane per year (Tg yr—!) was derived with multiple global process-based methane
models, including the LPX-Bern (see , and with a maximum wetland area of about 7.6 Mkm?.
The top-down estimates range is with 153-196 Tg yr~! slightly higher than the bottom-up
range. In the top-down approach emissions from different sources are optimized to match
atmospheric measurements, using prior emission estimates, such as from process-based models,
and atmospheric transport and chemistry models (Houweling et al., [2017). Due to their reliance
on prior distributions, top-down estimates are not entirely independent from their bottom-up
counterparts. A third, independent approach is the up-scaling of emissions measured directly
at the source with incubation chambers or eddy co-variance towers (e.g Pangala et al., 2017).
Previously mostly applied to regional scales, Peltola et al. (2019) used a similar approach to
estimate wetland methane emissions above 45° N in the years 2013 and 2014 to 31-38 Tg yr— 1,
depending on the wetland distribution map used for upscaling.

Modern methane emission simulated by the LPX-Bern averaged over the end of the transient
LGM simulation (1980-1990), are 134 Tg yr~! globally, and 23 Tg yr~! for wetlands above 45° N
(Fig.[5.1] (b)). This puts emissions within the range of bottom-up estimates but remains lower than
the top-down or up-scaling estimates. However, the time periods compared are slightly different.
About 75 % of the global emissions are emitted in the tropics, 23 % in northern extratropics
(>30°N), and only 2 % in the southern latitudes. The simulated latitudinal distribution is
thus similar as for the bottom-up (<30°N: 79 %, >30°N: 21 %) and top-down (<30°N: 74 %,
>30°N: 26 %) estimates reported in [Saunois et al.| (2020) for the period 2000-2009.
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Figure 5.1: Global simulated (a,b) maximum wetland area (peatlands and seasonal wetlands) and (c,d) wetland

methane emissions for (a,c) LGM conditions (21 kyrs BP) and (b,d) present day (1980-1990), from a transient
simulation spanning from the LGM to the present. Dashed grey lines indicate 30° North and South.
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5.3 Methane emissions since the Last Glacial Maximum

5.3.1 Ice core records

Despite its small atmospheric lifetime of about 9-11 years (Prather et al., 2012; [Voulgarakis et al.|
2013; Maasakkers et al., [2019) methane is well mixed in the lower atmosphere except for a small
interpolar difference (Mitchell et al., 2013). Additionally, the largest sink of methane, chemical
oxidation through hydroxyl radicals (OH) in the atmosphere, is thought to have changed little
from the LGM to today (Levine et al., [2011; Murray et all 2014), implying a relatively stable
atmospheric lifetime. The variability in atmospheric concentrations reconstructed from ice cores
can thus be interpreted as representative of global atmospheric dynamics, driven primarily by
changes in the strength of sources. Ice-core records reveal a complex and intriguing variability in
the atmospheric methane concentration since the Last Glacial Maximum (Fig. [5.2] (a)).

LGM HS1 B/A YD Holocene

700 - (@)
650 -

600 -

500 -
450 -

400 |- —— EDML ice core (Schilt 2010) -

Atmospheric CH4 concentration [ppb]

350 o0 vy v vy g T
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(b) —— LPX wetland emissions ]
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Wetland CH4 emissions [Tg yr~1]

L L L L L L L L L 1 L L L L L L L L L L
21 19 17 15 13 11 9 7 5 3 1
kyr BP

Figure 5.2: (a) Measured atmospheric methane concentration from the EDML ice-core (Schilt et al., 2010} in
ppb and (b) simulated wetland methane emission by the LPX over the past 22 thousand years. Background
shading indicates the Last Glacial Maximum (LGM) period, the Heinrich Stadial 1 (HS1) Northern Hemisphere
cold phase, the Bglling-Allersd (BA) Northern Hemisphere warm phase, and the Younger Dryas (YD) Northern
Hemisphere cold phase.

The transition from the last glacial to the beginning of the Holocene was characterized by
strong warming, changes in ocean circulation, and increases in atmospheric COo concentrations
(Masson-Delmotte et al., [2013]). During the termination, the Atlantic Meridional Overturning
Circulation (AMOC) experienced multiple phases of reduced and strengthened states, leading to
northern hemisphere (NH) cold and warm periods due to changes in the ocean heat transport
(Stocker & Johnsen) 2003; Rasmussen et al., 2014). The concurrent changes in the low- to
high-latitude temperature gradient led to northward (small gradient) and southward (large
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gradient) shifts of the Intertropical Convergence Zone (ITCZ) and with it to shifts in the high
precipitation zones in the tropics (McGee et all 2014; |Shi & Yan| 2019; Cao et al., [2019). The
changes in ocean heat transport and atmospheric circulation also affected the Asian and African
monsoon systems and their related precipitation patterns (e.g. [Shi & Yan, [2019; He et al., [2021)).
The TraCE21k climate anomalies used as forcing for the LPX-Bern simulations presented here,
capture the discussed climate variability well (Liu et al., [2009).

From the LGM (~21 kyrs BP) to the pre-industrial period (0.25-1 kyrs BP) atmospheric
methane concentration almost doubled, from about 370 ppb to about 705 ppb (Fig. (a)
Schilt et al., [2010). Concentrations started rising with the onset of Heinrich-Stadial 1 (HS1,
17.43-14.63 kyr BP), a period of reduced AMOC and a NH cold period, thought to be triggered
by iceberg discharge (Ng et al., [2018). The following Bolling-Allergd (BA, 14.63-12.85 kyr BP)
NH warm period is thought to have followed an abrupt strengthening of the AMOC, transporting
heat from the southern to the northern hemisphere (McManus et al., [2004). At the onset of the
BA, atmospheric methane concentrations abruptly increased to about 600 ppb and continued
to steadily rise until its end to about 650 ppb (Fig. 5.2 (a)). The BA was interrupted by the
Younger Dryas (YD, 12.85-11.65 kyr BP), another NH cold period with reduced AMOC, in
which NH climate briefly returned to almost glacial levels (Renssen et al., 2015|). Atmospheric
methane concentrations abruptly fell back to pre-BA levels and remained reduced until the onset
of the Holocene (Fig. (a)). There, again accompanied by a strengthening of the AMOC,
atmospheric methane concentrations quickly rose back to about 680 ppb. Despite the relatively
stable climate during the following Holocene (Mayewski et al.l 2004), atmospheric methane
concentrations continued to change significantly. From the onset of the Holocene, concentrations
continually decreased to a mid-Holocene minimum of about 570 ppb at about 6-5 kyrs BP. The
subsequent increase brings atmospheric concentrations back to early Holocene levels of 705 ppb
in the pre-industrial period (Fig. (a)).

5.3.2 Simulated emissions

As LPX-Bern does not simulate all natural methane sources, the measured atmospheric
concentrations can not be compared directly to simulated atmospheric concentrations. However,
as wetlands are the largest methane source and in absence of strong changes in methane sinks,
methane emissions from global wetlands should show the same variability as the atmospheric
concentrations measured in ice cores. The wetland emissions simulated transiently since the
LGM by the LPX-Bern, show some of these characteristics while lacking important others
(Fig. [5.2[ (b)).

Simulated global wetland emissions during the HS1 show fluctuations but no general positive
trend. Figure [5.3] shows the simulated global, northern extratropical, and tropical emissions from
peatlands, seasonal wetlands, and wet mineral soils. It reveals that a positive trend is present for
emissions from northern extratropical wetlands throughout the whole HS1. However, simulated
global emissions are dominated by emissions from tropical seasonal wetlands, which decrease
from 16.5-16 kyrs BP with a slow recovery thereafter.

The period best reproduced by the model is the BA, with an abrupt increase and decrease in
simulated emissions at its beginning and end, but with a decreasing instead of an increasing
trend during the BA itself (Fig. . The simulated abrupt increase at the beginning of the BA
is mostly driven by emissions from tropical seasonal wetlands (Fig.|5.3[ (b)). This is in line with
isotopic evidence from ice cores suggesting tropical wetlands as the likely drivers of the sharp
emission increases at the beginning of the BA and the Holocene (Bock et al., 2017). Sea-level rise
and subsequent flooding of continental shelves was also proposed to have contributed to these
abrupt changes (Ridgwell et al.; |2012). A contribution might also have come from extensive
melt water-driven wetland expansion in the North American mid-latitudes (Byun et al., 2021)).
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Figure 5.3: Simulated (a) global, (b) tropical (30°S-30° N), and (c) northern (>30° N) wetland emissions from
seasonally inundated wetlands, peatlands, and wet mineral soils. Background shading same as in figure

Meltwater from the Laurentide ice sheet abruptly decreased at the onset of the YD reducing
these wetlands and their methane emissions.

The fast decrease in simulated global emissions at the transition from BA to YD is driven by
peatland emissions especially in the northern extratropics, whereas emissions from tropical
seasonal wetlands continue the negative trend during the BA throughout the YD (Fig. [5.3).
The simulated emissions in the YD are thus characterized by a negative trend rather than
sustained low emissions, as suggested by the ice core record. At the transition from the YD to
the Holocene, simulated global emissions see a small increase, driven again by tropical seasonal
wetlands, but generally remain at LGM levels (Fig. (a,b)).

Similar to the ice core records, simulated Holocene wetland emissions decrease towards
the mid-Holocene with a following recovery towards the pre-industrial period. Different to the
measured atmospheric concentrations, however, simulated emissions decrease rapidly between
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10-8 kyrs BP with an emission minimum between 87 kyrs BP instead of 6-5 kyrs BP and a
linear recovery thereafter (Fig. . The emission reduction in the early Holocene is driven by
reduced emissions from tropical seasonal wetlands (Fig. [5.3[ (b)). The subsequent increase of
late Holocene emissions stems from increasing peatland emission, especially in the northern
extratropics (Fig. [5.3| (c)). Beck et al.| (2018) used the small interpolar difference in methane
concentrations and isotopes measured between ice cores from Antarctica and Greenland to
estimate the hemispheric distribution of sources over the Holocene. They suggest a decline in
northern latitude peatland emissions during the early Holocene (11-8 ka BP) due to fen to bog
transitions, which are not represented within the LPX-Bern. In the mid-Holocene (8-5.5 kyrs BP),
emissions are suggested to reduce mostly in the tropics, partly matching simulated emissions. For
the subsequent late Holocene (5.5-1 kyrs BP) methane rise, previously, a potentially important
role of northern peatlands was proposed (Korhola et al., [2010), similar to the simulated results.
However, according to Beck et al| (2018), tropical emissions are most likely to have driven the
late Holocene (5.5-1 kyrs BP) methane rise. The latter conclusion is also supported by another
interpolar difference study by |Mitchell et al.| (2013)), who use high-resolution interpolar difference
measurements for the late Holocene.

Chappellaz et al.| (1997)) used the interpolar difference to estimate the latitudinal distribution
of sources over the Holocene within three boxes. They found no general trend in source
distribution with the tropical share ranging between about 50 to 64 % during the Holocene. For
the PI period, |Chappellaz et al.| (1997) found about 64 % of emissions originating in the tropics,
29 % in the northern, and 6 % in the southern extratropics and thus a distribution shifted more
to the northern and southern latitudes than the estimates for present day. This indicates a
relative overestimation of tropical sources during the Holocene by LPX-Bern, with simulated
values ranging between 76-80 %, despite a good model agreement to present-day estimates

(Fig. [5.4).

5.3.3 LGM-PI methane rise

The most notable model-data mismatch is the lack of a substantial increase in emissions from
the LGM (21 kyrs BP) to the pre-industrial period (PI, 1-0.25 kyrs BP) or the early Holocene.
Instead of the expected near doubling of emissions (+90 %), simulated wetland emissions at the
beginning of the Holocene remain at LGM levels (+2 %) and even fall below that during the PI
period (4.5 %). Figure shows that this general trend is the combined effect of emissions
from tropical wetlands that reduce from LGM to PI by about —16 %, driven mostly by seasonal
wetlands, and an LGM-PI emission increase of +68 % in the northern extratropics, driven
mostly by peatland emissions. This entails a reduction of the tropical share of simulated global
emissions from 86 % at LGM to 76 % at PI (Fig. (a)). Isotopic measurements from ice cores
identify tropical wetlands as the main drivers of the LGM-PI increase in atmospheric methane
concentration (Bock et al.,2017). The simulated decreasing trend in tropical wetland emissions
is thus opposite to the expected one. When including simulated emissions from wildfires, which
increase with available biomass, the simulated LGM-PI emission anomaly increases slightly to
-3.3 %. Other sources not explicitly considered here, such as wild animals and termites might have
also increased over the termination, but only play a secondary role in driving atmospheric
methane concentrations (Saunois et al., [2020). Previous suggestions of substantial release of
methane from hydrates and other geological sources (Etiope et al., 2008) have been dismissed
based isotopic evidence (Bock et al., [2017). Methane emissions from inland waters, like lakes and
rivers, however, are a still mostly uncertain but potentially large emission source which is not
considered here (Walter et al. 2007; DelSontro et al., 2018]).

Previous modeling studies investigating the LGM methane cycle have also struggled to
achieve the full expected increase of methane emissions from LGM to PI of about 90 % without
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Figure 5.4: Relative proportion of tropical (30° S-30° N) and northern (>30° N) simulated (a) total wetland
and (b) peatland emissions for the standard setup and two sensitivity simulations with additional temperature
dependence of the CH4/CO2 production ratio, with a Q10 equivalent of Q10 ~ 2 (E2) and Q10 ~ 4 (E4).

assuming changes in the atmospheric sink. found a mostly CO driven 30 %
increase in wetland methane emissions from LGM to PI, despite a slightly larger wetland area
during the LGM. |Valdes et al.| (2005) simulated an LGM to PI increase of global wetland
emissions of 37 % with the largest increase, however, stemming from northern latitude wetlands.
Kaplan et al| (2006) simulated wetland methane emissions from the LGM to the present in 19
timeslices. They found a similar evolution of wetland emissions as simulated by LPX-Bern, with
an LGM-PI difference in emissions of about 0 % and an emission maximum during the BA at 13
kyrs BP. Weber et al. (2010) used climate output from multiple models participating in the
Palaeoclimate Modelling Intercomparison Project Phase 2 (PMIP2) to diagnose wetland methane
emissions, resulting in a range of relative emission increases from LGM to PI of 41-72 %, with
generally larger increases in northern extratropics than in the tropics. Singarayer et al.| (2011)
simulated atmospheric methane concentrations in 65 time slices spanning the past 130 kyrs using
a global circulation model (GCM) coupled to a DGVM and an atmospheric chemistry model,
however, with no changes to the glacial land-sea mask. They found an increase between LGM
and early Holocene wetland emissions of about 58 % and an increase of about 46 % from LGM
to PI. Finally, Hopcroft et al| (2017) simulated changes in the LGM methane cycle, considering
emissions from wetlands, wildfires, termites, oceans and hydrates. They found a total emission
increase of 49-72 %. Wetland methane emissions were simulated to increase by about 72 %.

These examples reveal the simulation of the LGM methane cycle as a long standing and
ongoing challenge for process-based models. In a recent study, Kleinen et al.| (2020) provide
the first demonstration that the atmospheric concentration increase from LGM to PI can be
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explained by changes in source strength alone. They performed six timeslice simulations from
the LGM to the present day and simulated emissions from wetlands, wildfires and termites as
well as the methane uptake by soils. They find an LGM-PT increase of total emissions of 113 %,
with wetland emissions increasing by 103 %. Their investigation into the underlying drivers using
factorial simulations, revealed the atmospheric CO2 and temperature increase to have the largest
effect on wetland emissions. CO» fertilization alone lead to a 24 % increase in emissions. Rising
temperatures led to increased emissions indirectly by increases in vegetation productivity and
soil respiration and directly through the temperature dependence of methane production, with
the latter contributing about 16 % to the methane rise (Kleinen et al., [2020). Changes in the
available land area through ice sheet retreat and sea-level rise were identified as a third main
driver leading to an LGM-PI increase in northern wetland area and a decrease in the tropics.

Identifying the key drivers for methane emissions simulated by LPX-Bern and comparing
them to results from the previous modeling studies discussed above might reveal potential model
deficits that lead to the lack in a simulated LGM-PI methane rise.

5.3.4 Driver contributions

To reveal the underlying environmental drivers for the changes in simulated wetland methane
emissions discussed above, factorial simulations were used. Five factorial simulations were
performed, where atmospheric COs, temperature, precipitation, orbital forcing, and the land-sea-
ice mask were kept constant at LGM levels respectively. Figure shows the driver contribution
calculated for the relative emission anomaly since the LGM. At any given time, the respective
driver contribution was calculated as the difference between the relative emission anomaly of the
respective factorial simulation and the standard simulation. The residual between all calculated
driver contributions and the standard run was identified as contributions from non-linear effects.

During the HS1, shifts in precipitation patterns lead to a reduction of tropical seasonal
wetland emissions, where the source area responds more quickly to changes in precipitation
(Fig. [5.5[ (b)). The emission reduction at about 16 kyrs BP is dampened by non-linear effects in
the tropics and precipitation-driven emission increases in the northern extratropics (Fig. (b,c)).
Rising atmospheric CO4 levels during the HS1 lead to increases in emissions over all source types
and latitudes, by increasing plant productivity and substrate availability (Fig. [5.5]). Despite low
Greenland temperatures during HS1, temperatures in the TraCE21k simulation start to rise
throughout large parts of the northern hemisphere, especially in Asia. Rising temperatures lead
to rising emissions from the northern extratropics until the BA onset (Fig.[5.5| (c)). The large
emission variability throughout the BA and YD is mostly forced by precipitation changes in the
tropics following shifts in the ITCZ, except for the YD onset which is dominated by northern
peatlands responding to abrupt changes in precipitation and temperature (Fig. |5.5)).

These deglacial changes are superimposed on a strong emission decrease due to sea-level rise
and the subsequent loss of strongly emitting seasonal wetlands. Most of these are located on
tropical exposed continental shelves (Fig. [5.5 (b)). Emissions from additional land areas in
the northern extratropics, that become available after ice sheet retreat, can only marginally
compensate for the emissions lost in the tropics (Fig.[5.5[(c)). The effect of increasing temperatures
in the northern extratropics varies. In the high latitudes, wetland expansion and the increase
in primary productivity and soil respiration lead to a rise in emissions. In the mid latitudes,
however, wetland area decreases due to the temperature-driven loss of large wetland complexes
in eastern North America (see also chapter , leading to a net negative effect of temperature on
emissions after about 14.5 kyrs BP.

At the onset of the Holocene, emissions increase due to increases in precipitation and COq
across latitudes (Fig. [5.5)). The early Holocene is dominated by further emission reductions due
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Figure 5.5: Driver contributions to the change in simulated (a) global, (b) tropical (30°S—-30°N), and (c)
northern (>30° N) wetland emissions since the LGM. Contributions are calculated using factorial simulations and
are given in percent of LGM emissions averaged over 21.5-19.5 kyrs BP. Background shading same as in figure

to sea-level rise, now also impacting emissions from the northern extratropics, but dampened by
continued positive contributions from precipitation increases. The COs9 contribution during
the Holocene follows the atmospheric concentrations which have a mid-Holocene minimum
and start rising again towards the late Holocene. The continued expansion of peatlands into
North America after ice sheet retreat leads to a continually increasing contribution from land
area changes in the northern extratropics. The effect of the orbital forcing, here only affecting
available photosynthetic radiation, and of temperature changes in the tropics, remain small
throughout the simulations (Fig. [5.5)).
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Non-linear contributions play a continually large negative role in the northern extratropics
(Fig. 5.5 (¢)). Their dynamic is anticorrelated with the calculated contribution from precipitation,
suggesting non-linear interactions between precipitation and other environmental drivers.
Precipitation is a strong determinant of wetland area extent. The available source area, however,
limits the effect that other factors like COs and temperature can have on total emissions. The
precipitation effect as calculated here thus includes double-counting of all other contributions
that affect the additional wetland areas emerging due to increased precipitation. Similar
double-counting exists for other drivers potentially affecting wetland area, such as changes in the
land-sea-ice mask or temperature, which through changes in evapotranspiration also has an
indirect effect on the water balance. For a more thorough future analysis, a strategy might be
found to minimize such double counting. This could potentially include additional factorial
simulations with all but one forcing fixed at pre-industrial levels and factorial simulations
isolating the effect of wetland area changes.
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Figure 5.6: Mean simulated area of seasonal wetlands (not including peatlands), in the standard setup (thick
lines) and without wetlands on continental shelves (soft lines)

The driver contributions to the methane emissions anomaly at PI reveal possible reasons
for the lack of the LGM-PI methane rise in the simulations. Although there are considerable
positive contributions from increasing COs, precipitation, and temperature, they are largely
canceled out by the loss of emissions due to the flooding of tropical continental shelves (Fig. .
During the LGM, DYPTOP predicts large wetlands on the shelves in Sundaland, North of
Australia, and the northern coast of South America, accompanied by large methane emissions
(Fig. (a)). The subsequent sea-level rise thus leads to a large net loss of emission source area
throughout the termination and the early Holocene (Fig. . The extent of paleo wetlands on
these shelves is largely unknown, however, deep river systems could have limited wetland extent
through effective drainage (Dommain et al 2014). Other studies that struggled to reproduce the
full LGM-PI methane rise also predicted large wetland areas on tropical continental shelves,
strongly affecting LGM methane emissions (Kaplan) |2002; Kaplan et al., |2006; Valdes et al.
2005; [Weber et al., 2010). |[Kleinen et al. (2020), however, managed to simulate a considerable
LGM-PI methane rise, despite a decreasing source area in the tropics following sea-level rise.
Their reduction in mean tropical wetland area (—13 %) is, however, substantially smaller than
the one simulated by the LPX-Bern (-25 %, for seasonal wetlands).

Other factors for the lack of a simulated LGM-PI methane rise could be too small positive
contributions from rising temperature and COs. The CO4 contribution for emission anomalies
from LGM to PI here is simulated at 15 % and the temperature contribution at 6 %, compared
to 24 % from COs and 16 % from the direct temperature dependence of methane production
alone in |Kleinen et al.| (2020). Part of this difference can be explained by the lack of an explicit
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temperature dependence of the methane production (see section . Similarly, LPX-Bern is
known to have a relatively low sensitivity of primary production to atmospheric COy changes
(Lienert & Joos, |2018)). In the following section, potential LPX-Bern adjustments are discussed
addressing some of these issues, namely the temperature dependence of methane emissions and
the simulation of wetland area.

5.4 Model investigations

In pursuit of reducing the model-data mismatch, particularly concerning the lack of an LGM-PI
rise in simulated emissions, some sensitivity and model investigations were performed. In the
driver analysis in section the absence of an explicit temperature dependence of the methane
production and the large deglacial loss of tropical shelf wetland area, were identified as two of the
potential sources of the model-data mismatch. Below, in section [5.4.1] a simple implementation
for a temperature dependence of the CH,/COg production ratio is added to the LPX-Bern, and
results from additional simulations are compared to the standard simulation. In section [5.4.2
the DYPTOP implementation is slightly changed and parameters newly tuned to potentially
reduce seasonal wetland area during the LGM, especially on the tropical continental shelves.

5.4.1 Temperature dependence

Methane emissions from wetlands were found to be more sensitive to temperature changes
than their concurrent COy emissions (Yvon-Durocher et al., [2014; Turetsky et al. 2014). The
CH4/COg emission ratio, which is a constant factor in LPX-Bern, thus should be assumed as
temperature-dependent. In chapter [2, a simple implementation of a temperature modifier for the
CH,4/COq ratio for seasonal wetlands, peatlands, and wet mineral soils is described, which is
used for the sensitivity runs presented here. The modifier, myp, is determined, analogous to
the temperature modifiers for soil respiration, by an Arrhenius equation following [Lloyd &
Taylor (1994). The two free parameters of the modified Q19 relationship are T}..f, the reference
temperature at which ms = 1, and E, which determines the slope of the function. T,y is here
taken at 20° C, similar to the calculation for soil respiration. For E, values were determined
that roughly correspond to QQ1¢ values, to facilitate interpretation and comparability to other
studies. Other methane models with a Q¢ relationship for the CH4/COg2 emission ratio have
Q10 values ranging between 1.5 and 4 (Xu et al., 2016), while observed Q19 values have an
even larger range from 1.7 to 15.8, depending on wetland type and soil depth (Turetsky et al.,
2014). Here, the Arrhenius function used in LPX-Bern was fitted against the Q¢ relationships
with Q10 =~ 2 and Q19 = 4, resulting in F, = 298 and E, = 679.9 respectively. For now, these
parameter values simply serve as a sensitivity test. For full integration into LPX-Bern, ideally,
the parameters should be determined using appropriate site data.

Figure shows the anomaly of wetland methane emissions relative to the LGM for the
standard simulation and the two sensitivity simulations with E, = 298 (further referred to as E2)
and E, = 679.9 (further referred to as E4). Due to the additional temperature dependence, the
temperature variability has a stronger imprint on global wetland emissions, especially in the case
of E4. At the beginning of the BA, an emission overshoot and a subsequent reduction during
the Older Dryas (14 kyrs BP) emerge following the temperature profile. Similarly, emission
reductions during the YD are more pronounced with larger temperature sensitivity.

The LGM-PI emissions anomaly is increased from —4.5 % in the standard run to +1 % for
E2 and +17 % for E4. The additional temperature effect on the LGM-PI emission anomaly in
E2 is with about 6 % much smaller than the contribution of 16 % reported in Kleinen et al.
(2020)), who have an even weaker temperature dependence for the CH4/CQO production ratio,
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Figure 5.7: Methane emission anomaly relative to the LGM (21 kyrs BP) for the standard setup and two
sensitivity simulations with additional temperature dependence of the CH4/CO; production ratio, with a Q1o
equivalent of Q10 = 2 (E2) and Q10 =~ 4 (E4). Background shading same as in figure

with a Q19 of 1.8, in their model. One reason for these different results lies in the difference in
climate forcing. The MPI-ESM used in Kleinen et al.| (2020) simulates an LGM-PI anomaly of
global temperature of 4.4 Kelvin (K) while the transient TraCE21k simulation used as forcing
for the LPX-Bern (Liu et al., 2009)) shows a global temperature anomaly of only 3.8 K. In the
tropics, where most methane emissions originate, the temperature anomaly is 3.1 K and 2.1 K
for MPI-ESM and TraCE21k respectively. Temperature anomalies above land could differ even
more. Similar as discussed in chapter [3, uncertainties in climate anomalies are propagated to
large uncertainties in simulated past methane emissions.

Another reason for the relatively weak temperature effect in LPX-Bern could be the latitudinal
distribution of wetland emissions. Higher latitudes experience larger temperature anomalies
over the termination, leading to less sensitive responses of global emissions to the global mean
temperature change the more of the global emissions originate from lower latitudes. Despite a
similar distribution of wetlands, emissions in the LPX-Bern standard simulation have more
weight in the tropics than in [Kleinen et al.| (2020). At PI LPX-Bern simulates 76 % of global
emissions in the tropics versus 66 % in Kleinen et al. (2020) and 86 % versus 71 % at LGM. Due
to the temperature gradient between low and high latitudes, the distribution is even more
skewed towards the tropics when adding the additional temperature dependence, with 92 % (E2)
and 97 % (E4) of emissions originating in the tropics at PI (Fig. (a)).

The large weight of tropical emissions after introducing the additional temperature dependence
is unrealistic and conflicts with estimates throughout the Holocene (Chappellaz et al.l |1997;
'Saunois et al., 2020). In the current setup, peatland emissions make up only a small portion of
total wetland emissions. As the majority of peatlands are located in the northern extratropics,
a re-balancing of the relative strength of different sources could influence the latitudinal
distribution. However, the additional temperature dependence also skews the distribution of
peatland emissions by increasing the tropical emission share at PI from 50 % (standard) to
86 % (E2) and 97 % (E4). Thus, even when taking only peatland emissions into account, the
tropical share would be overestimated after including the additional CH4/COs2 production ratio
temperature dependence. Potential changes to the calculation of the temperature modifier could
help to avoid the concentration of emissions in the tropics. Methanogenic microorganisms in high
and low latitudes might have adapted to very different temperature regimes and thus different
values of T}..; might be needed for different latitudes. Similarly, the temperature dependence of
methane emissions was found to vary greatly between ecosystem types (Turetsky et al., [2014)),
possibly warranting different parameter sets for different source categories. These changes,
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however, would introduce new parameters that would need to be well constrained by observations
to avoid over-fitting. The most direct way to reduce the share of tropical emissions would be to
reduce the respective source area in the tropics. However, as discussed in for present-day
conditions the relative size of tropical wetland area is already underestimated in LPX-Bern.
In the next section, sensitivity studies into the DYPTOP module are discussed that could
potentially reduce tropical seasonal wetland area, especially during the LGM.

5.4.2 Alternative DYPTOP formulation

In section the large loss of tropical seasonal wetland area from LGM to PI was identified
as one of the main reasons for the small simulated LGM to PI anomaly in wetland methane
emissions. During LGM conditions, LPX-Bern simulates large seasonal wetlands and peatlands
on the exposed continental shelves in Sundaland, North of Australia, and the northern coast of
South America. The sub-grid topographic information used in DYPTOP (ETOPO1, [2013)
identifies them as mostly flat surfaces. The extent of wetlands on these shelves during the LGM,
however, is not well known and data is sparse due to their location on the seafloor. However, in
sediment cores from the Sunda Shelf, little evidence is found for widespread peatland presence
during the LGM (Hanebuth et al., 2011). Furthermore, Dommain et al. (2014)) suggests that
the Sunda Shelf might have been effectively drained by a deep-cut river system, preventing
the formation of large wetlands, and suggest that peatland formation only started in response
to sea-level rise. This evidence thus suggests that the wetland extent simulated on tropical
continental shelves might be overestimated by LPX-Bern.

As the largest source of emissions, the simulated loss of tropical emissions is dominated by
seasonal wetlands. To potentially reduce simulated seasonal wetland area in the tropics during
the LGM, especially on the continental shelves, and thus decreasing the loss of tropical seasonal
wetland area from LGM to PI, an alternative formulation of the DYPTOP module and its
underlying TOPMODEL parametrization was tested. The standard implementation of the
DYPTOP module, which dynamically determines the grid-cell fraction of seasonal wetlands
and peatlands, is described in section In the TOPMODEL parametrization by [Stocker
et al.| (2014)), sub-grid pixels with a compound topographic index (CTT) that are below a
threshold CT1,,;, = 12 are assumed to be 'unfloodable’. The C'T'I include information about
slope and catchment area of the sub-grid pixel, with larger C'T'I indicating potentially larger
water collection. The argument for introducing a minimum threshold for C'T'I values was that
the topography in the respective sub-grid pixel would be too steep, and any water would quickly
run off. However, there are also implementations of the TOPMODEL approach that use a
threshold in the opposite direction. |Gedney & Cox| (2003) and [Kleinen et al.| (2012) argue that
sub-grid pixels with a C'T'I larger than an upper threshold, CT I,;4., collect so much water that
they form permanent flow systems or lakes, rather than wetlands.

Figure [5.8| shows the sub-grid C'T'I values and 'unfloodable’ sub-grid pixels, given a maximum
or a minimum threshold, for three exemplary LPX-Bern grid cells located in flat regions with
large simulated wetland extent at PI or LGM: the Hudson Bay Lowlands (HBL), the West
Siberian Lowlands (WSL) and the Sunda shelf (SS). While wetland area in these grid cells
is only minimally restricted when using the previous threshold of CT'I,,;, = 12, restrictions
increase drastically when imposing an alternative upper threshold, here set to CT [0, = 17.2 as
derived below. Restrictions to flooding in the HBL and WSL grid cells, however, mostly seem to
follow patterns of open water. Sub-grid pixels in the HBL grid cell with CT'I > CTI,;,4,, for
example, mostly seem to cover the James Bay and the river channels leading into it. At the same
time, the majority of the SS grid cell would be defined as 'unfloodable’ when using the upper
C'TI threshold, restricting wetland area on the continental shelf.

This alternative approach was thus identified as a potential way to limit simulated seasonal
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Figure 5.8: Sub-grid CT1 values for three LPX-Bern grid cells in (a-b) the Hudson Bay Lowlands (52.5° N,
82.5° W), (c-d) the Western Siberian Lowlands (72.5° N, 63.75° E), and (e-f) the Sunda Shelf (7.5° N, 105° E). The
coordinates denote the center point of the respective model grid cells. Pink colored sub grid pixels are assumed to
be 'unfloodable’ (a,c,e) in the standard DYPTOP formulation with CTInin = 12 and (b,d,f) the alternative
formulation with CT I e = 17.2.

wetland extent on the mostly flat continental shelves, while potentially retaining realistic wetland
prediction in today’s major wetland regions.

To test this approach the threshold for 'unfloodable’ sub-grid pixels was changed from
CT Lnin to CT 14, and the two TOPMODEL parameters M (equation and CT1,,,, were
re-tuned. The tuning was done with the goal to minimize the LGM-PI reduction in the mean
area of tropical seasonal wetlands while mostly preserving present-day seasonal wetland area
with respect to mean extent and latitudinal distribution. Due to the peatland-water-table
feedback, peatlands were not included in this step but addressed separately afterwards. To
reduce computational costs, the LPX-Bern uses asymmetric sigmoid functions that are fitted for
each grid cell to the relationships between the grid cell water table and the inundated grid cell
fraction that follows from equation 2.2] The fitting was performed using different values for M
and CTI,,4, and, in contrast to [Stocker et al.| (2014)), after the exclusion of sub-grid pixels with
CTI > CT I Upon closer inspection, the asymmetric sigmoid functions had worse fits to the
TOPMODEL relationship than in the standard setup. This could be the result of choosing to
perform the fitting after the exclusion of CTI values instead of before, which might need to be
reconsidered in the future. The fitted functions were then used together with simulated water
table depths from two LPX-Bern simulations under LGM and PI conditions to offline evaluate
the predicted wetland area given different for M and CT'I,4;. The parameter values tested
ranged from 2.5-8 for M and from 15-22 for CT'I,,4:, with additional iterations narrowing the
parameter space.

The results revealed different latitude-dependent sensitivities of mean seasonal wetland area
to the sampled parameters. Mean wetland area generally decreased with M. At the same time,
lower values for M led to more positive LGM-PI anomalies for mean wetland area over all
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latitudes. Higher values for C'T'I,4; led to increases in the simulated mean seasonal wetland
area, as more and more sub-grid pixels are counted as floodable. When CT'I,,,4; is reduced the
relative LGM-PI wetland anomaly in the tropics becomes more positive, but more negative for
the northern extratropics. Additionally, the variability of monthly wetland area reduces in the
northern extratropics with decreasing CT'[,,,4,. Low values for both M and CT'I,,4, thus would
maximize the relative LGM-PI wetland area anomaly in the tropics, however, with potential
changes to the extent of global seasonal wetlands and with a potentially reduced variability
and relative LGM-PI anomaly in the northern extratropics. The optimal parameter set was
found with M = 3 and CT' 1,4, = 17.2. With this parameter set, LGM-PI anomalies of seasonal
wetland area increased both in the tropics (16 % versus —25 % with the standard setup) and
the northern extratropics (3.5 % versus 2.9 %). Mean seasonal wetland area in the tropics is
roughly conserved at PI (+3 % relative to the standard setup), and slightly more increased in
the northern extratropics (13.5 %). Due to the introduction of CT'I,,4,, the variability of the
northern seasonal wetland area is reduced, with 17 % smaller standard deviation for monthly
values over the PI period (1-0.25 kyrs BP) than in the standard setup.

The TOPMODEL output is used to determine potential peatland area, as the grid-cell
fraction that is flooded at least N months in the previous 31 years, with IV = 18 in the standard
setup (see also section . With N unchanged, the reduction of variability for seasonal
wetland area in the northern extratropics under the alternative TOPMODEL formulation
thus would lead to a significant decrease in diagnosed northern peatland area (—26 % at PI
relative to the standard setup). Therefore, in a second step, N was re-tuned so that simulated PI
peatland area in the northern extratropics matches the results from the standard setup, which
were shown to fit within the range of estimates for present-day peatland area (see [3)). Tropical
peatland area is less well constrained and thus not considered as a target here. Furthermore,
northern extratropics showed a higher sensitivity of simulated peatland area to changes in N.
Full transient simulations from LGM to PI, with values for N ranging from 8-18, were performed
and N = 8 was identified as the best match value. With this, the northern extratropical PI
peatland area decreases by —1 % compared to the standard setup. The addition of peatlands
changes the simulated seasonal wetland area compared to the results discussed above, through
their prioritization in grid-cell flooding and their feedback on the water table (see section .
Table provides an overview over the differences between the standard setup and the final
alternative DYPTOP formulation (from now on referred to as ALTTOP), concerning DYPTOP
parameters, wetland area, and methane emissions.

Figure shows that ALTTOP indeed considerably reduces emissions from tropical
continental shelves in Sundaland, North of Australia, and the northern coast of South America
during the LGM (see also Fig. . The alternative DYPTOP formulation, however, changes
emissions globally. As the model changes relate to the sub-grid topography, which is assumed to
be constant, regional patterns of changes in emissions are similar for the LGM and present day.
Emissions with ALTTOP are increased relative to the standard setup in China, central Africa,
southern Europe, southwestern North America, and western and eastern South America. They
constitute regions with rougher terrain, where the previous threshold of CT'I,,,;, limited seasonal
wetland extent. Similarly, mostly flat regions, such as central South America, South-East Asia,
and parts of Africa, see emission reductions under the upper CTI threshold with ALTTOP.

Present-day emissions in the northern extratropics mostly follow the distribution of peatlands.
Although the total northern peatland area is conserved with ALTTOP, it is much more distributed
than in the standard setup. Peatland area and wetland methane emissions are reduced in the
large peatland complexes of the HBL and WSL and increased mostly in Europe and East
Asia (Fig. . Compared to PEATMAP, a recent compilation of known global peatlands
(Xu et al., [2018), peatlands in Northern Asia are overestimated in the standard setup. With
ALTTOP this mismatch increases except for the WSL, where peatland area now is slightly
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Figure 5.9: Difference of simulated (a,b) maximum wetland area and (c,d) wetland methane emissions between
the alternative DYPTOP formulation (ALTTOP) and the standard setup (a,c) during the LGM and (b,d) at
present. Dashed grey lines indicate 30° North and South.
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Table 5.1: DYPTOP parameter values and simulated results for the standard setup and the alternative DYPTOP
formulation (ALTTOP). Shown are LGM and PI values together with the corresponding relative LGM-PI anomaly
for global, northern (>30° N), and tropical (30° S—-30° N) monthly mean seasonal wetland area, peatland area, and

yearly wetland methane emissions.

Standard ALTTOP

Parameter

M 8 3

CTILnin 12 -

CTI s - 17.2

N 18 8

LGM PI LGM-PI[% LGM PI LGM-PI[%

Global

Seasonal wetland area [Mkm?] 2.0 1.5 -22.1 1.9 1.7 ~14.2

Peatland area [Mkm?] 2.7 43 +62.8 3.0 4.2 +38.0

CH, emissions [Tg yr—] 130.0 124 45 1159 125.8 +8.5
Northern

Seasonal wetland area [Mkm?] 0.7 0.6 -17.6 0.8 0.7 -16.2

Peatland area [Mkm?| 1.4 3.1 +114.8 1.6 3.1 +89.9

CHy4 emissions [Tg yr—}] 16.5 27.8 +68.1 19.5  32.0 +64.0
Tropical

Seasonal wetland area [Mkm?] 1.2 0.9 —-25.0 1.0 0.9 -12.9

Peatland area [Mkm?] 1.2 1.2 +1.0 1.3 1.0 —22.6

CH,4 emissions [Tg yr™] 111.9 944 -15.6 95.2  92.0 -3.3

underestimated. The mismatch to PEATMAP also increases in North America, where peatland
area is significantly underestimated with ALTTOP, however, regional improvements in simulated
peatland distribution can be seen in the reduction of peatland area in eastern Canada and
increases in western Canada. In the tropics, ALTTOP brings peatland area closer to PEATMAP
estimates compared to the standard setup, with area reductions in South-East Asia and South
America, and area increases in central Africa.
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Figure 5.10: Wetland methane emission anomaly relative to the LGM (21 kyrs BP) for the standard setup and

the alternative DYPTOP formulation (ALTTOP).

Due to the emission reduction from the continental shelves, the alternative DYPTOP
formulation leads to an increase of wetland methane emissions from LGM to PI of +8.5 %
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compared to the —4.5 % in the standard setup (Fig. and Table , with a slightly reduced
share of tropical emissions compared to the standard setup, of 82 % at LGM and 73 % at
PI. The transient evolution of wetland emissions with ALTTOP shows the first increase in
emissions before the HS1 from about 19-18 kyrs BP which is not mirrored in the ice core
record (Fig. (b)). The rest of the dynamics are similar to the standard setup, however, with
substantially dampened losses due to sea-level rise and a less pronounced emission reduction at
the end of the BA.

Taken together, the investigation into the DYPTOP formulation showed that an upper
threshold for sub-grid CT'I values can limit wetland prediction on continental shelves during the
LGM, reducing the loss of wetland emissions in the tropics due to sea-level rise. Predictions of
the resulting present-day wetland and peatland distributions, depending on the region, move
towards or away from observational estimates, but remain consistent on a global scale. Here,
parameters were tuned against standard setup results, but for a potential full integration into
the LPX-Bern, parameters should be tuned against observational estimates of wetland and
peatland area. Argumentations for both, an upper and a lower version of the C'T'I threshold,
have convincingly been made in previous studies. Following the encouraging results presented
here, a DYPTOP version could be tested in the future which includes both thresholds at the
same time.

5.5 Conclusion

In this chapter, simulated wetland area and wetland methane emissions were presented and
analyzed using transient and factorial simulations from the LGM to the present. Present-day
global wetland area and wetland methane emission simulated by LPX-Bern were found to be well
within the range of literature estimates. Simulated global emissions were dominated by tropical
seasonal wetlands matching present-day latitudinal source distributions estimates. The transient
evolution of simulated past wetland emissions showed some features of the atmospheric methane
variability measured in ice cores, most notably, abrupt changes in emissions at the transitions
between northern hemisphere cold and warm periods. However, simulated methane emissions
failed to reproduce the general positive trend, with sources expected to almost double from
LGM to PI. Emission increases at the onset of the BA and the early Holocene were found to be
dominated by tropical seasonal wetlands and driven by increases in precipitation, consistent
with isotopic evidence. The abrupt decrease of emissions at the transition from BA to YD was
found to originate in the northern extratropics, driven by abrupt decreases in temperature and
precipitation. The emission variability in the early Holocene was dominated by a decrease of
emissions from tropical seasonal wetlands due to sea-level rise and the subsequent flooding of
continental shelves. Peatland and wetland expansion into northern high latitudes in the late
Holocene led to a partial recovery of simulated global emissions towards the PI period. The lack
of a simulated positive emission anomaly from LGM to PI was found to be the result of large
sea-level-driven emission losses from seasonal wetlands on continental shelves canceling the
moderate emission increases due to rising atmospheric COq, temperature, and precipitation.

Two model investigations were performed with the goal of potentially reducing the model-data
mismatch regarding the simulated LGM-PI emission anomaly. The weak indirect temperature
dependence of wetland methane emissions was supplemented with an additional explicit
temperature dependence of the CH4/COg emission ratio. The effect of the additional temperature
dependence was dampened by the latitudinal emission distribution, which was skewed towards
the tropics due to the latitudinal temperature gradient. The concentration of emissions into
low latitudes, which see limited warming compared to high latitudes, resulted in a reduced
sensitivity to mean global temperature changes. Redistribution of emissions can not be achieved
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by re-balancing the strength of relative sources but would either require a latitudinal shift in
source area or a more adaptive implementation of the additional temperature dependence.

To reduce the potentially overestimated seasonal wetland area on tropical continental shelves
during the LGM, an alternative formulation of the DYPTOP module was tested. Following
previous modeling studies, the threshold on sub-grid topography which limits wetland extent in
rough terrain (with low C'T'I values) was changed to a threshold that limits wetland extent on
very flat terrain (with high CT'I values), such as continental shelves. DYPTOP parameters were
then tuned to minimize seasonal wetland area during the LGM, while roughly reproducing
standard setup results for PI. Transient simulations with the resulting ALTTOP setup showed a
moderate increase in the relative LGM-PI emission anomaly, due to the reduced emission loss
from sea-level rise. Compared to peatland area estimates, ALTTOP improved the predicted
peatland area at PI in the tropics and worsened it in the northern extratropics, however, with
regional exceptions. Over the full simulation, the tropical emission share was slightly smaller
compared to the standard setup.

The model investigations showed that neither the additional temperature dependence nor the
alternative DYPTOP formulation can solve the model-data mismatch on their own and that
they introduce additional challenges that need to be addressed. The solution most likely lies in a
combination of these and other approaches. Indeed there might be potential synergies between
the two approaches explored here. The reduction of the tropical emission share when using
ALTTOP could partly compensate for the effects from adding the temperature dependence.
Combining ALTTOP with E2, the temperature sensitivity roughly corresponding to a Q1g
of 2, leads to a relative LGM-PI emission anomaly of 14.8 % with a tropical emission share
of 90 % at PI. The resulting tropical emission share is still overestimated but smaller than
when adding the additional temperature dependence alone. The synergy could potentially be
increased further by introducing thresholds for both, large and small C'T'I values, simultaneously,
which could further reduce wetland area in the tropics. However, the resulting wetland area
would need to be validated against observational estimates, which indicate an already slightly
underestimated tropical wetland area. Furthermore, it is clear that beyond the approaches
discussed here, additional factors are needed to achieve the full expected LGM-PI emission
anomaly.

The sensitivity of vegetation to changes in atmospheric CO2 could be one of those factors.
Although CO, fertilization since the LGM has the largest positive effect on simulated methane
emissions, the effect remains small compared to other modeling studies. Future model investigations
should strive to test the simulated fertilization effect against observations and find appropriate
model adjustments if necessary. Another change that might positively influence the LGM-PI
wetland area and methane emission anomaly concerns the basin map used to calculate the
TOPMODEL relationship (Equation . In the current setup, this basin map is constant
in time and spans the maximum land area, including the continental shelves. Adjusting this
map for each time step of the transient land-sea-ice mask would lead to decreasing C'T'I basin
averages following the flooding of the flat continental shelves and thus to an increase in wetland
area on the remaining land with rising sea level. This adjustment would require fit functions
to be calculated for each time step of the land-sea-ice mask. Finally, a quantification of the
uncertainty stemming from the climate forcing, similar to the investigations in chapter [3] can
reveal the effect of different assumed climate anomalies.

Other model changes might improve the methane module of LPX-Bern in general. Emissions
from seasonal wetlands, make up by far the largest share of the simulated global emissions
but are calculated with the most simple parametrization. Expanding the implementation of
seasonal wetland emissions with more mechanistic parametrizations of methane production and
transport might greatly improve simulated emissions compared to observations. This model
development could build on the previous work by Ringeval et al.| (2014), who implemented a



5.5. CONCLUSION 141

representation of tropical floodplains and their methane cycle using the LPX-Bern, however,
without a subsequent integration into the main development version of the LPX-Bern. Another
potential future model development is the inclusion of the atmospheric methane concentration
as model input. Currently, a constant present-day value of 1800 ppb is used as a boundary
condition for methane diffusion in peatland soils and the calculation of methane uptake by
dry mineral soils. Introducing transient atmospheric methane concentrations as model forcing,
such as provided by Kohler et al.| (2017), could improve the consistency of simulated methane
emissions and sinks in paleo as well as future settings. Finally, key parameters of the LPX-Bern
methane module should be re-tuned after each adjustment, relying on additional site data and
regional budgets, as discussed in section [2.1.2.3] Furthermore, global scaling factors might need
to be determined separately depending on the model resolution, land-sea-ice mask and dynamic
or prescribed wetland area used.
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Chapter 6

Selected other contributions

Simulations performed with the LPX-Bern also contributed to cooperative studies that investigate
the terrestrial carbon and methane cycle (e.g. [Saunois et al.l 2020 |Qiu et al., |2021)). These
studies typically focus on aggregated model-ensemble statistics rather than on results from
individual models. This chapter presents a detailed analysis of the LPX-Bern contribution to two
selected international studies and compares the results from LPX-Bern to the respective model
ensembles. In section [6.1], the contribution to the assessment of the global methane budget
(Saunois et al.,|2020) as part of the Global Carbon Project is discussed and additional simulations
are presented. Section presents the LPX-Bern results from a model inter-comparison project
that investigates future changes in the carbon balance of northern peatlands under different
future scenarios (Qiu et al., 2021)) and compares results to LPX-Bern simulation from chapter

Other contributions that here are not discussed in detail include investigations on nitrous oxide
emissions and the glacial nitrogen cycle (Joos et al.l |2020) and community expert assessments of
past and future changes in peatland carbon stocks as part of the Past Global Changes (PAGES)
working group C-PEAT. Additionally, extended versions of the LPX-Bern simulations from
Saunois et al.| (2020]) were used in [Aalto et al. (2021) to analyze temperature and precipitation
responses of wetland methane emissions and as prior for atmospheric inversions.
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6.1.1 Introduction

The global methane budget published in |Saunois et al.| (2016) and [Saunois et al.| (2020) is part of
the Global Carbon Project and is a key community-synthesis publication that aims at providing
a comprehensive overview of the present-day methane cycle, encompassing estimates of all
anthropogenic and natural sources and sinks. It expands and builds on previous efforts to
quantify global methane fluxes (Kirschke et al., 2013). This continually updated publication
includes ensemble-style bottom-up and top-down estimates for methane emissions from different
sources. The bottom-up estimates are based on process-based models or upscaling with prescribed
wetland area, while the top-down estimates rely on atmospheric inversions (see section for a
more detailed definition).

Despite continued efforts, bottom-up and top-down estimates for total natural sources show
substantial differences, with bottom-up estimates being almost 30 % larger than top-down
estimates and with no overlap between both estimated ranges (Saunois et al., 2020)). This state is
reflective of the large uncertainties that are still connected to the estimates for natural methane
sources such as termites, geological sources, wetlands, and other freshwater systems such as lakes,
ponds, and rivers. In the past, special focus has been put on reconciling the bottom-up and
top-down emissions from natural wetlands.
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Figure 6.1: Boxplots of global, northern (>30°N), and tropical and southern (<30°N) wetland methane
emissions from the model ensembles in [Saunois et al| (2016) (dotted boxes) and |[Saunois et al.| (2016) (solid boxes).
Boxes indicate the interquartile range, whiskers the total range, solid horizontal lines the median, and dashed
horizontal lines the mean. Black markers show emissions from individual ensemble members, blue markers show
LPX-Bern results as reported in the global methane budgets with the global methane sink in dry mineral soils
subtracted from the emissions, and orange markers show the respective LPX-Bern results without subtraction of
the soil sink.

In [Saunois et al| (2016), bottom-up estimates for 2000-2009 range from 151-222 teragrams of
methane per year (Tg yr~!), about 17 Tg yr~! larger than the corresponding top-down estimates
ranging from 125-204 Tg yr—! (Fig. . In an effort to reduce double counting of freshwater
sources in the bottom-up estimates, an updated wetland dataset was used for
to force the process-based models, which explicitly excluded open waters such as lakes
and rivers and rice paddies. This led to a substantially reduced bottom-up estimate range of
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102-179 Tg yr~! (Fig. . However, at the same time, top-down estimates of wetland emissions
increased to 153-196 Tg yr—!, increasing the gap between top-down and bottom-up estimates
to about 30 Tg yr~! with top-down estimates now generally larger than their bottom-up
counterparts. Top-down approaches are more robust than bottom-up approaches with respect to
estimates of the total natural methane budget due to atmospheric constraints. However, source
attribution in top-down approaches can be much more uncertain. One factor in the persisting
mismatch might be that posterior distributions for wetland emissions include also emissions from
spatially neighboring open water sources, while for the bottom-up estimate great care was taken
to exclude them as best as possible (Saunois et al., [2020). A second potential factor concerns the
handling of the simulated soil sink which is discussed later in this chapter.

Since wetland area is still one of the largest contributors to the wetland emission uncertainty
(Zhang et al., 2017), Saunois et al.| (2020)) also reported bottom-up estimates with wetland area
determined prognostically by process-based models. These range between 125-218 Tg yr~' for
2008-2017. However, Saunois et al. (2020) does not provide any further analysis of these results
or a comparison to the estimates with prescribed wetland area.

LPX-Bern results were included both in the bottom-up estimates of wetland methane
emissions in Saunois et al.| (2016), as one of 11 land surface models, and in Saunois et al.| (2020),
as one of 13 models. The contribution to Saunois et al.| (2020) was created in the framework of
this thesis. The following sections will give a short overview of the simulation setup in [Saunois
et al. (2016) and Saunois et al. (2020) and will provide a more detailed analysis of the LPX-Bern
results produced for |Saunois et al.| (2020) including a detailed comparison between simulated
emissions with prescribed and prognostically determined wetland area. Additionally, results from
LPX-Bern are compared to the model ensemble and to the previous LPX-Bern results produced
for |Saunois et al.| (2016]).

6.1.2 Simulation setup

The simulations for Saunois et al.| (2016]) and |Saunois et al. (2020) were performed with LPX-Bern
version 1.0 (Spahni et al., [2013)) and version 1.4 (Lienert & Joos| 2018) respectively, both on a
0.5° x 0.5° model grid resolution. For [Saunois et al.| (2020) the LPX-Bern methane module was
newly calibrated as described in section Note that here different scaling factors for
peatland (mt, = 0.197) and seasonal wetland emissions (r; = 0.058) were used compared to
chapter [}

The simulation protocol for Saunois et al.| (2016]) and |Saunois et al.| (2020) included a model
spinup under pre-industrial conditions followed by a transient simulation from 1901 until 2017.
Models were forced with the CRU reconstructed climate fields. Wetland area in [Saunois et al.
(2016) was prescribed as recycled monthly values from the SWAMPS-GLWD wetland area
dataset (Poulter et al., [2017) which combines remote sensing with traditional inventory data sets
and spans the years 2000-2012. The wetland area dataset used in Saunois et al.| (2020), WAD2M
(Wetland Area Dynamics for Methane Modeling; Zhang et al., 2021)), spans the years 20002017
and is a further development in wetland mapping, where special care was taken to exclude
permanent open water bodies such as lakes and rivers. Prior to 2000, the wetland datasets are
cyclically repeated.

As LPX-Bern distinguishes between methane emissions from peatlands and other wetlands
(see section , peatland area was also prescribed. Simulations for Saunois et al.| (2016) used
the peatland map from [Tarnocai et al. (2007) which only covers northern peatlands. For |Saunois
et al. (2020), PEATMAP was used, a global compilation of known peatlands (Xu et al., 2018]).
To remain consistent with respect to emission source area, emissions from peatlands were only
calculated where the prescribed wetland area and peatland area overlapped.
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For [Saunois et al.| (2020), an additional simulation was performed where wetland and peatland
area were determined prognostically based on the LPX-Bern DYPTOP module (Stocker et al.),
2013, see section for details). Results for the prognostic simulations from 7 out of the 13
process-based models were only reported briefly in [Saunois et al.| (2020]) with simulated emissions
ranging from 125-218 Tg yr~! between 2008-2017. Results from the prognostic LPX-Bern
simulation are compared in more detail to the diagnostic simulation (with prescribed wetlands)
in the following section.

6.1.3 Results

The global wetland emissions simulated by LPX-Bern for 2000-2009 reported in [Saunois et al.
(2016) and |Saunois et al.| (2020) were 173.2 Tg yr~! and 146.0 Tg yr—! respectively. Figure
shows that LPX-Bern results reported for Saunois et al.| (2020) (blue marker) are close to the
ensemble mean for global emissions and emissions from tropical and southern wetlands, but
on the lower side for emissions from northern wetlands. For |Saunois et al. (2016), reported
LPX-Bern emissions are lower than the ensemble means for global and northern emissions and
higher for emissions from below 30° N.

However, the values reported in these publications are the simulated net emissions with the
simulated global methane sink in dry mineral soils subtracted from the actual wetland methane
emissions. The actual global wetland methane emissions simulated by LPX-Bern between
2000-2009 (orange markers in figure are 198.2 Tg yr~! and 179.3 Tg yr—! respectively with
a concurrent simulated global soil sink of 24.98 Tg yr~! and 33.35 Tg yr—!. The subtraction of
the soil sink was likely not unique to LPX-Bern but potentially extended to other models that
simulate explicitly both wetland emissions and the soil sink. The subtraction of the soil sink
leads to inconsistencies, with net emissions reported as wetland emissions and parallel reporting
of bottom-up estimates for the global soil sink. At the same time, top-down inversion estimates
explicitly represent the soil sink in their prior and posterior distributions and do not include
the soil sink in their reported wetland emissions. This different treatment of bottom-up and
top-down estimates for wetland methane emissions could be one of the reasons for their persisting
mismatch, which constitutes about 30 Tg yr~! in Saunois et al.| (2020) corresponding roughly to
the there reported bottom-up (11-49 Tg yr—!) and top-down (27-41 Tg yr—!) estimates for the
global soil sink.

Table 6.1: Maximum yearly prescribed (diagnostic) and simulated (prognostic) global, tropical/southern (<30° N),
and northern (>30° N) total wetland, seasonal wetland, and peatland area together with their respective simulated
methane emissions between 2000-2009, from the LPX-Bern contribution to |Saunois et al.| (2020). Emissions are
given in units of teragrams methane per year (Tg yr~'). Peatland area in the diagnostic case only refers to the
overlap between prescribed datasets for peatland area (PEATMAP) and wetland area (WAD2M), which was used
to calculate methane emissions from peatlands.

Diagnostic Prognostic
Global <30°N >30°N Global <30°N >30°N
Total wetland area [Mkm?] 7.65 3.31 3.97 10.43 4.68 5.48
Seas. wetl. area [Mkm?] 5.32 2.64 1.64 4.42 2.09 2.15
Peatland area [Mkm?| 2.33 0.67 2.33 6.02 2.59 3.33
CH,4 emissions [Tg yr~!] 179.3 136.3 35.1 153.6 112.0 36.1
Seas. wetl. CHy emissions [Tg yr~1] 134.5  105.0 22.5 71.4 57.0 10.8
Peatland CH,4 emissions [Tg yr—!] 17.9 10.2 7.6 58.4 37.2 20.1

For [Saunois et al.| (2020), additional simulations with prognostic wetland area prediction
were performed with 7 out of the 13 models, including the LPX-Bern. The maximum yearly
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Figure 6.2: Simulated mean annual methane emissions from (a) global, (b) tropical and southern (<30°N), and
(c) northern (>30°N) wetlands between 1980-2017 from the diagnostic (solid lines) and prognostic (dashed lines)
LPX-Bern simulation. Shown are emissions from peatlands (green), seasonal wetlands (blue), wet mineral soils
(brown), and all source categories combined (black).

wetland area between 2000-2009 predicted by LPX-Bern in the prognostic simulation was 36 %
larger than the prescribed WAD2M wetland area (see table . Most of the prognostically
determined wetland area consisted of peatlands (6 Mkm?), while only about 2.3 Mkm? of the
prescribed wetland area overlapped with the prescribed PEATMAP and thus was treated as
methane-emitting peatlands (see section . In contrast to the peatland area, the emission
source area of seasonal wetlands is slightly smaller in the prognostic simulation with 4.4 Mkm?
compared to 5.3 Mkm? in the diagnostic simulation (Table . The low per-area-emissions from
peatlands in LPX-Bern together with the reduced seasonal wetland area in the prognostic run
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led to net global emissions of about 153.6 Tg yr~! between 2000-2009, which is smaller than in
the diagnostic run. Figure [6.2] and table table [6.1] show that emissions are reduced mostly in the
tropics where the increase in emissions from peatlands can only partly compensate for the
reduction in emissions from seasonal wetlands. For northern wetlands (>30°N), however, net
emissions for the diagnostic and prognostic simulations are very similar with emissions from
peatlands dominating in the prognostic run and emissions from seasonal wetland dominating in
the diagnostic run.
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Figure 6.3: Mean annual wetland methane emissions per grid cell simulated by LPX-Bern on a 0.5° x 0.5° grid
between 20002009 for (a) the diagnostic simulation, (b) the prognostic simulation, and (c) the difference between
prognostic and diagnostic simulation. Dashed grey lines indicate 30° North and South.

Figure shows the global emission distribution from the diagnostic and prognostic
simulations averaged over 2000-2009. Both show the largest emissions in the tropics, however
with differences in the regional distribution. In the Amazon basin, the prognostic run shows larger
and more spatially-distributed emissions than the diagnostic run, reflecting larger predicted
wetland areas than in the prescribed dataset (Fig.[6.3| (b)). Larger wetland emissions are also
simulated in northern India, Bangladesh, Myanmar, and eastern China, where the large wetland
areas predicted by the prognostic simulation correspond to areas of extensive rice cultivation
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which are masked out in WAD2M. Emissions from tropical Africa are substantially smaller in
the prognostic simulation due to the small predicted wetland area. There, LPX-Bern is known to
underestimate wetland- and peatland area (see also chapter [5)). Emissions from the prognostic
run are also lower in South East Asia, except on small islands where WAD2M is not defined.
These lower emissions in South East Asia are partly due to differences in the source type, with
larger fractions of peatlands in the prognostic than diagnostic run.

Cumulative methane emissions from northern wetlands (>30°N) are very similar in the
prognostic and diagnostic simulation (Fig.|6.2(c) and table but regional emission distributions
differ slightly. The prognostic run shows larger emissions over northern East Asia, East Canada,
and Alaska than the run with prescribed wetland area. These correspond to regions where
LPX-Bern overestimates peatland area compared to literature estimates (see also chapter [3)).
Larger emissions are also simulated in Europe, especially in the Balkan region, possibly reflecting
historic wetland drainage, which is neglected in the prognostic wetland prediction but implicit in
the prescribed contemporary wetland dataset. With prognostic wetlands, fewer emissions are
predicted for the Western Siberian Lowland (WSL) and parts of western Canada where less
extensive wetlands and peatlands are simulated than suggested in WAD2M.

6.1.4 Conclusion

Taken together, the detailed analysis of the LPX-Bern contributions to Saunois et al.| (2016) and
Saunois et al.| (2020) reveals that bottom-up and top-down estimates in these publications
are treated inconsistently with respect to the global soil sink, at least in case of the LPX-
Bern contribution. Comparing the diagnostic and prognostic simulations shows that, overall,
dynamically simulating wetland area yields similar global-scale results as when wetland area is
prescribed. However, locally methane emissions can differ greatly, especially in regions of poor
prognostic wetland prediction, such as tropical Africa, and in regions with large anthropogenic
disturbance.
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6.2 Model inter-comparison of the future peat carbon response

Emerging role of northern peatlands in the future greenhouse gas balance

C. Qiu, P. GCiais, D. Zhu, B. Guenet, J. Chang, N. Chaudhary, T. Kleinen, X. Li, J. Miiller, Y.
Xi, W. Zhang, A. Ballantyne, S. C. Brewer, V. Brovkin, D. J. Charman, A. Gustafson, A. V.
Gallego-Sala, T. Gasser, J. Holden, F. Joos, M. J. Kwon, R. Lauerwald, P. A. Miller, S. Peng, S.
Page, B. Smith, B. D. Stocker, A. B. K. Sannel, E. Salmon, G. Schurgers, N. J. Shurpali, D.
Warlind, and S. Westermann

in preparation.
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6.2.1 Introduction

As long-term carbon stores and important methane sources, peatlands contribute to short-term
and long-term changes to the global energy budget. Quantifying the feedbacks between climate
and peatlands thus is important for determining future climate trajectories and developing
effective mitigation policies (Loisel et al.,2021)). Different data-informed and modeling approaches
have been used in the past to quantify potential responses of peatland soil respiration (e.g
Ise et al., 2008]), carbon accumulation (e.g|Charman et al.l 2015; (Gallego-Sala et al., 2018}
Chaudhary et al.; 2020), water table dynamics (e.g Swindles et al., [2019), and methane emissions
(e.gMa et al., |2017)) to past and future changes in temperature, atmospheric COg, and the
moisture balance. However, uncertainties about the sign and magnitude of future peatland
feedbacks are still large, with conflicting results about key factors such as carbon accumulation
rates (e.g. Qiu et al.l 2020; [Muller & Joos, |2021) and the fate of permafrost peat carbon (e.g.
Hugelius et al., 2020; Estop-Aragonés et al., 2018)).

Studies using process-based models such as the LPX-Bern have to account for multiple sources
of uncertainty from uncertainties in the calibration and input data to structural model uncertainty.
To account for uncertainties in the climate forcing used for peatlands projections, some studies
use input from multiple different climate scenarios or climate models (e.g. |Qiu et al., 2020}
Miiller & Joos|, 2021, see also chapter . Quantifying structural model uncertainty is typically
harder and often relies on model inter-comparison projects, where multiple models with different
process implementations are used for simulations following an identical simulation protocol. Such
model inter-comparisons have been done for the modeling of historic and present-day wetland
area and wetland methane emissions (e.g. Melton et al., 2013; Saunois et al.l 2020, see also
section , but have been so far absent for future projections of peatland carbon dynamics and
concurrent methane emissions.

In Qiu et al.| (2021)), the authors present the first peatland model inter-comparison project
investigating future peatland-climate feedbacks and quantifying structural uncertainty based on
five state-of-the-art peatland and methane models, including the LPX-Bern. However, models are
forced only with climate input from a single climate model and peatland area is assumed to be
constant. Their focus lies on northern peatlands as most models only include parametrizations for
boreal peatlands. They find that, when assuming a constant peatland area, northern peatlands
will stay climate-neutral until 2300 under the strong mitigation scenario, RCP2.6. This is the
result of a sustained carbon uptake which compensates for the effect of sustained moderate
methane emissions. However, under the high emission scenario, RCP8.5, northern peatlands
are projected to switch from carbon sinks to sources in the next 100-150 years, with strong
concurrent increases in peatland methane emissions, leading to an estimated additional warming
of 0.09-0.49 °C in 2300.

The results from |Qiu et al.| (2021)) are partly in contrast to LPX-Bern results presented in
Muller & Joos (2021, chapter ) Bern-LPX simulations with prognostic peatland area suggest a
long-term net peat carbon loss to be likely even under the strong mitigation scenario SSP1-2.6.
Potential reasons for these differences will be discussed in this chapter. Section will give
a quick overview of the different simulation setups of both studies and the methods used to
calculate the results. In section LPX-Bern results and the respective estimates for climate
and model-structure-related uncertainties from both studies are compared, including unpublished
simulated peatland methane emissions from simulations in Miiller & Joos| (2021)).

6.2.2 Methods

Five peatland models participated in |Qiu et al.| (2021)), including the LPX-Bern. The LPX-Bern
simulations for both Qiu et al. (2021) and |[Miiller & Joos| (2021) were performed with the
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LPX-Bern v1.4 (Lienert & Joos, 2018) using the peatland- and methane modules described in
chapter [2| Note that here a different scaling factors for peatland methane emissions (mt, = 0.197)
was used compared to chapter 5| Simulations for Qiu et al.| (2021) were performed with a 1° x 1°
model resolution and prescribed northern peatland area from PEATMAP (Xu et al [2018), while
simulations for Miiller & Joos| (2021) were performed with a courser resolution (3.75° x 2.5°)
and prognostically calculated peatland area.

In |Qiu et al.|(2021), all models were subject to the same simulation protocol and model forcing.
Bias-corrected climate fields from the IPSL-CM5A-LR global circulation model contribution
to ISIMIP2b ([Frieler et al. 2017)) were used as climate fields. Bias-correction was done with
respect to the period 1979-2013. Models were spun up in an idealized fashion, with 10,000 years
of repeated 1961-1990 climate and constant pre-industrial atmospheric COs concentrations,
followed by 100 years of repeated 1901-1920 climate. A historic simulation with transient forcing
from 1861-2005 is then followed by two transient scenario simulations from 2006-2299 following
the RCP2.6 and RCP8.5 scenarios extended to 2300.

The simulation setup in [Miiller & Joos (2021)) is described in detail in chapter |4} Simulations
were continued from a previously-published transient simulation with dynamic peatland area
which started at the Last Glacial Maximum (Miller & Joos|, 2020, chapter , allowing the
consideration of the dynamic history of present-day and former peatlands. From 1975-2100
simulations with transient climate and land-use forcing were done using climate fields from
10 different CMIP6 models that were bias-corrected for the period 1960-1990. For 3 out of
the 10 climate models, additional simulations were forced with transient climate forcing until
2300. The respective CMIP6 future scenarios SSP1-2.6 and SSP5-8.5 correspond roughly to the
CMIP5 scenarios RCP2.6 and RCP8.5. The model ensemble for [Miiller & Joos| (2021)) included
simulations forced with IPSL-CM6A-LR, output, which is the next generation of the model used
in Qiu et al. (2021)).

In the following section, the integrated net carbon balance (NCB) of northern peatlands
simulated by LPX-Bern in |Qiu et al.| (2021) and |Miiller & Joos| (2021)) is compared. Due to the
dynamic area calculation in Miiller & Joos (2021), NCB, in this case, was defined as the balance
between the total accumulation of carbon into the catotelm of active peatlands and the total
heterotrophic respiration of peat carbon in active and former peatlands. It thus represents the
net change of the variable total peat carbon’ as defined in chapter |3l The NCB calculated in
this way depends among others on the amount of peat carbon left from former peatlands which
vanished during the deglaciation.

6.2.3 Data comparison

The ensembles of Qiu et al.| (2021)) (further on referred to as QIU) and |[Miller & Joos| (2021)
(further on referred to as MJ) arrive at slightly different present-day (1975-1995) northern
peatland states due to the differences in the simulation protocols. Mean peatland carbon storage
is 572 GtC in QIU and 313 GtC in MJ and the prescribed and prognostically determined mean
peatland areas are 3.2 Mkm? and 2.7 Mkm?, respectively. While the total carbon storage in QIU
varied drastically between peatland models (200-870 GtC), the respective LPX-Bern simulation
is with 304 GtC comparable to the LPX-Bern simulations in MJ. The lower carbon storage
despite the larger peatland area can be attributed to the idealized spinup procedure for QIU.

At present-day, simulations from all models in QIU show a net accumulation of peat carbon
(mean 0.1 GtC yr~—!), while most LPX-Bern simulations in MJ show a very small peat carbon
loss (mean —0.004 GtC yr—!; Fig. . The negative NCB in MJ is a result of the additional
consideration of legacy peat carbon that is left from former peatlands which have been buried
during the deglaciation. Excluding legacy peat carbon that is older than 1975 from the NCB
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Figure 6.4: Uncertainty ranges of the annual peat carbon balance (NCB) north of 30° N for (a) RCP2.6/SSP1-2.6
and (b) RCP8.5/SSP5-8.5 in [Qiu et al] (blue) and |Miiller & Joos| (2021)) (orange) averaged over 1979-2013
(present), 2091-2110, and 2281-2300. The ensemble from |Qiu et al|(2021) consists of 5 different peatland models
with prescribed peatland area and the ensemble from [Miiller & Joos| (2021 consists of 10 LPX-Bern simulations
forced with different climate anomalies. For the simulations from Qiu et al.| (2021), transient RCP2.6 and RCP8.5
scenario climate forcing from the IPSL-CM5A-LR was used. For the simulations from Miller & Joos| (2021)),
transient SSP1-2.6 and SSP5-8.5 scenario climate forcing from 10 different climate models were used until 2100
and from a sub-set of 3 climate models until 2300, including the IPSL-CM6A-LR. Boxes indicate the interquartile
range, whiskers the total range, solid horizontal lines the median, and dashed horizontal lines the mean. For the
simulations in [Miiller & Joos| (2021 at 2300, only the range is shown (blue whiskers), due to the small ensemble
size. Black markers show emissions from individual ensemble members, blue markers show LPX-Bern results in the
ensemble from [Qiu et al (2021)), and orange markers show the simulation forced with IPSL-CM6A-LR climate in
the ensemble from Miiller & Joos| (2021)).

calculation leads to a slightly positive mean NCB of 0.01 GtC yr~! (Fig. which is, however,
still substantially smaller than simulated in QIU. The generally larger NCB in QIU compared to
MJ is mostly the result of a substantially wetter climate forcing.

Although the precipitation forcings in both studies are bias-corrected towards monthly
values of present-day observations, differences exist in the respective gridded data products that
were used for bias correction. For MJ, the Climatic Research Unit (CRU) TS 3.1 climatology
Harris et al. (2014) was used which is a global gridded observation data set. The climate forcing
used in QIU was originally prepared for the Inter-Sectoral Impact Model Intercomparison
Project (ISIMIP2b) (Frieler et al., 2017). Their bias correction was performed using the gridded
WFDEI-GPCC dataset which is based on the ERA-Interim reanalysis product and is specifically
designed as a meteorological forcing data set (Weedon et al., [2014). The monthly precipitation
totals in WFDEI-GPCC itself are bias-corrected towards the Global Precipitation Climatology
Centre (GPCC) gridded observational data, which is comparable to the CRU products but
includes more measurement stations. However, mean annual precipitation over land above
>30° N between 1979-2013 is about 50 mm larger in WFDEI-GPCC compared to both the CRU
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and GPCC products. This offset in annual precipitation translates into similar offsets between
the bias-corrected precipitation forcings used in QIU and MJ and contributes to the differences
in the simulated NCB (Fig. [6.4)).

The offset in NCB leads to differences in the integrated carbon stock changes, however,
projected ensemble trends in NCB mostly agree between QIU and MJ, with mean NCB changing
only slightly over time under the respective strong mitigation scenarios RCP2.6 and SSP1-2.6
(Fig. [6.4] (a)), whereas substantial decreases in NCB are projected for the respective large
emission scenarios RCP8.5 and SSP5-8.5 with both studies suggesting net release of peat carbon
until 2300 (Fig. [6.4] (b)).

Figure shows that the uncertainty range for the simulated NCB in MJ, given by the
spread between simulations forced with different climate anomalies, is small at present-day
and increases as the different climate forcings diverge with time, corresponding to the results
presented in chapter [d] In contrast, the uncertainty ranges in QIU, given by the spread between
simulations with different peatland models show no specific time dependence and are large for
all time periods. Comparing uncertainties between QIU and MJ suggests that uncertainties
stemming from uncertain climate forcing are smaller than the structural uncertainties rooted
in the model parametrizations, but increase with time and become comparable in size for
projections beyond the end of the century.

Within the MJ ensemble, the simulation forced with IPSL-CM6A-LR climate anomalies is on
the lower side of the simulated NBC range for all scenarios and periods (Fig. . Similarly,
within the QIU ensemble, the simulation with LPX-Bern is on the lower end of the simulated
NCB range. These results suggest that both ensemble estimates might be biased towards low

NCB, as MJ and QIU exclusively rely on LPX-Bern and IPSL forcing respectively.

The two simulations from MJ and QIU which both are performed with the LPX-Bern and
are forced with IPSL climate anomalies are the most suitable for direct comparison (blue and
brown markers in figure . As the climate scenarios differ slightly between the studies with
respect to the warming rates and maximum warming, figure [6.5| shows simulated annual NCB of
both simulations with respect to the forced mean temperature anomaly. The simulations show
similar features as the respective ensembles with a moisture-driven offset in present-day NCB
between QIU and MJ and a slightly negative present-day NCB in the MJ simulation due to the
deglacial legacy carbon.

The QIU simulation shows a larger interannual variability than the MJ simulation (Fig. [6.5).
The smaller variability in MJ results from the slightly different NCB calculation which only
considers fluxes in and out of the slow soil carbon pools and thus represents long-term changes
in the peat carbon storage, whereas the calculation in QIU includes short-term fluctuations in
vegetation and acrotelm carbon. The inter-annual variability of NCB in the QIU simulation
increases with increased warming, driven by the increased variability in annual precipitation.

In the strong mitigation scenarios RCP2.6 and SSP1-2.6, surface air temperatures stabilize at
about 2050 and slightly decrease afterward. Apart from the increase in interannual variability
under warmer climates, the QIU simulation shows no clear trend in simulated NCB for this
scenario (Fig. (6.5 (a)). The MJ simulation on the other hand shows NCB slightly decreasing
with warming above about 2 °C, with sustained lower levels even after temperatures decrease
again. This hysteresis behavior is linked to a permanent loss of northern peatland area in the
MJ simulation which reaches about 0.6 Mkm? at 2100 and which does not recover even with
decreasing temperatures. Part of this change is a response to climate and land-use change prior
to 1975 as is discussed in chapter [

In the large emission scenarios RCP8.5 and SSP5-8.5, temperatures increase drastically
until 2300 with faster and larger warming in the SSP5-8.5 scenario. Both the MJ and QIU
simulations show strong decreases in simulated NCB with warming above about 4 ° C, with both
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Figure 6.5: Annual peat carbon balance (NCB) north of 30° N with respect to the forced temperature anomaly
over northern lands (>30°N) compared to 1975-1995 for (a) RCP2.6/SSP1-2.6 and (b) RCP8.5/SSP5-8.5
simulated by LPX-Bern with prescribed peatland area in [Qiu et al. (2021) (brown) and with dynamic peatland
area in [Miller & Joos| (2021) (blue). For the simulation from |Qiu et al.| (2021), transient RCP2.6 and RCP8.5
scenario climate forcing from the IPSL-CM5A-LR was used. For the simulation from [Miiller & Joos| (2021)),
transient SSP1-2.6 and SSP5-8.5 scenario climate forcing from the IPSL-CM6A-LR was used. The darkness of the
colors indicates the passage of time with darker colors representing later years. Vertical brown and blue lines
indicate the temperature anomaly averaged over 2190-2210. Note the difference in x and y scales between (a) and

(b).

simulations agreeing on a net loss of peat carbon after about 2100 (Fig. 6.5 (b)). The QIU
simulation shows a stronger decrease towards the end of the simulation than MJ, potentially
reflecting the additional loss of vegetation and acrotelm carbon under large warming. After 2200,
warming in the SSP5-8.5 scenario slows down, leading to a stabilization of simulated NCB in the
MJ simulation. With continued large carbon loss, NCB starts to get slightly more positive,
approaching a new equilibrium. Warming in the RCP8.5 slows later than in SSP5-8.5 with
simulated NCB only stabilizing after about 2270.

The net effect of peatlands on the radiative balance of the atmosphere includes peatland
methane emissions which are also discussed in |Qiu et al.| (2021). They find peatland methane
emissions to remain relatively stable under RCP2.6 and to substantially increases under RCP8.5.
\Qiu et al| (2021) used a spatial bias-correction to compare methane emissions between models,
however, in the following, LPX-Bern results are presented prior to this bias-correction.

Figure compares northern peatland methane emissions between the two QIU and MJ
simulations that are both performed with the LPX-Bern and forced with IPSL climate. In the
strong mitigation scenarios RCP2.6 and SSP1-2.6, both simulations show increased emissions
with warming, however, with a stronger emission increase in the QIU simulation (Fig. (a)).
Methane emission increases due to increases in vegetation productivity and heterotrophic
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Figure 6.6: Same as figure but for simulated annual methane emissions from northern peatlands (>30° N).

respiration are dampened in the MJ simulation due to peatland area losses. This persistent area
loss also leads to a hysteresis behavior, similar to the one seen in the simulated NCB, resulting
in emissions decreasing below present-day levels after 2050.

In the large emission scenarios RCP8.5 and SSP5-8.5, the MJ simulation shows increasing
northern peatland methane emissions up to about 10 ° C of warming, corresponding roughly to
the end of the century in the SSP5-8.5 scenario. After that, the negative effect of the continued
loss in peatland area and the increased drying dominate over any positive effects from increases
in vegetation productivity and soil respiration, leading to a decline in peatland methane emissions.
The QIU simulation on the other hand, due to the lack of peatland loss, shows strongly increasing
peatland emissions up to a warming of about 14 ° C corresponding to the year 2200 in the
RCP8.5 scenario. The following decline is potentially driven by reduced substrate availability and
continued drying. |Qiu et al.| (2021) speculate that nitrogen limitation of the peatland vegetation
could be a limiting factor for the substrate availability, as only models with a dynamic nitrogen
cycle, including the LPX-Bern, showed a decrease in peatland emissions after 2200.

6.2.4 Conclusion

Taken together, the comparison of the future projections from |Qiu et al.| (2021) and Miiller &]
revealed the dependence of the results on the treatment of peatland area, spinup
procedure, and the choice of the bias-correction target for the climate forcing. Lower NCB and
methane emissions are projected if peatland area is calculated dynamically, with large area losses
predicted under future warming. Structural model uncertainty is the largest contributor to the
uncertainty for simulated present-day NCB, with contributions from uncertain climate forcing
becoming comparable in future projections.
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Chapter 7

Outlook

The research presented in this thesis provides the basis for many future research opportunities.
This chapter will discuss some of the potential research avenues including possible future
developments of the LPX-Bern model.

An ongoing research project, which will be continued beyond this thesis, concerns the
improvement of the LPX-Bern wetland and methane module and the simulation of wetland
methane emissions since the LGM. First results of that project are discussed in chapter
The described model adjustments concerning the alternative TOPMODEL formulation and
the temperature dependence of the methane production will be further developed. The aim
is to reduce the mismatch between simulated methane emissions and observational evidence.
LPX-Bern simulates only a small change in emissions from LGM to pre-industrial, whereas
the ice-core data (Schilt et al., |2010b) implies a near-doubling of emissions in light of a stable
atmospheric sink (Levine et al., 2011; [Murray et al.l 2014). Additionally, all further model
developments and investigations could be based on the new land-sea-ice mask discussed in the
appendix.

As discussed in chapter |5} an additional TOPMODEL formulation should be tested, with a
combination of thresholds limiting wetland area on rough or steep terrain, such as in the standard
setup of the LPX-Bern (Stocker et al. 2014), and on flat or floodable terrain, such as described
in chapter bl Additionally, transiently updated mapping of the hydrological basins and the
sub-grid topography of the available land fraction when using the new land-sea-ice mask could be
used to calculate TOPMODEL parameters for each time step of the land-sea-ice mask, allowing
for sea-level rise to exert a positive feedback on the coastal wetland area expansion as suggested
in (Dommain et al.| [2014). The wetland area from model versions with different thresholds and
parameter settings should be validated against the new WAD2M wetland dataset (Zhang et al.,
2021)). Introducing an additional temperature dependence of the wetland methane production led
to a fraction of tropical emissions that is too large compared to observations, as discussed in
chapter bl If this model-data mismatch persists with the updated wetland distribution, further
adjustments of the additional temperature dependence would be needed. Potentially necessary
adjustments could include wetland type or latitudinal-dependent parametrizations.

It may further be necessary to increase the sensitivity of the net primary productivity (NPP)
to atmospheric COz in LPX-Bern to simulate a near-doubling in wetland methane emissions
from the LGM to the pre-industrial period. This sensitivity is known to be on the lower side of
estimates |Lienert & Joos (2018)). A comparison of the simulated COg fertilization effect to data
from remote sensing (e.g. Zhu et al., [2016), and field experiments with artificially elevated COq
(e.g. Terrer et al., [2021)), can reveal the extent of existing model biases and facilitate potential
model adjustments.

The model developments addressing the temperature dependence of the wetland methane
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production and the sensitivity of NPP to CO9 and the use of the new land-sea-ice mask would
require a re-calibration of the methane module similar as described in section However,
the calibration should rely on additional seasonal site data beyond the limited data used for
calibration in section New compilations of flux-tower (Knox et al., [2019) and chamber
measurements (Calabrese et al.,2021)) of wetland methane emissions allow for site-level calibration
across different wetland types and latitudes, including the tropics.

Finally, after arriving at a model which qualitatively reproduces the deglacial ice-core records
in transient simulations, a detailed analysis of the transient dynamics of wetland sources and
their drivers could shed light on the glacial methane cycle. This analysis would contribute to the
growing literature about this topic, where so far only results from timeslice simulations are
published (e.g. |Singarayer et al., 2011} Kleinen et al., [2020). A new generation of transient
climate model simulations over the deglaciation from the fourth phase of the Paleoclimate
Modelling Intercomparison Project (PMIP4) (Swinnen et al. 2019)) provides new opportunities
to investigate the deglacial dynamics not only of wetland methane emissions but also of peatland
dynamics. For a long time, the TraCE21k climate forcing (Liu et al. 2009), which was used to
force the LPX-Bern in chapters|3| to |5, was the only available transient and fully coupled global
circulation model simulation over the deglaciation. The upcoming PMIP4 simulations would
allow for LPX-Bern ensemble simulations that could enable transient uncertainty estimates
based on the different climate anomalies and increase the robustness of our understanding of
past wetland dynamics.

There are also opportunities to extend LPX-Bern simulations of wetlands and their methane
emissions further back in time and investigate their dynamics on glacial-interglacial timescales.
Transient climate output from the earth system model of intermediate complexity LOVECLIM
(Timmermann & Friedrich, 2016) that spans the past 784 thousand years could be used to
perform transient LPX-Bern wetland simulations. The resulting greenhouse gas budgets could be
compared to the 800 thousand years covered by the Antarctic ice-core records (Liuthi et al.,
2008; Loulergue et al., [2008; [Schilt et al., [2010a), potentially yielding insights into the roles of
wetlands in past glacial-interglacial cycles. Previous modeling studies have investigated wetland
methane emissions (Singarayer et al., 2011) and peatland dynamics (Treat et al., 2019) on
glacial-interglacial timescales but the described simulation would be the first-ever transient
simulation of both wetland area dynamics and greenhouse gas budgets over the full length of the
ice core record.

Another potential research project concerns future projections of peatlands and their methane
emissions. Due to their character as large carbon stores and methane sources, the potential
carbon cycle feedbacks of peatlands to future climate and land-use change have been a hot topic
in recent years. Studies suggest both potential positive and negative future feedbacks depending
on the future scenario (e.g. Warren et al, 2017, |Gallego-Sala et al., 2018; \Wang et al., 2018}
Chaudhary et al.l 2020; |Qiu et al., 2020)). The projections of peatland dynamics presented in
chapter [4] and section [6.2] show that potential positive feedbacks between peatlands and the
physical climate system, although small compared to the anthropogenic disturbance, can become
substantial, especially on long timescales. However, there are, as far as I know, no studies that
have investigated peatland feedbacks in a coupled peatland-climate setup, which would be
crucial to fully quantify the effect of peatlands on future climate projections. This is mostly due
to the lack of peatland representation in fully coupled earth system models (Loisel et al., |2021).
The potential to couple the LPX-Bern to the ocean-circulation model Bern3D to form a fully
coupled earth system model of intermediate complexity is a unique opportunity to explore the
net radiative feedbacks of peatlands under different future scenarios. Due to the computational
efficiency of the Bern3D-LPX, a wide range of sensitivity analyses for parameters such as the
climate sensitivity could be performed. The analysis could further be extended to wetlands and
wetland methane emissions in general.
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Finally, there is a multitude of further model improvements concerning the LPX-Bern
peatland and methane model that might be addressed in the future. A relatively simple addition
to the methane module that would greatly increase its consistency in the paleo setting would
be the implementation of atmospheric methane concentrations as model input to the soil
diffusion routines, using yearly data products such as the one provided by [Kohler et al.| (2017).
Furthermore, the further development of the parametrization for methane emissions from
seasonal wetlands has a large potential to improve simulated wetland methane emissions. The
existing simple implementation could be replaced with a more realistic one, including methane
production, consumption, and transport, similar to the implementation for emissions from
peatlands, and building on previous work in Ringeval et al.|(2014). A long-term, but at some
point likely necessary, model development would be the replacement of the two-layer (acrotelm
and catotelm) peatland model in favor of a multi-layer peat representation with a freely variable
water table. The two-layer peat model is unable to capture important internal feedbacks (Morris
et al.l 2011)) whereas a multi-layer model, similar to |Chaudhary et al.| (2017) or |[Largeron et al.
(2018), would not only allow for better representation of some of these feedbacks but also allow
for the comparison of simulated accumulation histories and carbon isotopes to peat core data.

Additionally to the above-discussed research topics and model developments, I will continue
to contribute to community projects, such as publications from the Past Global Changes (PAGES)
working group C-PEAT (e.g. Loisel et al. 2021)), international model intercomparison projects,
such as the Global Methane Budget (Saunois et al. 2020)), and in-house projects at U. Bern
simulating the global carbon and nutrient cycles such as |Joos et al.| (2020).
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Appendix A

Implementation of a new land-sea-ice mask

A.1 DMotivation

For paleo simulations, the LPX-Bern uses a transient land-sea-ice mask with a grid resolution of
3.75° longitudinal and 2.5° latitudinal. The currently used land-sea-ice mask (Fig. (a)) is
built on the ICE-5G ice-sheet and sea-level reconstruction and spans 21-0 kyrs BP (Peltier),
2004). During a transient simulation, the LPX-Bern grid is updated every 1000 years and is
linearly interpolated between updates, with grid cells gradually flooding or emerging. The
current implementation only allows for binary land fractions of 0 or 1, with smaller land fractions
only occurring during the interpolated transition from one state to the other. Especially on the
coasts and in regions dominated by islands such as South East Asia, this leads to an unrealistic
distribution of the landmass and potentially to unrealistic rates of land emergence or flooding. In
the chapters [3] and [5] the deglacial evolution of wetlands and their methane emissions were
shown to depend greatly on the extent of the continental shelf areas and ice sheets and the
timing and rate of their change. A more realistic representation of the grid-cell land fraction and
its temporal dynamics could thus greatly benefit future investigations of wetland and wetland
methane dynamics in the past.

Based on these considerations, a new land-sea-ice mask was prepared to be used as input for
the LPX-Bern (Fig. (b)). In section the preparation of the new transient land-sea-ice
mask is discussed, which is based on ICE-6G-C, an updated ice-sheet and sea-level reconstruction
(Argus et al 2014} Peltier et al., [2015). The new implementation allows for a reduced timestep
and land fractions smaller than 1 on coastal as well as inland grid cells. Section then gives
an overview of the necessary code changes for the implementation of the new input into the
LPX-Bern. Finally, in section the new and the old land-sea-ice mask are compared.

A.2 Preparation

The basis for the new transient land-sea-ice mask is the ICE-6G-C global ice-sheet and sea-level
reconstruction presented in Argus et al.| (2014) and |Peltier et al.| (2015]). The reconstructions
have a timestep of 1000 years between 26—21 kyrs BP and a timestep of 500 years between
21 kyrs BP and the present. Its spatial resolution is 1° x 1°, except for the reconstructions at
21 kyrs BP and 0 kyrs BP which are available with a 10-minute spatial resolution.

The original files were preprocessed by Sebastian Lienert, including the linearly interpolation of
the land-sea-ice mask onto a 500-year temporal resolution between 26-21 kyrs BP, a conservative
spatial regridding to the LPX-Bern paleo model grid with a 3.75° longitudinal and 2.5° latitudinal
resolution, and the calculation of the available land fraction, corresponding to land that is not
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Figure A.1: Present-day land fraction for the 2.5° x 3.75° grid resolution according to the (a) old and (b) new
land-sea-ice mask. The difference between new and old mask is shown in (c). Dashed grey lines indicate 30° North
and South.

covered by ice or ocean. The spatial regridding results in grid-cell land fractions smaller than 1
along the coasts and ice-sheet borders.

The resulting transient land-sea-ice mask was then combined with information about the
present-day inland water distribution to account for variable grid-cell land fractions beyond
the coast and ice-sheet borders. First, coast and border cells were identified as grid cells with
land fractions smaller than 1 and inland cells as grid cells with land fractions equal to 1 for all
timesteps. The present-day inland land fractions were taken from the Land-Use Harmonization
(LUH2) project (Hurtt et al., 2020)), which in turn uses data from the History Database of the
Global Environment (HYDE version 3.2; (Goldewijk et al., [2017). The same land fraction data is
also used in the present-day land-sea-ice masks for LPX-Bern simulations on higher resolution
grids (0.5° x 0.5° or 1° x 1°). Inland land fractions were then regridded from their original
0.25° x 0.25° grid to the target 3.75° x 2.5° resolution and combined with the information
about present-day coastal and border land fractions from ICE-6G-C.

To extend the information about inland land fractions back in time, the land fraction for
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present-day inland cells was treated as an upper limit for all other timesteps. In this case, the
land fraction of a grid cell that emerges from under a retreating ice sheet would be limited
to its present-day value. The underlying assumption is that the distribution of inland waters
did not change drastically throughout the deglaciation, which, however, does not hold true
everywhere. Examples are the large glacial river and lake systems in North America fed by the
large meltwater discharge during ice-sheet retreat, which have receded since (Byun et all 2021)
or the wet and dry periods in tropical Africa leading to a temporary greening and wettening of
the Sahara and to the temporary drying of large inland lakes (Gasse, [2000). In these cases, land
fractions of inland grid cells could be underestimated or overestimated. For grid cells covered by
oceans at present-day, the land fraction is not limited for previous timesteps as no inland water
estimates exist. In these cases, land fractions could be overestimated in the past.

In a last step, land fractions below 0.01 are set to 0, masking grid cells that only represent
small islands or coast fragments to reduce the computational cost. For a transient simulation
from 26-0 kyrs BP, this reduces the number of simulated grid cells from 2467 to 2370, which is
still a substantial increase compared to the 1831 grid cells simulated using the old land-sea-ice
mask.

A.3 Implementation

The LPX-Bern model code differentiates between different spatial resolutions and the respective
internal treatment of the land-sea-ice mask input. Transient changes to the simulated land area
for paleo simulations are so far only implemented for the 3.75° x 2.5° resolution, for which up
to now the old land-sea-ice mask, with a binary land fraction (0 or 1) was used. The largest
model code changes thus concern the switch from a binary land fraction input that can either be
0 or 1 to a variable land fraction that ranges between 0-1. The new implementation of the input
processing mostly followed the implementation for the model configurations with higher spatial
resolution (0.5° x 0.5° or 1° x 1°), which already use a land-sea-ice mask with variable land
fractions. However, some additional code changes were necessary to allow for a variable land area
and consistent wetland prediction.

In paleo simulations, during the interpolation from one timestep of the land-sea-ice mask to
the next, a special land class has been used to represent land that is buried under an ice sheet or
flooded by ocean. A given grid cell would gradually transition from fully covered by ice or
ocean to fully covered by land or vice versa, with carbon and nutrient pools being transferred
to or from the buried land class to conserve the grid-cell carbon and nutrient pools. For the
new land-sea-ice mask, the buried land class is now also used outside of the interpolation and
covers, at any time, the grid-cell fraction that is not covered by available land. This allows
for a consistent treatment and a closed carbon and nutrient budget for the transitions and
interpolations between different variable land fractions that might occur multiple times in
one cell over the full glaciation. The extended use of the buried land class necessitated its
explicit exclusion from calculations elsewhere in the model code. The calculation of the mean
grid-cell water table for example, which is used in wetland prediction (see section or [Stocker
et al.| (2014))), previously averaged surface runoff and water table over all land classes, but now
explicitly excludes the buried grid-cell fraction.

Another code adjustment concerning the dynamic wetland prediction had to be made due to
the treatment of the sub-grid topography in the TOPMODEL approach described in section [2.1.1
and [Stocker et al. (2014)). The sub-grid topography of the whole grid cell is used to establish a
relationship between the mean grid-cell water table and the flooded grid-cell fraction. In the case
of cells with a small grid-cell land fraction, this often leads to predicted wetland fractions that
cover all available land, while the sub-grid topography that corresponds to the predicted wetland
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area might actually be covered by the ocean or inland open waters. To produce more realistic
predicted wetland areas, especially along the coasts, the flooded grid-cell fraction determined
by the TOPMODEL approach is now interpreted and treated as the flooded land fraction
instead. However, this should only be a temporary solution. A more robust and consistent way
of treating this issue would be to use a higher resolution (1° x 1°) version of the transient
land-sea-ice mask, which could be constructed in the same way as described in section to
map the parts of the sub-grid topography which should be used in the TOPMODEL calculation
of the respective cell of the coarser grid. This would entail calculating separate TOPMODEL
parameter sets for each timestep of the land-sea-ice mask which could be combined with a
transient basin mapping as mentioned in section [5.5

The timestep between the land-sea-ice mask updates was previously hardcoded to 1000 years.
The respective implementation was now adapted to allow for a variable timestep, which can be
provided as a parameter. This also extends to the transition routine which now is capable of
linearly interpolating on a variable timestep between different land fractions. This allows for
large flexibility in case of future changes to the land-sea-ice mask input, allowing to change the
update timestep with only one parameter and for the use of binary as well as variable land
fractions without code changes. Indeed, backward compatibility to the old land-sea-ice mask is
guaranteed by an optional compiler flag named ’_old_lpjgr’, which only affects the input read-in
and timestep setting.

One drawback of the new land-sea-ice mask is the larger computational cost due to the
29 % increase in simulated grid cells. However, due to the scalable parallelization capabilities of
LPX-Bern, the increase in computation time can be partly mitigated if enough resources are
available. For longer simulations over multiple glacial-interglacial cycles, the lower threshold
on the land fraction (see section could be increased, further lowering the number of
simulated cells. In this case, however, some means would need to be found to project the transient
land-sea-ice mask further back in time.

Due to the changes to the available land area and the related direct and indirect effects on
the wetland prediction, the respective LPX-Bern wetland and wetland methane modules might
need to be recalibrated based on the new land-sea-ice mask before it is used for the investigation
of wetland and methane dynamics.

A.4 Comparison

Figure shows a comparison of the present-day land area in the old and the new land-sea-ice
mask. The largest difference can be found at the coasts and surrounding large islands, with a
more realistic land distribution in the new mask due to the variable land fractions (Fig. |A.1| (c)).
The new mask additionally includes grid cells covering small islands and archipelagos which are
not represented in the old mask due to their small overall land fraction, such as in South East
Asia (Fig. (b)). Large differences also emerge due to the inclusion of inland waters into the
new mask, especially in northern North America, northern Europe, and central Africa where
large inland waters reduce the available land fraction.

These differences in coastal and inland land fractions lead to a small (4 %) net reduction in
the overall available land area at present-day compared to the old land-sea-ice mask. Figure
shows that the available land area in the new mask is globally smaller over all timesteps. Apart
from the higher temporal resolution, the new mask shows various other differences in the
transient evolution of the available land area. Globally a qualitative difference can be seen in the
land area after the mid-Holocene, where the old mask shows a short rapid increase in land
area after 8 kyrs BP while the new land mask suggests a gradual increase over the remaining
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Figure A.2: Transient evolution of the (a) global, (b) >30°N, and <30° N land area according to the old
(dashed lines) and new (solid lines) land-sea-ice mask. Background shading indicates the Last Glacial Maximum
(LGM) period, the Heinrich Stadial 1 (HS1) Northern Hemisphere cold phase, the Bglling-Allersd (BA) Northern
Hemisphere warm phase, and the Younger Dryas (YD) Northern Hemisphere cold phase.

Holocene (Fig. (a)). This difference could stem from the better representation of the Arctic
circle (Fig.|A.1| (c)) and the gradual isotopic rebound effect.

Other differences can be seen in the timing of the land loss in the tropics due to sea-level rise,
which in the new mask is shifted by about 500 years so that land loss starts and ends later
compared to the old mask (Fig.|A.2|(b)). A similar temporal shift in the timing of the land
emergence due to glacial retreat on the northern hemisphere can be seen during the Holocene,
whereas during the termination, the available landmass north of 30° N increases faster in the new
mask compared to the old mask (Fig.|A.2] (c)).

Future fully transient simulations from the Last Glacial Maximum to the present will reveal
how these changes in available land area influence model results.
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