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Abstract. In Switzerland, over 90 % of peatlands have been degraded and transitioned from long-term carbon
sinks to persistent carbon sources. Assessing peat carbon vulnerability and restoration opportunities requires
10 understanding not only the present-day distribution of peat carbon stocks, but also the historical trajectories that
shaped them. Existing assessments are largely based on inventories and emission-factor approaches, limited in
representation of the interactive effects of climate, peatland processes, and land-use change over time. By
combining the LPX-Bern Dynamic Global Vegetation Model with a historical record-informed peat-derived area
and carbon accounting framework, we reconstructed peatland conversion pathways and tracked the fate of peat
15 carbon through successive land-use transitions from the pre-industrial period to the present. Modelled peatland
and peat-derived areas in Switzerland declined from approximately 724 km? in the pre-industrial period (1701—
1710) to 376 km? at present (2011-2020), while only 5 % remained near-natural, in broad agreement with
historical reconstructions and recent synthesis products. Over the same period, peat carbon stocks decreased from
121.9 Mt C under near-natural conditions to 30.4-56.4 Mt C. Although only a small fraction of the original
20  peatlands remained near-natural, 86-92 % of the remaining peat carbon was stored in agricultural, forested, and
unmanaged drained land-cover classes. By explicitly tracking peat carbon through historical land-use transitions
and attributing remaining peat carbon to present-day land-cover classes, this framework provides a spatially
explicit basis for assessing peat carbon vulnerability, identifying restoration opportunities, and informing peatland
management and climate mitigation strategies. This approach is transferable to other regions where information

25 on peatland extent, land-use history, and peat-specific disturbances is available.
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Summary

We developed a process-based reconstruction of how peatlands and their carbon stocks changed over the past
30 three centuries in Switzerland. Combining historical records with peatland modelling, we traced where peat carbon

remains today. Most peat carbon is currently stored outside intact peatlands, showing the opportunities to reduce

future carbon losses extend beyond the small fraction of remaining near-natural peatlands.
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1. Introduction

35 Peatlands accumulate partially decomposed organic matter under waterlogged, anaerobic conditions, forming peat
over millennia. Beyond long-term carbon sink, peatlands deliver a suite of ecosystem services including
biodiversity support, water purification, and flood attenuation (UNEPs, 2022). Despite their ecological
significance, peatlands have been extensively drained for anthropogenic use, fundamentally reversing their carbon
exchange functions (Page and Baird, 2016; Loisel et al., 2021). Drainage lowers the water table, exposes peat to

40 aerobic decomposition, and converts peatlands from carbon sinks to persistent carbon sources (Leifeld et al., 2019;
Tubiello et al., 2016). Annual CO, emissions from drained peatlands now account for approximately 5 % of global
anthropogenic greenhouse gas emissions (Loisel and Gallego-Sala, 2022; Tubiello et al., 2016; Friedlingstein et
al., 2024), with the large majority, ca. 85 %, attributed to agriculturally managed organic soils (Bader et al., 2018;
Tubiello et al., 2016). Without intervention, projected carbon losses range from 30 to 95 Gt C between 2015 and

45 2100, depending on climate and land-use scenarios (Leifeld et al., 2019; Miiller and Joos, 2021).

Peatland conservation and restoration are increasingly recognised as critical nature-based climate mitigation
measures (e.g., Allan et al., 2024; Leifeld and Menichetti, 2018; Leifeld et al., 2019). Critically, the mitigation
potential of peatland management is an irreversibly depleting resource on centennial scales, and peatland or
wetland restoration is increasingly being explicitly incorporated in national climate mitigation strategies and

50  Nationally Determined Contributions (NDCs; e.g. Government of Canada, 2025, The Republic of the Congo,
2025, Republic of Indonesia, 2025, Government of Pert, 2025, United Kingdom of Great Britain and Northern
Ireland, 2025). This reflects the emerging consensus to embed peatland management within national greenhouse
gas accounting frameworks.

Switzerland exemplifies both the extent of peatland degradation and the governance potential of translating

55 protection into effective mitigation. Although constitutional protection of peatlands was introduced through the
Rothenthurm Initiative in 1987 (Volksinitiative; Griinig, 1994), the majority of Swiss peatlands remain drained
and continue to function as significant net carbon sources (Wiist-Galley et al., 2015, 2019; Wiist-Galley and
Leifeld, 2025). Agriculturally managed organic soils represent less than 2 % of national agricultural land area, yet
are estimated to contribute 30—60 % of annual CO, emissions within the land use, land-use change, and forestry

60 (LULUCEF) section (Wiist-Galley et al., 2019; FOEN, 2017). Despite this importance, peatland restoration is not
explicitly included in Switzerland’s NDCs (Switzerland, 2025).

Historical reconstructions based on land-use change records have substantially advanced understanding of
peatland degradation (Leifeld et al., 2005; Wiist-Galley et al., 2015, 2019; Wiist-Galley and Leifeld, 2025).
However, these reconstructions provide only discrete snapshots in time and do not explicitly represent the

65 interacting effects of climate, vegetation dynamics, and land-use change on peatland evolution. Consequently, the
spatial and temporal dynamics of peat-derived area and associated peat carbon stocks remain uncertain. A
systematic and spatially explicit framework linking peatland conversion pathways to present-day peat-derived
area and carbon is therefore lacking, limiting national-scale assessments on peat carbon vulnerability and
restoration opportunities.

70 Process-based models can provide such a framework by simulating biogeochemical cycles under transient climate
conditions (e.g., Qiu et al., 2019; Qiu et al., 2022; Miiller and Joos, 2020). The LPX-Bern model (“Land surface
Process eXchanges model” of the University of Bern, Lienert and Joos, 2018; Miiller and Joos, 2020) includes

explicit representations of peatland hydrology, peat accumulation, and land-use change effects on vegetation
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composition and water table level, making it suitable for simulating peatland area and carbon dynamics (Miiller
75 and Joos, 2020). Combined with a peat-derived area and carbon tracking framework, LPX-Bern enables spatially

explicit attribution of remaining peat carbon to different present-day land-cover classes.

This study combines process-based modelling with a peat-derived area and carbon accounting framework to

reconstruct the evolution of Swiss peatlands and to quantify their dynamics from pre-industrial period to the

present. Specifically, we evaluate the capacity of LPX-Bern to reproduce historical peat-derived area and carbon
80 stocks using national records, then quantify the present-day distribution of peat-derived area and remaining peat

carbon among different land-cover classes relevant for restoration prioritisation, providing a spatially explicit

basis for assessing peat carbon vulnerability and informing peatland restoration planning.

2. Materials and Methods

2.1. Model description

85 Peatland dynamics were simulated by the LPX-Bern model. LPX-Bern is a Dynamic Global Vegetation Model
(DGVM), also referred to as terrestrial biosphere model (TBM), that simulates coupled carbon, water, and
nitrogen cycles with dynamic vegetation composition based on plant functional types (PFTs) (Miiller and Joos,
2021, 2020). Peatland vegetation is represented by dedicated peatland PFTs, including Sphagnum and flood-
tolerant graminoids (Stocker et al., 2014; Miiller and Joos, 2021).

90  Peatland processes are developed from the LPX-WHyMe framework (Wania et al., 2009) with dynamic peatland
area (Stocker et al., 2014). In this study, peatland expansion was constrained using the GIEMS-MC wetland extent
product (Bernard et al., 2025; Supplement
Table S1; Figure S1). Soil carbon in peatlands is structured into a fast-turnover acrotelm (upper 0.3 m depth) with
fluctuating water table where the decomposition rates are affected by both soil temperature and water table

95 position (Spahni et al., 2013), and a slow-turnover catotelm (0.3—2 m depth) which is fully saturated while the
decomposition rates are controlled primarily by soil temperature (Wania et al., 2009). Carbon exchange between
these two pools is determined by the acrotelm carbon balance. Long-term peat carbon accumulation is represented
through changes in peat carbon density associated with peat forming processes. Peatland methane emissions are
available from the model output, but not applied in this study.

100 Land-cover classes in the model include natural land, peatland, and three land-use classes that are cropland,
pasture, and urban, prescribed by the LUH2 dataset (Hurtt et al., 2020; Supplement
Table S1; Figure S2). Land-use change is implemented as net area changes, without explicit gross transitions as
detailed in Miiller and Joos, 2021. Briefly, expanding land-use classes inherit carbon, water, and nutrients from
all shrinking classes proportionally, such that peatland area is converted to land-use classes when total land-use

105 area increases; peatland area that is converted to land-use classes cannot be restored to peatland. As LPX-Bern
does not explicitly track converted peat area and peat carbon during land-use changes, to quantify the fate of peat
carbon following land-use conversion, we developed a peat-derived area and carbon tracer in post-processing

described in Sections 2.3 to 2.4.
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2.2. Simulation setup

110 The simulations were conducted from year 1700-2020 at 0.125° x 0.125° resolution according to the climate
forcing data (see Supplement
Table S1). Other forcing datasets originally at 0.25° x 0.25° resolutions were remapped to match the same grid
(Supplement
Table S1). The climate data from 1901 to 1920 were recycled for the spin-up and the 1700-1900 period of transient
115 simulation. The monthly wetland extent from 1992 to 2020 were recycled for spin-up and years prior to 1992.

Periods outside of the coverage of other forcing datasets were extended using the first year or last year of data.

2.3. Peat-derived area reconstruction

2.3.1. Modelled land-cover transitions

Peat-derived area, A(t), at timestep t, refers to the land area that originated from peatland and includes the area
120 that has been converted to other land-cover classes. This concept is used here to represent the area with a peatland
origin, rather than imply direct equivalence to inventory-based organic soils. A(t) under other land-cover classes
other than peatland was diagnosed during post-processing using a conserved tracer. At each timestep t, the
fraction of area originating from peatland was redistributed across land-use classes, namely cropland, pasture, and
urban areas proportional to their net land-cover change within each grid cell, S(t). At each timestep t, the peatland

125 area loss is defined as:
Lpeatland (t) = max (0; Apeatland (t - At) - Apeatland (t)) 5 Eq~ 1
This lost peat area is redistributed to expanding land-use classes, such as cropland, pasture, and urban:

max(0, AS; (1))

AA(E) = .
' 2jE(cropland,pasture,urban) max(O, AS]’ (t))

Lpeatland (t) > Eq. 2

where AS;(t) is the net land-cover change for land use class i. A hierarchical allocation scheme prioritises
conversion to anthropogenic land-use classes and prevents direct transfer from peatland to natural land (termed
forested). Redistribution to forested areas is only permitted through subsequent secondary transitions, such as land

130 abandonment, ensuring that peat-derived areas follow realistic land-use pathways.

2.3.2. Historical peat extraction and drainage

Since the LUH2 dataset does not account for peatland-related activities such as peat extraction and peatland
drainage (unlike land-use conversion which does not distinguish unmanaged drained peatlands as a separate class),
these transitions were incorporated in post-processing using reconstructed fractions from Wiist-Galley et al.
135 (2019), available for year 1710, 1890-1900, 1943-1951, and 2015, and linearly interpolated in time. Two
assumptions were applied: (1) peat extraction and peat drainage occur only on the active peatland class, not on
peat-derived areas that already have been converted to land-cover classes, and (2) extracted and drained areas are
treated as terminal states, such that any subsequent reduction in these areas results in a permanent loss of peat-
derived area from the system. This framework results in a set of peat-derived land-cover classes with distinct

140  representations in terms area and carbon dynamics (see Table 1).
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Table 1 Land-cover classes used in this study and their representation in the reconstruction of peat-derived area and

peat carbon.

Land-cover class Representation of peat-derived area and carbon Source

Peatland Explicit in LPX-Bern Model output

Cropland Tracer accounting Model and tracer

Pasture / grassland Tracer accounting Model and tracer

Urban / built Tracer accounting Model and tracer

Forested Tracer accounting Model and tracer

Peat extraction area Prescribed area and tracer accounting Model and Wiist-Galley et al. (2019)
Unmanaged drained peatland Prescribed area and tracer accounting Model and Wiist-Galley et al. (2019)

For comparison with contemporary inventory-based estimates, forested peat-derived areas and unmanaged
drained peatlands are grouped into a single category, termed forested/unmanaged drained peatlands. This grouping
145 broadly overlaps with the wooded and unproductive vegetation organic soil classes reported by Wiist-Galley and
Leifeld (2025), although the latter classes also contain near-natural peatlands and do not explicitly distinguish
forestry management and drainage status. Therefore, the underlying classification schemes are comparable but
not directly equivalent. This land-cover classification was used as an interpretive framework rather than as a
formal restoration suitability standard. We therefore do not quantify avoided emissions or restoration feasibility,
150 which would require additional detailed local information on hydrology, drainage infrastructure, land ownership,

land-use intensity, biodiversity responses, and socio-economic constraints.

2.4. Peat carbon accounting

Peat carbon stocks are calculated by coupling peat-derived area with land-cover specific carbon densities:
C(t) =Di(0)- Ai(®) Eq.3
where A;(t) is peat-derived area defined above and D;(t) is the peat carbon density associated with this area in

155 land-cover class i. Carbon densities in peatlands are output from the model and are applied as boundary conditions
at each timestep without being altered during redistribution.

When land-cover transitions occur, the peat carbon associated with the transferred area is calculated using the
carbon density of the source land-cover class:

AC;;(t) = Di(t — At) - AA;L;(t) Eq. 4
where AA;_, jis the area transferred from land-cover class i to class j.

160  When the land-cover transition is associated with anthropogenic drainage, either through land-use conversion or
unmanaged drained peatlands, two scenarios of peat carbon loss are considered in this study: (1) a shallow
drainage scenario which assumes drainage to 0.3 m depth, resulting in the release of all peat carbon stored in the
acrotelm during the year of drainage initiation; (2) a deep drainage scenario assumes that, in addition to the
complete loss of acrotelm carbon, 50 % of the peat carbon below 0.3 m is decomposed and released during the

165 drainage initiation year. These selected thresholds provide lower and upper bounds spanning the range of plausible
peat carbon loss associated with drainage.

Peat carbon remaining in all peat-derived non-peatland categories is subjected to first-order decay:

Ci(t) = C;(t — At) - e~kitt , Eq.5
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where k;is model computed decay rate that is land-cover specific and temperature dependent.

2.5. Comparison with national inventory and peatland reconstructions

170  Historical national peatland extent and peat carbon stock as well as land-cover types were reconstructed by Wiist-
Galley et al. (2019), considering historical record, national surveys, and national statistics reports (Frith and
Schroéter, 1904; Probst E et al., 1923; Lidi, 1973; SFSO, 2004-2009). National maps of soil with different
uncertainties, historical peat-derived area, and probable peat-derived area distribution were synthesised by Wiist-
Galley and Leifeld (2025). The shape files from Wiist-Galley (2025) were converted to grid cell fraction at 0.25°

175 x 0.25° (Figure S3) for direct visual comparison with modelled peatland and peat-derived area fraction, since the
wetland extent and land-cover change forcing data at 0.25° x 0.25° largely constrained the modelled peatland and

peat-derived area distribution.

2.6. Data analysis

The data analysis and visualisation were conducted in Python (Van Rossum and Drake Jr, 1995). Packages numpy

180 (Harris et al., 2020), xarray (Hoyer and J. Hamman, 2017) and pandas (The Pandas Development Team, 2020)
were used for processing model output, geopandas (Fleischmann et al., 2026) and fiona (Gillies et al., 2024), and
rasterio (Gillies and Others, 2013) were used for processing geodatabase (GDB) files, and matplotlib (Hunter,
2007) was used for plotting.

3. Results

185 3.1. Modelled peatland and peat-derived area under land-use change

The modelled peatland area in Switzerland declined continuously from 1700 to 2020, from 724 km? (1701-1710,
decadal mean) to 19 km? (2011-2020), as peatlands were progressively converted to other land-cover classes
(Figure 1). This represents a loss of ca. 97 % of the initial peatland extent. During the eighteenth century, peatland
area decreased gradually with approximately 200 km? lost. The most rapid decline occurred during the nineteenth
190  century, when peat extraction and land-use conversion both accelerated. Consequently, peatland area decreased
from nearly 500 km? (1801-1810) to 131 km? (1891-1900), and only 18 % of the initial peat extent remained.
Peatland loss continued thereafter at a slower rate, reaching 34 km? in 1941-1950, and stabilising below 20 km?
after 2000.
Peat extraction dominated peatland area loss during the nineteenth century. Extracted peatland increased gradually
195 to 175 km? by 1801-1810 and continued to expand, reaching a maximum of 339 km? by 1891-1900. Thereafter,
extracted area declined steadily throughout the twentieth century to zero by the present day, reflecting the
prescribed historical peat extraction record.
Agriculture represented the largest long-term land-use destination of converted peatland, with peat-derived
cropland and pasture reaching 122 and 125 km? by the present day, respectively. In contrast, peat-derived
200 forested/unmanaged drained area peaked at 110 km? in early twentieth century before declining to 78 km?, whereas

urban and built areas remained comparatively small but increased steadily to 33 km? in the present day.
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(a) Model output

(b) Reconstruction-informed model output
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Figure 1 Evolution of modelled peatland and peat-derived area in Switzerland from 1700 to 2020. (a) Results based
205 solely on model output and peat-derived rea tracking (see section 2.3). (b) Results after incorporating reconstructed

peat extraction and unmanaged drained peat from Wiist-Galley et al. (2019) (see section 2.3.2).

3.2. Modelled peat-derived area fractions compared with national inventory and reconstructions

The modelled distribution of Swiss peat-derived area among land-cover categories was compared with historical
reconstructions and a recent synthesis of present-day organic soil (hereafter referred to as peat-derived area; Figure
210 2). The results reproduced the overall transition from predominantly near-natural peatlands to peat-derived areas
under managed and unmanaged land-cover categories over the period of 1700-2020.
The modelled near-natural peatland fraction declined continuously from nearly 100 % in 1700 to 18 % by 1891—
1900, 5.3 % by 1941-1950, and 5.0 % in 2011-2020. The long-term decline closely followed the reconstructed
remaining peatland area trajectory, although the model simulated a more rapid reduction during the nineteenth
215 century, resulting in a lower near-natural fraction than reconstructed around 1891-1900 (18 vs. 25 %). By 2015,
the simulated fraction was consistent with both the record (5 %) and the synthesised estimate that less than 10 %
of Swiss peatlands remained near-natural (Figure 2a).
Peat-derived cropland and pasture expanded steadily throughout the simulation. By 2011-2020, cropland and
pasture accounted for 32 and 33 % of total peat-derived area, respectively. Modelled cropland fractions were close
220  to the historical record during the nineteenth and mid-twentieth century but reached slightly higher than the
synthesised present-day estimate of 29 % (mean of 2015-2019; same for below; Figure 2b). Whereas the pasture
fraction exceeded the historical records during the nineteenth and early twentieth centuries, but were consistent
with the present-day state and the synthesised estimate of approximately 32 % (Figure 2c). Forested/unmanaged
peat-derived area increased to 21 % in 2011-2020, matching the historical records and the synthesised estimate

225 of 24 £ 5 % (Figure 2d).
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Figure 2 Swiss near-natural peatland and peat-derived area fractions from record-informed process-based modelling
(1700-2020; solid lines), historical records by Wiist-Galley et al. (2019) (year 1710, 1890-1900, 1943-1951, and 2015;
connected with dashed lines), and synthesised by Wiist-Galley and Leifeld, 2025 (mean of 2015-2019; circles): (a) near-

230 natural peatland, peat-derived area under (b) cropland or (c) pasture, and (d) forested/unmanaged drained organic
soil. The error bars indicate uncertainty in the synthesised current state of Swiss peatlands and organic soil. The
synthesised estimate that less than 10 % of peatlands remained near-natural is shown as 5 £ 5 % in (a), while the
synthesised wooded and unproductive vegetation category was adjusted to exclude remaining near-natural peatlands,
as 24 £5 % in (d).

235 3.3. Spatial distribution of modelled peatland and peat-derived area

Modelled peatland area exhibited strong spatial variability across Switzerland (Figure 3a, b). During the pre-
industrial period (1701-1710), peatlands were concentrated in low-elevation regions around the major lake basins,
including Lake Geneva, Lake Neuchatel, Lake Zurich, Lake Lucerne, Lago Maggiore, and Lake Constance
(Bodensee). By the present day (2011-2020), the remaining peatland and peat-derived area largely retained the
240 spatial patterns, although with substantially reduced fractions (Figure 3c). Relatively high fractions persisted
around Lake Geneva, Lake Zurich, Lago Maggiore, and Lake Constance.
The simulated present-day distribution broadly agreed with the synthesised peatland and peat-derived area map
of Wiist-Galley and Leifeld (2025) (also see Figure S3), although the synthesis indicated higher peatland fractions

around Lake Neuchatel and Lake Lucerne.
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: 5% : L 5% : L 5%
47.5°N = 47.5°N T 47.5°N

Eyed - 1% Eaedl - 1% - 1%
a7°N : - 2% a7°N | : - 3% a7°N 0 - = 3%
46.5°N - 2% 46.5°N 2% 46.5°N 2%

| g \f ph \f g
46°N _— 1% 46°N - 1% 26°N . 19
0% 0% 0%

245 6°E 7E 8°E 9°E  10°E 6°E 7E 8°E 9°E  10°E 6°E 7E 8°E 9°E  10°E

Figure 3 Modelled fractional peatland area during (a) the pre-industrial period (1701-1710) and (b) the present day

(2011-2020), and (c) fractional peatland and peat-derived area loss between the pre-industrial period and present day.

3.4. Modelled peat carbon under land-use change

Despite the almost-complete loss of near-natural peatland area, 86-92 % of the remaining peat carbon was stored
250 in peat-derived cropland, pasture, and forested/unmanaged areas rather than in intact peatlands. These land-cover
classes contained 26.0-52.0 Mt C of peat carbon, whereas only 4.4 Mt C remained in near-natural peatlands. The
total remaining peat carbon stock across all land-cover classes was 30.4-56.4 Mt C, corresponding to a loss of

approximately 54—75 % of the original peat carbon stock (Table 2; Figure 4).
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Similar to peatland area, modelled peat carbon stocks underwent substantial changes in both magnitude and
255  distribution among land-cover classes from 1700 to 2020 (Figure 4). During the pre-industrial period, virtually all
peat carbon was stored in near-natural peatlands, accounting for 121.9 Mt C. As peatlands were drained to convert
to land-use types or extracted, peat carbon became increasingly associated with peat-derived land-cover classes.
By 2011-2020, only 4.4 Mt C remained in near-natural peatlands, representing less than 3 % of the initial peat

carbon stock.

(a) Shallow drainage scenario (b) Deep drainage scenario

Near-natural peat
Cropland

Pasture
Forested/unmanaged
Urban and built

Peat carbon [Mt C]

1900 2000 1700 1800 1900 2000
Year Year

260
Figure 4 Modelled peatland and peat-derived carbon of Switzerland from 1700 to 2020 under land-use change
Carbon stored in peat-derived agricultural land increased throughout the nineteenth and twentieth centuries
(Figure 4). Depending on the drainage scenario, peat-derived carbon reached 8.6-17.2 and 9.3-18.5 Mt C in
cropland and pasture, respectively, by the present day. Forested/unmanaged peat-derived areas contained 5.8—
265 11.6 Mt C of peat carbon, including abandoned agricultural land (3.8—7.5 Mt C) and drained but unmanaged land
(2.1-4.1 Mt C). Peat carbon in urban and built areas increased gradually from the nineteenth century, reaching

2.3-4.7 Mt C by the present day, comparable to the remaining carbon stock of near-natural peatlands (Table 2).

Table 2 Modelled peat-derived carbon stocks by land-cover classes under the shallow and deep drainage scenarios. The
shallow drainage scenario assumes a drainage depth of 0.3 m with a complete loss of acrotelm carbon, whereas the deep

270 drainage scenario additionally assumes loss of 50 % of peat carbon below 0.3 m during drainage.

Peat carbon [Mt C]
Land-cover class

Shallow drainage scenario Deep drainage scenario
Near-natural 44 4.4
Cropland 17.2 8.6
Pasture 18.5 9.3
Forested/unmanaged 11.6 5.8
Urban and built 4.7 2.3
Sum 56.4 30.4

3.5. Swiss peat carbon distribution

The spatial distribution of remaining peat carbon varied substantially among land-cover classes (Figure 5). Peat
carbon in near-natural peatlands was concentrated primarily in the Swiss pre-Alps and the Jura Mountains, with
major clusters around Lake Geneva and the Orbe Plain, between Interlaken and Lake Lucerne, around Lake Zurich,

275 and east of Lago Maggiore (Figure 5a). The highest peat carbon stocks occurred in the Orbe Plain and the Ticino
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region. The simulated distribution broadly agreed with peatland inventories (FOEN, 2025a, b; also see Figure S4a;
Wiist-Galley and Leifeld, 2025), although spatially explicit peat carbon inventories for direct comparison are
currently unavailable.
Peat carbon associated with urban and built areas formed a pool of similar magnitude to the remaining near-natural
280  peatlands and was concentrated around major population centres, including Zurich, Geneva, Bern, St. Gallen, and
Bellinzona (Figure 5b).
The largest remaining peat carbon pool occurred within agricultural and forested/unmanaged peat-derived areas,
including cropland, pasture, forested, and unmanaged drained peatlands (Figure 5c). Their spatial distribution
broadly followed the modelled pre-industrial peatland pattern (Figure 3a). Cropland-dominated peat carbon stocks
285 occurred mainly across the Swiss Plateau, particularly around Lake Geneva, the Orbe Plain, the Seeland region,
and north of Lake Zurich extending towards Schaffhausen (Figure S5a). Pasture-dominated peat carbon stocks
formed a broad belt along the transition between the Swiss Plateau and the pre-Alps (Figure S5b), whereas
forested/unmanaged peat-derived carbon was concentrated in higher-elevation regions, particularly east of Lago

Maggiore around Bellinzona (Figure S5c).
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Figure 5 Modelled peat-derived carbon [Mt C] per grid cell for the present day (2011-2020) under shallow drainage
scenario in (a) near-natural peatlands, (b) urban and built areas, and (c¢) combined agricultural and
forested/unmanaged peat-derived areas (sum of cropland, pasture, forested, and unmanaged drained peatlands).
Colour hues in (c) indicate the land-cover class with the largest peat carbon sock in each grid cell (C. = cropland, P. =
295 pasture, and F. = forested/unmanaged peatlands), while colour intensity represents the magnitude of total peat carbon

stock in this category. Corresponding maps for individual land-cover classes are shown in Figure S5. Note that the

colour scales differ among panels.

4. Discussion

4.1. Representation of national peatland and peat-derived area

300 4.1.1. Peatland development and conversion history

The LPX-Bern simulation captures the first-order trajectory of peatland transformation in Switzerland (Figure 2).
However, the magnitude and timing of historical peatland loss remain highly uncertain with published
reconstructions spanning a wide range (Wiist-Galley et al., 2019; Wiist-Galley and Leifeld, 2025; Table 3),
limiting the constraints on peatland loss assessment.

305 Published estimates of Swiss peatlands span a wide range (Table 3), with pre-industrial values ranging from

approximately 400 km? to over 1000 km? (Wiist-Galley et al., 2019; Wiist-Galley and Leifeld, 2025). The LPX-
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Bern estimate of 724 km? lies within this range. In contrast, the simulated remaining near-natural peatland area
(19 km?) is consistent with the inventory-based estimates (15-28 km?), although simulated peatland and peat-
derived areas (376 km?) slightly exceed the range of current inventory estimates (186-327 km?). The discrepancies
310  may partly stem from the GIMES-MS constraint (Bernard et al., 2025, Figure S1), which was derived from
wetlands and peatlands by remote sensing of recent decades. This constraint could potentially underestimate pre-
industrial peatland extent in regions where historical wetlands have lost their surface hydrological features (De
Waard et al., 2024; Silva et al., 2024) following drainage, land conversion, and hydraulic engineering in
Switzerland (Ewald and Klaus, 2010; Gimmi et al., 2011) as well as globally (Fluet-Chouinard et al., 2023;
315 Convention on Wetlands, 2021). Inventory-based estimates also remain uncertain. The updated synthesis of Wiist-
Galley and Leifeld (2025) increased the mapped extent of Swiss organic soils from of 278 (Wiist-Galley et al.,
2015) to 327 km?, an increase of 18 % by incorporating newly identified areas and re-evaluating existing records.
This substantial revision over a decade indicates the sensitivity of peatland extent estimates to mapping
approaches and data availability, implying that past peatland extent may also remain incompletely constrained,
320  evenin acountry with extensive historical documentation. Similar uncertainties have been reported internationally
(Qiu et al., 2021), highlighting that uncertainty in historical peatland extent remains a major limitation for
quantifying long-term dynamics, propagating into peat carbon balances.
Despite the uncertainty in absolute peatland extents, the simulated transition from peatland to peat-derived areas
agrees reasonably well with historical reconstructions and recent synthesis products (Figure 2), suggesting that
325 the combination of LUH2 land-use forcing and reconstructed peat-specific disturbances captures the broad
transient history of peatland conversion. It highlights the importance of incorporating regional information into

process-based modelling frameworks (Koch et al., 2023; Silva et al., 2024).

Table 3 Estimates on peatland and peat-derived area [km?] in Switzerland. * indicates historical records reported by

Wiist-Galley et al. (2019), and ** indicates synthesised products reported by Wiist-Galley and Leifeld (2025).

Peatland Peat-derived area Sum Note Source
pre-industrial 400 0 400  Sum of current and historical peat-derived areas **

977 0 977  Estimates with mean peatland area and number of peatlands *

ca. 1018 0 1018 Theoretical upper bound with ambiguous evidence **

1084 0 1084 Associating place names and distance to existing peatlands ~ *

1486 0 1486 Upper bound from wetland extent Stuber and Biirgi (2018)*
present day  ca. 28 158 186  Conservative estimate from synthesised datasets *k

15 287 302 Estimated as 1950 to present *

- - 327  Less conservative estimate from synthesised datasets *x
pre-industrial 724 0 724  Constrained by GIEMS-MC (1992-2020) This study
present day 19 357 376 Constrained by reconstructed peat-specific disturbances This study

330 4.1.2. Main uncertainty sources in peat-derived area dynamics

The main temporal discrepancy between simulations and historical records is the more rapid decline in near-
natural peatland fraction and expansion of peat-derived pasture during the nineteenth century. This likely results
from assumptions required to translate reconstructed peat disturbances into spatially explicit transitions.
Specifically, peat extraction and unmanaged drainage were allocated to the active peatland pool, while land-cover

335 transitions followed a hierarchical allocation scheme based on net land-use changes. Historical peatland
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management likely involved more heterogeneously among peat extraction, drainage, agricultural use,
abandonment, and partial recovery, which cannot be fully represented by the simplified peat-derived area tracking
framework.
Spatial discrepancies likely reflect both model assumptions and uncertainties in the synthesis products. Relative
340  to Wiist-Galley and Leifeld (2025), LPX-Bern simulated higher peatland and peat-derived area fractions around
Lake Geneva, Lago Maggiore, and Lake Constance (Figure 3b), but lower fractions around Lake Neuchatel and
between Lake Lucerne and Interlaken (Figure S3c). Higher simulated fractions in the former regions are likely
related to the prescribed GIEMS-MC wetland extent (Figure S1) and also to areas classified as “potentially organic
soil with ambiguous evidence only” in the reference dataset (Figure S3e) that are not fully accounted for in the
345 synthesis estimates. Lower fractions in the latter regions may reflect uncertainties associated with nationally
uniform peatland disturbance trajectories and the substantial proportion of less-conservative peatland estimates in
the reference dataset (Figure S3b). Thus, remaining spatial discrepancies likely reflect uncertainties in both the

national synthesis and model representations.

4.2. Representation of national peatland carbon stocks and uncertainties

350 4.2.1. Past-to-present peat carbon stocks

The modelled pre-industrial peat carbon stock of 121.9 Mt C falls within the independent historical estimates
(84.4-128.4 Mt C; Wiist-Galley et al., 2019; Frith and Schroter, 1904; Probst E et al., 1923; Lidi, 1973). Similarly,
the simulated present-day peat carbon stock of 30.4-56.4 Mt C overlaps with national estimates of 32.4-67.6 Mt
C (Wiist-Galley et al., 2019). This general alignment on pre-industrial to present-day peat carbon stocks suggests
355 that our framework captures the first-order, centennial-scale dynamics of national peat carbon. Nonetheless,
uncertainties in historical peatland extent and land-use history remain an important limitation, as alternative

peatland conversion trajectories can substantially affect historical carbon balance (Qiu et al., 2021).

4.2.2. Main uncertainty sources in peat carbon dynamics

Peat extraction represents an important but poorly constrained component of the peat carbon balance (Figure 2b).
360  The peat-derived carbon pool associated with extracted peatland reached approximately 56 Mt C during the early
twentieth century, while direct peat carbon losses associated with fuel use estimated by Wiist-Galley et al. (2019)
were only 2.5-5.7 Mt C. This discrepancy likely reflects incomplete historical extraction records and uncertainties
regarding extraction intensity, end uses of harvested peat, and post-extraction land conditions (Ewald and Klaus,
2010; Wiist-Galley et al., 2019). In our framework, carbon associated with peat extraction is removed immediately
365 from the peat-derived carbon pool, whereas actual peat losses likely occurred more gradually. Consequently, peat
extraction remains an important uncertainty in historical peat carbon dynamics.
A second major uncertainty concerns carbon losses following peatland drainage. Water table depth strongly
controls peat decomposition and greenhouse gas emissions from drained peatlands (Tiemeyer et al., 2020; Koch
etal., 2023; Evans et al., 2021), yet long-term records of drainage intensity and historical water table dynamics at
370  the national scale are unavailable in Switzerland (Wiist-Galley et al., 2019). Consequently, historical drainage-

induced carbon losses remain difficult to reconstruct directly. In LPX-Bern, peat decomposition rates respond
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dynamically to simulated soil temperature and moisture, while the first-order decay approach further assumes
declining losses with the shrinking peat carbon pool (Eq. 5). This representation is broadly consistent with the
understanding that peat decomposition is regulated by both environmental conditions and the intrinsic peat
375 properties, with deeper peat generally decomposing slower than surface peat (Bader et al., 2018; Qiu et al., 2021).
The assumption that 50 % of peat carbon below 0.3 m depth is lost immediately upon drainage initiation in the
deep drainage scenario is a simplified approximation, also applied in large-scale peat carbon accounting analysis,
including Global Carbon Budget (e.g., Friedlingstein et al., 2024). In reality, drainage likely generates both an
initial emission pulse and prolonged peat oxidation typically over extended periods (Leifeld et al., 2019; Page and
380 Baird, 2016; Mander et al., 2024), as also observed in the Swiss Rhine Valley 130 years after drainage (Wang et
al., 2021). Thus, the deep drainage scenario may overestimate early carbon losses while underestimating
prolonged emissions. Nonetheless, as the area of peatlands actively converted to agricultural use has generally
declined since the mid- to late-twentieth century in the prescribed land-use change (Hurtt et al., 2020; Figure S2;
also see Qiu et al., 2021), the influence of this assumption on present-day peat carbon stocks is likely smaller than
385 it would be under scenarios with continuing drainage expansion.
A third source of uncertainty originates from differences among methods used to estimate present-day peat carbon
stocks. The upper estimate from Wiist-Galley et al. (2019) was derived from land-cover-specific emission factors
and does not explicitly account for temporal changes in decomposition rates or spatial heterogeneity in
environmental conditions. Combined with uncertainty in the original peat carbon stock, this resulted in a span of
390  28.6 Mt C, corresponding to the difference between the minimum (81.9 Mt C) and maximum (53.3 Mt C) emission
factor scenarios, comparable with our uncertainty range of 26.0 Mt C.
The lower bound estimate of 32.4 Mt C, by comparison, was derived from peat thickness observations from 40
sites to represent a range of land-cover types. While providing valuable field-based constraints, this approach may
not fully capture the spatial variability in peat depth and carbon density across Switzerland (see Leifeld et al.,
395 2005; Wiist-Galley et al., 2015; Gupta et al., 2024). Updated national inventories, additional field observations,
and emerging Earth observation products, including foundation models for land-surface characterisation, e.g.,
AlphaEarth (Brown et al., 2025; also see Koch et al., 2026), may help further constrain peat extent and carbon

stocks at regional to national scales.

4.3. Peat carbon vulnerability and restoration opportunities

400  Remaining peat-derived carbon is under contrasting land-use intensities and environmental conditions, implying
substantial differences in vulnerability to future loss (Loisel et al., 2021; Minich et al., 2026a; Minich et al., 2026b).
The reconstructed distribution of peat-derived area and carbon therefore provides a spatial basis for assessing the
potential vulnerability, rather than a direct measure of restoration potential. Peatland conservation and restoration
are complementary climate mitigation practices, such that conserving near-natural peatlands maintains existing

405 carbon stocks, while rewetting degraded peatlands can reduce ongoing carbon losses (Humpendder et al., 2020;
Strack et al., 2022). The management implications hence depend on both the remaining carbon stock and its
current hydrological and land-use state (Tanneberger et al., 2024; Denager et al., 2026).
The 4.4 Mt C remaining in near-natural peatlands represents a conservation priority, as maintaining high water
table can reduce the risk of future degradation under current warming and drying trend in Europe (Giese et al.,

410 2025; Denager et al., 2026). In contrast, the 26.0-52.0 Mt C retained in drained peat-derived areas remains
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exposed to decomposition and therefore represents an opportunity for reducing further carbon losses, although
restoration feasibility depends strongly on site-specific hydrology and land-use constraints (Mander et al., 2024;
Tanneberger et al., 2024).
The agricultural peat-derived areas contain the largest remaining peat carbon pool and therefore present the
415 greatest potential for reducing further carbon losses. However, restoration involves trade-offs between carbon
conservation and continued land use for production. Rewetting may be more compatible with less intensively
managed grasslands and agricultural systems, concerning a subset of the 17.9-35.8 Mt C, than intensive pasture
and croplands. Alternatives to conventional drainage management can be considered in the latter cases, including
paludiculture (e.g., Temmink et al., 2024; Temmink et al., 2026; Wiist-Galley and Leifeld, 2026). Recent evidence
420 from agriculturally managed peat-derived areas also indicates that CO, emissions might be underestimated by
conventional emission inventories (Liang et al., 2024). Moreover, the effectiveness of water-table management is
likely to change under future climate conditions with temperature and water-table dynamics jointly control CO;
and other greenhouse gas emissions from drained peat (Denager et al., 2026; Widmer et al., 2026).Importantly,
restoration should not be solely evaluated through avoided CO, emissions, as changes in CH4 and N20 emissions,
425 land productivity, biodiversity, and other ecosystem services also influence the overall outcome (Zak and Mcinnes,
2022; Mander et al., 2024; Tanneberger et al., 2024; Temmink et al., 2026). This consideration is particularly
relevant for Switzerland, where wet agricultural production on wet organic soils is being investigated through
field trails, including paddy rice cultivation (Widmer et al., 2026; Wiist-Galley and Leifeld, 2026).
Urban and built peat-derived areas, with a comparable carbon stock size as near-natural peatlands (2.3—4.7 Mt C),
430  yetare unlikely to be practical restoration targets. Although mineral or artificial coverage can alter soil greenhouse
gas exchanges, it cannot be considered equivalent to peatland conservation (Wang et al., 2021; Paul et al., 2024).
These areas are therefore best viewed as largely irreversible peat transformation. From a policy perspective, the
priority is to avoid further conversion of remaining peat-derived areas, not only near-natural peatlands, and to

account for residual peat carbon in infrastructure planning.

435 5. Conclusion

This study presents the first process-based reconstruction of Swiss peat-derived area and peat carbon dynamics
seamlessly from the pre-industrial period to the present, extending previous inventory-based assessments of
national peatland extent and carbon stocks. The reconstruction highlights how historical land conversion and
peatland disturbances have shaped the distribution of peat carbon across Switzerland. The majority of remaining
440  peat carbon is now associated with agricultural, forested, and unmanaged land, indicating both continued
vulnerability to carbon loss and opportunities for mitigation through restoration and improved management
practices.
Our framework provides a quantitative basis for evaluating peat carbon vulnerability, informing restoration
scenario assessments, and supporting large-scale peatland and wetland restoration initiatives. The approach can
445 be adapted to other regions and applied at different spatiotemporal scales, although performance will depend on
the availability and quality of historical records and observational constraints. Future work should improve
regional representation through higher-resolution modelling, additional observations, and further development of
peatland processes, including drainage dynamics, land management, nutrient cycling, and multi-greenhouse gas

interactions.
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450  Data availability

Swiss organic soil maps were published by Wiist-Galley and Leifeld (2025) as Wiist-Galley (2025). Processed
LPX-Bern outputs and plotting scripts used in this study are available from Zenodo
(doi:10.5281/zenod0.22116515).

Author contributions

455 QS and ED conceptualised the study. QS designed and conducted the modelling framework, analysed and
interpreted the results, and prepared the initial manuscript draft. All authors contributed to the interpretation of

the findings and the revision of the manuscript.

Competing interests

The authors declare that they have no conflict of interest.

460 Acknowledgements

Model simulations and data analysis were conducted on UBELIX (https://www.id.unibe.ch/hpc), the HPC cluster

at the University of Bern. We acknowledge Fortunat Joos and Jurek Miiller for their contributions to the
development of the LPX-Bern peat module. We thank Laurel Faher for discussions during the early stages of this

study. We thank Chloe Wiist-Galley for clarifications on Swiss organic-soil classifications.

465 Supplement

Table S1 Input data and forcing information for modelled peatland dynamics using the LPX-Bern model.
Figure S1 Wetland extent from the GIEMS-MC v1.0 product (Bernard et al., 2025)
Figure S2 Fractional land-use cover from 1700 to 2020 in Switzerland prescribed by the Land-use Harmonization 2 (LUH2)
dataset (Hurtt et al., 2020)
470 Figure S3 Swiss organic soil maps remapped from Wiist-Galley (2025).
Figure S4 Federal inventories of peatlands, including fens (FOEN, 2025b) and bogs (FOEN, 2025a).
Figure S5 Modelled peat-derived carbon stocks [Mt C] under (a) cropland, (b) pasture, and (c) forested/unmanaged land in
present day (2011-2020) under shallow drainage scenario.

15



https://doi.org/10.5194/egusphere-2026-5196
Preprint. Discussion started: 15 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

References

475 Allan, J. M., Guéné-Nanchen, M., Rochefort, L., Douglas, D. J. T., and Axmacher, J. C.: Meta-analysis reveals
that enhanced practices accelerate vegetation recovery during peatland restoration, Restoration Ecology, 32,

e14015, https://doi.org/10.1111/rec.14015, 2024.

Bader, C., Miiller, M., Schulin, R., and Leifeld, J.: Peat decomposability in managed organic soils in relation to

land use, organic matter composition and temperature, Biogeosciences, 15, 703-719, 10.5194/bg-15-703-2018,
480  2018.

Bernard, J., Prigent, C., Jimenez, C., Fluet-Chouinard, E., Lehner, B., Salmon, E., Ciais, P., Zhang, Z., Peng, S.,

and Saunois, M.: The GIEMS-MethaneCentric database: a dynamic and comprehensive global product of

methane-emitting aquatic areas, Earth Syst. Sci. Data, 17, 2985-3008, 10.5194/essd-17-2985-2025, 2025.

Brown, C. F., Kazmierski, M. R., Pasquarella, V. J., Rucklidge, W. J., Samsikova, M., Zhang, C., Shelhamer, E.,
485 Lahera, E., Wiles, O., and Ilyushchenko, S.: AlphaEarth Foundations: An embedding field model for accurate and

efficient global mapping from sparse label data, 2025.

Convention on Wetlands: Global Wetland Outlook: Special edition 2021, Gland, Switzerland, 2021.

de Waard, F., Connolly, J., Barthelmes, A., Joosten, H., and van der Linden, S.: Remote sensing of peatland

degradation in temperate and boreal climate zones — A review of the potentials, gaps, and challenges, Ecological

490 Indicators, 166, 112437, https://doi.org/10.1016/j.ecolind.2024.112437, 2024.

Denager, T., Christiansen, J. R., Schneider, R. J. M., Langen, P., Quistgaard, T., and Stisen, S.: Combined water
table and temperature dynamics control CO, emission estimates from drained peatlands under rewetting and
climate change scenarios, Biogeosciences, 23, 441-462, 10.5194/bg-23-441-2026, 2026.
Evans, C. D., Peacock, M., Baird, A. J., Artz, R. R. E., Burden, A., Callaghan, N., Chapman, P. J., Cooper, H. M.,
495 Coyle, M., Craig, E., Cumming, A., Dixon, S., Gauci, V., Grayson, R. P., Helfter, C., Heppell, C. M., Holden, J.,
Jones, D. L., Kaduk, J., Levy, P., Matthews, R., McNamara, N. P., Misselbrook, T., Oakley, S., Page, S. E.,
Rayment, M., Ridley, L. M., Stanley, K. M., Williamson, J. L., Worrall, F., and Morrison, R.: Overriding water
table control on managed peatland greenhouse gas emissions, Nature, 593, 548-552, 10.1038/s41586-021-03523-
1,2021.
500 Ewald, K. and Klaus, G.: Die ausgewechselte Landschaft, 2nd, Haupt, Bern2010.
Farrell, C. A., Connolly, J., and Morley, T. R.: Charting a course for peatland restoration in Ireland: a case study
to support restoration frameworks in other regions, Restoration Ecology, 32, el4216,
https://doi.org/10.1111/rec.14216, 2024.
Ferré, M., Muller, A., Leifeld, J., Bader, C., Miiller, M., Engel, S., and Wichmann, S.: Sustainable management

505 of cultivated peatlands in Switzerland: Insights, challenges, and opportunities, Land Use Policy, 87, 104019,
https://doi.org/10.1016/j.Jandusepol.2019.05.038, 2019.
Fleischmann, M., Van den Bossche, J., Jordahl, K., Richards, M. J., McBride, J., Wasserman, J., Ward, B., and

Wolf, L. J.: GeoPandas: Fundamental data structures for vector spatial data in Python, Computers, Environment
and Urban Systems, 130, 102495, https://doi.org/10.1016/j.compenvurbsys.2026.102495, 2026.

510 Fluet-Chouinard, E., Stocker, B. D., Zhang, Z., Malhotra, A., Melton, J. R., Poulter, B., Kaplan, J. O., Goldewijk,
K. K., Siebert, S., Minayeva, T., Hugelius, G., Joosten, H., Barthelmes, A., Prigent, C., Aires, F., Hoyt, A. M.,

Davidson, N., Finlayson, C. M., Lehner, B., Jackson, R. B., and MclIntyre, P. B.: Extensive global wetland loss
over the past three centuries, Nature, 614, 281-286, 10.1038/s41586-022-05572-6, 2023.

16



https://doi.org/10.5194/egusphere-2026-5196
Preprint. Discussion started: 15 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

FOEN: Switzerland’s greenhouse gas inventory 1990-2015: National inventory report 2017, 2017.
515 FOEN: Federal Inventory of Fens of National Importance [dataset], 2025a.
FOEN: Federal Inventory of Raised and Transition Bogs of National Importance [dataset], 2025b.
Friedlingstein, P., O'Sullivan, M., Jones, M. W., Andrew, R. M., Hauck, J., Landschiitzer, P., Le Quér¢, C., Li,
H., Luijkx, I. T., Olsen, A., Peters, G. P., Peters, W., Pongratz, J., Schwingshackl, C., Sitch, S., Canadell, J. G.,
Ciais, P., Jackson, R. B., Alin, S. R., Arneth, A., Arora, V., Bates, N. R., Becker, M., Bellouin, N., Berghoff, C.
520 F., Bittig, H. C., Bopp, L., Cadule, P., Campbell, K., Chamberlain, M. A., Chandra, N., Chevallier, F., Chini, L.
P., Colligan, T., Decayeux, J., Djeutchouang, L., Dou, X., Duran Rojas, C., Enyo, K., Evans, W., Fay, A., Feely,
R. A, Ford, D. J., Foster, A., Gasser, T., Gehlen, M., Gkritzalis, T., Grassi, G., Gregor, L., Gruber, N., Giirses,
0., Harris, L., Hefner, M., Heinke, J., Hurtt, G. C., lida, Y., Ilyina, T., Jacobson, A. R., Jain, A., Jarnikov4, T.,
Jersild, A., Jiang, F., Jin, Z., Kato, E., Keeling, R. F., Klein Goldewijk, K., Knauer, J., Korsbakken, J. I., Lauvset,
525 S. K., Lefevre, N., Liu, Z., Liu, J., Ma, L., Maksyutov, S., Marland, G., Mayot, N., McGuire, P., Metzl, N.,
Monacci, N. M., Morgan, E. J., Nakaoka, S. I., Neill, C., Niwa, Y., Niitzel, T., Olivier, L., Ono, T., Palmer, P. L.,
Pierrot, D., Qin, Z., Resplandy, L., Roobaert, A., Rosan, T. M., Rédenbeck, C., Schwinger, J., Smallman, T. L.,
Smith, S., Sospedra-Alfonso, R., Steinhoff, T., Sun, Q., Sutton, A. J., Séférian, R., Takao, S., Tatebe, H., Tian,
H., Tilbrook, B., Torres, O., Tourigny, E., Tsujino, H., Tubiello, F., van der Werf, G., Wanninkhof, R., Wang, X.,
530 Yang, D., Yang, X., Yu, Z., Yuan, W., Yue, X., Zaehle, S., Zeng, N., and Zeng, J.: Global Carbon Budget 2024,
Earth Syst. Sci. Data Discuss., 2024, 1-133, 10.5194/essd-2024-519, 2024.
Friih, J. J. and Schréter, C.: Die Moore der Schweiz, Francke in Komm.1904.
Giese, L., Baumberger, M., Ludwig, M., Schneidereit, H., Sanchez, E., Robroek, B. J. M., Lamentowicz, M.,
Lehmann, J. R. K., Holzel, N., Knorr, K.-H., and Meyer, H.: Recent trends in moisture conditions across European
535 peatlands, Remote Sensing Applications: Society and Environment, 37, 101385,
https://doi.org/10.1016/j.rsase.2024.101385, 2025.

Gillies, S. and others: Rasterio: geospatial raster I/O for Python programmers, Mapbox [code], 2013.
Gillies, S., Buffat, R., Arnott, J., Taves, M. W., Wurster, K., Snow, A. D., Cochran, M., Sales de Andrade, E., and
Perry, M.: Fiona (1.10.0) [code], 2024.
540 Gimmi, U., Lachat, T., and Biirgi, M.: Reconstructing the collapse of wetland networks in the Swiss lowlands
1850-2000, Landscape Ecology, 26, 1071-1083, 10.1007/s10980-011-9633-z, 2011.
Government of Canada: Canada’s 2035 Nationally Determined Contribution, 2025.
Government of Per(i: Tercera Contribucion Determinada a Nivel Nacional del Perti,, 2025.
Griinig, A.: Mires and man: mire conservation in a densely populated country-the Swiss experience. Excursion
545 guide and symposium proceedings of the 5th Field Symposium of the International Mire Conservation Group
(IMCG) to Switzerland 1992, 1994.

Gupta, S., Hasler, J. K., and Alewell, C.: Mining soil data of Switzerland: New maps for soil texture, soil organic

carbon, nitrogen, and phosphorus, Geoderma Regional, 36, €00747, https://doi.org/10.1016/j.geodrs.2023.e00747,
2024.

550 Harris, C. R., Millman, K. J., van der Walt, S. J., Gommers, R., Virtanen, P., Cournapeau, D., Wieser, E., Taylor,
J., Berg, S., Smith, N. J., Kern, R., Picus, M., Hoyer, S., van Kerkwijk, M. H., Brett, M., Haldane, A., del Rio, J.
F., Wiebe, M., Peterson, P., Gérard-Marchant, P., Sheppard, K., Reddy, T., Weckesser, W., Abbasi, H., Gohlke,

17



https://doi.org/10.5194/egusphere-2026-5196
Preprint. Discussion started: 15 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

C., and Oliphant, T. E.: Array programming with NumPy, Nature, 585, 357-362, 10.1038/s41586-020-2649-2,
2020.

555 Harris, I. C.: CRU JRA v2.2: A forcings dataset of gridded land surface blend of Climatic Research Unit (CRU)
and Japanese reanalysis (JRA) data; Jan.1901 - Dec.2020 [dataset], 2021.

Hegglin, M., Kinnison, D., and Lamarque, J.-F.: CCMI nitrogen surface fluxes in support of CMIP6 - version 2.0,
Earth System Grid Federation [dataset], 10.22033/ESGF/input4MIPs.1125, 2016.
Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horanyi, A., Mufoz Sabater, J., Nicolas, J., Peubey, C., Radu,

560 R., Rozum, I., Schepers, D., Simmons, A., Soci, C., Dee, D., and Thépaut, J.-N.: ERA5 hourly data on single
levels from 1940 to present [dataset], DOI: 10.24381/cds.adbb2d47, 2023.

Hoyer, S. and J. Hamman: xarray: {N-D} labeled arrays and datasets in {Python}, Ubiquity Press [code],
10.5334/jors.148, 2017.
Humpendéder, F., Karstens, K., Lotze-Campen, H., Leifeld, J., Menichetti, L., Barthelmes, A., and Popp, A.:

565 Peatland protection and restoration are key for climate change mitigation, Environ Res Lett, 15, 104093,
10.1088/1748-9326/abae2a, 2020.

Hunter, J. D.: Matplotlib: A 2D graphics environment, Computing in Science & Engineering, 9, 90-95,
10.1109/MCSE.2007.55, 2007.
Hurtt, G. C., Chini, L., Sahajpal, R., Frolking, S., Bodirsky, B. L., Calvin, K., Doelman, J. C., Fisk, J., Fujimori,

570 S., Goldewijk, K. K., Hasegawa, T., Havlik, P., Heinimann, A., Humpenoder, F., Jungclaus, J., Kaplan, J. O.,
Kennedy, J., Krisztin, T., Lawrence, D., Lawrence, P., Ma, L., Mertz, O., Pongratz, J., Popp, A., Poulter, B., Riahi,
K., Shevliakova, E., Stehfest, E., Thornton, P., Tubiello, F. N., van Vuuren, D. P., and Zhang, X.: Harmonization
of global land use change and management for the period 850-2100 (LUH2) for CMIP6, Geosci Model Dev, 13,
5425-5464, 10.5194/gmd-13-5425-2020, 2020.

575 Jarosch, K. A., Bitikofer, N., Heller, O., Hirte, J., Bragazza, L., Bucheli, T. D., Hagemann, N., Hilber, 1.,
Holzkémper, A., Ghiasi, S., Keel, S. G., Keller, T., Koestel, J., Leifeld, J., Liebisch, F., Mayer, J., Anjum, M. M.,
Metzger, K., Romero, F., Romero-Ruiz, A., Schwilch, G., Simmler, M., van der Heijden, M., Walder, F.,
Zimmermann, M., and Merbold, L.: Opportunities and Challenges for Sustainable Agricultural Soil Management

in Switzerland, European Journal of Soil Science, 77, 70355, https://doi.org/10.1111/ejss.70355, 2026.

580  Joos, F. and Spahni, R.: Rates of change in natural and anthropogenic radiative forcing over the past 20,000 years,
P Natl Acad Sci USA, 105, 1425-1430, 10.1073/pnas.0707386105, 2008.

Koch, J., Denager, T., Stisen, S., Greve, M. H., Moller, A. B., and Beucher, A. M.: Modelling Carbon and
Groundwater in  Peatlands using AlphaEarth Embeddings, ESS Open Archive, 2026,
doi:10.22541/essoar.177135853.32181864/v2, 2026.

585 Koch, J., Elsgaard, L., Greve, M. H., Gyldenkarme, S., Hermansen, C., Levin, G., Wu, S., and Stisen, S.: Water-
table-driven greenhouse gas emission estimates guide peatland restoration at national scale, Biogeosciences, 20,
2387-2403, 10.5194/bg-20-2387-2023, 2023.

Kustina, R., Pilicita, J. C., and Grygoruk, M.: Issues of Peatland Restoration Across Scales: A Review and Meta-
Analysis, Water, 17, 2428, 2025.

590  Trends in globally-averaged CO; determined from NOAA Global Monitoring Laboratory measurements. Version

2023-03 NOAA/GML: gml.noaa.gov/ccgg/trends/, last access: 08 March.

18



https://doi.org/10.5194/egusphere-2026-5196
Preprint. Discussion started: 15 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Leifeld, J. and Menichetti, L.: The underappreciated potential of peatlands in global climate change mitigation

strategies, Nature Communications, 9, 1071, 10.1038/s41467-018-03406-6, 2018.

Leifeld, J., Bassin, S., and Fuhrer, J.: Carbon stocks in Swiss agricultural soils predicted by land-use, soil
595 characteristics, and  altitude,  Agriculture, Ecosystems &  Environment, 105, 255-266,

https://doi.org/10.1016/j.agee.2004.03.006, 2005.

Leifeld, J., Wiist-Galley, C., and Page, S.: Intact and managed peatland soils as a source and sink of GHGs from

1850 to 2100, Nature Climate Change, 9, 945-947, 10.1038/s41558-019-0615-5, 2019.

Liang, Z., Hermansen, C., Weber, P. L., Pesch, C., Greve, M. H., de Jonge, L. W., Méenpiai, M., Leifeld, J., and
600  Elsgaard, L.: Underestimation of carbon dioxide emissions from organic-rich agricultural soils, Communications

Earth & Environment, 5, 286, 10.1038/s43247-024-01459-8, 2024.

Lienert, S. and Joos, F.: A Bayesian ensemble data assimilation to constrain model parameters and land-use carbon

emissions, Biogeosciences, 15, 2909-2930, 10.5194/bg-15-2909-2018, 2018.

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

Loisel, J., Gallego-Sala, A. V., Amesbury, M. J., Magnan, G., Anshari, G., Beilman, D. W., Benavides, J. C.,

Blewett, J., Camill, P., Charman, D. J., Chawchai, S., Hedgpeth, A., Kleinen, T., Korhola, A., Large, D., Mansilla,

C. A, Muller, J., van Bellen, S., West, J. B., Yu, Z., Bubier, J. L., Garneau, M., Moore, T., Sannel, A. B. K., Page,

S., Valiranta, M., Bechtold, M., Brovkin, V., Cole, L. E. S., Chanton, J. P., Christensen, T. R., Davies, M. A., De
610 Vleeschouwer, F., Finkelstein, S. A., Frolking, S., Galka, M., Gandois, L., Girkin, N., Harris, L. 1., Heinemeyer,

A., Hoyt, A. M., Jones, M. C., Joos, F., Juutinen, S., Kaiser, K., Lacourse, T., Lamentowicz, M., Larmola, T.,

Leifeld, J., Lohila, A., Milner, A. M., Minkkinen, K., Moss, P., Naafs, B. D. A., Nichols, J., O'Donnell, J., Payne,

R., Philben, M., Piilo, S., Quillet, A., Ratnayake, A. S., Roland, T. P., Sjogersten, S., Sonnentag, O., Swindles, G.

T., Swinnen, W., Talbot, J., Treat, C., Valach, A. C., and Wu, J.: Expert assessment of future vulnerability of the
615 global peatland carbon sink, Nature Climate Change, 11, 70-+, 10.1038/s41558-020-00944-0, 2021.

Liidi, W.: Moore der Schweiz, Schweizerischer Bund fiir Naturschutz, Pro Natura, Basel, Switzerland1973.

Mander, U., Espenberg, M., Melling, L., and Kull, A.: Peatland restoration pathways to mitigate greenhouse gas

emissions and retain peat carbon, Biogeochemistry, 167, 523-543, 10.1007/s10533-023-01103-1, 2024.

Minich, L. L., Geissbiihler, D., Tobler, S., Udke, A., Brunmayr, A. S., Moreno Duborgel, M., McMackin, C.,
620 Wacker, L., Gautschi, P., Haghipour, N., Egli, M., Kahmen, A., Leifeld, J., Eglinton, T. I., and Hagedorn, F.:

Conceptualising carbon cycling pathways across different land-use types based on rates and ages of soil-respired

CO,, Biogeosciences, 23, 811-829, 10.5194/bg-23-811-2026, 2026a.

Minich, L. I., Beem-Miller, J., Mittelbach, B. V. A., Geissbiihler, D., Udke, A., Wasner, D., Duborgel, M. M.,

McMackin, C., Brunmayr, A. S., Wacker, L., Gautschi, P., Haghipour, N., Egli, M., Leifeld, J., Eglinton, T. L.,
625 and Hagedorn, F.: A Radiocarbon-Based Framework to Assess Soil Organic Carbon Persistence and Vulnerability

Across Land-Use Types, Global Change Biol, 32, €70799, https://doi.org/10.1111/gcb.70799, 2026b.

Miiller, J. and Joos, F.: Global peatland area and carbon dynamics from the Last Glacial Maximum to the present
— a process-based model investigation, Biogeosciences, 17, 5285-5308, 10.5194/bg-17-5285-2020, 2020.
Miiller, J. and Joos, F.: Committed and projected future changes in global peatlands — continued transient model

630 simulations since the Last Glacial Maximum, Biogeosciences, 18, 3657-3687, 10.5194/bg-18-3657-2021, 2021.

19



https://doi.org/10.5194/egusphere-2026-5196
Preprint. Discussion started: 15 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Page, S. E. and Baird, A. J.: Peatlands and Global Change: Response and Resilience, Annual Review of
Environment and Resources, 41, 35-57, https://doi.org/10.1146/annurev-environ-110615-085520, 2016.

Paul, S., Ammann, C., Wang, Y., Alewell, C., and Leifeld, J.: Can mineral soil coverage be a suitable option to

mitigate greenhouse gas emissions from agriculturally managed peatlands?, Agriculture, Ecosystems &
635 Environment, 375, 109197, https://doi.org/10.1016/j.agee.2024.109197, 2024.

Probst E, Schmidlin H, and N, Z.: Die Torfausbeutung in der Schweiz in den Jahren 1917 bis 1921, Bern,

Switzerland, 1923.

Qiu, C., Ciais, P., Zhu, D., Guenet, B., Peng, S., Petrescu, A. M. R., Lauerwald, R., Makowski, D., Gallego-Sala,

A. V., Charman, D. J., and Brewer, S. C.: Large historical carbon emissions from cultivated northern peatlands,
640  Sci Adv, 7, eabf1332, doi:10.1126/sciadv.abf1332, 2021.
Qiu, C. J., Zhu, D., Ciais, P., Guenet, B., Peng, S. S., Krinner, G., Tootchi, A., Ducharne, A., and Hastie, A.:
Modelling northern peatland area and carbon dynamics since the Holocene with the ORCHIDEE-PEAT land
surface model (SVN r5488), Geosci Model Dev, 12,2961-2982, 10.5194/gmd-12-2961-2019, 2019.
Qiu, C. J,, Ciais, P., Zhu, D., Guenet, B., Chang, J. F., Chaudhary, N., Kleinen, T., Li, X. Y., Muller, J., Xi, Y.,
645 Zhang, W. X., Ballantyne, A., Brewer, S. C., Brovkin, V., Charman, D. J., Gustafson, A., Gallego-Sala, A. V.,
Gasser, T., Holden, J., Joos, F., Kwon, M. J., Lauerwald, R., Miller, P. A., Peng, S. S., Page, S., Smith, B., Stocker,
B. D., Sannel, A. B. K., Salmon, E., Schurgers, G., Shurpali, N. J., Warlind, D., and Westermann, S.: A strong
mitigation scenario maintains climate neutrality of northern peatlands, One Earth, 5, 86-97,
10.1016/j.oneear.2021.12.008, 2022.
650  Republic of Indonesia: Second Nationally Determined Contribution, 2025.
SFSO: Swiss land use statistics (Arealstatistik 2004/09), Neuchatel, 2004-2009.
Silva, M. P., Healy, M. G., and Gill, L.: Reviews and syntheses: A scoping review evaluating the potential
application of ecohydrological models for northern peatland restoration, Biogeosciences, 21, 3143-3163,
10.5194/bg-21-3143-2024, 2024.
655 Spahni, R., Joos, F., Stocker, B. D., Steinacher, M., and Yu, Z. C.: Transient simulations of the carbon and nitrogen
dynamics in northern peatlands: from the Last Glacial Maximum to the 21st century, Climate of the Past, 9, 1287-
1308, 10.5194/cp-9-1287-2013, 2013.
Stocker, B. D., Spahni, R., and Joos, F.: DYPTOP: a cost-efficient TOPMODEL implementation to simulate sub-
grid spatio-temporal dynamics of global wetlands and peatlands, Geosci. Model Dev., 7, 3089-3110,
660 10.5194/gmd-7-3089-2014, 2014.
Strack, M., Davidson, S. J., Hirano, T., and Dunn, C.: The Potential of Peatlands as Nature-Based Climate
Solutions, Current Climate Change Reports, 8, 71-82, 10.1007/s40641-022-00183-9, 2022.
Stuber, M. and Biirgi, M.: Vom" eroberten Land" zum Renaturierungsprojekt: Geschichte der Feuchtgebiete in
der Schweiz seit 1700, Haupt Verlag2018.
665 Switzerland: Switzerland’s second nationally determined contribution under the Paris Agreement 2031-2035,
2025.
Tanneberger, F., Berghofer, A., Brust, K., Hammerich, J., Holsten, B., Joosten, H., Michaelis, D., Moritz, F.,
Reichelt, F., Schifer, A., Scheid, A., Trepel, M., Wahren, A., and Couwenberg, J.: Quantifying ecosystem services
of rewetted peatlands — the MoorFutures methodologies, Ecological Indicators, 163, 112048,
670  https://doi.org/10.1016/j.ecolind.2024.112048, 2024.

20



https://doi.org/10.5194/egusphere-2026-5196
Preprint. Discussion started: 15 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Temmink, R. J. M., Vroom, R. J. E., van Dijk, G., Kidrmelahti, S., Koks, A. H. W., Joosten, H., Krebs, M.,
Gaudig, G., Brust, K., Lamers, L. P. M., Smolders, A. J. P., and Fritz, C.: Restoring organic matter, carbon and
nutrient accumulation in degraded peatlands: 10 years Sphagnum paludiculture, Biogeochemistry, 167, 347-361,
10.1007/510533-023-01065-4, 2024.

675 Temmink, R. J. M., Lang, K., Vroom, R. J. E., Leifeld, J., Fritz, C., Zeug, W., Thrén, D., Kleinspehn, C., Gaudig,
G., Neubert, J., Kreyling, J., Rhymes, J. M., Evans, C. D., Kotowski, W., Nordt, A., and Tanneberger, F.:
Agriculture on wet peatlands: the sustainability potential of paludiculture, Agricultural Systems, 231, 104561,
https://doi.org/10.1016/j.agsy.2025.104561, 2026.

The pandas development team: pandas-dev/pandas: Pandas, Zenodo [code], 10.5281/zenodo.3509134, 2020.
680  The Republic of the Congo: Troisi¢éme Contribution Déterminée au niveau National (CDN3.0), 2025.
Tiemeyer, B., Freibauer, A., Borraz, E. A., Augustin, J., Bechtold, M., Beetz, S., Beyer, C., Ebli, M.,
Eickenscheidt, T., Fiedler, S., Forster, C., Gensior, A., Giebels, M., Glatzel, S., Heinichen, J., Hoffmann, M.,
Héper, H., Jurasinski, G., Laggner, A., Leiber-Sauheitl, K., Peichl-Brak, M., and Drosler, M.: A new methodology
for organic soils in national greenhouse gas inventories: Data synthesis, derivation and application, Ecological
685 Indicators, 109, 105838, https://doi.org/10.1016/j.ecolind.2019.105838, 2020.
Tubiello, F. N., Biancalani, R., Salvatore, M., Rossi, S., and Conchedda, G.: A Worldwide Assessment of

Greenhouse Gas Emissions from Drained Organic Soils, Sustainability, 8, 371, 2016.
UNEP: Global Peatlands Assessment: The State of the World’s Peatlands - Evidence for Action toward the
Conservation, Restoration, and Sustainable Management of Peatlands,

690 https://doi.org/10.59117/20.500.11822/41222, 2022.

United Kingdom of Great Britain and Northern Ireland: United Kingdom of Great Britain and Northern Ireland’s
2035 Nationally Determined Contribution, 2025.
Van Rossum, G. and Drake Jr, F. L.: Python tutorial, Centrum voor Wiskunde en Informatica Amsterdam, The
Netherlands1995.

695 Volksinitiative: Federal order on the initiative ‘zum Schutz der Moore Rothenthurm-Initiative °, Art. 24sexies
Abs. 5 and UeBest. BV, 1987.
Wang, Y., Paul, S. M., Jocher, M., Espic, C., Alewell, C., Szidat, S., and Leifeld, J.: Soil carbon loss from drained
agricultural peatland after coverage with mineral soil, Science of The Total Environment, 800, 149498,

https://doi.org/10.1016/j.scitotenv.2021.149498, 2021.

700  Wania, R., Ross, 1., and Prentice, 1. C.: Integrating peatlands and permafrost into a dynamic global vegetation
model: 1. Evaluation and sensitivity of physical land surface processes, Global Biogeochemical Cycles, 23,
10.1029/2008gb003412, 2009.

Widmer, A., Tamagni, L., Wiist-Galley, C., Paul, S., Jocher, M., Volpe, V., Doetterl, S., Keller, T., and Leifeld,

J.: Mitigating greenhouse gas emissions of a managed organic soil by paddy rice cultivation in the cool temperate

705 zone, Agriculture, Ecosystems & Environment, 399, 110146, https://doi.org/10.1016/j.agee.2025.110146, 2026.
Wiist-Galley, C.: Estimate of Switzerland's Organic Soil Surface V2.4 [dataset], 10.5281/zenodo.14942864, 2025.
Wiist-Galley, C. and Leifeld, J.: The distribution and (future) use of Switzerland's organic soils, Mires Peat, 32,
10.19189/001¢.130819, 2025.

21



https://doi.org/10.5194/egusphere-2026-5196
Preprint. Discussion started: 15 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Wiist-Galley, C. and Leifeld, J.: Paddy rice cultivation on drained peatlands as a greenhouse gas mitigation option
710 — A systematic nano-review of global data, Agriculture, Ecosystems & Environment, 411, 110596,

https://doi.org/10.1016/j.agee.2026.110596, 2026.

Wiist-Galley, C., Griinig, A., and Leifeld, J.: Locating organic soils for the Swiss greenhouse gas inventory,

Agroscope Science, 26, 1-100, 2015.

Wiist-Galley, C., Griinig, A., and Leifeld, J.: Land use-driven historical soil carbon losses in Swiss peatlands,
715  Landscape Ecology, 35, 173-187, 10.1007/s10980-019-00941-5, 2019.

Zak, D. and Mclnnes, R. J.: A call for refining the peatland restoration strategy in Europe, Journal of Applied

Ecology, 59, 2698-2704, https://doi.org/10.1111/1365-2664.14261, 2022.

22



