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Abstract

Peatland drainage is worldwide a major human-induced greenhouse (GHG) source and
rewetting increasingly considered a silver bullet to not only reverse the climate burden of
peatland management, but also recover other ecosystem functions. Peatland rewetting is
therefore one key measure in the evolving frameworks for carbon farming projects and an
important nature based solution. However, with regards to the time horizon of rewetting
projects and possible project failure the climate effect of rewetting has not yet been sys-
tematically analysed. Here we simulate the radiative forcing of peatland rewetting, based
on impulse response functions, by using exemplary calculations addressing different time
horizons, GHG fluxes and duration of project success. Water table drawdown during or
after a rewetting project displaces GHG emissions into the future, meaning that rewetting
projects that at some stage fail provide no climate benefit in the long run. This has impor-
tant repercussions for the creditability of peatland projects and underpins that the value of
peatland rewetting as a mitigation instrument strongly depends on successful and perma-
nent implementation of a high water table. Furthermore, we show that linking radiative
forcing with project duration and GHG emission patterns allows rational calculation of bio-
physical discounting and propose how such discounting can be used to account for the risk
of project failure in payments to carbon farming schemes.
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1 Introduction

Peatland drainage for agriculture or forestry is among the major sources of GHGs in the
land use sector, accounting for approximately 2.0 Pg CO,-equivalent per year (UNEP
2022). Rewetting is a suitable way to reduce GHG emissions from peatland manage-
ment (Giinther et al. 2020; Freeman et al. 2022; Darusman et al. 2023), and also pro-
vides other environmental as well as socio-economic benefits (Glenk et al. 2021). It
is therefore considered an important nature based solution (NBS) within, for example,
the carbon farming initiative of the European Union (EC 2022a), that aims at removing
310 Mt CO,eq. by 2030 (EC 2021), or by the Indonesian government for improving the
GHG and fire situation of drained tropical peatlands via the Indonesian peatland restora-
tion agency (Ward et al. 2020). Accordingly, standards to account for the climate benefit
of peatland rewetting have been developed (Joosten et al. 2015; VCS 2017; Koolstof-
markt 2020; IUCN 2023). Yet, there are pending questions with respect to quantify-
ing the contribution of peatland rewetting to mitigation targets, particularly 1) how to
quantify the role of methane in a way suitable for carbon crediting, 2) how to deal with
a possible failure of rewetting in the context of carbon accounting (non-permanence),
as well as how to reliably determine the time horizon for reaching net cooling after
water table raise and 3) how to consider different amounts of carbon stored in peat that
can be protected from decomposition by rewetting. These aspects have been partially
addressed in existing schemes, typically by applying the widely used concept of global
warming potentials and corresponding emission factors. However, there is a lack of a
fully quantitative, biophysically-based approach that is also capable of assessing differ-
ent time horizons, which are necessary to account for different lifetimes of GHGs in the
atmosphere, peat carbon stocks, or different fluxes over time. Such an approach is also
needed to provide the net effect of any scenario (i.e. atmospheric cooling vs. warming at
any point in time) in addition to simply assessing the reduced GHG emissions, i.e. just
the relative benefit, of a measure compared to a baseline (hereafter referred to as the
climate benefit).

NBS typically build on increasing carbon storage in ecosystems or on reducing eco-
system GHG fluxes or both. In the case of peatland rewetting not only eventual car-
bon accrual by the ecosystem, but more so reduced GHG emission by preserving the
peat from oxidation to CO, is the main climate incentive for converting the land use
(Tanneberger et al. 2021; EC 2022b). One challenge in peatland rewetting projects is
the co-existence of CO, and CH, emissions. With a raised water table, CO, emissions
from peat decomposition decrease while CH, emissions increase and empirical driver-
response relationships that underpin this trade-off have been developed (Tiemeyer et al.
2020; Evans et al. 2021; Huang et al. 2021). Methane is considered as a contributing
GHG in some of the existing methodologies for peatland rewetting (Joosten et al. 2015;
VCS 2017) and is addressed via the global warming potential (GWP) approach, whereby
the radiative effect of a GHG relative to CO, is derived from integrating the associ-
ated radiative forcing of a pulse emission over 20 or 100 years (IPCC 2021). GWPs are
time-dependent and denote a static approach. Their suitability for analysing dynamic
emission scenarios, addressing variable time horizons or defining emission reduction
targets has therefore been called into question (Neubauer and Megonigal 2015; Allen
et al. 2018) and approaches that calculate radiative forcing directly are deemed more
appropriate (Dommain et al. 2018; Ojanen and Minkkinen 2020). These have, however,
not yet been analysed in the context of crediting CO, savings from NBS.
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A further inherent issue to NBS such as carbon sequestration in soil or peatland rewet-
ting is the temporary nature of carbon storage or GHG emission reductions. This is a pri-
mary barrier to the requirement of permanence settled in many carbon farming project
schemes (Oldfield et al. 2022). In the case of peatlands, the outcome of rewetting as a
measure strongly depends on the success of keeping the water table high. Rewetting is in
principal transient, given that intentional (e.g., change in political regulations and incen-
tives, changes in farmer’s habits and preferences, changing tenure and ownership rights,
fraud), as well as incidental (e.g., droughts, breaking of dams, invasion of plant species or
pests, fire) events may turn the rewetted peatland into the previous or at least a less desired,
drier stage. Technically, a project failure in the field of peatland rewetting represents a dis-
placed emission. Approaches how to deal adequately with the problem of displaced (some-
times referred to as ‘postponed’) emissions in the context of carbon sequestration were
already addressed early on (e.g. Fearnside et al. 2000). So-called ton-year approaches time-
integrate the change in atmospheric CO, induced by a project implementation and are use-
ful metrics to account for displaced emissions of CO, (Moura Costa and Wilson 2000).
However, they do not take the emission and atmospheric dynamics of CH, into account,
which would be important in the case of peatland rewetting.

Depending on the water table depth (WTD) and thus size of the GHG fluxes the time
to reach negative radiative forcing will vary even for a successfully implemented project.
Obtaining net cooling from rewetting may take more than one century (e.g. (Nugent et al.
2019) and thus goes beyond the chosen time horizon for carbon crediting of rewetting pro-
jects, which is often in the range of years or decades (Joosten et al. 2015; FAO 2020; IUCN
2023). Possible indicators for reaching net cooling thus need to be evaluated in order to
contextualize rewetting success.

Furthermore peatlands hold carbon stocks of different size. Accordingly, the magnitude
of avoidable emissions and the time horizon of sustained emissions in a baseline scenario
without rewetting will vary. As a consequence, the achievable payment, or other incentives
via policies for a project is site dependent not only in terms of the GHG fluxes, but also in
terms of soil carbon stock.

Together, these questions call for improving our understanding of the climate effects of
both, successful and temporary peatland rewetting in the context of carbon accounting and
NBS. The goals of this study are threefold: 1) evaluating suitable indicators to assess the
climate benefit of rewetting; 2) exploring the possible range of emission savings with per-
manent and non-permanent peatland rewetting over different time scales, and 3) analysing
the role of different carbon stocks therein. Based on these considerations, an approach for
biophysical discounting i.e. a discount metric based on the fate of the GHGs in the atmos-
phere and the radiative forcing they induce over time, is suggested.

2 Methodology

The CO, and CH, emissions from both drained and rewetted peatlands were simulated
using the response of these emissions to WTD according to Tiemeyer et al. (2020) for
CO, and Evans et al. (2021) for CH, (Supplementary Fig. S1). Although also Tiemeyer
et al. (2020) provide a response function for CH,, the function of Evans et al. (2021)
extends to a water table of up to+0.02 m, thereby allowing to analyse also the effect of
very high water tables (inundation) on CH, fluxes. These functions are based on meas-
urements at multiple sites in Europe and are taken here as representative for discussing

@ Springer



13 Page 4 of 19 Mitig Adapt Strateg Glob Change (2025) 30:13

the principal effects of rewetting on radiative forcing as well as the issue of non-perma-
nence, acknowledging that the WTD-GHG relationship is always site-specific. It should
be noted, that not only wet but also ditch-drained peatlands emit CH,, which needs to be
explicitly taken into account in measurement campaigns (e.g., Perryman et al. (2024).
N,O emissions are more difficult to address in the context of rewetting, as the relation-
ship between WTD and N,O is much less clear than for the other two GHGs. Koch et al.
(2023) found no clear relationship between N,O emissions and WTD. For grassland on
organic soils in Germany Tiemeyer et al. (2016) observed higher emissions with inter-
mediate WTD, while Tiemeyer et al. (2020), using a much larger data set from Ger-
many, found no clear response of N,O emissions to any of the available drivers. Even in
the most comprehensive data set available to date, the WTD-N,O relationship remains
ambiguous, with fluxes on average highest at intermediate WTD (Lin et al. 2022). To
explore the possible effect of changing N,O emissions on the overall GHG balance with
rewetting, in addition to those of CH, and CO,, we computed two bins of the data in Lin
et al. (2022), namely —0.55—0.65 m (drained), and —0.1 — 0.0 m (rewetted) (negative
numbers denote water table below, positive numbers above the surface) and used the
corresponding average N,O fluxes (9.48 and 0.14 kg N,O-N ha™! yr~!, respectively).

Tiemeyer et al. (2020) show that the formation of new peat only occurs when the
WTD is at or above —0.08 m. Sites with net carbon accrual and high WTD in Tie-
meyer et al. (2020) and Evans et al. (2021) were not under regular agricultural manage-
ment, but were mostly covered with peatland vegetation (i.e., Sphagnum spp. for bogs,
and sedges and reeds for fens). Therefore, in addition to a near-surface water table, the
presence of specific peatland vegetation and avoidance of biomass removal typically
supports carbon accrual when former peatland sites are rewetted, although harvested
paludiculture sites (with, e.g., Typha, Phragmites) can also become net carbon sinks
(Giinther et al. 2015; Bianchi et al. 2021). Tiemeyer et al. (2020) indicate a maximum
annual C-loss rate of a drained peatland of 10.0 t CO,-C ha™! at WTD>—0.60 m. In
our study a WTD of —0.60 m below surface is taken as baseline scenario. WTD’s only
up to+0.02 m are considered. As simplification, carbon from CH, emission, which is
mostly low but may reach up to 0.24 t CH,-C ha™! at flooding (Evans et al. 2021) is
assumed to be not fuelled by the peat itself, but considered to stem mostly from labile
plant litter (Escobar et al. 2022). This is relevant for calculating the remaining lifetime
of the decomposing peat. With rewetting, CH, emissions are considered constant over
time for a specific water table, following Wilson et al. (2016), who showed no signifi-
cant difference in methane fluxes from natural and rewetted peatlands.

The radiative forcing (RF) [W m~?] of the Earth system due to some imposed pertur-
bation, such as anthropogenic GHGs, quantifies the energy imbalance that occurs when
the imposed change takes place (Myhre et al. 2013). RF of the emissions and remov-
als of both GHGs was calculated at annual time steps following the impulse response
functions described in Myhre et al. (2013) using a radiative efficiency of 1.7049™% W
m~2 kg CO,~!. The latter represents the radiative forcing per unit change in concentra-
tion and was calculated from the radiative efficiency of CO, of 1.33x 107> W ppb~!
(IPCC 2021) and a conversion to unit mass as provided by Myhre et al. (2013) based on
an atmospheric mass of 5.1352x 10'® kg. The temporal dynamics of atmospheric CO,
following an emission into or a removal from the atmosphere is represented by four dif-
ferent reservoirs, a;, contributing relative shares of 0.2173, 0.224, 0.2824 and 0.2763.
Corresponding perturbation lifetimes t; of 1076, 394.4, 36.54 and 4.304 years were used
following Joos et al. (2013) and Millar et al. (2017).
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The RF is presented as absolute global warming potentiall AGWP [W m~2 yr], i.e. the
cumulative forcing over time in sensu Joos et al. (2013).

H
AGWP = / RF(t)dt 2)
0

with H the time horizon of the integration [years].

Methane is represented by one single exponential decay function with perturbation
lifetime of 12.4 years, using a radiative efficiency of 1.28 x 107> W m™2 kg~! CH, and a
multiplicator of 1.65 to account for indirect effects (Myhre et al. 2013). Nitrous oxide is
also represented by one single exponential decay function with perturbation lifetime of 121
years, using a radiative efficiency of 3.83x 107 W m™ kg™ N,O and a multiplicator of
0.93 to account for indirect effects (Myhre et al. 2013).

All calculations are based on converting one hectare of land.

The atmospheric response to continued drainage of a peatland (i.e., baseline scenario) to
—0.60 m is compared with the scenario of successful rewetting and scenarios where rewet-
ting is stopped and followed by drainage 10 — 90 years after rewetting initiation, resulting
in different periods of wet and dry peatland. The balance of CH, vs. CO, as well as N,O
emissions over time are further influenced by the available peat carbon stock, itself deter-
mined by peat thickness, soil bulk density and carbon concentration, because drained peat-
lands are net CO, emitters only as long as they store peat. Peat carbon stocks vary widely
depending on the type of peatland ecosystem and state of degradation. Based on the recent
Global Peatland Assessment (UNEP 2022), a range of 500 to 1500 t C ha™! is used here
to illustrate how the benefit of rewetting relative to the baseline is linked to the amount of
carbon available for decomposition, i.e. to a possible exhaustion of the peat deposit during
the project. This carbon stock corresponds, depending on soil bulk density and carbon con-
centration, to peat thicknesses of approximately 0.8 — 2.1 m (UNEP 2022).

In accordance with Fig. S1, rewetting results in an increase in soil carbon storage during
periods of high water table (provided that peat-forming vegetation is present and anthro-
pogenic disturbances such as fires are absent). Carbon sequestered during that time is con-
sidered to add to the available peat deposit and the CO, emitted after draining a rewetted
site. N,O emissions also depend on the amount of peat present, as most N,O from man-
aged peatlands stems from peat decomposition rather than fertilisation (Wang et al. 2024).
Accordingly, we used the N,O emissions for drained states from Lin et al. (2022) only as
long as peat is present, and replaced it with the average emission for fertiliser-induced N,O
emissions (2.22 kg N,O-N ha™! yr™!) from drained organic cropland soils as reported by
Wang et al. (2024).

Switchover time is the length of time after which the positive radiative forcing due to
increases in CH, emissions at a restored peatland is overtaken by the cumulative nega-
tive radiative forcing due to CO, uptake (Hemes et al. 2019). In other words, a net cooling
effect, i.e. a climate benefit not only relative to a business as usual but also in absolute
terms, is only accomplished via net C uptake, i.e., peat growth. This is an important con-
sideration as for many situations with an increase in the water table, an improvement rela-
tive to the baseline scenario is achieved, but the new system remains climate negative, i.e.,
warming. In this study, the cumulative (Eq. 2) as well as the instantaneous RF (Eq. 1) will
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be used to calculate switchover times and to derive an optimum WTD range. Furthermore,
the optimum WTD is calculated using the AGWP after 100 and 500 years.

To allow a direct comparison of the different scenarios, it was assumed that CH, emis-
sion begins with the start of the simulation and that no atmospheric equilibrium at tO
occurs.

3 Results
3.1 Radiative forcing of drained and rewetted peatland over time

The cumulative radiative forcing (AGWP, Eq. 2) strongly depends on WTD as shown
for four different WTDs over 500 years for a peat deposit of 1000 t C (Fig. 1). The
four depths were chosen to represent maximum CO, release (—0.60 m) and the sensi-
tive zone where the system switches from a CO, source to a CO, sink and increased
CH, source strength. A WTD of —0.60 m induces a warming, i.e. cumulative forcing, of
1060 nW m~2 ha™!, which is reduced to 883 nW m~ ha™! at WTD of —0.15 m. At WTD
of —0.05 m, peat is formed and the AGWP becomes negative (—=35 nW m~2 ha~! after
500 years). With inundation (+0.02 m), the rewetted peatland remains climate negative
(i.e., warming) over the whole period. The radiative forcing is dominated by CO, at
deep water tables, whereas both gases contribute approximately the same but with oppo-
site signs (i.e. cooling for CO,, warming for CH,) when the WTD is closely below or
above the surface (Supplementary Figure S2). The analysis of cumulative forcing across
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Fig.1 Cumulative radiative forcing (AGWP) through time for converting one hectare of land for four
WTD’s, calculated for a peat deposit of 1000 t C and GHG emission rates following Figure S1. GHGs con-
sidered: CO, and CH,

@ Springer



Mitig Adapt Strateg Glob Change (2025) 30:13 Page70f19 13

different water levels reveals a minimum at —0.06 m WTD for a time horizon of 100
years of drainage, and —0.04 m for 500 years (Fig. 2).

Within the range of WTDs that allow peat built-up, switchover times for the cumula-
tive radiative forcing are between 398 and 1846 years, and the minimum of 398 years
is reached at WTD of —0.04 m (Fig. 3). Only for WTDs of between —0.08 and +0.02
m (the maximum WTD considered in this study) can a net climate cooling be obtained.
When not the cumulative, but the instantaneous radiative forcing RF (eq. [1]) is fol-
lowed, switchover times are shorter. The instantaneous RF reflects the effect of the con-
temporary GHG content in the atmosphere. The corresponding curve for the calcula-
tions in this study, dashed in Fig. 3, is overall indicating shorter switchover and reaches
its minimum of 201 years at —0.04 m WTD. This means that from 201 years onwards
the rewetted peatland ecosystem with a WTD of —0.04 m is cooling. The switchover
time for the same scenario but calculated with the cumulative forcing considers the
memory effect of contributions to warming in the first two centuries after rewetting,
where CO, uptake does not (yet) outweigh CH, release. As described in the methods
section, the response of N,O to WTD is less clear than for CO, and CH,. Assuming
that a rewetted peatland at —0.04 m emits 0.14 kg N,O-N ha~! yr~! (Lin et al. 2022),
switchover times for cumulative and instantaneous forcing become slightly longer, 406
and 205 years respectively.
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Fig.2 Cumulative radiative forcing (AGWP) for converting one hectare of land along a gradient of WTD
of —0.60 to+0.02 m for a peat deposit of 1000 t C. Black: Calculated over 100 years (left y-axis), green:
calculated over 500 years (right y-axis). Note that the black line is always in the positive region, i.e., net
cooling cannot be achieved with any water table during the first 100 years of rewetting. In contrast, the
green line has a negative AGWP for high WTD’s, i.e. switchover is obtained following 500 years of rewet-
ting with high WTD of between —0.06 and —0.02m. Solid grey line represents zero warming for both time
horizons. GHGs considered: CO, and CH,
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Fig.3 Switchover times along a water table gradient for rewetting managed organic soils using the cumula-
tive (solid line), and the instantaneous radiative forcing (dashed line). Emissions of CO, and CH, follow
the functions in Fig. S1. For water table depths below —0.08 m no switchover occurs and the climate effect
remains negative because of no net C accrual. GHGs considered: CO, and CH,

3.2 Effects of different peatland carbon stocks

The GHG flux of the baseline scenario (WTD —0.60 m) is dominated by the emitted
CO, from peat decomposition. If the peat is fully decomposed during the projected
time line (e.g., after 100 years in case of a 1000 t SOC deposit and a loss rate of 10
t CO,-C ha™! yr™"), it will no longer contribute to CO, emissions whereas CH, emis-
sions continue, hence the advantage of rewetting becomes smaller. This is illustrated
for a range of peat carbon stocks in Fig. 4. With deep drainage (—0.60 m, annual CO,
emission factor 10 t CO,-C ha™!), the forcing cumulated over 100 years increases from
134 to 186 nW m™2 ha~! with the C stock increasing from 500 to 1500 t. Cumulated
over 500 years, the forcing is 567 nW m~2 for a C stock of 500 t but becomes 1539 nW
m~2 when 1500 t ha™' peat carbon are available. The increase is strongly non-linear
when calculated over 100 years owing to the exhaustion of the peat if less than 1000
t C are stored. Also for integrating over 500 years the increase is slightly non-linear
but only owing to the equilibration of atmospheric CH,-concentrations during the first
decades. For a water table of —0.05 m (annual peat accrual 0.71 t C ha™'; see. Fig. S1),
the cumulative forcing becomes 22.3 and —35.1 nW m™ for rewetting one ha of land
over 100 and 500 years, respectively, and is independent of the peatland C.
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Fig.4 Cumulative radiative forcing (AGWP) for converting one hectare of land along a gradient of peat-
land carbon stocks for two different WTD’s and for two different time horizons. Please note right Y-scale
which gives the forcing for 500 years —0.60 m, whereas left Y-scale gives the forcing for all other combina-
tions. GHG considered: CO, and CH,

3.3 Reversibility of peatland rewetting

Assuming a constant CO, emission factor with drainage, the avoided peat C loss over
one century is linearly related to the number of years of successful rewetting (Fig. 5).
Hence, with an overall potential of losing 1000 t CO,-C, half of it will be lost, at an
annual rate 10 t C ha™!, when the project area was successfully rewetted for only 50
years. If not only soil-C is considered, but the fate of both CO, and CH, over time by
using RF calculations, the relationship is curved: Only 30 years of successful rewetting
avoids 50% of the warming as would be induced by continuous drainage for 100 years.
With 50 years of rewetting the saving becomes approximately 74% of the maximum
climate benefit (9.4 and 18.1% for 5 and 10 years, respectively). A detailed view on the
atmospheric CO,-Ceq. over 100 years for different durations of successful rewetting is
provided in Supplementary Fig. S3. Furthermore, the shape of the relationship between
the duration of successful rewetting and avoided warming (blue curve in Fig. 5) is insen-
sitive to the project duration: For a partial rewetting success relative to project durations
of 30, 50, and 70 years, the percent avoided warming is similar and well described by a
second order polynomial (Supplementary Fig. S4). This relationship holds true as long
as interrupted or reversed rewetting does not exhaust the SOC pool.

Evaluating the atmospheric effect of different rewetting successes that take place over
the first century but over much longer time scales gives a different picture: Over centu-
ries, the atmospheric GHG load from all scenarios except for permanent rewetting will
converge (Fig. 6). The convergence occurs because of the finite size of any peat deposit
which implies a decrease of CO, in the atmosphere after exhaustion of the source. This
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Fig.5 Avoided soil C loss and avoided warming at WTD —0.05 m relative to WTD —0.60 m over 100 years
as a function of rewetting success. The grey area represents the difference when interpreting rewetting suc-
cess based on the radiative forcing (blue) as compared to the soil C-stock only (black). Explicit numbers for
avoided warming (%) are discussed in the text. Reading example: If only the first five decades were success-
fully rewetted and the systems falls thereafter dry again, 74% of the warming avoided over one century of
successful rewetting is achieved. GHG considered: CO, and CH,

means that temporary rewetting represents a displaced emission without climate benefit
in the long run. Table S1 details the corresponding difference in cumulative forcing.
Whereas over 100 years of computation the duration of successful rewetting in the first
century makes a difference, the benefit diminishes over 500 and 1000 years because
of the onset of CO, emission after water table drawdown until the peat deposit is fully
oxidized.

4 Discussion
4.1 Managing rewetting: switchover times and peatland carbon stock

We analysed three possible indicators for obtaining the optimum WTD for successful peat-
land rewetting in terms of climate cooling. These are switchover times [yr], calculated
based either on cumulative or on instantaneous radiative forcing, and the cumulative forc-
ing [W m~2 yr] itself. Differences between switchover times either using the instantaneous
or the cumulative forcing are substantial, but the corresponding optimum WTD of —0.05
m is the same. The cumulative RF also shows optimum WTD’s of between —0.04 and
—0.06 m, depending on the integration period. As N,O emissions from rewetted sites are
typically very low, including N,O only adds a few years to the switchover times. Together,
differences between the derived values are very small and imply that any of these indica-
tors is suitable to obtain the optimum WTD which is needed to inform project managers or
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Fig.6 GHG content in the atmosphere for different periods of rewetting one ha peatland with 1000 t C to
WTD of —0.05 m during the first century and conversion to full drainage (WTD of —0.60 m) between t10
and t100. Data are the same as Fig. S3 but calculated over one millennium. Lines for 0 years (red, i.e., no
rewetting) and 100 years (blue) of successful rewetting are coloured to improve visibility. Lower solid grey
line indicates permanent rewetting assuming no change in annual net C uptake of the system over one mil-
lennium. CO,-equivalents were calculated from the forcing induced by CO, plus CH, by back-calculation
using the corresponding radiative efficiency of CO,. Please note that the notion for CO,-equivalents used
here is not equal to the commonly used GWP,,. GHGs considered: CO, and CH,

decision makers. We recall, however, that the optimum WTD might be site-specific as it is
highly dependent on net C accrual as well as on CH, emission rates after rewetting which
are notoriously variable (Mander et al. 2023) and difficult to predict (Antonijevi¢ et al.
2023). Furthermore, our calculations are based on generic curves derived from GHG flux
measurements mainly from the temperate zone and switchover times in the tropics may
differ from those derived here as consequence of often much lower CH, emissions in tropi-
cal peatlands (Couwenberg et al. 2010; IPCC 2014). For example, Ojanen and Minkkinen
(2020) showed a faster onset of cooling by rewetting in the tropics than in the temperate
and boreal zones and Dommain et al. (2018) showed shorter switchover times for tropical
peatlands compared to a boreal site when simulating natural peatland growth. However, a
strong dependence of CO, from peat oxidation on WTD has also been found for tropical
peatlands (Couwenberg et al. 2010; Novita et al. 2024) and the principle of calculation as
presented in our approach would therefore remain the same.

Calculated switchover times revealed that only for WTD’s of between —0.08 m
and +0.02 m can a net climate cooling be obtained from peatland rewetting, as this requires
a net sink for carbon and no net sink is achieved with WTD below this. In other words,
WTD’s below —0.08 m may reduce GHG emissions and thus provide a climate benefit
from reduced peat decomposition relative to deep drainage, but do not convert the system
to a net cooling one using the generic functions in Fig. S1.
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Switchover times indicate the time needed to achieve net climate cooling. Based on
Fig. 3 they are in the order of centuries, depending on water table and whether they were
calculated for instantaneous or cumulative forcing. Although both approaches are valid
and used in the literature, it is important to recognize that the integrative indicator, which
reveals longer switchover times, considers the memory effect of past CO, and CH, fluxes
since onset of a project.

For rewetted peatlands in California under Mediterranean climate, observed switchover
times calculated using cumulative forcing were 101 and 142 years for the conversion from
corn and pasture, respectively (Hemes et al. 2019). These relatively short switchover times
were caused by the much higher C uptake of these ecosystems compared to the net uptake
at high WTD of temperate sites as used in this study (Tiemeyer et al. 2020). Switchover
times have also been calculated using the instantaneous but not the cumulative RF (Frolk-
ing et al. 2006; Frolking and Roulet 2007). Northern peatlands become net cooling centu-
ries to millennia after onset of peat formation. In this context, a higher ratio of CH, release
to CO, uptake induces a longer switchover time (Frolking et al. 2006). For restoring peat
extraction sites in Canada, Nugent et al. (2019) calculated instantaneous switchover times
of 180 years, which is very close to the minimum of 201 years in our estimates (Fig. 3,
WTD —0.04 m). Switchover times as calculated here are far beyond the time horizon of
100 years as for example required for project durations by the Voluntary Carbon Standard
for peatland areas to be eligible for carbon crediting (VCS 2017). Although the latter is
based on crediting against a baseline, i.e. selling an emission saving, it should be empha-
sised that even if a rewetting project is deemed successful in the context of carbon farming
schemes and provides a climate benefit it will still contribute to global warming over the
time horizon of the certification or related policy and beyond.

The size of the peatland C stock protected by rewetting from aerobic decomposition
becomes particularly relevant for the magnitude of the climate benefit in the long-run.
Whereas the RF of rewetting a site is not sensitive to the initial amount of peat, the time
until exhaustion of the peat deposit with deep drainage, i.e. the baseline, depends on the
peatland C stock. It is expected to occur within decades to centuries considering the loss
rate of 10t C ha™! yr™!. Over 100 years, a drained 500 t C stock induces an AGWP of 134
nW m~2 ha™!, whereas this value rises to 186 nW m~2 ha™! with 1500 t C. This difference
is more pronounced over 500 years (567 vs. 1539 nW m~2 ha™!) (Fig. 4), because AGWP
presents the cumulative forcing, which is dominated by the long-lived CO, and hence also
reflects the emission history. Differences in initial C stocks are therefore almost always rel-
evant and rewetting C rich peatlands gives a greater climate benefit via emission savings.
Importantly, the warming induced by draining C rich peatlands become fully effective over
many centuries, underpinning that rewetting those sites should have highest priority. The
calculations presented assume constant annual CO, loss from peatland drainage until the
peat deposit is exhausted. If CO, emission factors are higher at the onset of drainage and
decline thereafter, the same magnitude of forcing would occur earlier in time (Leifeld and
Lupascu 2023).

4.2 Climate benefits of permanent and non-permanent rewetting and biophysical
discounting

Using similar approaches of combining impulse response functions and radiative efficien-

cies, benefits of permanent rewetting were described previously. Giinther et al. (2020)
showed that the instantaneous rewetting of all drained peatland worldwide would result in
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a RF less than half of that of a baseline without any rewetting by end of this century. Also
Ojanen and Minkkinen (2020) derived an immediate positive effect for rewetting, relative
to drainage, for agricultural soils in the tropics. The positive effect was delayed in tem-
perate and boreal zones owing to the higher ratio of CH, emitted with rewetting to CO,
saved. These authors also pointed out that rewetting of temperate and boreal forest sites
was not always climate positive in the early decades, not only because of increased CH,
emissions, but also because of reduced carbon storage in trees and wood products, which
further delayed the onset of the cooling effect. Together, these studies indicated a strong
beneficial effect of rewetting relative to the baseline on RF but also identified transient
times where rewetting still contributes to climate warming, in line with the findings of this
study. The dynamics of RF after rewetting may further be modulated by three other fac-
tors, namely plant productivity, albedo, and peat growth. Plant productivity and thus CO,
uptake after onset of a project may change over time in relation to plant growth and vegeta-
tion succession (Nugent et al. 2019). Vegetation changes not only affect the earth’s climate
via changing GHG fluxes, but also via altered albedo (Portmann et al. 2022). In the case of
peatland afforestation, albedo changes may substantially reduce the RF benefit from carbon
uptake (Lohila et al. 2010). Consequently, both vegetation development and albedo should
be monitored in order to quantify the overall climate effect of rewetting projects. Globally
peat accumulation has occurred over millennia and is still ongoing in undisturbed peat-
lands (Yu et al. 2010), but growth rates may vary over time and even decrease in the long
term depending on future environmental conditions (Gallego-Sala et al. 2018). Therefore,
the scenario of successful rewetting over 1000 years shown in Fig. 6, based on contempo-
rary flux measurements, is not considered a universal projection of future peat growth, but
one realistic pathway.

Project payments in rewetting or carbon sequestration projects are often realized upfront,
i.e. ex-ante, and uncertainties in project performance are addressed by buffer accounts or
mixing project portfolios of different focus (COWTI et al. 2021). Such approaches do not
explicitly account for the temporary, i.e. time value of carbon storage or emission reduction
(Murray et al. 2007; Leifeld 2023). In this paper we support ex-ante discounting but using
the nonlinear relationship provided in Figs. 5 and S4. We call this biophysical discounting.
Such an approach is not sensitive to the integrated time horizon, making it appropriate for
different project durations. It can be combined with payment by instalments, e.g. on an
annual basis. Following Fig. 5, a project designed for e.g. 100 years would pay the owner
9.4% of the total after 5% of the project’s lifetime (i.e. 5 years), years, 9.1% after the fol-
lowing 5 years etc. The same discount, relative to the project duration, applies to shorter
and longer project durations (e.g., 9.4% of the total after 2.5 years for a project duration
of 50 years) (Fig. S4). The approach thus offers the benefit for the investor of paying only
for accomplished climate benefits within the project’s timeframe. It can be combined with
already existing economic approaches for valuing temporary credits in monetary terms
(Murray et al. 2007; Marshall and Kelly 2010). Biophysical discounting may also help to
simplify the currently complex landscape of certification and standards for CO, remov-
als (Arcusa and Sprenkle-Hyppolite 2022). Overall, biophysical discounting is a suitable
approach to clearly account for the duration of the climate benefit and distinguish perma-
nent from temporary measures as called for by e.g. the policy of the European Commission
(EC 2022b).

The approach as presented here is also applicable to account for possible project fail-
ures if a specified period, in our example 100 years is deemed equivalent to ‘permanent’
as suggested in corresponding schemes (Joosten et al. 2015; VCS 2017). Yet, under the
condition of a fixed time horizon, the contribution of a non-permanent rewetting relative
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to a successful rewetting over the same time horizon can be quantified. However, while
biophysical accounting is a useful approach for linking payments to the temporal success
of a measure, it does not solve the general obstacle associated with non-permanence in
the time-course of centuries. We show that over time, the atmospheric GHG load from
only temporary rewetting will converge and long-term net cooling is only achieved via per-
manent rewetting. The convergence occurs because of the finite size of any peat deposit
which implies a decrease of CO, in the atmosphere after exhaustion of the source. This
means that temporary rewetting represents a displaced emission without climate benefit in
the long run. This raises the question whether permanence over one century is worth the
same as permanence for longer times? The European Commission (EC 2022b) suggested
to limit the validity of the certified carbon removals subject to an expiry date that matches
with the end of the relevant monitoring period, after which the carbon should be assumed
to be released into the atmosphere. However, a methodological framework for implementa-
tion has not been presented yet. Our study shows that in case of an unsuccessful long-term
increase of the water table and reversal of the situation to high CO, release beyond a pro-
ject timeline of e.g. one century, a rewetting project represents a displaced GHG emission,
and therefore merely a GHG saving for a limited period. For such a limited period, bio-
physical discounting as suggested above might apply.

Displacing emissions by a few decades allows us to buy time by moving the climate
burden further into the future, but has no climate benefit when the time horizon is extended
far beyond 100 years (Leifeld 2023). In contrast to this, both temporary and permanent bio-
logical carbon sequestration, i.e. the net uptake of atmospheric CO, by the ecosystem and
built-up of a carbon sink, always offer a positive (i.e. cooling) effect on the climate which
is quantifiable over any time frame (Sierra et al. 2021; Leifeld and Keel 2022). It has there-
fore been argued that, from a biophysical viewpoint, non-permanence of carbon sinks does
not constitute a knock-out criterion for NBS and carbon markets (Leifeld 2023). Unlike in
carbon sink projects, a possible failure of peatland rewetting projects will not be a climate
benefit in the long term (Fig. 6) as stated previously (Bonn et al. 2014), but rather just
temporarily reduce and postpone emissions (see Fig. S3). Our finding is also in contrast to
IUCN (2023), who stated that the emissions reductions that are achieved before reversal
to low water tables remain permanent as well as in contrast to Joosten et al. (2015), who
argue that in the case of avoided emissions in a peatland rewetting project, project reversal
does not lead to a nullification of the positive effects. Rather, we show that unsuccessful
long-term rewetting eliminates the temporary climate relief achieved in the beginning.

5 Conclusion

The creditability of carbon farming schemes both in the private and the public sector has
been scrutinized (e.g., West et al. 2020; Popkin 2023), and trustworthiness will remain cru-
cial if NBS via carbon farming shall play a significant role in mitigating climate change.
Carbon farming practices in mineral soils come with obstacles such as organic matter stoi-
chiometry constraints, biomass availability, off-site emissions, and small per-area poten-
tials (Schlesinger 2022). Peatland rewetting provides benefits in terms of high mitigation
potentials per hectare, no additional nutrient requirement (Leifeld and Menichetti 2018),
and by providing other valuable ecosystem services (Grand-Clement et al. 2013).

One obstacle to financial compensation for peatland rewetting has been how to deal
with possible project failures. In this paper we show that valuating the climate benefit of
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peatland rewetting is best achieved via biophysical discounting, i.e. a discount metric based
on the fate of the GHGs in the atmosphere and the radiative forcing they induce over time.
Biophysical discounting can inform and guide payments within NBS schemes and, further-
more, provides flexibility in addressing emission savings over different time horizons and
in evaluating the role of variable carbon stocks. Yet possible project failure and its impact
on the climate needs to be clearly and verifiably addressed in carbon farming schemes for
peatland rewetting, which is lacking hitherto.
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