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In brief

Northern peatlands are one of the biggest

terrestrial carbon pools, yet their

response to climate change is uncertain.

This study uses five state-of-the-art

peatland models to project future CO2

and CH4 fluxes. Northern peatlands are

projected to be climate neutral under a

climate mitigation scenario consistent

with the Paris Agreement goals, but they

release CO2 and CH4 in the long term for

high warming scenarios, exacerbating

global warming by 0.21�C. The results

suggest that climatemitigation efforts will

prevent northern peatlands from

amplifying climate warming.
.
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SCIENCE FOR SOCIETY Intact peatlands remove carbon dioxide (CO2) from the atmosphere through
photosynthesis and store the carbon in soils in waterlogged conditions, while emitting methane (CH4) to
the atmosphere. The net climate impact of peatlands depends on the relativemagnitude of these two green-
house gases. Here, we assess the future CO2 and CH4 balance of northern peatlands using five large-scale,
process-based peatlandmodels. Our results suggest that under climate policies and action, northern peat-
lands are likely be climate neutral because the climate-warming effect of peatland CH4 emissions is offset
by the cooling effect of peatlandCO2 sinks. However, if action on climate change is not taken, northern peat-
lands could accelerate global warming because CH4 emissions are projected to increase substantially, and
northern peatlands may turn from CO2 sinks to sources driven by strong warming and drying.
SUMMARY
Northern peatlands store 300–600 Pg C, of which approximately half are underlain by permafrost. Climate
warming and, in some regions, soil drying from enhanced evaporation are progressively threatening this large
carbon stock. Here, we assess future CO2 and CH4 fluxes from northern peatlands using five land surface
models that explicitly include representation of peatland processes. Under Representative Concentration
Pathways (RCP) 2.6, northern peatlands are projected to remain a net sink of CO2 and climate neutral for
86 One Earth 5, 86–97, January 21, 2022 ª 2021 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the next three centuries. A shift to a net CO2 source and a substantial increase in CH4 emissions are projected
under RCP8.5, which could exacerbate global warming by 0.21�C (range, 0.09–0.49�C) by the year 2300. The
truewarming impact of peatlandsmight be higher owing to processes not simulated by themodels and direct
anthropogenic disturbance. Our study highlights the importance of understanding how future warmingmight
trigger high carbon losses from northern peatlands.
INTRODUCTION

Global mean surface temperatures are projected to increase by

0.3–4.8�C (relative to 1986–2005) by the end of the 21st century.1

Unabated greenhouse gas (GHG) emissions, such as those of

carbon dioxide (CO2) and methane (CH4) in the RCP8.5 scenario

and its extension (see experimental procedures), may result in a

3.0–12.6�C global mean warming by the year 2300.1 Given that

warming is amplified in the northern mid- and high latitudes

compared with the global average,2 the stability of soil organic

carbon (SOC) stocks of northern peatlands (300–600 Pg C)3–5

is of particular concern.

The future carbon balance of northern peatlands remains,

however, poorly understood, with only a few studies attempting

a quantification for the 21st century6–13; even less work has

been done on predicting peatland carbon fluxes beyond

2100.8–10,14,15 Using evidence from the literature and expert

elicitation, Loisel et al.14 found that peatland experts anticipate

peat carbon gains in northern regions owing to higher temper-

atures and peat carbon losses as a result of permafrost degra-

dation through to the year 2300. Gallego-Sala et al.15 examined

relationships between peat carbon accumulation rates of the

last millennium and different climate parameters; they found a

positive relationship between peat carbon accumulation rates

and growing-season cumulative photosynthetically active radi-

ation (PAR) for northern peatlands. They predicted that north-

ern peatlands would remain a carbon sink until 2300 under

both RCP2.6 and RCP8.5 scenarios, with the carbon sink ca-

pacity of Arctic peatlands predicted to increase continuously

while that of temperate peatlands is predicted to decrease.

However, projected future warming is much greater and faster

than changes in the last millennium1,16 and may be accompa-

nied by more frequent and severe droughts.17 With drastic

anticipated changes in temperatures and hydroclimate (partic-

ularly the water-table position, which is one of the most impor-

tant controls on peatland carbon balance), peatlands may be

pushed beyond their natural envelope, and the abiotic factors

that appear to have been correlated with peat carbon accumu-

lation rates in the last millennium cannot be expected to remain

the dominant controls in the future.18–20

Process-based models, which explicitly parameterize peat-

land hydrological, thermal, and biogeochemical processes,

can account for the complex interactions among factors that

are important in driving the dynamics of peatland ecosystems

(e.g., temperature, soil moisture, vegetation type, thaw depth,

CO2 fertilization). They are useful tools to explore responses of

peatlands to future climate changes. Yet, peatlands are not

explicitly represented in the land surface of the current genera-

tion of earth system models (ESMs), and only a few studies

have considered peatland carbon-climate feedbacks using

coupled peatland-climate models.9 Previous studies based on
independent offline peatland model simulations have already

provided some insight into the future carbon balance of peat-

lands. However, it is difficult to draw robust conclusions because

critical inputs (i.e., climate forcing, peatland extent, peat initiation

time) were different among simulations resulting in divergent

projections.7,8,11–13 In addition, while most previous attempts

considered only changes in the rates of peatland carbon accu-

mulation/storage or focused only on CO2 fluxes,
7,8,11–15 the rela-

tive contribution of different GHGs (i.e., CO2 versus CH4) is

essential information if we are to understand the influence of

peatlands on the global carbon cycle and on the Earth’s climate

system.9 Furthermore, a timescale of the next century is too

short to look at if wewant to elucidate the full peatland responses

to warming, owing to long (decades to centuries) lags in the

response of slow-turnover peatland carbon pools to climate

forcing.8

To address the above research gaps, we conducted a multi-

model assessment of changes of net CO2 and CH4 fluxes from

intact northern peatlands (north of 30�N latitude) using state-of-

the-art large-scale peatland models, ORCHIDEE-PEAT,21,22

LPJ-MPI,23 LPX-Bern,8,13,24–27 LPJ-GUESS,28,29 and LPJ-

GUESS_dynP (‘‘dynP’’ for dynamic multi-peat layers)11,12,30

(see Note S1 and Tables S1–S3 for more detailed information

about each model). The models were forced with a fixed peat-

land extent (Figure 1)31 and integrated from 10,000 years before

the present to the year 2300 following a common simulation

protocol (see experimental procedures). The same atmo-

spheric CO2 concentration and bias-corrected gridded climate

projections from the IPSL-CM5A-LR general circulation model

(GCM)32 for a strong climate mitigation scenario (RCP2.6) and a

high-end emission scenario (RCP8.5) were used to drive all

models. The global mean warming over land under RCP2.6 is

projected to reach 1.6�C (1.9�C over land >30�N) by 2100 rela-

tive to 1986–2005 in the IPSL-CM5A-LR GCM, followed by a

steady but small cooling trend until 2300. In contrast, a dra-

matic global land warming is projected for RCP8.5, with the

air temperature increasing by �5.9�C (6.7�C over land >30�N)
by 2100 and �14.7�C by 2300 (15.5�C over land >30�N) (see
Figure S1).

RESULTS AND DISCUSSION

Projected carbon dioxide budget of northern peatlands
Simulated present-day (1986–2005) total SOC stock for the 3.2

million km2 covered by northern peatlands31 ranges from 200

to 870 Pg C among models (Figure S2), which brackets previous

estimates based on observations (300–600 Pg C).3–5 The multi-

model ensemble mean SOC (572 Pg C) falls close to the mean

from observations. Hereafter, we report multi-model ensemble

mean values, with ranges across models in parentheses, unless

stated otherwise.
One Earth 5, 86–97, January 21, 2022 87



Figure 1. Projected northern peatland NBP under RCP2.6 and RCP8.5
(A–F) Simulated time series (range and ensemblemean) of area-averaged peatland NBP under RCP2.6 (cyan) and RCP8.5 (yellow) by all five models participating

in this study (a positive sign represents CO2 fluxes from the atmosphere to the peatland ecosystem) and predicted carbon sequestration by peat accumulated

during the last millennium estimated by Gallego-Sala et al.15 The central map shows peatland areal fractions from PEATMAP31; the extent of continuous

permafrost and discontinuous, sporadic, and isolated permafrost are from the empirical IPA (International Permafrost Association) permafrost map.33 Peatland

NBP values shown in this figure are 20-year moving averages, and moving average values were assigned to the last year of each window period. The 20-year

moving averages of the surface air temperature over global land (GLT) from the IPSL-CM5A-LR GCM under RCP8.5 are shown in (A).
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The CO2 balance of peatlands in this study, termed the net

biome production (NBP), is calculated as net primary productiv-

ity (NPP)minus heterotrophic respiration—anthropogenic distur-

bances of peatland and fires are not modeled. A positive NBP

thus represents a CO2 flux from the atmosphere to the land.

Simulated present-day NBP of all northern peatlands is 0.11

(0.01–0.22) Pg C year�1 (Figure 1A), matching previous esti-

mates for the Northern Hemisphere (0.10–0.15 Pg C

year�1).5,15,34 The projected future NBP of northern peatlands

depends on the trajectory of climate change. Under RCP2.6,

northern peatlands remain CO2 sinks with a relatively stable

net CO2 uptake rate until 2300 (Figure 1A). By contrast, under

RCP8.5, northern peatlands turn into a CO2 source within the

coming 100–150 years (Figure 1A). The simulated future carbon

balance of peatlands varies among subregions in response to
88 One Earth 5, 86–97, January 21, 2022
projected strong climate warming and precipitation changes in

RCP8.5. For four subregions out of the fivemain peat complexes

of the Northern Hemisphere, i.e., continental Western Canada

(CWC) (Figure 1B), Hudson Bay Lowlands (HBL) (Figure 1C),

Northern Europe (NOE) (Figure 1D), andWest Siberian Lowlands

(WSL) (Figure 1E), all models projected a future shift from peat-

land CO2 sinks to CO2 sources (or to nearly carbon neutral) under

RCP8.5. Twomodels (LPX-Bern and LPJ-GUESS), which explic-

itly simulated coupled peatland nitrogen and carbon cycling,

projected that these peatlands will be larger CO2 sources in

the future, as opposed to models in which NPP is not limited

by available soil nitrogen (ORCHIDEE, LPJ-MPI and LPJ-

GUESS_dynP). For the Russian Far East (RFE) (Figure 1F), where

the projected increase in precipitation is the largest under

RCP8.5 (110% increase in RFE precipitation by 2300 with



Figure 2. Simulated cumulative NBP of

northern peatlands compared with that of

all lands

(A) Simulated cumulative NBP of northern peatlands

(filled bars) from this study and simulated cumula-

tive NBP of all lands north of 30�N (hatched bars)

from ISIMIP2b32 for 1861–2005 (gray bars) and for

the future RCP2.6 (blue bars) and RCP8.5 (red bars)

scenarios. Open magenta bars show expected

northern peatland CO2 fluxes under unchanged pre-

industrial (PI) conditions. A positive NBP represents

CO2 fluxes from the atmosphere to the land. The

number of available simulations for each period is

indicated by the top x axis (Table S4). The black

error bars indicate the full range across simulations.

(B) The inset (B) shows cumulative NBP of the global

lands from ISIMIP2b. Note that peatlands have not

been explicitly represented in ISIMIP2b models, but

carbon fluxes due to historical land use change

have been accounted for, with future land use being

held constant at 2005 levels. ISIMIP2bmodels were

driven only up to the year 2099 for the RCP8.5

scenario.
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respect to present-day versus 5%–75% increase in precipitation

for the other four subregions) (Figure S1), only one model (LPJ-

GUESS) predicts that this peatland complex will become a large

net source of CO2 in the future. All five models project a trend

toward shallower water tables for RFE peatlands (Figure S3),

indicating that RFE peat remains preserved by anoxic conditions

below the water table.

Simulated NBP of peatlands for all five subregions is in good

agreement with the empirical extrapolation of peat accumulation

made by Gallego-Sala et al.15 under RCP2.6. However, under

RCP8.5, only the simulated NBP of RFE peatlands, where the

largest increase in precipitation and persistent anoxic conditions

is projected, is comparable to the estimate from Gallego-Sala

et al.15 For the other four subregions (CWC, HBL, NOE, and

WSL), Gallego-Sala et al. predicted a slight increase of peatland

NBP under RCP8.5, in contrast to the mechanistic models

applied here. Gallego-Sala et al. considered only peat that accu-

mulated during the last millennium and ignored the decomposi-

tion of deeper (older) peat. When the water table drops below a

critical level, as projected by some of our models (Figure S3), the

exposure of deeper peat to aerobic and warmer conditions

results in substantial loss of carbon.18,35,36

There is a large variation in the simulated trajectories of peat-

land carbon dynamics under RCP8.5 among model simulations.

This variation is due to substantial differences among models in

the parameterization of peatland vegetation, hydrological and

thermal processes (Note S1 and Tables S1 and S2) and conse-

quently a wide range of predicted peatland water balance terms

(Figures S3 and S4), soil temperature (Figure S5), NPP (Fig-

ure S6), and carbon inputs to the soil in these simulations.

Figures S7–S9 show the capability of the models to reproduce

the current water-table position and NBP at the site level.

Peatland development is strongly governed by local conditions,
and it is therefore nearly impossible for

large-scale models to exactly reproduce

the development of peatland at each site.
LPJ-GUESS and LPJ-GUESS_dynP better captured the interan-

nual, among-sites variability in peatland water-table position.

However, because the projected RCP8.5 climate lies far outside

of past conditions for which we can validate the models, there is

no way to ascertain which one of the models simulates the peat-

land hydrological and carbon dynamics most accurately under

the extreme and long-term warming coupled to elevated CO2

concentrations of RCP8.5.

Northern peatlands in the global carbon cycle
To quantify the role of northern peatlands in the global carbon

cycle, in this study we compare the NBP of northern peatlands

with the NBP of all other northern (>30�N) and global lands (Fig-

ure 2). Estimates for NBP of all northern and global lands from

land surface model (LSM) simulations are from the Inter-Sectoral

Impact Model Intercomparison Project (ISIMIP2b; https://doi.

org/10.5880/PIK.2019.012),32 in which peatlands have not

been explicitly represented, but carbon fluxes due to land-use

changes have been accounted for. Six ISIMIP2b LSMs were

forced by bias-corrected climate forcing data from four different

GCMs, with all simulations for the RCP8.5 scenario driven only

up to the year 2099, and some simulations for the RCP2.6

scenario extended to 2300 (Table S4).

We show that despite a large spread between individual

models, the simulated cumulative NBP of northern peatlands is

of the same order of magnitude as the NBP of the entire northern

or global land biosphere (Figure 2), although northern peatlands

cover only�2%of the global land area. Over 2006–2099, the ISI-

MIP2b models project that the northern and global land

biosphere CO2 sink is larger under RCP8.5 than under RCP2.6.

This difference is attributable to vegetation CO2 uptake by

photosynthesis being favored by very high CO2 levels in

RCP8.5.37 In contrast, our peatland models simulate a smaller
One Earth 5, 86–97, January 21, 2022 89
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Figure 3. Projected northern peatland CH4 emissions under RCP2.6 and RCP8.5

(A–F) Same as Figure 1, but for area-averaged rates of bias-corrected CH4 emissions from northern peatlands.
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CO2 sink over northern peatlands in RCP8.5 than in RCP2.6.

Over 2100–2300, northern peatlands are projected to remain

CO2 sinks under RCP2.6, with their cumulative NBP amounting

to 19 (9–32) Pg C. In contrast, the mean cumulative NBP of

northern peatlands under RCP8.5 is �21 (�69 to 34) Pg C,

with four out of five models predicting a net loss of carbon by

peatlands over 2100–2300.

Projected methane emissions from northern peatlands
Rising CH4 emissions from peatlands have a warming impact on

the climate system and thus need to be considered when calcu-

lating the net radiative balance of peatlands.34 Simulated pre-

sent-day CH4 emissions from northern peatlands range from 5

to 87 Tg CH4 year�1. Compared with observation-based esti-

mates at the site level,38 LPJ-GUESS_dynP overestimates peat-

land CH4 emissions, while the other models underestimate them

(Figure S10). We applied an absolute-trend-preserving gridcell

by gridcell bias correction (see experimental procedures) based

on a gridded data product of northern wetland methane emis-
90 One Earth 5, 86–97, January 21, 2022
sions.39 After applying this bias correction, simulated peatland

CH4 emissions at the site level show better agreement with ob-

servations (i.e., bias and root-mean-squared difference between

simulated and observed CH4 were reduced) (Figure S10), and

bias-corrected present-day CH4 emissions from all northern

peatlands are 26–32 Tg CH4 year
�1.

In the future, CH4 emissions from northern peatlands are pro-

jected to remain relatively stable until 2300 under RCP2.6 accord-

ing to the ensemble mean (Figure 3A). Under RCP8.5, the wide

range of simulated NPP and/or SOC (defining the substrate for

CH4 production), soil moisture and temperature result in a large

variation in the simulated rates of CH4 emissions among models.

LPX-Bern and LPJ-GUESS,which couple carbonand nitrogency-

cles, project an initial increase of CH4 emissions, followed by a

decrease until 2300 owing to the limited availability of substrate

for methanogenesis (i.e., both models predicted a decrease of

NPP after 2200) and the deepening of peatlandwater tables under

RCP8.5. In contrast, the other three models project a continuous

increase in northern peatland CH4 emissions under RCP8.5 until



Figure 4. Projected global mean surface

temperature change (DT) due to northern

peatland anthropogenic GHG emissions

(A–C) DT due to northern peatland anthropogenic

CO2 emissions (A), DT due to northern peatland

anthropogenic CH4 emissions (B), and DT due to

total GHG (CO2+CH4) emissions (C), under RCP2.6

(cyan) and RCP8.5 (yellow), relative to pre-indus-

trial times.
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2300, as the projected drop of water tables is smaller and/or the

projected amount of substrate for methanogenesis is more stable

(i.e., projected NPP is relatively stable in the future).

Simulated trajectories of peatlandCH4 emissions under RCP8.5

differ among peatland regions (Figures 3B–3F). CH4 emissions

from CWC and RFE peatlands are projected to increase until

2300, while a decrease of CH4 emissions in the second half of

the 23rd century is projected for peatlands in HBL, NOE, and

WSL. This can be attributed to changes in substrate availability

and water-table depth among regions, i.e., both NPP and water-

table depth of RFE peatlands remain stable after 2250, and thus

RFECH4 emissions are projected to increasewith increasing tem-

perature.Water-table depthsofHBLpeatlands also remain gener-

ally stable, but simulated NPP is projected to decrease because

the projected increase in plant respiration continues to increase

faster than gross primary productivity (Figure S11); thus, HBL

CH4 emissions are projected to decrease after 2250.

Projected net climate effect of northern peatlands
During pre-industrial times, northern peatlands sequestered CO2

and emitted CH4, while the global climate was relatively stable.1

Thus, only the difference between simulated northern peatland

GHG fluxes presented in previous sections and pre-industrial

fluxes represents the net climate change effect of northern peat-

lands. Following Cain et al.,40 we approximated the impact of a

step change in peatlandCH4 emissions on the global average sur-

face temperature with a pulse emission of CO2 (experimental pro-

cedures). Figure 4 shows the simulated global mean surface tem-
perature change (DT) due to changes of

northern peatland CO2 and CH4 fluxes

from the pre-industrial values. Under

RCP2.6, northern peatlands are projected

to exert a small cooling effect on global

climate through CO2 sequestration, with

the multi-model mean DT of �0.02 (�0.05

to +0.03) �C by 2300 (Figure 4A). A small

warming effect on global climate is pro-

jected owing to northern peatland CH4

emissions, with the multi-model mean

of+0.02 (+0 to+0.07) �Cby2300 (Figure4B).

Therefore, northern peatlands are projected

to be climate neutral under RCP2.6 (�0.03

to +0.05�C by 2300), when both CO2 and

CH4 are accounted for (Figure 4C). In

contrast, under RCP8.5, the global mean

surface temperature change caused by

northern peatlands by 2300 is projected to

be 0.21 (+0.09 to +0.49) �C higher than the
pre-industrial value, with a warming of +0.16 (+0.02 to +0.55) �C
attributable to northern peatland CH4 emissions and a warming

of +0.05 (�0.06 to +0.16) �C attributable to northern peatland

CO2 emissions.

Permafrost peatlands versus non-permafrost peatlands
Nearly half of the present-day northern peatland area and peat

SOC pool are affected by permafrost (Figure 1), making the car-

bon relatively inert.5 However, rapid warming such as under

RCP8.5 could lead to permafrost thaw and release of GHGs

into the atmosphere.41,42 To compare the simulated GHG emis-

sions of permafrost versus non-permafrost peatlands, we

define permafrost peatlands as those underlain by continuous/

discontinuous/sporadic permafrost according to the empirical

International Permafrost Association (IPA) permafrost map33

(experimental procedures). The total area of permafrost peat-

lands is �1.4 million km2, accounting for �44% of the northern

peatland area. Note that the permafrost soils may have changing

active layer thickness, and permafrost may disappear as a result

of future warming (Figure S12). Yet, the IPA permafrost area was

applied for the past and the future in the following analysis, and

thus changes over time for the same area are assessed.

Models project slightly larger CO2 sequestration rates (in g C

per unit area of peatland per year) for permafrost than for non-

permafrost peatlands during the periods of 1861–1880 and

1986–2005 (Figure 5). In the future under RCP8.5, with large

uncertainties, a slower decrease in CO2 sequestration rates of

permafrost compared with non-permafrost peatlands is
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Figure 5. Projected GHG fluxes from regions

covered today by permafrost and non-

permafrost peatlands under RCP8.5

CO2 and CH4 from regions covered today by

permafrost (blue) and non-permafrost (orange)

peatlands under RCP8.5 are averaged over 1861–

1880, 1986–2005, 2080–2099, and 2280–2299.

Positive values of CO2 represent sinks, that is, CO2

fluxes from the atmosphere to the peatland

ecosystem, while positive values of CH4 represent

CH4 fluxes from the peatland ecosystem to the

atmosphere. Black error bars indicate the full range

across simulations. Magenta lines show expected

fluxes (ensemble mean) under unchanged pre-in-

dustrial (PI) conditions (ranges across models

shown in Figure S14). Note that water-ice phase

change, and thus permafrost, was not represented

in LPJ-MPI. Therefore, this figure shows only data

from the other four models.
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projected, and permafrost peatlands are projected to turn into

smaller CO2 sources than non-permafrost ones by 2280–2300.

The simulated rates of CH4 emissions in permafrost peatlands

are slightly lower than in non-permafrost peatlands during the

periods of 1861–1880 and 1986–2005 (in g C per unit area of

peatland per year). However, permafrost peatlands are pro-

jected to become larger CH4 sources than non-permafrost peat-

lands by 2280–2300. For both permafrost and non-permafrost

peatlands, the relative contribution of CH4 to the full GHG

balance is projected to increase over time.

These results must be interpreted with care, however. The first

reason is the uncertainty related to the extent of permafrost peat-

lands. The extent of permafrost peatlands is determined from the

observation-based IPA permafrost map andwas fixed from 1861

to 2300. Owing to differences in model structure, simulated soil

temperature and active layer thickness (ALT) differ substantially

between models (Figures S12 and S13). Simulated current ALT

by some models was larger than 6 m for some permafrost peat-

lands, meaning that all SOC of those peatlands is already within

the active layer today, while the true ALT in permafrost peatlands

is generally much thinner (Figure S13). The second reason for

taking care in interpreting our results is that permafrost peat-

lands are dominated by ice-rich landforms—so-called peat

plateaus and palsas—for which rapid thaw pathways due to

thermokarst exist.43,44 Thermokarst not only affects the timing

and speed of thawing, but also has a strong impact on the tem-

perature and moisture conditions after thawing and thus on the

direction and magnitude of permafrost-carbon feedback to

climate.42 For land-surface schemes, model approaches for

thermokarst in peatlands are in an early, experimental stage,45

so they are not yet included in the models employed for

this study.

Limitations to simulating the fate of peatland carbon
First, our results are drawn from only five peatland models, and

only four of those models can explicitly simulate permafrost pro-

cesses. To reduce uncertainty in model projections, a better

understanding of the differences among models (i.e., the five

models used in this study and models with a specific represen-

tation for peatland hydrology46–49) is needed, and our intercom-

parison of the five state-of-the-art peatland models represents
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the first step. Further work involving site-level simulations and

comparison with manipulative experiments in the field are also

needed. To estimate the fate of carbon in peatlandsmore reliably

and to assess the full array of carbon-climate feedback pro-

cesses, it is critical to explicitly represent the unique hydrother-

mal characteristics of peatlands and permafrost in the next gen-

eration of LSMs. Second, our models have been tuned and

evaluated against past/contemporary climate conditions, while

the projected RCP8.5 climate falls far outside the envelope of

past conditions. Theoretically, models simulating the effects of

the dramatic climate change under RCP8.5 could be validated

against field manipulation experiments. However, manipulation

experiments for peatland ecosystems are scarce, with most of

them involving only a single variable during a short experimental

period. The magnitudes of the increases in temperature/atmo-

spheric CO2 concentrations applied in these experiments are

commonly much lower than those in RCP8.5.50,51 Furthermore,

we applied climate outputs from only a single ESM, thereby ne-

glecting uncertainties in climate projections, which are shown to

lead to large differences in projected peat carbon fluxes.8 IPSL-

CM5A-LR is the only ISIMIP2b GCM that provided climate

outputs beyond 2100 for RCP8.5. The climate sensitivity of

IPSL-CM5A-LR is larger than other CoupledModel Intercompar-

ison Project Phase 5 (CMIP5) model simulations and is at the up-

per end of the observational range.52,53 Additional work is

required to further assess the variation in model outputs arising

from the choice of climate forcing.8 We focused on the response

of peatlands to prescribed climate change in this study;

however, peatland carbon-climate feedbacks should be taken

into account in a fully coupled model setup in future work.

Another limitation of ourmodeling framework is that both peat-

land area and peat carbon developed dynamically after the last

deglaciation and under evolving climate and CO2 concentra-

tions,3,26 leading to large legacy effects for future peat distribu-

tion and carbon fluxes,8 while the state of pre-industrial peat-

lands was modeled here by a simplistic model spin up using

constant climate conditions and a fixed distribution of peatlands.

Moreover, the areal extent of peatlands was fixed over the entire

period of 1861–2300, and the possible expansions/contractions

of peatland due to climate change and ensuing carbon seques-

trations/emissions were not accounted for in this study. Yet, a
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large turnover of peatland area with disappearing and newly es-

tablished peatlands is found in simulations that include dynamic

areas of peatland and carbon evolution.7,8,26 Additionally, while

we considered only intact peatlands, simulating GHG emissions

from degraded peatlands owing to anthropogenic disturbances

(e.g., drainage, rewetting, and agricultural uses) and natural and

anthropogenic fires would be necessary to provide a complete

picture of northern peatland GHG budgets.34,54 Finally, tropical

peatlands are increasingly recognized for their carbon stocks

and GHG fluxes, but these are not yet included in most of the

LSMs used here and thus in this study.55

Peatlands are unique, complex ecosystems that are important

for the global carbon cycle.56 Some of their unique characteris-

tics and processes are just beginning to be implemented into

LSMs and warrant further development, including, but not

limited to, the following:

(1) Vegetation dynamics: the current representation of peat-

land vegetation in the models is rather simple, with one

plant functional type (PFT) representing Sphagnum moss

and another PFT representing graminoids (Table S1). Only

LPJ-GUESS_dynP included five peatlandPFTs, represent-

ingmoss, graminoid, high deciduous shrub, low deciduous

shrub, and low evergreen shrub. While growing evidence

suggests that the shrubification of peatlands is regulated

by climate, geomorphic, and biogeographic settings on

both regional and local scales,57,58 representing sub-grid

scale conditions remains a challenge for large-scale

LSMs. Of the five models, only LPJ-GUESS_dynP consid-

ered the micro-topographical structure of peatland. The

patterned surface of peatland is represented by uneven

heights of connected individual patches by LPJ-GUESS_

dynP (five patches in each grid cell in this study), and water

is redistributed from higher elevated patches to lower

patches through lateral flow.30Thiswill affect thevegetation

composition, with mosses and graminoids thriving inmoist

patches, whereas shrubs are favored in dry patches.

Besides the vegetation composition, the response of peat-

land plants to abiotic factors (such as warming, water

stress, and elevated atmospheric CO2) also affects peat-

land carbonbalances. However, scarce observations often

show inconclusive, contradictory results for Sphagnum

mosses.59,60 More field measurements/experiments and

betterunderstandingofpeatlandplant response todifferent

abiotic factors are needed to improve and calibrate peat-

land vegetation processes in models.

(2) Peatland resilience to drying: the resilience of peatland to

climate change is enhanced by a hydrological self-regula-

tionmechanism; that is, a decline in hydraulic conductivity

and porosity of peat due to lowering of thewater table and

enhanced decomposition may prevent further water loss

from the peatland and lead to slower decomposition.61,62

Of the five models, LPJ-GUESS_dynP considered the

changes in peat physical (i.e., bulk density and porosity)

and hydraulic (i.e., the permeability of peat layers) proper-

ties due to decomposition and compaction processes30,

while ORCHIDEE-PEAT parameterized a reduction of

hydraulic conductivity with depth, but ignored its tempo-

ral variability.21
(3) Changes in peat quality: it is well known that peat quality is

an important control on the mineralization of peat car-

bon.63 On one hand, vegetation species composition de-

termines the chemical composition and degradability of

peat soil organic matter. On the other hand, for a given

peat layer, the recalcitrant proportion of peat increases

with time, as the labile fraction gets decomposed. The

former mechanism is captured by four models (except

for ORCHIDEE-PEAT, in which mixed plant species in

northern peatlands are represented by one PFT), while

the latter is considered only by ORCHIDEE-PEAT and

LPJ-GUESS_dynP. In LPJ-GUESS_dynP, a new layer of

peat is deposited over previously accumulated peat

layers each year, and themodel keeps track of these layer

components as they decompose through time; each layer

component becomes more recalcitrant as it becomes

older.30 In ORCHIDEE-PEAT, soil carbon is divided into

three pools according to their residence time (active,

slow, and passive pools), and peat becomes more recal-

citrant with depth because carbon in the active pool de-

pletes faster and feeds the slow and passive pools.
Conclusions
In this study, we assessed past and future GHG (CO2 and CH4)

balances of intact northern peatlands using five large-scale

peatland models. The models suggest that northern peatlands

will continue to remove atmospheric CO2 under the relatively

low-warming trajectory of RCP2.6, whereas they will become

net emitters of CO2 in the long-term under the high-warming

trajectory of RCP8.5. In addition, a substantial increase of

CH4 emissions from northern peatlands is projected under

RCP8.5 by all models. Northern peatlands are projected to

be climate neutral until the year 2300 under RCP2.6. In

contrast, under RCP8.5, CO2 and CH4 emissions by northern

peatlands could exacerbate global warming by 0.21�C
(0.09–0.49�C) by 2300. Our results demonstrate that effective

mitigation policies, in particular, reduction of CO2 emissions

from fossil fuel burning and land use, are needed to maintain

the northern peatland net atmospheric CO2 sink and limit its

future CH4 emissions.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will

be fulfilled by the lead contact, Chunjing Qiu (chunjing.qiu@lsce.ipsl.fr).

Materials availability

Not applicable to this study.

Data and code availability

All input data used for the study are openly available, as stated in the article. All

data generated in this study are publicly available at: https://doi.org/10.5281/

zenodo.5595768. The source code for participating models will bemade avail-

able on request.

Participating models

Participating models that explicitly resolve peat carbon cycling include one

LSM (ORCHIDEE-PEAT21,22) and four dynamic vegetation-ecosystem models

(DGVMs) (LPJ-MPI,23 LPX-Bern,8,13,24–27 LPJ-GUESS,28,29 and LPJ-GUESS_-

dynP11,12,30). Although all the DGVMs can be traced to the original LPJ

model,64 they have largely independent development histories and exhibit
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substantial differences in structure, assumptions, and processes represented

(Note S1 and Tables S1–S3).

Simulation protocol

To maximize inter-comparability among models, all models were driven by the

same meteorological forcing data (bias-corrected, daily climate fields of the

IPSL-CM5A-LR GCM from ISIMIP2b32), atmospheric CO2 concentrations,65

and fixed peatland extent (PEATMAP from Xu et al.31) and followed a common

simulation protocol. The four protocol steps are described as follows: (1) All

modelswere first spun up for 10,000 years, with atmospheric CO2 concentration

fixed at the pre-industrial levels (286 ppm). The actual historical initiation and

expansion of peatlands were asynchronous in the Northern Hemisphere, i.e.,

rapid expansion of Alaskan peatlands occurred in the early Holocene, while the

highest rate of peatland formation in the Hudson Bay Lowlands (HBL) occurred

in themid-Holocene.66,67 As northern peatlands showed a peak initiation around

10ka inmost regions,67,68wespunupallmodelsover10,000years in thisstudy to

approximate peat carbon accumulation during the Holocene. Repeated 1961–

1990 meteorological forcing was used in this step to approximate the Holocene

temperatures, which were higher than pre-industrial levels.16 (2) All models were

run for another 100 years with repeated 1901–1920 meteorological forcing to

adjust simulated soil hydrological and thermal variables and carbon fluxes to

pre-industrial conditions. (3) A historical simulation was conducted from 1861

to2005,withhistoricalmeteorological forcing fromIPSL-CM5A-LRGCMandhis-

torical risingatmosphericCO2concentration. (4)Twofinal futuresimulationswere

undertaken from2006 to 2300, drivenbyRCP2.6andRCP8.5scenarios and their

extensions and with RCP-driven climate outputs of the IPSL-CM5A-LR GCM.

LPJ-MPI conducted simulations at 0.5� 3 0.5� spatial resolution, while the other

models conducted simulations at 1� 3 1� spatial resolution.

RCP2.6 and RCP8.5 scenarios and their extensions

The RCP2.6 scenario represents a strongmitigation scenario with the radiative

forcing (RF) peaking at�3Wm�2 before 2100 and then declining to 2.6Wm�2

by 2100. RCP2.6 is extended to 2300, assuming constant emissions after

2100.65 The RCP8.5 scenario represents a very high emission scenario, in

which RF rises to 8.5 W m�2 by 2100. Beyond 2100, following a stylized emis-

sion trajectory, the RF under RCP8.5 further increases to 12 W m�2 by 2250

and then stabilizes at 12 W m�2 until 2300.

Bias correction of simulated peatland CH4 emissions

The gridded wetland CH4 emissions (using the PEATMAP distribution map)

during 2013 and 2014 from Peltola et al.39 derived by upscaling eddy-covari-

ance CH4measurements are used as reference observations (Obs) for the bias

correction of models. Our bias correction aims at correcting present-day emis-

sions to realistic values, while it preserves model predictions of future and past

changes. Simulated CH4 emissions south of 45�Nwere not corrected because

Obs covers only regions north of 45�N, but this has little effect on the estimate

of northern peatland CH4 emissions given that only �0.2 million km2 of north-

ern peatlands are in the regions south of 45�N.
We apply the spatial bias correction method from Pulliainen et al.69 For each

grid cell and from each model, we first calculate the bias in simulated CH4:

Biasi;j =
1

2

��
Sim2013

i;j �Obs2013i

�
+
�
Sim2014

i;j �Obs2014i

��
(Equation 1)

where Sim2013
i;j and Sim2014

i;j are simulated CH4 emissions for grid cell i bymodel

j, in the years 2013 and 2014, respectively; and Obs2013i and Obs2014i are

observed CH4 emissions39 counterparts.

Then, assuming that the bias remains temporally constant, the simulated

CH4 of each grid cell is bias-corrected:

corrected Simt
i;j = Simt

i;j � Biasi;j (Equation 2)

where Simt
i;j is the simulated CH4 emission for grid cell i by model j and in the

year t, with t varying from 1861 to 2300.

Calculation of the net climate effect of northern peatlands

The conventional Global Warming Potential (GWP) emission metric has been

widely used to compare different climate forcers. Emissions of a given climate
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forcer (E) is converted to CO2-equivalent emissions (ECO2�e) by multiplying it

by a GWP factor over a specified time horizon (H):

ECO2�e = E3GWPH (Equation 3)

where GWPH is the conventional GWP for the given forcer over the specified

time horizon H. However, GWP cannot represent the effect of gas emissions

on temperature.40,70,71 Emissions of a long-lived climate forcer (LLCF) add

cumulatively into the atmosphere and result in an increase of air temperature

as long as emissions are maintained, i.e., a linear relationship has been found

between global mean temperature increase and cumulative CO2 emission––

the transient climate response to cumulative CO2 emissions (TCRE).1 The

resultant warming would persist for centuries even if the emission of CO2

had stopped.72 For short-lived climate forcers (SLCF) (i.e., CH4), if emissions

are maintained at a constant rate, the atmospheric CH4 concentration will be

stabilized after the emissions are balanced by natural atmospheric removals.73

Thus, constant CH4 emissions will result in stable forcing and no additional

temperature increases. If CH4 emissions were to decrease or stop, atmo-

spheric CH4 concentration would decrease and result in cooling. The GWP

(Equation 3), however, would incorrectly suggest that decreases in CH4 emis-

sions will cause further warming.

To consistently express emissions of short- and long-lived forces and their

climate impacts, a new usage of GWP, denoted GWP*, was proposed by Allen

et al.70 and refined by Cain et al.40 Allen et al.70 equated a change in the emis-

sion rate of a given short-lived forcer (DESLCF) to a one-off pulse emission or

sequestration of DESLCF3H3GWPH of CO2 (denoted CO2-e*) and then refined

GWP* by spreading the pulse emission over Dt years following the change in

the SLCF emission rate, thus reducing the volatility of ECO2�e* and better rep-

resenting the effect of SLCF on temperature:

ECO2�e� = GWPH 3
DESLCF

Dt
3H (Equation 4)

To take into account the delayed response of temperature to past changes

in the SLCF emission rate, Cain et al.40 redefined GWP* by incorporating a

‘‘stock’’ term (ESLCF3GWPH) into the equation of Allen et al.70 to represent

the slow adjustment of temperature to past changes in the SLCF emission

rate. Using the revised definition of GWP*, the calculated CO2 equivalent

quantity is better associated with temperature change contribution40,71 and

is denoted CO2-warming-equivalent (CO2-we) in the following:

ECO2�we = GWPH 3

�
r 3

DESLCF

Dt
3 H + s 3 ESLCF

�
(Equation 5)

where DESLCF is the change in the emission rate of the SLCF over the preced-

ingDt years, ESLCF is the SLCF emission rate for the year under consideration, r

and s are the weights given to the impact of changing the SLCF emission rate

and the impact of the SLCF stock. The values of r and s are scenario depen-

dent, as they depend on the historical trajectory of emissions and carbon cycle

feedbacks. Here, we use r = 0.68 and s = 0.32 for RCP2.6 and r = 0.73 and s =

0.27 for RCP8.5,40 withH = 100 years and aGWP100 value of 28 for CH4 in both

scenarios.

It should be noted that northern peatlands were already a part of the global

carbon cycle and the climate system in the pre-industrial era, as natural sour-

ces of CH4 and sinks of CO2. Given that both GHG fluxes from northern peat-

lands in the pre-industrial era do not contribute to the global RF, we calculate

perturbed or anthropogenic CO2 and CH4 fluxes by subtracting simulated pre-

industrial fluxes from simulated fluxes during 1861–2300. We estimated CO2-

we emissions from anthropogenic CH4 fluxes with Equation 5.We assume that

during a few hundred years before 1861, in the pre-industrial era, both CH4 and

CO2 fluxes from northern peatlands were relatively stable and use simulated

rates averaged over 1861–1870 as an approximation (magenta bars in Figure 2

and magenta lines in Figure 5).

We then calculate cumulative anthropogenic CO2-we emissions from

northern peatlands, which can be multiplied by the TCRE to estimate the

global temperature change (DT) due to northern peatland CO2 and CH4

emissions:

DTdue;peat;CO2
= TCRE3

 X2300
i = 1861

�
ECO2 ;i �ECO2 ;pre

�!
(Equation 6)
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DTdue;peat;CH4
= TCRE3

 X2300
i = 1861

�
ECO2�we;i �ECO2�we;pre

�!
(Equation 7)

where ECO2,i and ECO2,pre are CO2 emission rates from northern peatlands in

the year i and in the pre-industrial era, respectively; ECO2�we,i and ECO2�we,pre

are CO2-we (calculated with Equation 5) due to northern peatland CH4 emis-

sions in the year i and in the pre-industrial era, respectively. TCRE is likely in

the range of 0.2–0.7�C per 1,000 Pg CO2 and can be assumed to be constant

over time until temperatures peak.1,74 A value of 0.4�C per 1,000 Pg CO2,

which is the best estimate of observationally constrained TCRE,75 is used in

this study. It should be noted that peatland ecosystems were not represented

by ESMs used for estimation of TCRE.75 One study that explicitly considered

peat carbon feedbacks in their observationally constrained simulations esti-

mated TCRE of 0.5 (68% confidence range: 0.35–0.74) �C per 1,000 Pg

CO2.
76 Further investigation is needed to refine the estimate by including

peatland carbon-climate feedbacks in ESMs.

Distribution of permafrost peatlands does not change with time

The distributions of permafrost peatlands could be delineated directly from the

simulation of each model. However, the definitions of permafrost differ among

models.12,77 Furthermore, models do not simulate sub-grid-scale permafrost

distribution, but represent the entire grid cell as either in a permafrost or in a

non-permafrost state at a coarse spatial resolution of 1� 3 1�. In reality, only

part of a grid cell might be permafrost, such as those parts with discontinuous

permafrost areas. Therefore, in this study we define permafrost peatlands as

those underlain by continuous/discontinuous/sporadic permafrost according

to the empirical IPA permafrost map,33 and the areal extent of permafrost

peatlands do not change with time.
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Note S1 

The models varied in their representation of peat soil carbon 

decomposition/accumulation processes (Table S1). Out of the five models, three (LPJ-

MPI, LPX-Bern and LPJ-GUESS) assume that the peat carbon profile consists of two 

parts––upper layers (acrotelm) experiencing a fluctuating water table, with the 

decomposition of litter and SOC depending on the position of the water table; and lower 

layers (catotelm) being permanently saturated. Decomposition in the acrotelm is 

relatively fast owing to aerobic conditions above the water table, while decomposition 

is slow under anaerobic conditions of the catotelm. The other two models (ORCHIDEE-

PEAT and LPJ-GUESS_dynP) represent the peat profile as a multi-layered soil profile, 

with the respiration in each layer being controlled by soil temperature and moisture of 

the layer. ORCHIDEE-PEAT uses a downward transport of carbon between soil layers 

to simulate the accumulation of peat, with the intrinsic decomposition rate of SOC 

decreasing with depth.1 In LPJ-GUESS_dynP, a new layer of peat is deposited over 

previously accumulated peat layers each year, and the intrinsic decomposition rate of 

SOC decreases over time.2 These five models also differ in their parameterizations of 

peatland-specific vegetation, the inundation stress on plants, and carbon–nitrogen cycle 

interactions (Table S1).  

The models encompass a wide spectrum of complexity in features that determine peat 

soil hydrological and thermal dynamics (Table S2). These range from models (LPJ-

MPI, LPX-Bern, LPJ-GUESS and LPJ-GUESS_dynP) that apply a water bucket 

scheme to a model (ORCHIDEE-PEAT) that simulates a physically-based unsaturated 

soil water flow (using a one-dimensional Fokker-Planck equation 3), from an empirical 

model which calculates soil temperature from the air temperature (LPJ-MPI) to a 

physically-based model which mechanistically simulates the radiative energy balance, 

soil freezing and thawing and phase change-induced heat fluxes in the soil 

(ORCHIDEE-PEAT), and from a simple single-layer snow scheme (LPJ-GUESS, 

LPX-Bern, LPJ-GUESS_dynP) to a 3-layer snow scheme of intermediate complexity 

(ORCHIDEE-PEAT). Some models include the thermal insulation effect of soil organic 

matter while the others do not (Table S2). 

The models also varied in their parameterization of CH4 emissions from peatlands. 

Pathways and availability of carbon substrate, CH4 production, oxidation and transport 

processes differ to some extent from model to model (Table S3).  

Greenhouse gas emissions from peatlands are closely linked with peatland 

hydrological conditions. The important hydrological variable, water-table position 

(WTP), is calculated differently across models.  

In ORCHIDEE-PEAT, the calculation of peatland WTP is based on the total water 

volume in the uppermost 2 m of the soil4: 

𝑊𝑇𝑃 = 𝐻𝑡𝑜𝑡 − ∑ (𝜃𝑓𝑖 × 𝑑𝑧𝑖)11
𝑖=1 − 𝐻𝑎𝑏, with 𝜃𝑓𝑖 =

𝜃𝑖−𝜃𝑟

𝜃𝑠−𝜃𝑟
                 (1) 

where 𝜃𝑓𝑖  is the relative volumetric water content of the 𝑖 th soil layer, 𝜃𝑖  is the 

simulated water content of the soil layer, 𝜃𝑠 is the saturated water content, 𝜃𝑟 is the 

residual water content (the minimum soil moisture), 𝐻𝑡𝑜𝑡 is the total soil column height 

being fixed to 2 m, 𝐻𝑎𝑏 is the height of the above-surface water reservoir (maximum 

10 cm), 𝑑𝑧𝑖 is the distance between model layers.  

In LPJ-MPI, peatland WTP is calculated according to TOPMODEL5:  

𝑊𝑇𝑃 = 𝑊𝑇𝑃̅̅ ̅̅ ̅̅ ̅ +
1

𝑓
(𝜒𝑖 − �̅�), with 𝑊𝑇𝑃̅̅ ̅̅ ̅̅ ̅ = 𝑧𝑏 − (

�̅�−𝑤𝑡ℎ𝑟𝑒

1−𝑤𝑡ℎ𝑟𝑒
) × ∆𝑧       (2) 



where 𝑊𝑇𝑃̅̅ ̅̅ ̅̅ ̅ is the grid cell mean water table, 𝜒𝑖 is the local compound topographic 

index (CTI) in point 𝑖, �̅� is the grid cell mean CTI index, f is a parameter describing the 

exponential decline of transmissivity with depth, 𝑧𝑏 is the bottom of the soil column, 

𝛥𝑧 is the height of the soil column, �̅� is the soil column average soil moisture and 𝑤𝑡ℎ𝑟𝑒 

is the minimum soil moisture for a water table to form.  

In LPJ-GUESS and LPX-Bern, peatland WTP is calculated based on the total water 

volume, 𝑉𝑡𝑜𝑡  (mm), and the depth, 𝑧𝑎𝑐𝑟𝑜 , and porosity, 𝜙, of the acrotelm with the 

parameters 𝑓𝑤𝑎𝑡𝑒𝑟
𝑠𝑢𝑟𝑓𝑚𝑖𝑛

 and 𝛼𝑧 representing the minimum fractional water content at the 

surface and the increase of surface water content from 𝑓𝑤𝑎𝑡𝑒𝑟
𝑠𝑢𝑟𝑓𝑚𝑖𝑛

 to the maximum water 

content, respectively6: 

 

𝑊𝑇𝑃 =  

𝑉𝑡𝑜𝑡 − 𝑧𝑎𝑐𝑟𝑜𝜙,                                       𝑊𝑇𝑃 > 0  

          (3) 
−√

3(𝜙𝑧𝑎𝑐𝑟𝑜 − 𝑉𝑡𝑜𝑡)

2𝛼𝑧
, −100 ≤ 𝑊𝑇𝑃 ≤ 0 

−
3(𝜙𝑧𝑎𝑐𝑟𝑜 − 𝑉𝑡𝑜𝑡)

2(𝜃 − 𝑓𝑤𝑎𝑡𝑒𝑟
𝑠𝑢𝑟𝑓𝑚𝑖𝑛

)
,                      𝑊𝑇𝑃 < −100 

  
In LPJ-GUESS_dynP, the surface of a peatland is represented by uneven heights of 

individual patches, water is redistributed from the higher elevated patches to low 

depressions through lateral flow. The WTP of individual patches is equalized to match 

the mean WTP of the landscape. Patches lose water if their WTP is above the mean 

WTP of the landscape while the lower patches receive water2: 

𝑊𝑇𝑃 =
𝛴𝑃𝑊𝑇𝑃𝑖

𝑛
                                                                                      (4) 

where 𝑃𝑊𝑇𝑃𝑖 is the water table position in patch 𝑖,  𝑛 is the total number of patches. 

In the model, the water balance of peatland is modeled using a “bucket” approach, water 

(the difference between precipitation, evapotranspiration, runoff, vertical drainage and 

lateral flow within the landscape) is added to the top of the peat column formed by 

individual peat layers to determine 𝑃𝑊𝑇𝑃𝑖. 

   Note that a negative WTP value means that the water table is above the surface in 

ORCHIDEE-PEAT and LPJ-MPI (equation 1 and 2), while it means that the water table 

is below the surface in LPJ-GUESS, LPX-Bern and LPJ-GUESS_dynP (equation 3 and 

4). In the main text and all figures, the water-table depth (WTD) is defined as the 

distance of the water table to the soil surface and the sign of WTD is consistent among 

models; positive WTD values mean that the water table is below the surface. 

 

 

 



 
Figure S1. Absolute change in air temperature under RCP2.6 (a) and RCP8.5 (b), and 

relative change in annual precipitation under RCP2.6 (c) and RCP8.5 (d), with respect 

to the 1986–2005 average, projected by the IPSL-CM5A-LR general circulation model 

(GCM).7 Data shown are 20-year moving averages, and moving average values were 

assigned to the last year of each window period. All northern lands and peatlands (> 

30oN) and five sub-region peatlands have been studied. These sub-region peatlands are: 

Continental Western Canada (CWC), the Hudson Bay Lowlands (HBL), Northern 

Europe (NOE), the West Siberian Lowlands (WSL), and the Russian Far East (RFE).  

 

 

 

 

 

 



 

 

Figure S2. Observation-based and simulated peatland soil organic carbon density 

(SOC). (a) Observation-based peatland soil carbon density from Hugelius et al.8, (b) 

Observation-based histosols soil carbon density from Batjes et al.9, and simulated 

peatland soil carbon storage from (c) ORCHIDEE-PEAT, (d) LPJ-MPI, (e) LPX-Bern, 

(f) LPJ-GUESS, (g) LPJ-GUESS_dynP, and (h) multi-model ensemble mean. Note 

peatland area extent in (a) and (b), are different to the peatland area extent in the 

PEATMAP10 dataset used in this study (c-h).  

 

 

 



 
Figure S3. Simulated absolute change in annual mean water-table depth (WTD) 

defined as the distance of water table to the soil surface, with respect to the 1986–2005 

average, under RCP2.6 (cyan) and RCP8.5 (yellow) for different regions. Data shown 

are 20-year moving averages, and moving average values were assigned to the last year 

of each window period. A positive value in the figure represents a deepening of the 

water table. 

 



 
Figure S4. Simulated change in evapotranspiration (ET) with respect to the 1986–2005 

average, under RCP2.6 (cyan) and RCP8.5 (yellow), respectively. Data shown are 20-

year moving averages, and moving average values were assigned to the last year of 

each window period.  

 

  

 

 



 
Figure S5. Simulated change in soil temperature (at 25 cm depth) with respect to the 

1986–2005 average, under RCP2.6 (cyan) and RCP8.5 (yellow), respectively. Data 

shown are 20-year moving averages, and moving average values were assigned to the 

last year of each window period.  



 
Figure S6. Simulated change in net primary productivity (NPP) with respect to the 

1986–2005 average, under RCP2.6 (cyan) and RCP8.5 (yellow), respectively. Data 

shown are 20-year moving averages, and moving average values were assigned to the 

last year of each window period.  

 

 



 
Figure S7. Observed and simulated peatland water-table depth (WTD) defined as the 

distance of water table to the soil surface, with a positive sign representing a water table 

below the soil surface, from 20 northern peatland sites (108 site-year measurements). 

(a) The distribution of peatland sites, (b) Annual mean WTD, (c) Monthly mean WTD, 

(d) Bias (simulated minus observed), (e) Root mean squared difference between 

simulated and observed WTD, (f) Pearson correlation coefficient between simulated 

and observed WTD (spatial correlations showing among-site variability). Site 

information can be found in Qiu et al.4. Note that peat accumulation and decomposition 

are simulated at an annual time step in LPJ-GUESS_dynP and thus the model is only 

evaluated at annual time scale.  



 
Figure S8. Observed and simulated water-table depth (WTD) for high latitudes sites 

(a), and for lower latitudes sites (b). Sites used in this figure are same to that in Figure 

S7. Each grey line represents one site-year of WTD measurements, while thick black 

and colored lines show averages of WTD measurements across all site-years. Note that 

peat accumulation and decomposition are simulated at an annual time step in LPJ-

GUESS_dynP and thus the model is only evaluated at annual time scale.  



 
Figure S9. Observed and simulated peatland NBP (a positive sign represents CO2 

fluxes from the atmosphere to the peatland ecosystem) from 29 northern peatland sites 

(152 site-year flux measurements). (a) The location of the sites, (b) Annual mean NBP, 

(c) Monthly mean NBP, (d) Bias (simulated minus observed), (e) Root mean squared 

difference between simulated and observed NBP, (f) Pearson correlation coefficient 

between simulated and observed NBP (spatial correlations showing among-site 

variability). Site information can be found in Qiu et al.4. Note that peat accumulation 

and decomposition are simulated at an annual time step in LPJ-GUESS_dynP and thus 

the model is only evaluated at annual time scale.  



 

 
Figure S10. Observed and simulated peatland CH4 emissions. Observations are from 

81 peatland sites (419 site-year flux measurements) from Treat et al.11. (a) The location 

of the sites, (b) observed versus simulated peatland annual CH4 emissions before the 

bias-correction, (c) observed versus simulated peatland annual CH4 emissions after the 

bias-correction, (d) Bias (simulated minus observed), (e) Root mean squared difference 

between simulated and observed CH4 emissions, (f) Pearson correlation coefficient 

between simulated and observed CH4 emissions (spatial correlations showing among-

site variability). 

 



 
Figure S11. Simulated (a) gross primary productivity (GPP) and (b) plant autotrophic 

respiration for the Russian Far East (RFE) peatlands (blue) and Hudson Bay Lowlands 

(HBL) peatlands (red) under RCP8.5. 

 



 

Figure S12. Simulated (background maps) active layer thickness (ALT) by 2300 

(2280-2299 mean) under RCP8,5, from (a) ORCHIDEE-PEAT, (b) LPJ-GUESS_dynP, 

(c) LPX-Bern and (d) LPJ-GUESS. Note that the definition of active layer is different 

among models, it is defined as the maximum depth where annual average ice content>0 

by LPJ-GUESS_dynP, while it is defined as the maximum thaw depth (below that soils 

have temperature<0 °C throughout the year) by the other three models. The definition 

used by LPJ-GUESS_dynP would result in a smaller ALT. The extent of continuous, 

discontinuous and sporadic permafrost from the IPA (International Permafrost 

Association) permafrost map12 is superimposed on simulated ALT (black lines), all grid 

cells within this extent are regarded as “permafrost peatland” and are applied for the 

past and the future in the main text. The peat profile is represented by two model layers 

— the acrotelm layer (top 0.3 m) and the catotelm layer (1.7 m) in LPX-Bern and LPJ-

GUESS, and there is no peat deeper than 2.0 m.  



 

Figure S13. Observed (color-filled circles) and simulated (background maps) present-

day (1986–2005 mean) active layer thickness (ALT) by (a) ORCHIDEE-PEAT, (b) 

LPJ-GUESS_dynP, (c) LPX-Bern and (d) LPJ-GUESS. Color-filled circles are in-situ 

observed active layer thickness from the Circumpolar Active Layer Monitoring 

(CALM) network. Note that the definition of active layer is different among models, it 

is defined as the maximum depth where annual average ice content>0 by LPJ-

GUESS_dynP, while it is defined as the maximum thaw depth (below that soils have 

temperature<0 °C throughout the year) by the other three models. The definition used 

by LPJ-GUESS_dynP would result in a smaller ALT. The extent of continuous, 

discontinuous and sporadic permafrost from the IPA (International Permafrost 

Association) permafrost map12 is superimposed on simulated ALT (black lines), all grid 

cells within this extent are regarded as “permafrost peatland” and are applied for the 

past and the future in the main text. The peat profile is represented by two model layers 

— the acrotelm layer (top 0.3 m) and the catotelm layer (1.7 m) in LPX-Bern and LPJ-

GUESS, and there is no peat deeper than 2.0 m.  



 

 

Figure S14. Same as Figure 5 with expected fluxes under unchanged pre-industrial 

(PI) conditions shown by open magenta bars.  



 Table S1. Representation of peatland vegetation, soil carbon and hydrology of participating models 

Model Dynamic vegetation                            Peatland hydrology 

Inundatio

n stress on 

NPP of 

some plant 

species 

Soil carbon 

decomposition and 

accumulation 

Carbon – 

Nitrogen cycle 

interactions 

ORCHIDEE-

PEAT1,4                                  

No, only one specific, 

grass-like 

PFT representing 

mixed plant species in 

northern peatlands 

Scheme: one-dimensional water 

diffusion; the Fokker-Planck 

equation with Van Genuchten -

Mualem parameters.             

Hydrological properties: peat-

specific. 

Lateral water input: yes, 

surface runoff from non-peatland 

vegetation within a grid cell 

containing a fraction of peatland 

is routed to this peatland. 

Lateral water loss from 

peatland: surface runoff occurs 

in the form of Hortonian flow.        

Ponding on the surface: yes, 

there is an above-surface water 

reservoir with a maximum height 

of 10 cm. 

Microtopography: not 

considered.              

No Scheme: multilayer 

(up to 38 m);  

Accumulation: a 

downward transport of 

carbon across soil 

layers;  

Decomposition 

controlled by soil 

moisture (volumetric 

water content) and 

temperature in each 

layer.                         

N cycle was 

not explicitly 

modeled, but 

added a down-

regulation of 

photosynthesis 

as CO2 

increases to 

represent 

nutrient 

constraints 



LPJ-GUESS 
6,13–15 

Yes, two specific 

PFTs for northern 

peatlands: Sphagnum 

moss;                    

flood-tolerant 

graminoid.   

Scheme: bucket model.           

Hydrological properties: peat-

specific. 

Lateral water input: not 

considered in this study (but can 

be considered for site-specific 

simulations). 

Lateral water loss from 

peatland: occurs when the 

volumetric ice fraction of the 

uppermost acrotelm layer (top 10 

cm of peat) <0.7 and determined 

by the WTP.  

Ponding on the surface: no. 

Microtopography: not 

considered.  

Yes Scheme: acrotelm-

catotelm; 

Accumulation: 

acrotelm-to-catotelm 

carbon transfer 

assumed once 

acrotelm C density 

exceeds 7.5 kg C m-2 

Decomposition 

follows Smith et al.13 , 

with reduced 

decomposition for the 

fraction of C in the 

catotelm. 

Decomposition in bulk 

CENTURY SOM 

pools controlled by 

soil moisture and soil 

temperature at 25 cm 

depth.  

As in Smith et 

al.13. If 

available 

mineral N in 

the soil cannot 

meet plant N 

demand, 

photosynthesis 

is reduced and 

allocation of 

biomass to fine 

roots may be 

increased.            

LPJ-

GUESS_dynP 
2,16,17  

Yes, five specific 

PFTs for northern 

peatlands: moss;                           

graminoid;                      

deciduous low shrub;              

evergreen low shrub;              

deciduous high shrub 

Scheme: bucket model, bottom 

drainage and water percolation 

depends on the permeability of 

peat layers and the saturation 

limit of mineral soils underneath. 

Hydrological properties: peat-

specific. 

Lateral water input: yes, the 

surface of a peatland is 

represented by uneven heights of 

individual patches, water is 

redistributed from the higher 

Yes Scheme: dynamic 

multilayer;       

Accumulation: annual 

addition of new layers 

of litter at the top of 

the soil column;                  

Decomposition 

controlled by 

volumetric water 

content and soil 

temperature at each 

No 



elevated patches to low 

depressions through lateral flow. 

Lateral water loss from 

peatland: occurs in the higher 

elevated patches where the WTP 

is above the mean WTP of the 

landscape, and determined by 

peat porosity and the difference 

in WTPs between patches.  

Ponding on the surface: yes, it 

depends on microtopography. 

When there are connected low 

elevated patches (hollows), they 

could form a small pond. 

Hollows can store water 20 cm 

above the surface. 

Microtopography: yes   

layer and the litter 

composition 

LPX-Bern 
6,15,18–20 

Yes, two specific 

PFTs for northern 

peatlands: Sphagnum 

moss;                          

flood-tolerant 

graminoid  

Scheme: bucket model.           

Hydrological properties: peat-

specific. 

Lateral water input: not 

considered. 

Lateral water loss from 

peatland: determined by the 

WTP, occurs when the fractional 

ice content of the uppermost 

layer is less than 0.05 and the 

snow depth is less than 10mm. 

Ponding on the surface: no. 

Microtopography: not 

considered.     

Yes Scheme: acrotelm-

catotelm; 

Accumulation: 

acrotelm-to-catotelm 

carbon transfer and 

catotelm-to-acrotelm 

C transfer (under dry 

climate conditions);  

Decomposition 

controlled by WTP 

and soil temperature.                                          

If plant N 

uptake cannot 

meet N 

demand, NPP 

is reduced 

proportionally.                                            



LPJ-MPI5 Yes, two specific 

PFTs for northern 

peatlands: Sphagnum 

moss;                          

flood-tolerant 

graminoid. Non-

peatland PFTs not 

prohibited, but 

experience inundation 

stress 

Scheme: bucket model.           

Hydrological properties: no 

specific properties for peat.      

Lateral water input: not 

considered. 

Lateral water loss from 

peatland: not considered. 

Ponding on the surface: no. 

Microtopography: not 

considered.  

Yes Scheme: acrotelm-

catotelm; 

Accumulation: 

acrotelm-to-catotelm 

carbon transfer; 

Decomposition 

controlled by WTP 

and soil temperature.                                                        

No 

 

  



Table S2. Representation of soil thermal dynamics of participating models 

Model Soil thermal scheme 
Depth 

(m) 

Moss 

insulati

on 

Organic soil 

insulation 
Snow scheme 

Permafrost/Freezing

-thawing cycle 

ORCHIDEE-

PEAT21 

One-dimensional 

Fouriers solution 

48 No Soil organic carbon 

(derived from NCSCD 

and HWSD soil 

organic carbon map) 

lowers thermal 

conductivity and 

increases heat capacity 

3-layers snow. 

Energy and water 

budgets inside the 

snowpack are 

resolved, thawing 

and refreezing of 

liquid water are 

accounted for. 

Yes 

LPJ-GUESS6 

  

Crank-Nicolson finite 

difference heat diffusion 

48 (1.5 m 

+ 46.5 m 

padding 

layers) 

No Yes. Peat layers have 

specific soil thermal 

conductivities and heat 

capacities. 

Single-layer snow Yes 

LPJ-

GUESS_dynP 
2,6,16,17   

Crank-Nicolson finite 

difference heat diffusion 

48 No Yes. Peat layers have 

specific soil thermal 

conductivities and heat 

capacities 

Single-layer snow Yes 

LPX-Bern6 

  

Crank-Nicolson finite 

difference heat diffusion 

10 No No Single-layer snow Yes 

LPJ-MPI22 Heat 

diffusion/conduction are 

not simulated. Soil 

temperature follows the 

surface air temperature 

cycle with a damped 

oscillation about a 

common mean, and a 

temporal lag.  

No No No No No 



Table S3. Representation of peatland CH4 production, oxidation and transport of participating models 

Model CH4 production CH4 oxidation 
CH4 

Diffusion 
Plant transport Ebullition 

ORCHIDEE-

PEAT Here use 

an offline CH4 

model developed 

by Walter et 

al.23,24  

Substrate: NPP, which is 

assumed to be a measure 

for substrate availability 

(only fresh organic matter 

is a suitable substrate for 

methanogenes).                 

CH4 production: a 

function of the soil 

temperature and the NPP 

CH4 oxidation 

takes place in 

soil layers 

above the 

water table. 

Follows the 

Michaelis-

Menten 

equation and is 

a function of 

CH4 

concentration 

and 

temperature 

The 

Crank-

Nicolson 

numerical 

scheme. 

Proportional to the 

methane concentration in 

the soil, affected by 

density, the growing 

state (a function of soil 

temperature at a depth of 

50 cm) and the rooting 

depth of aerenchymatous 

plants                                                    

When the CH4 

concentration in a layer 

exceeds a threshold 

concentration which is 

significantly lower than 

the saturation 

concentration, the excess 

CH4 is added into the 

atmosphere or the lowest 

unsaturated soil layer 

depending on the water 

table depth. 

LPJ-GUESS25      Substrate: decomposed 

soil carbon.       

CH4 production: a 

portion of heterotrophic 

respiration, affected by 

temperature and the 

degree of anoxia.               

A function of 

CH4 

concentration 

and O2 

concentration 

The 

Crank-

Nicolson 

numerical 

scheme. 

Follows a concentration 

gradient between the soil 

and the atmosphere, 

affected by the 

abundance, biomass, 

phenology and the 

rooting depth of 

aerenchymatous plants                                                                       

CH4 in excess of its 

maximum solubility 

escapes to the atmosphere 

immediately. 

LPJ-

GUESS_dynP 
2,16,17  

Substrate: decomposed 

soil carbon.       

CH4 production: a 

portion of heterotrophic 

respiration, affected by 

temperature and the 

degree of anoxia.               

A function of 

CH4 

concentration 

and O2 

concentration. 

CH4 transport mechanisms are not implemented, instead all the CH4 

concentration is directly emitted to the atmosphere after oxidation 

annually. 



LPX-Bern6 

 

Substrate: root exudates 

and decomposed soil 

carbon.                              

CH4 production: a 

portion of heterotrophic 

respiration, affected by the 

degree of anoxia. 

A function of 

CH4 

concentration 

and O2 

concentration 

The 

Crank-

Nicolson 

numerical 

scheme. 

Follow a concentration 

gradient between the soil 

and the atmosphere, 

affected by the 

abundance, biomass, 

phenology and the 

rooting depth of 

aerenchymatous plants 

An ebullition event is 

triggered when the partial 

pressures of N2, CO2 and 

CH4 exceed atmospheric 

and hydrostatic pressure. 

Gases involved in the 

event escape to the 

atmosphere immediately. 

LPJ-MPI   
23,24 

Substrate: decomposed 

soil carbon.                  

CH4 production: a 

portion of heterotrophic 

respiration, affected by 

temperature and the 

degree of anoxia          

CH4 oxidation 

takes place in 

soil layers 

above the 

water table. 

A function of 

CH4 

concentration 

and 

temperature 

The 

Crank-

Nicolson 

numerical 

scheme. 

Proportional to the 

methane concentration in 

the soil, affected by 

density, the growing 

state (a function of the 

LAI) and the rooting 

depth of aerenchymatous 

plants                                                    

When the CH4 

concentration in a layer 

exceeds a threshold 

concentration which is 

significantly lower than 

the saturation 

concentration, the excess 

CH4 is added into the 

lowest unsaturated soil 

layer. 



Table S4. Available simulations from ISIMIP2b7, six land surface models (CLM45, LPJ-GUESS, LPJmL, ORCHIDEE-MICT, VEGAS, VISIT) 

were forced by climate forcing data from four different GCMs (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5), under two different 

greenhouse gas concentration pathways (RCP2.6 and RCP8.5) and future land use was held constant at 2005 levels.  

 CLM45 LPJ-

GUESS 

LPJmL ORCHIDEE-

MICT 

VEGAS VISIT 

Historical 

GFDL-ESM2M  1861-2005 1861-2005 1861-2005  1861-2005 

HadGEM2-ES  1861-2005 1861-2005 1861-2005  1861-2005 

IPSL-CM5A-

LR 

 1861-2005 1861-2005 1861-2005 1861-2005 1861-2005 

MIROC5  1861-2005 1861-2005 1861-2005  1861-2005 

RCP2.6 

GFDL-ESM2M 2006-2099 2006-2099 2006-2099 2006-2099  2006-2099 

HadGEM2-ES 2006-2299 2006-2299 2006-2299 2006-2099  2006-2299 

IPSL-CM5A-

LR 

2006-2099 2006-2299 2006-2299 2006-2299 2006-2299 2006-2299 

MIROC5 2006-2099 2006-2299 2006-2299 2006-2099  2006-2299 

RCP8.5 

GFDL-ESM2M 2006-2099 2006-2099 2006-2099 2006-2099  2006-2099 

HadGEM2-ES 2006-2099 2006-2099 2006-2099 2006-2099  2006-2099 

IPSL-CM5A-

LR 

2006-2099 2006-2099 2006-2099 2006-2099  2006-2099 

MIROC5 2006-2099 2006-2099 2006-2099 2006-2099  2006-2099 



Supplemental References 

1. Qiu, C., Zhu, D., Ciais, P., Guenet, B., Peng, S., Krinner, G., Tootchi, A., 

Ducharne, A., and Hastie, A. (2019). 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. 

2. Chaudhary, N., Miller, P.A., and Smith, B. (2017). Modelling Holocene 

peatland dynamics with an individual-based dynamic vegetation model. 

Biogeosciences 14, 2571–2596. 

3. Rosnay, P. De, and Polcher, J. (2002). Impact of a physically based soil water 

flow and soil-plant interaction representation for modeling large-scale land 

surface processes. J. Geophys. Res. 107, 4118. 

4. Qiu, C., Zhu, D., Ciais, P., Guenet, B., Krinner, G., Peng, S., Aurela, M., 

Bernhofer, C., Brümmer, C., Bret-Harte, S., et al. (2018). ORCHIDEE-PEAT 

(revision 4596), a model for northern peatland CO2, water, and energy fluxes 

on daily to annual scales. Geosci. Model Dev. 11, 497–519. 

5. Kleinen, T., Brovkin, V., and Schuldt, R.J. (2012). A dynamic model of 

wetland extent and peat accumulation: Results for the Holocene. 

Biogeosciences 9, 235–248. 

6. Wania, R., Ross, I., and Prentice, I.C. (2009). Integrating peatlands and 

permafrost into a dynamic global vegetation model: 1. Evaluation and 

sensitivity of physical land surface processes. Global Biogeochem. Cycles 23, 

1–19. 

7. Frieler, K., Lange, S., Piontek, F., Reyer, C.P.O., Schewe, J., Warszawski, L., 

Zhao, F., Chini, L., Denvil, S., and Emanuel, K. (2017). Assessing the impacts 

of 1.5 C global warming–simulation protocol of the Inter-Sectoral Impact 

Model Intercomparison Project (ISIMIP2b). Geosci. Model Dev. 10, 4321–

4345. 

8. Hugelius, G., Loisel, J., Chadburn, S., Jackson, R.B., Jones, M.C., MacDonald, 

G.M., Marushchak, M.E., Olefeldt, D., Packalen, M., Siewert, M.B., et al. 

(2020). Large stocks of peatland carbon and nitrogen are vulnerable to 

permafrost thaw. Proc. Natl. Acad. Sci. 117, 20438–20446. 

9. Batjes, N.H. (2016). Harmonized soil property values for broad-scale 

modelling (WISE30sec) with estimates of global soil carbon stocks. Geoderma 

269, 61–68. 

10. Xu, J., Morris, P.J., Liu, J., and Holden, J. (2018). PEATMAP: Refining 

estimates of global peatland distribution based on a meta-analysis. Catena 160, 

134–140. 

11. Treat, C.C., Bloom, A.A., and Marushchak, M.E. (2018). Nongrowing season 

methane emissions–a significant component of annual emissions across 

northern ecosystems. Global Change Biol. 24, 3331–3343. 

12. Brown, J., Ferrians, O., Heginbottom, J.A., and Melnikov, E.S. (2002). 

Circum-Arctic map of permafrost and ground-ice conditions, Version 2. 

Boulder, Colorado USA. NSIDC: National Snow and Ice Data Center. (last 

access: October, 2020). 

13. Smith, B., Warlind, D., Arneth, A., Hickler, T., Leadley, P., Siltberg, J., and 

Zaehle, S. (2014). Implications of incorporating N cycling and N limitations on 

primary production in an individual-based dynamic vegetation model. 

Biogeosciences 11, 2027–2054. 

14. McGuire, A.D., Christensen, T.R., Hayes, D., Heroult, A., Euskirchen, E., 

Kimball, J.S., Koven, C., Lafleur, P., Miller, P.A., Oechel, W., et al. (2012). An 



assessment of the carbon balance of Arctic tundra: comparisons among 

observations, process models, and atmospheric inversions. Biogeosciences 9, 

3185–3204. 

15. Wania, R., Ross, I., and Prentice, I.C. (2009). Integrating peatlands and 

permafrost into a dynamic global vegetation model: 2. Evaluation and 

sensitivity of vegetation and carbon cycle processes. Global Biogeochem. 

Cycles 23, 1–15. 

16. Chaudhary, N., Miller, P.A., and Smith, B. (2017). Modelling past, present and 

future peatland carbon accumulation across the pan-Arctic region. 

Biogeosciences 14, 4023. 

17. Chaudhary, N., Westermann, S., Lamba, S., Shurpali, N., Sannel, A.B.K., 

Schurgers, G., Miller, P.A., and Smith, B. (2020). Modelling past and future 

peatland carbon dynamics across the pan-Arctic. Global Change Biol. 26, 

4119–4133. 

18. Stocker, B.D., Spahni, R., and Joos, F. (2014). DYPTOP: A cost-efficient 

TOPMODEL implementation to simulate sub-grid spatio-temporal dynamics of 

global wetlands and peatlands. Geosci. Model Dev. 7, 3089–3110. 

19. Spahni, R., Joos, F., Stocker, B.D., Steinacher, M., and Yu, Z.C. (2013). 

Transient simulations of the carbon and nitrogen dynamics in northern 

peatlands: From the Last Glacial Maximum to the 21st century. Clim. Past 9, 

1287–1308. 

20. Müller, J., and Joos, F. (2020). Global peatland area and carbon dynamics from 

the Last Glacial Maximum to the present – a process-based model 

investigation. Biogeosciences 17, 5285–5308. 

21. Guimberteau, M., Zhu, D., Maignan, F., Huang, Y., Yue, C., Dantec-Nédélec, 

S., Ottlé, C., Jornet-Puig, A., Bastos, A., Laurent, P., et al. (2018). 

ORCHIDEE-MICT (v8. 4.1), a land surface model for the high latitudes: model 

description and validation. Geosci. Model Dev. 11, 121–163. 

22. Sitch, S., Smith, B., Prentice, I.C., Arneth, A., Bondeau, A., Cramer, W., 

Kaplan, J.O., Levis, S., Lucht, W., Sykes, M.T., et al. (2003). Evaluation of 

ecosystem dynamics, plant geography and terrestrial carbon cycling in the LPJ 

dynamic global vegetation model. Global Change Biol. 9, 161–185. 

23. Walter, B.P., and Heimann, M. (2000). A process-based, climate-sensitive 

model to derive methane emissions from natural wetlands: Application to five 

wetland sites, sensitivity to model parameters, and climate. Global 

Biogeochem. Cycles 14, 745–765. 

24. Walter, B.P., Heimann, M., and Matthews, E. (2001). Modeling modern 

methane emissions from natural wetlands: 1. Model description and results. J. 

Geophys. Res. Atmos. 106, 34189–34206. 

25. Wania, R., Ross, I., and Prentice, I.C. (2010). Implementation and evaluation 

of a new methane model within a dynamic global vegetation model: LPJ-

WHyMe v1.3.1. Geosci. Model Dev. 3, 565–584. 

 


	ONEEAR529_proof_v5i1.pdf
	A strong mitigation scenario maintains climate neutrality of northern peatlands
	Introduction
	Results and discussion
	Projected carbon dioxide budget of northern peatlands
	Northern peatlands in the global carbon cycle
	Projected methane emissions from northern peatlands
	Projected net climate effect of northern peatlands
	Permafrost peatlands versus non-permafrost peatlands
	Limitations to simulating the fate of peatland carbon
	Conclusions

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Participating models
	Simulation protocol
	RCP2.6 and RCP8.5 scenarios and their extensions
	Bias correction of simulated peatland CH4 emissions
	Calculation of the net climate effect of northern peatlands
	Distribution of permafrost peatlands does not change with time

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References



