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Abstract Peatlands store large amounts of carbon in terrestrial ecosystems and they are vulnerable to
recent warming. The ongoing warming may change their carbon sink capacity and could reduce their potential
to sequester carbon. In this study, we simulated peatland carbon dynamics in distinct future climate conditions
using the peatland-vegetation model (LPJ-GUESS). The study examined whether less pronounced warming
could further enhance the peatland carbon sink capacity and buffer the effects of climate change. It also
determined which trajectory peatland carbon balance would follow, what the main drivers were, and which
one would dominate in the future. We found that peatlands will largely retain their carbon sink capacity under
the climate scenario RCP2.6 to RCP6.0. They are projected to shift from a carbon sink to a carbon-neutral
(5-10 gC m~2 yr~!) in RCP8.5. Higher respiration rates will dominate the net productivity in a warmer world
leading to a reduction in carbon sink capacity.

Plain Language Summary Peatlands are important components of the Earth climate system
especially because they store large carbon stocks but continuous warming could reduce this carbon storage
through enhanced soil decomposition that outweighs the increased net primary productivity of the ecosystem.
In this study, we investigated how peatlands would behave in the distinct warmer conditions and whether less to
moderate warming could increase their carbon sink capacity and reduce the effects of climate change. We found
that peatlands will remain a major sink of carbon in the low and moderate warming conditions by the end of
this century, although their carbon accumulation rates will somewhat decrease compared to present conditions.
Conversely, their carbon sink capacity substantially reduces in an extremely warmer world and there is a risk
that they become carbon neutral by 2100.

1. Introduction

Peatlands are considered one of the biggest carbon reserves in the terrestrial ecosystem, comprising 30% of the
present-day soil organic carbon pool (Yu, 2012). They are also a major source of methane (CH,), a potent green-
house gas (Abdalla et al., 2016). They are transitional zones between upland mineral soils and wetland ecosystems
(Loisel et al., 2017). High latitude peatlands constitute unique habitats with many special characteristics such as
shallow water table depth, organic soils, distinct vegetation cover dominated by bryophytes, spatial heterogeneity,
anaerobic biogeochemistry and permafrost spread in cold regions making these systems an important component
in the global carbon cycle (Loisel et al., 2017; Yu, 2012). Recent observations have shown that the vegetation
structure, hydrology, and carbon balance are rapidly changing in many peatlands (Johansson et al., 2006; Pince-
loup et al., 2020). These ongoing changes will disturb the prevailing land-atmosphere carbon balance and trigger
some pertinent climate-relevant feedbacks (Belyea, 2013; Zhu & Zhuang, 2016). Studies have indicated that
peatlands will continue to act as carbon sinks in the next decades under different warming scenarios, but there is
a possibility that they become carbon neutral or even a minor carbon source by the end of this century (Chaud-
hary et al., 2017b, 2020; Gallego-Sala et al., 2018; Qiu et al., 2020). To quantify and understand the overall
effects of these rapid changes, various advanced peatland models have been employed, but often these models
are forced with limited set of Representative Concentration Pathway (RCP) scenarios (Chaudhary et al., 2020;
Miiller & Joos, 2021; Qiu et al., 2020). It is a common trend to focus on two-three scenarios in modeling studies
in order to obtain end-member estimates. All the climate scenarios are developed as a suite of complementary
possibilities and the Intergovernmental Panel on Climate Change (IPCC) recommends that modeling studies
should consider all the RCP scenarios for a complete understanding of system behavior in future conditions
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(IPCC, 2013a). Furthermore, Ritchie and Dowlatabadi (2017) recommend that the ultra-high warming scenario
RCP8.5 should be used with caution for future scientific research or policy studies because the amount of coal
that this scenario requires by major fossil fuel consuming countries assume to use in coming decades will likely
exceed the estimates of readily available fossil resources. Experts believe that RCP4.5 and RCP6.0 are the more
realistic scenarios (IPCC, 2013b; Ritchie & Dowlatabadi, 2017), yet these two scenarios are often omitted from
modeling studies.

The purpose of this study is to simulate peatland carbon dynamics in the future climate conditions for four major
future warming scenarios. The study examines whether less pronounced warming could further enhance the
peatland carbon sink capacity and buffer the effects of climate change. It will also determine which trajectory
peatland carbon balance will follow, what the main drivers are and which one will dominate in the future. This
study is a follow-up of our previous study (Chaudhary et al., 2020), where we analyzed long-term carbon accumu-
lation rates in the past and in the future, using only a limited number of model points (287 points) to simulate the
observed peatland area under two extreme warming scenarios. In this study, we progress to perform simulations
at one-degree resolution (around 3,900 points) within the observed peatland domain delineated by PEATMAP
(Xu et al., 2018) with four different warming scenarios to obtain the overall picture of responses of peatlands in
the coming century. Furthermore, we identify and highlight hotspot regions which are vulnerable to additional
warming and likely switch its ecosystem functions between carbon sources or sinks according to our simulations.
The carbon sink and source transition for the overall peatland ecosystem functioning is expected to more likely
occur in the intermediate warming scenarios (i.e., RCP4.5 and RCP6.0 scenarios), which has not been touched
upon by our previous study.

2. Methodology
2.1. LPJ-GUESS Peatland

LPJ-GUESS (Lund-Potsdam-Jena General Ecosystem Simulator; Smith et al., 2001; Smith et al., 2014) is a
second-generation dynamic global vegetation model (DGVM) that is widely employed in global carbon cycle
and vegetation dynamics studies (e.g., Saunois et al., 2020). LPJ-GUESS (without peatland) is included as a land
surface scheme in the global Earth System Model (ESM) EC-Earth (Alessandri et al., 2017), and the regional
ESM, such as RCA-GUESS (Wramneby et al., 2010; Zhang et al., 2014) and RCAO-GUESS (Zhang et al., 2020).
LPJ-GUESS simulates vegetation structure and composition in response to a changing climate from local to
global scales. It is a process-based model of vegetation dynamics which incorporates physiological changes and
biogeochemistry of terrestrial ecosystems. It dynamically simulates water and carbon fluxes through coupled
vegetation, soil, and hydrological interaction. Recently, new peatland and permafrost formulations with a unique
representation of spatial heterogeneity were implemented in LPJ-GUESS (Chaudhary et al., 2017a). In particular,
dynamic annual multi-layer peat accumulation, freezing-thawing cycles, lateral flow, and spatial heterogeneity in
the framework of the dynamic vegetation model have for the first time been considered in the model (see Table S1
in Chaudhary et al. (2017a)), with applications from local to regional scales. Our previous studies have demon-
strated that the mechanistic multi-layer peat accumulation scheme can simulate vegetation dynamics, perma-
frost, and peat distribution across the pan-Arctic region in a reasonably robust way. The current scheme consists
of many important key mechanisms and interactions controlling the non-linear peatland dynamics (Chaudhary
et al., 2018). These features allowed us to simulate major aspects of peatland dynamics, namely peat resilience
due to peat compaction, recalcitrant characteristics of older peat layers and establishment of plants according to
changes in water table. Phenomena such as the "hump-backed" relation between the average rate of peat forma-
tion and water table position, the cyclicity among micro-formations, internal eco-hydrological feedbacks and
multi-directionality, which have been frequently observed in many peatland sites, can be simulated and explained
using this detailed model scheme. In this study, we have employed the customized Arctic version of LPJ-GUESS
that includes dynamic peat accumulation and decomposition functionalities with a freeze-thaw cycle. In the
model, peat accumulates due to an imbalance between annual litter input and decomposition. The decomposition
rate is controlled by the litter quality and thermo-hydrological conditions within the peat soil. The peat layers
become more recalcitrant when sufficient labile peat material is decomposed over time. The current set up also
features a unique individual- and patch-based representation of small-scale heterogeneity where the different
vegetation units compete for resources, such as light and space. Over time, some patches gain height, while
the surface elevation of others decreases or remains unaffected. The adjustment in the height of these dynamic
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patches drives the water flow from elevated to low-lying patches and affects vegetation and biochemical proper-
ties of peatlands. For more information about the model and its functionalities, refer to Chaudhary et al. (2017a).

Using this model, we have performed experiments with four major RCP warming scenarios: RCP2.6, RCP4.5,
RCP6.0, and RCP8.5. The future climate forcing for these RCP scenarios were obtained from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) runs with the IPSL-CMS5 (Dufresne et al., 2013). The model is forced
with daily temperature, precipitation, and cloudiness data which were constructed by interpolating monthly
values. The peat initiation surface was constructed using peat basal age values (Chaudhary et al., 2020) and this
surface determines the length of the simulated peat accumulation period. The climate data are divided in three
different periods: Holocene climate, transient, and future runs. In the Holocene experiment, the model was run
from prescribed basal ages in calendar years before present (cal. BP) until the year 1900. The basal age surface
was constructed using 5,000 peat basal points from three published datasets (MacDonald et al., 2006; Gorham
et al., 2007; Korhola et al., 2010). The details of the method of developing the basal age surface is given in
Chaudhary et al., 2020. We used the delta-change method, that is, applying relative anomalies of temperature and
precipitation, to develop the monthly climate forcing series. We extracted the climate anomaly data for the nearest
global climate model gridcell corresponding to the modeled site location from the IPSL-CMS5 and the linearly
interpolated the climate anomalies values which were applied to the average monthly Climatic Research Unit
gridded Time Series (CRU TS) 3.0 gridded climate data set (Mitchell & Jones, 2005) for that cell, from the period
1901-1930. This method conserves the interannual variability of temperature and precipitation from the baseline
historical climate (1901-1930) throughout the simulation. In the transient run, the CRU TS 3.0 global gridded
climate data set was used until the year 2005 and the future runs were performed from 2006 to 2100 using RCP
warming scenarios. The model output variables examined for this study include recent and near-future pan-Arctic
carbon accumulation rates, net primary productivity, decomposition rates, dominant plant cover and permafrost
distribution. A detailed description of model structure, data requirement, and simulation protocol is available in
Chaudhary et al. (2020) and references therein.

3. Results and Discussion
3.1. Peatland Carbon Accumulation Rates in the 21st Century

The modeled northern peatlands accumulated carbon at a rate of 20-35 ¢ C m~2 yr~! (0.05-0.15 PgC yr™!)
between 1901 and 2000 (Figures 1a and 1b) with an average of 25.3 g C m~2 yr~! (0.08 PgC yr~!). It was found
that the carbon sink capacity of the peatlands remains almost stable for the low and intermediate scenarios and the
carbon accumulation rates will largely remain in the range of average long-term Holocene carbon accumulation
rates. On the other hand, the carbon accumulation rate sharply declines after 2050 under RCP8.5 and peatlands
will become carbon neutral by the end of the 21st century. The rate of change in the net primary productivity
and respiration rates remain almost identical leading to stabilization of carbon accumulation rates in the low and
intermediate scenarios (Figures 1a and 3). However, the respiration rates override the gains of net productivity in
RCP8.5 in the last few decades leading to the higher carbon release to the atmosphere (see Figure 3). It is interest-
ing to note that there is virtually no difference between RCP2.6, RCP4.5, and RCP6.0, which indicates that peat-
lands are quite robust to future climate changes for a wide range of future warming trends (Figure 1). However,
there is a clear temperature threshold to RCP8.5, beyond which the system starts behaving very differently, fully
losing its capacity to sequester carbon by the end of this century.

Overall, it is projected that peatlands will reduce their carbon sink capacity and become carbon neutral by the
end of this century in RCP8.5, while peatland carbon accumulation rates remain within the range of long-term
Holocene carbon accumulation rates under the low and moderate warming experiments. The Siberian Lowlands,
Hudson Bay and Eastern Russian peatlands sites are modeled the major carbon stock hotspot regions (Figure 1c¢).
The total modeled northern peatland carbon stocks is around 516 PgC by the year 2000 which increases in the
range of 531-533 PgC under the future warming scenarios (see Figure S1 in Supporting Information S1). This
shows that peatlands will continue accumulating carbon and remain a major carbon sink by the end of the 21st
century. However, their carbon sink capacity will be relatively reduced in extremely warming conditions.

If we look at the spatial distribution of peatland carbon accumulation rates, the majority of peatlands showed an
increase in their carbon accumulation rates from the 19th to 20th century (Figure 2b). The mean carbon accu-
mulation rates at the beginning of the 20th century were predicted to be around 25 g C m~2 yr~! that steadily
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Figure 1. (a) Modeled carbon accumulation (decadal mean with standard error) rates for different Representative Concentration Pathway (RCP) scenarios, (b) modeled
peat carbon accumulation (decadal mean in PgC yr~!) and (c) distribution of peat carbon (in PgC) across the northern latitudes.

increased to 30-32 g C m~2 yr~! by the end of the 20th century. Peatlands located in central and Eastern Europe,
northeastern US, southeastern Canada and along the Russian-Chinese border were found to be most vulnerable to
additional climate warming and predicted to become a strong source of carbon, as the climate becomes progres-
sively warmer. Conversely, peatlands in Siberia, the Hudson Bay Lowlands and western Canada strengthen their
carbon sink capacity. In short, low latitude peatlands are predicted to become a greater source of carbon, but other
regions enhance their carbon sink capacity and counteract those losses in the model (Figures 2c—2j). The moder-
ate warming since the 19th and 20th century benefited the overall peatland carbon accumulation rates, but this
gain will be rapidly compensated by a warming-driven increase in decomposition rates in the last few decades of
this century in extremely warm climates (RCP8.5) (Figures 1, 3 and S2 in Supporting Information S1). However,
to better understand the differences between the scenarios, longer runs beyond 2100 are required to get a clearer
picture of whether the rates stabilize or continue to decrease, in which case peatlands could eventually become a
strong source of carbon.

3.2. Controls of Vegetation Productivity and Decomposition Rates on Peat Accumulation

The main uncertainties in quantifying the peatland carbon balance in the coming century arise from future
trajectories of primary productivity and respiration rates. Some studies note that net primary productivity will
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Figure 2. Modeled mean carbon accumulation rates (in g C m~2) (a) 1891-1900, (b) 1991-2000, and (c—f) 2091-2100 across pan-Arctic under different Representative
Concentration Pathway (RCP) warming scenarios.

override decomposition rates and accelerate the carbon accumulation (Wilson et al., 2017; Zhang, Gallego-Sala,
et al., 2018), while others argue that the respiration rates remain high and gains in the net primary productivity
do not catch up to temperature-driven microbial decomposition (Hugelius et al., 2020). Our results suggest that
the soil respiration will override the increases in net primary productivity in the RCP8.5 experiment (Figures 3
and S3 in Supporting Information S1), while soil respiration and net primary productivity change by more similar
magnitudes in the other scenarios, so that the overall carbon accumulation does not change strongly.

The main mechanism behind the higher productivity in the model is a temperature-dependent spring onset of
photosynthesis which leads to a longer growing season in a warmer climate. This results in plants allocating
additional production to the canopy, leading to increased leaf area and canopy growth, which further intercepts
light and increases production. The increase in the modeled primary productivity is similar to the one observed
in tundra warming experiments and satellite data (Berner et al., 2020; Olsrud et al., 2010). On the other hand,
decomposition is exponentially related to soil temperature in the model, so temperature increases can substan-
tially amplify the respiration rates. From Figures 3 and 4, it can be seen that the net primary productivity increases
as the temperature gets warmer particularly in mid- and low-latitude regions, but the increase in net primary
productivity is compensated by an increase in soil respiration rates. The respiration rates are higher in low-lati-
tude regions and remain moderate in mid and high latitudes. In the low and intermediate scenarios, we see that the
carbon accumulation rates remain stable and show some decrease in the last two decades. In RCP8.5, peatlands
reduce their carbon sink capacity and become near neutral by the end of this century as ecosystem respiration will
be equivalent to the net primary productivity.

The dominant plant type was determined by weighting the carbon mass of each plant type in the grid cell. Our
results suggest that low latitude areas will be dominated by tall shrubs, while higher latitudes feature mosses,
graminoids, and dwarf shrubs, collectively characterized as tundra vegetation (Figures 5a and 5b). As the climate
gets warmer, high latitude plant types will lose their ecological niche in many areas. While areas with high mois-
ture content maintain their plant cover assemblage of mosses and graminoids, some areas show encroachment
by tall shrubs (Figures 5c—5f). The net primary productivity in these regions is projected to increase, leading to
increased carbon accumulation in the soil. The underlying mechanism is longer growing season and increases in
temperature that interacted with competition for light to allow taller shrubs to out-compete shorter ground vege-
tation. Shrub expansion and densification due to recent warming trends have been documented in many studies
(Liljedahl et al., 2020; Rundqvist et al., 2011) which is in line with our findings.
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Figure 3. Modeled net primary productivity and respiration rates across pan-Arctic under different warming scenarios
(ANPP—Annual net primary production and RESP—Annual heterotrophic respiration).

3.3. Permafrost Distribution

We found that almost 63% of peatlands were underlined by permafrost in beginning of the 20th century which
reduced to 61% by the end of it. Hugelius et al. (2020) also found that that almost half of the peatlands are under-
lain by permafrost which affects their biogeochemistry and carbon cycle. Permafrost peatlands are characterized
by ice-rich conditions and observations show that these ice-rich peatlands have been continuously thawing, which
changes net primary productivity and carbon accumulation rates. Our simulation results suggest that today's
permafrost peatlands start to thaw under all future warming scenarios, resulting in deeper active layer depths
(Figures 6a and 6b), while the rate of permafrost loss is dependent on the warming scenario. In line with recent
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Figure 4. Modeled net primary productivity and peat decomposition rates (in kg C m~2) (a and b) 1991-2000 and (c—j) 2091-2100 in northern peatland sites for
different Representative Concentration Pathway (RCP) scenarios.
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Figure 6. Modeled permafrost distribution (in fraction 0-1) and active layer depth (ALD in cm); (a and b) 1991-2000 and (c—j) 2091-2100 in northern peatland sites
for different Representative Concentration Pathway (RCP) scenarios.
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studies (Hugelius et al., 2020; Turetsky et al., 2019; Zhang, Piilo, et al., 2018), the permafrost extent starts shrink-
ing from the southern limit in our simulations, creating space for new vegetation assemblages, which in turn
modifies the carbon accumulation rates in those regions. During the permafrost thawing process, the vegetation
can access water from the thawed soil leading to increase in plant productivity and accumulation rates. Perma-
frost-peatlands are predicted to completely disappear from many regions within a few decades, underlining their
vulnerability to ongoing warming. According to our simulations, permafrost peatland fractions are predicted to
reduce to 41%, 35.8%, 35.7%, and 28% under RCP2.6, RCP4.5, RCP6.0, and RCP8.5 respectively.

4. Conclusion

Peatlands are an important long-term carbon sink in the global climate system and the ongoing warming trend
has the potential to modify the peatland carbon balance by the end of this century. In this study, we used a
state-of-the-art peatland-vegetation model to simulate the peatland carbon balance in mid- and high-latitude
regions of the Northern Hemisphere. We found that peatlands can largely retain their carbon sink capacity for
the climate change scenario RCP2.6 to RCP6.0, but are projected to shift from a carbon sink to carbon neutral
(~5-10 g C m~2 yr~! and 0.04-0.06 PgC yr~! in the strong warming scenario RCP8.5. While the past warming
in the 19th and 20th century has increased the carbon accumulation rates across the pan-Arctic, those gains will
be reversed by strong warming. Temperature driven higher respiration is the primary cause of larger CO, release
from the peat soil in RCP8.5. Increase in CO, level in the atmosphere will further accelerate climate warming and
will give rise to important climate-relevant feedbacks.

Data Availability Statement
Model output data can be downloaded from https://doi.org/10.5281/zenodo.6519772.
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