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Abstract

Northern peatlands have been a carbon sink since initiation as projected by process-based models.
However, most existing models are limited by lacking sufficient processes of N cycle. Here we use a
peatland biogeochemistry model incorporated with N-related processes of fixation, deposition, gas
emission, loss through water flow, net mineralization, plant uptake and litterfall, to project the role of
the peatlands in biogeochemical climate forcing. Simulations from 15-ka BP to 2100 are conducted
driven by CMIP5 climate forcing data of IPSL-CM5A-LR and bcc-csm1-1 and warming scenarios of RCP
2.6, RCP 4.5 and RCP 8.5. During the Holocene, northern peatlands have an increasing cooling effect
with radiative forcing (RF) up to -0.57 W-m. By 1990, these peatlands accumulate 408 Pg C and 7.8 Pg
N. Under warming, increasing mineral N content enhances plant net primary productivity, the cooling
effect persists. However, RF increases by 0.1-0.5 W-m2 during the 21 century, mainly due to the
stimulated CH4 emissions. Northern peatlands could switch from a C sink to a source when annual
temperature exceeds -2.2 - -0.5°C. This study highlights the role of N in increasing the peatland cooling
effect while the enhanced CH, emissions counterbalance the effect in future northern peatlands carbon-
climate feedbacks.

Introduction

Peatlands have less than 3% of global land coverage, with most of them in northern high latitudes
(>45°N) 1. Despite the low coverage, C storage in northern peatlands is estimated to be 450+100 Pg C
(Hugelius 2020, Spahni 2013) due to the high C content on unit area. Carbon in northern peatlands is
stored in soil organic layer, which can be a few meters in depth 3. Soil organic matter accumulates under
cold and wet conditions, where anoxic environment slows down the rate of dead plant decomposition 4.
Most of the northern peatlands initiated after 12 ka BP and have been acting as a C sink since their
initiation °.

In the future, the northern high latitude region is likely to experience more severe warming than
the other part of the Earth ©. This change in climate may interrupt the long-lasting pattern of C
accumulation of northern peatlands. The direct influences of warming include the increase of both
productivity and microbial activity (i.e., decomposition rates), indicating more intensive C sequestration
and releasing 7-8. Warming also enhances peat decomposition indirectly via drought and permafrost
thaw, with the former switches partial soil C from anaerobic to aerobic condition and the latter releases
previously-frozen peat for decomposition > %1112 |n addition, fires and human-derived land use change
are likely to release significant amount of C into the atmosphere 3. Under multiple controlling factors,
northern peatlands are projected to be a weaker C sink or switch to a C source by the end of the 21%
century #1516,
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These projections of northern peatland C balance are made using process-based models such as
LPX-Bern 1.0 ¢, ORCHIDEE-PEAT Y7, LPJ-GUESS '8, HPM *° and PTEM 2.2 %5 (Table 1). However, one
common uncertainty source of these models is the lack of a complete nitrogen cycle > 120 For
example, LPX-Bern 1.0 has included atmospheric N deposition and other N inputs, vegetation N uptake,
litter N fall and N mineralization °. PTEM 2.2 includes the same processes as LPX-Bern 1.0, and also
considers the N loss from water runoff 1>. These models are unable to track nitrification, denitrification,
biological N fixation (BNF) and N gas loss, and a mineral N pool is missing. Although a DyN model is
developed based on LPJ-DGVM framework (Table 1) and considers these N-related processes missing in
current peatland models, DyN is not designed to describe peatland biogeochemical process and was not
applied to peatlands simulation 2%. Notably, higher N availability could increase the productivity of
woody plants, reduce that of Sphagnum, and increase the decomposition rate of northern peatlands,
and vice versa 222324, With the incomplete N cycle, current peatland models are limited in quantifying
past and future C budget.

To address this knowledge gap, we embedded a complete N cycle to PTEM 2.2 and create an
updated PTEM 2.3 (Fig. 1). The N pool is divided into PFT vegetation N pools, soil organic N pool and
mineral N pool. The mineral N pool is composed of three layers following the hydrology module v 1E
structure of PTEM 2.2. In each layer, the mineral N pool is further divided into NH4*, NOs  and NO; pools.
There are N fluxes on horizontal direction via mineralization, nitrification, denitrification, run on/run-off
and on vertical direction via gravity-driven water flow, vegetation N uptake, N litterfall, gas emission, N
fixation and N deposition (Fig. 1). A simulation from 15 ka BP to 2100 is conducted. Since the previous
study has indicated less than 0.1MKm? peatland area variation during 1990-2100 *°, the peatland extent
is assumed to be fixed during this period. The following questions are answered: a) how did northern
peatlands accumulate C and N during the Holocene (15ka BP-1990)? b) How will northern peatlands C
and N fluxes and stocks respond to the future climate change? ¢) What is the threshold temperature
and precipitation for pan-Arctic sink and source shift? d) How are the C and N stocks, fluxes and the
thresholds different from the simulation without a complete N cycle?

Results and discussion
Holocene C and N dynamics

The total N stock in northern peatlands is controlled by four N fluxes: N fixation, N deposition, N gas
emission and water flow (Fig. 2(a)). In particular, the N flux through BNF, deposition and gas emission
are stable through the Holocene, with an average rate of 0.80+0.09 gN-m2-yr, 0.69+0.09 gN-m2-yr!
and 0.24+0.06 gN-m2-yr'?, respectively. On average, the water flow carries more N out than carrying in,
and the N lose rate through water flow shows a slightly increase trend until around 6ka BP then
stabilized. This indicates the expansion of mineral N pool size at the regional scale and stabilization after
around 6ka BP, i.e., the rates of mineral N flowing in and out of the ecosystem are similar since then.
The long-term N loss via water flow is 0.91+0.27 gN-m=2-yr1, Although all these N fluxes are inorganic,
the input N is mostly converted to and stored as organic matter (both vegetation and soil, Fig. 2(b)). In
particular, mineral N is converted into organic N via vegetation N uptake, and the reverse process is the
positive net N mineralization (Appendix Fig. 3 (a) & (b)). Since vegetation N uptake rate is generally
higher than net N mineralization (1.53£0.20 vs. 1.08+0.28 gN-m2-yr'), a net conversion from mineral to
organic N is simulated. Furthermore, the vegetation N uptake rate and litter N fall rate are close,
indicating most of the system input N are transferred from vegetation N pool to soil organic N pool
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(Appendix Fig. 3 (c)). A slower accumulation of N is simulated during 8-6 ka BP, which is likely driven by
the cooling and drying condition during this period (Appendix Fig. 4).

Although the simulation starts in 15 ka BP, major increases in SOC and SON stocks are not found
until 11-12 ka BP (Fig. 2 (c)). By 1990, the northern peatlands soil C stock is 408 Pg, which is close to the
estimation from PTEM 2.1 (404 Pg C) >, Qiu, Zhu %% (408 Pg C) and Hugelius, Loisel 27 (400 Pg C). The
estimated soil organic N stock is 7.8 Pg, within in the range of 10+7 reported by Hugelius, Loisel #’. Since
soil N stock is predominantly organic, the C:N ratio can be approximated by the organic C: organic N
ratio, which is 52.26. This ratio is slightly lower than the values from Loisel (2014) (52.3 vs. 55£33) and
higher than values from Hugelius, Loisel 27 (52.3 vs. 41.5).

The long-term C accumulation rate (CAR) of pan-Arctic peatlands is 23.43 gC-m2-yr, which is
similar to the estimation from PTEM 2.1 (22.9 gC-m2yr?, 2°), and agrees with the observed or simulated
values from the literature (17.3-26.1 gC-m2-yr?, 2314 28) The temporal trend of 500-yr CAR from this
study is generally consistent with Loisel, Yu 3, Nichols and Peteet ?° and Zhao, Zhuang %° (Fig. 3). In PTEM
2.1 simulation 2°> where a complete N cycle is not considered and the wetland WTD is not derived from
TOPMODEL, the simulation result is closer to Loisel, Yu 3. However, in this study, the simulated CAR is
closer to Nichols and Peteet 2°. The temporal trend of 500-yr NAR is consistent with Loisel, Yu 3, and the
long-term NAR is close (0.45 gN-m2-yr!vs. 0.5£0.04 gN-m2-yr?) (Fig. 3(a) & (c)). On a 500-year bin basis,
the pan-Arctic peatlands CAR range is 11.40-27.65 gC-m2-yr, and the range for NAR is 0.25-0.54 gN-m"
2.yrl. The hotspots of C and N accumulations are spatially consistent (Fig. 3(b) & (d)).

As soil C and N accumulates in northern peatlands, the GHG emissions increase simultaneously
(Fig. 2 (d) & (e)). Notably, as the mineral N pool size kept increasing and stabilized since around 6ka BP,
N,O emissions showed the same trend. During the Holocene, northern peatlands always act as a C sink
and has a net cooling effect on global climate (Fig. 2 (f)). This cooling effect amplifies as more C is
sequestrated into soil, which trend is consistent with previous studies 3% 31, In particular, the cooling
effect is mainly driven by net ecosystem exchange (i.e., NEE, net CO; uptake), with CH, emissions have
warming effect and N,O emissions have minor effect (Appendix Fig. 5). Notably, a rapid increase in GHG
emission rate is simulated since around 1870 (Appendix Fig. 6). After over 100 years of increasing, by
1990, the regional N;O, soil heterotrophic respiration (Ry) and CHsemissions are 56.30 GgN-yr?, 327.35
TgC-yr'and 47.97 TgC-yr?, respectively. Due to the increase in GHG emissions, northern peatlands show
slightly increased RF which reaches -0.57 W-m2 by 1990. This RF value is close to -0.2 - -0.5 W-m"?
estimated by Frolking and Roulet 3. The discrepancy could be due to the divergent peatland C pool
estimates between these models and the differences in impulse-response model parameters used to
calculate RF 31,

N fluxes, N stocks and the influence on NPP during 1990-2100

As climate warming, all N fluxes are more intensive, with the N loss via water flow increases more than
the other pathways (Fig. 4). Despite the limited number and high uncertainties of BNF in northern
peatlands 32, our estimated BNF during 2010-2020 (0-2.88 gN-m2-yr%, with an average of 1.12 gN-m2-yr
1) is close to the observed range during the same period (0.01-3.5 gN-m2-yr?) 33,34,

Under the RCP 2.6, northern peatlands are a N sink. Under the RCP 4.5, northern peatlands
maintain a N sink with bcc-csm1-1 forcing, and switch from a sink to N neutral with IPSL-CM5A-LR
forcing. Under the RCP 8.5, northern peatlands switch from a sink to a N source under both forcing.
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Notably, in all scenarios, there is consistently increasing of mineral N stock (Fig. 4, Appendix Table 2). On
the contrary, the organic N stock switches from a sink to nearly N neutral under the RCP 2.6, and
switches to a source under the RCP 4.5 and RCP 8.5. This is the result of the overall higher increase in
net N mineralization than vegetation N uptake (Appendix Fig. 10, Fig. 4). Similar to this study, an
increase in net N mineralization rate is reported under higher temperature . Therefore, peat soil is
generally mineralized under warming. In particular, during 2000-2100, the organic N stock increases by
0.1 Pg N under the RCP 2.6, 0-0.1 Pg N under the RCP 4.5, and decreases by 0.1-0.2 Pg N under the RCP
8.5. In addition, the warmer, lower latitude regions first show organic N loss (Appendix Fig. 11 & 12).
However, the mineral N stock keeps increasing under all warming scenarios by 0.1, 0.1-0.2 and 0.2-0.3
Pg N under the RCP 2.6, RCP 4.5 and RCP 8.5, respectively (Appendix Table 2, Appendix Fig. 13). As a
result, the total N pool increases by 0.1-0.2 Pg N under all scenarios, with hotspots in eastern Eurasia
and arctic North America (Appendix Fig. 14 & 15).

Our estimation of recent N,O emissions is supported by the literature. In particular, during 2009-
2013, observations of N,O emissions have a range of 0-3.1 gN-m2 3837 while our estimated N,O
emission rate is 0-2.88 gN-m2-yr!, At regional scales, N,O emission is estimated to be 30-100 Gg N-yr in
the early 1990s, while our estimate is 58.63-61.35 Gg N-yr* during the same period 32, Previous study
suggests that warming alone has limited effect on N,O emissions in boreal peatlands, while more
abundant mineral N content could increase N,O emissions . Similarly, NO emissions are reported to
peak after N fertilization in Swedish bogs %°. In addition, permafrost thaw (i.e. reduced permafrost area
and deepening ALD, Appendix Fig. 7-9, Appendix Table 2) is simulated during warming, leading to a high
amount of N taking part in nitrification and denitrification, and benefits N,O emissions 1. Under these
effects, we estimate that during the 215t century, N,O emission increases by 30.5-37.4, 48.6-95.7 and
189.3-277.8 Gg N-yr! under the RCP 2.6, RCP 4.5 and RCP 8.5, respectively (Appendix Table 2, Appendix
Fig. 13). However, the contribution of N,O emissions to future warming is minor due to the relatively
small amount (Appendix Fig. 21), which agrees with Hugelius, Loisel 7.

With the warmer climate and higher mineral N content, the vegetation N uptake increases and
thereby stimulating NPP (Fig. 4, Appendix Fig. 16). In particular, compared with previous simulation with
no complete N cycle, this study projects higher NPP in the future *°. The correlation coefficient (R?)
between N uptake and NPP is 0.45-0.84, depending on the warming scenario (Fig. 4). During 2000-2100,
regional NPP increases by 12-33.6, 57.7-62.9 and 86.5-100.1 TgC-yr! under the RCP 2.6, RCP 4.5 and RCP
8.5, respectively (Appendix Table 2).

C fluxes, C stocks and the radiative forcing during 1990-2100

As C sequestration increases, the C emissions are also more intense (Fig. 5). From 2000-2100, under the
RCP 2.6, RCP 4.5 and RCP 8.5, Ry increase by 38.9-59.5, 71.0-160.6 and 281.4-351.4 TgC-yr?,
respectively, while the increase of CH4 emissions is 8.9-11.7, 19.0-42.2 and 101.5-142.3 TgC-yr?,
respectively (Appendix Table 2). The increase in CO, emissions is a result of higher temperature and PFT
shift. In particular, the expansion of woody plants is simulated by PTEM 2.2 as WTD drawdown in the
215t century (Zhao 2023), and the woody plants are more susceptible to decomposition. An indirect
effect of more abundant N is that higher NPP stimulates CH4 emissions #2. Compared with the simulation
without a complete N cycle *°, the CH; emissions by 2100 is higher in this study by 12.8-68.0 TgC-yr.
Notably, the increase in CH4 emissions is not solely due to higher productivity, but also driven by the
effect of WTD dynamics and temperature increase. Previous simulation indicates that northern
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peatlands WTD will be deeper during the 215t century, which has a negative effect on CH4 emissions 1> %3,
However, our results indicate that the positive effects of warming and NPP will override the negative
effect of deeper WTD and thereby CH4 emissions still increase.

With more NPP increase than C emissions, northern peatlands maintain as a C sink until at least
2100 under the RCP 2.6 with both forcing and the RCP 4.5 with bcc-csm1-1 forcing. The opposite trend is
found under the other three warming scenarios (i.e., IPSL-CM5A-LR + RCP 4.5, IPSL-CM5A-LR + RCP 8.5
and bcc-csm1-1 + RCP 8.5), where northern peatlands become a C source of 2.7, 10.3 and 2.7 Pg C,
respectively (Fig. 5, Appendix Table 2). This projection agrees with the result from Qiu, Zhu %*. Under all
scenarios, warmer climate (i.e., higher temperature and precipitation) correlates with less C sink
capability of pan-Arctic peatlands (Table 2). Therefore, as temperature increases, CAR generally
decreases, with the warmer, lower latitude regions first switch to C sources (Appendix Fig. 17 & 18).
Similarly, Chaudhary, Westermann * estimate lower CAR as temperature increases, while the northern
peatlands are still C sinks until 2100 under the RCP 8.5 in their study.

Compared with the simulation without N cycle (Zhao 2023), with both forcings, the CAR in the
215t century is consistently higher in the simulation with N cycle (Appendix Fig. 19 & 20). In particular, in
the higher altitude, the CAR with N cycle is higher, while the opposite is found in the lower latitude
region. Since the region with higher peatland abundance tends to have higher CAR with N cycle, the N
cycle increases regional average CAR by 2.5-16.3 gC-m2-yr'. As climate warms up in the late 215t
century, the delta CAR becomes higher, indicating the increasing importance of N cycle under future
warming in C cycling (Appendix Fig. 19 & 20).

We estimate that with 1°C annual temperature increase, the northern peatlands C sink
capability decreases by 14.6-48.9 TgC-yr, and the correlation is better when warming is severe (Table
2). With Imm annual precipitation increase, the northern peatlands C sink capability decreases by 0.4-
3.8 TgC-yrl. However, this does not prove that higher precipitation suppresses C sink capacity of
northern peatlands. Instead, the negative correlation between precipitation and C sink capacity is more
likely to be a result of the temperature rise co-existing with precipitation increase. The comparison
between IPSL-C5A-LR and bcc-cam1-1 can support this argument. To date, with 1°C annual temperature
increase, the precipitation under IPSL-CM5A-LR increases less than under bcc-csm1-1, while the
opposite is found in C sink capacity (Table 2). This indicates peatland C sink capacity prefers high-
moisture conditions, while the increase in moisture cannot offset the negative effect of higher
temperature.

Threshold temperature, precipitation and unfrozen day number corresponding to the C sink to
source conversion of northern peatlands are calculated, while relatively high R? values exist only when
persistent sink to source conversion happens (i.e., IPSL-CM5A-LR + RCP 4.5, IPSL-CM5A-LR + RCP 8.5 and
bcec-csm1-1 + RCP 8.5). Under these three scenarios, when calculating only from forcing and model
output during the 21 century, the threshold temperature is -2.2 - -0.5°C, the threshold precipitation is
487.2-507.6 mm-yr?, and the threshold unfrozen day number is 193-213 (Table 2). When calculating
from the long-term forcing and model output during 15ka BP-2100, the threshold is similar to a
temperature of -2.2 - -0.1°C, and precipitation of 487.2-524.4 mm-yr* (Appendix Table 3). Compared
with previous simulation with no complete N cycle, this study projects higher threshold temperature
determining northern peatlands C sink-source conversion (-2.2 - -0.5°C vs. -2.9 - -2.1°C), and the
projected conversion is delayed *°.
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Under all scenarios, the RF of northern peatlands remains negative, indicating a cooling effect
persists despite the warming (Fig. 5). However, the RF under all scenarios increases, suggesting a weaker
cooling effect in the future. Under all scenarios, the RF derived from CO, flux is stable and N,O emissions
has minor effects on the total RF (Appendix Fig. 21, Appendix Table 4). Therefore, the increase of RF is
mainly driven by higher emissions of CHs, which has a shorter lifetime > and responds to climate change
swiftly (Appendix Fig. 21). In particular, the RF derived from CH4 emissions contribute to 93%-100% of RF
increase during 2000-2050, and 90-99% of RF increase during 2050-2100 (Appendix Table 4). In
agreement to this study, Qiu, Ciais 17 projects an increased warming effect from CH4 emissions during
1990-2100. Similarly, Hugelius, Loisel 27 suggests that under warming and permafrost thaw, the main
driver of GHG forcing is CH4 emissions. At site level, CH4 emissions account for 60-85% of the total CO,
equivalent emissions in a drained coastal wetland #¢. During 2000-2100, the northern peatlands RF
increases by 0.1, 0.1-0.2 and 0.3-0.5 W-m2 under the RCP 2.6, RCP 4.5 and RCP 8.5, respectively
(Appendix Table 2), indicating there is a positive feedback between northern peatlands and future
warming.

Methods
PTEM overview and model revisions

PTEM 2.2 is a version of Terrestrial Ecosystem Model (TEM) incorporated with biogeochemical
processes of northern peatlands. PTEM 2.2 run simulation on monthly time step, and there are four PFTs
considered: moss, herbaceous, shrub and trees °. In each month, the C sequestrated by the ecosystem
is allocated into four PFTs according to their relevant dominance, which is influenced by WTD, N
availability and the PFT’s current plant C. In addition, the productivity of moss is also influenced
negatively by the coverage of vascular plants due to the shadowing effect %2. In each month, a PFT-
specific fraction of plant C and N falls as litter and become inputs to soil organic C and N pools. The soil C
pool is divided into 1cm layers and the bulk density, C density, fraction of remaining original litter and C
content of each layer are calculated.

PTEM 2.2 simulates both aerobic and anaerobic decomposition. In particular, when the soil layer
is not saturated, the decomposition is aerobic and produces CO,, otherwise the decomposition is mainly
anaerobic and produces limited amount of CO; but mostly CHs. PTEM 2.2 has a soil thermal module
keeping track of the ALD. When the soil layer is frozen, there is no decomposition #2. Different from soil
C, soil organic N pool in PTEM 2.2 is not divided into layers, but exists as a whole. The plant-available N
comes from rainfall, run on and net N mineralization, while available N loss pathways are vegetation N
uptake and N outflow 2. In particular, the net N mineralization rate is influenced by the soil C:N ratio
and the intensity of microbial activity (surrogated by soil C decomposition rate).

PTEM 2.2 simulation is composed of two steps: WTD simulation and peat simulation. In WTD
simulation, PTEM 2.2 estimates the WTD of the entire grid cell (0.5°x0.5°). The output WTD is
interpolated into 100 sub-grid cell bins by TOPMODEL, such that the dynamic WTD in each bin can be
estimated and used as the input for peat simulation. In peat simulation, the WTD input is used for four
purposes: 1) determining the boundary of aerobic and anaerobic decomposition; 2) estimating soil
moisture; 3) calculating run off and baseflow; 4) when the precipitation alone is not sufficient to
maintain the input WTD, additional run on will be added. By influencing run on and runoff, WTD input is
indirectly used in the N cycle *°.
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The N cycle influences C cycle in PTEM with two key carbon fluxes: NPP and decomposition. In
each month, NPP is the highest when not limited by N availability, which is affected by the C:N ratio of
plants. When plant C:N ratio reaches maximum, there is no sufficient N to support additional C
assimilation thereby NPP is the lowest, and vice versa. The C:N ratio is not only determined by the C and
N amount in the existing plant tissue, but also the amount of N uptake by the plants in the current
month. Therefore, even if the C:N ratio in the existing plant tissue reaches maximum, the plants can still
assimilate C by additional N uptake. The rate of plant N uptake is influenced by the amount of available
mineral N. In terms of decomposition, PTEM has PFT-specific decomposition parameters. These
parameters are influenced by the C:N ratio of the litter, i.e., plant C:N ratio by the end of the growing
season. When N is insufficient and the ratio is higher, there is a lower decomposition rate. In this study,
PTEM 2.2 is revised into PTEM 2.3 by adding the N cycle (Fig. 1). The details of model revision is provided
in Appendix Text 1.

Same as PTEM 2.1 (Zhao 2022 (b)), PTEM 2.3 requires spatially-explicit peat initiation input. The
peat thickness, soil organic C stock and soil organic N stock all start as 0 in the year of peat initiation. An
equilibrium run is conducted before transient simulation, while no spin up period is used. This is because
the model variables usually stabilize after decades of simulation, which is very short compared with the
total simulation period (usually thousands of years). Compared with previous versions, the revised PTEM
2.3 can estimate a) the pool size of plant available N based on better understanding of various N pools
and fluxes, b) NPP and decomposition based on the revised N availability, and c) N,O emissions such that
the whole budget of peatland GHG emissions can be derived. Different from Forest-DNDC which has
been used for wetland GHG emission estimation (Li 2005), PTEM 2.3 does not consider disturbances
such as drainage or management practices. In addition, both DNDC and TRIPLEX-GHG have microbial
biomass in C pools and keep track of nitrifiers and denitrifiers in the N pools (Zhang 2017). PTEM 2.3 has
simplified processes without these pools. However, as a model designed for peatlands, PTEM has moss
as a PFT, and keeps track of the peat thickness and the relative position of water table.

Model simulation and post-processing

The model is parameterized in terms of the C:N ratio determining the balance between
mineralization and immobilization, and the spatially-explicit monthly maximum C assimilated by the
ecosystem. The parameterization method is provided in Appendix Text 2. The historical model input
(15ka BP-1990) is derived from TraCE 21ka dataset #’ and the future inputs are derived from two CMIP5
products: IPSL-CM5A-LR and bcc-csm1-1, covering three warming scenarios: RCP 2.6, RCP 4.5 and RCP
8.5. Both datasets were selected partially because they both cover until at least 2100, and they have
three warming scenarios. Among many CMIP5 data products, IPSL-CM5A-LR dataset has low biases
compared with the historical data in Eurasia and North America (Miao 2014, Sheffield 2013). However,
IPSL-CM5A-LR predicts extreme warming in RCP 8.5, thereby bcc-csm1-1 dataset was also selected as a
milder projection. A simulation was conducted with both forcings by PTEM 2.2, which has not
implemented the N cycle. Therefore, in this study, we use the same forcing on a revised PTEM 2.3, such
that the role of N cycle can be analyzed by comparing the two simulations. Both historical and two
CMIPS5 forcings are corrected by CRU dataset. The processing of historical and future model inputs is
documented in Appendix Text 3. The correction of CMIP5 forcing makes sure that the difference of
future C and N dynamics is derived from the different levels of warming in the future, but not the
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difference of these forcings in the past. In order to simulate the C and N dynamics of northern peatlands
during 15 ka BP-2100, three sets of simulations were conducted:

1) WTD simulation: PTEM 2.3 is first used to simulate the WTD of each grid cell from 15 ka BP-
2100. In particular, this simulation is conducted for six times as there are two sets of future
CMIPS5 forcing and three warming scenarios. The simulated grid cell WTD is used to estimate the
dynamic wetland WTD with TOPMODEL.

2) Preliminary PTEM 2.3 simulation: the wetland WTD derived from step 1 is used as an input to
this simulation. This simulation is conduced only once for the past (15 ka BP-1990). The output
spatially-explicit peat thickness is used to establish the spatially-explicit peat expansion trend
with the method in Zhao, Zhuang .

3) Final PTEM 2.3 simulation: the spatially-explicit peat expansion trend from step 2 and wetland
WTD from step 1 are both inputs to this simulation. This simulation is conducted six times
covering 15ka BP-2100. No future peat expansion/shrinkage is considered.

The simulation results of step 3 are analyzed in terms of 1) historical C and N accumulation and
greenhouse gas (GHG) emission; 2) future organic and mineral N dynamics and their impact on C
dynamics; 3) future GHG emissions and C budget; 4) the threshold temperature and precipitation
determining the northern peatlands C sink/source conversion. The threshold temperature and
precipitation are calculated with the same method as PTEM 2.2 simulation . In particular, Table 2
provides the threshold calculated from forcing data and model outputs during 1990-2100, while
appendix Table 3 provides the result from long-term forcing and outputs, i.e., 15ka BP-2100.

The radiative forcing (RF) of peatlands GHG fluxes is calculated to evaluate the effect of
northern peatlands on climate. The estimation of RF is derived from the impulse-response model
designed for peatlands 3%. This model divides CO, fluxes into five pools by their lifetime, and CH, fluxes is
treated as a whole pool. The atmospheric perturbation due to GHG flux is calculated by the annual net
GHG emission, the lifetime of GHG in each pool and the fraction of each pool in total flux. In addition, in
order to convert from atmospheric perturbation to RF, the GHG’s radiative efficiency (W-m2-ppb?), an
indirect multiplier of GHG and the converter between GHG emissions (Tg) to ppb is required. These
parameters are given for the CO, and CHq4 pools, but not N,O pool 3%, Therefore, we assume N,O to be an
entire pool, with the lifetime of 121 years and radiative efficiency of 3x103 W-m2:ppb™* %>, The indirect
effect multiplier is 1 since the indirect effects has large uncertainties %°. The unit converter is 7.65 Tg N,0
per ppb, as derived from Denman, Brasseur %,
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Table 1. List of abbreviations

Abbreviation

Full name

LPX-Bern
ORCHIDEE-PEAT
LPJ-GUESS
HPM
PTEM
TEM

DyN
DNDC
LPJ-DGVM
PFT

WTD

ALD

BNF

TWI

GHG

CAR

NAR

RF

Ru

NPP

NEE

Land surface Processes and eXchanges model Bern version
Organising Carbon and Hydrology In Dynamic Ecosystems, peatland version
Lund-Potsdam-Jena General Ecosystem Simulator
Holocene Peatland Model

Peatland Terrestrial Ecosystem Model

Terrestrial Ecosystem Model

The global Dynamic Nitrogen model

DeNitrification DeComposition

Lund-Potsdam-Jena Model Dynamic Global Vegetation Model
Plant Functional Type

Water Table Depth

Active Layer Depth

Biological N Fixation

Topographic Wetness Index

Greenhouse Gas

C Accumulation rate

N accumulation rate

Radiative Forcing

Soil heterotrophic respiration

Net Primary Productivity

Net Ecosystem Exchange
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Table 2. Pan-Arctic peatlands C sink capability and its sensitivity to climate

Model RCP 2.6 R2 RCP 4.5 R2 RCP 8.5 R2
Pan-Arctic peatlands C sink capability increases (Tg C-yr?) in response to 1°C annual
temperature increase

IPSL-CM5A-LR -28.2 0.53 -34.6 0.76 -48.9 0.92

bcc-csm1-1 -18.1 0.13 -14.6 0.18 -32.5 0.76
Pan-Arctic peatlands C sink capability increases (Tg C-yr?) in response to Imm annual
precipitation increase

IPSL-CM5A-LR -1.4 0.38 -2.1 0.61 -3.8 0.87

bcc-csm1-1 -0.4 0.02 -0.7 0.13 -2.1 0.68
Annual temperature threshold of C sink-source conversion

IPSL-CM5A-LR -1.8 0.19 -2.2 0.71 -2.0 0.67

bcc-csm1-1 4.4 0.01 0.6 0.08 -0.5 0.60
Annual precipitation threshold of C sink-source conversion

IPSL-CM5A-LR 496.5 0.16 487.2 0.57 490.4 0.64

bcc-csm1-1 682.8 0.00 529.3 0.13 507.6 0.58
Annual unfrozen day threshold of C sink-source conversion

IPSL-CM5A-LR 192 0.62 193 0.89 211 0.76

bcc-csm1-1 - -k 219 0.50 213 0.87
Annual precipitation increase (mm) in response to 1°C annual temperature increase

IPSL-CM5A-LR 12.7 0.58 13.3 0.82 12.0 0.92

bcc-csm1-1 13.4 0.37 14.3 0.66 13.6 0.89

* An effective threshold can not be identified.
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