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Abstract Northern peatlands have been a carbon sink since their initiation. This has been simulated by
existing process‐based models. However, most of these models are limited by lacking sufficient processes of the
N cycle in peatlands. 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 future radiative forcing (RF). Simulations from 15‐ka BP to 2100 are
conducted driven by CMIP5 climate forcing data of IPSL‐CM5A‐LR and bcc‐csm1‐1, including warming
scenarios of RCP 2.6, RCP 4.5 and RCP 8.5. During the Holocene, northern peatlands have an increasing
cooling effect with RF up to − 0.57 Wm− 2. 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 Wm− 2 during the 21st century, mainly due to the stimulated CH4 emissions.
Northern peatlands could switch from a C sink to a source when the annual temperature exceeds − 2.2 to − 0.5°C.
This study highlights that the improved N cycle causes higher CO2‐C sink capacity in northern peatlands.
However, it also causes a significant increase in CH4 emissions, which weakens the cooling effect of northern
peatlands in future climate.

Plain Language Summary This study develops a process‐based model, the Peatland Terrestrial
Ecosystem Model, by considering how peatland N cycling influences C cycling. The model estimates the
northern peatland C and N dynamics during 15ka BP to 2100. By 1990, northern peatlands have accumulated
408 Pg C and 7.8 Pg N, with an increasing cooling effect during 15ka BP‐1990. During the 21st century,
northern peatlands will continue to have a cooling effect on climate. It will weaken due to increased greenhouse
gas (GHG) emissions, especially CH4. This study highlights the role of the N cycle in the C dynamics of
northern peatlands and emphasizes the importance of CH4 emissions in future northern peatlands carbon‐
climate feedback.

1. Introduction
Peatlands have less than 3% of global land coverage, mainly in northern high latitudes (>45°N) (Xu et al., 2018).
Despite the low coverage, C storage in northern peatlands is estimated to be 450 ± 100 Pg C (Hugelius
et al., 2020; Spahni et al., 2013) due to high C content on a unit area. Carbon in northern peatlands is stored in the
soil organic layer, which can be a few meters in depth (Loisel et al., 2014). Soil organic matter accumulates under
cold and wet conditions where the anoxic environment slows down the rate of dead plant decomposition (Fin-
layson & Milton, 2018). Most of the northern peatlands were initiated after 12 ka BP and have been acting as a C
sink since their initiation (Gorham et al., 2007).

In the future, the northern high latitudes are likely to experience a more severe warming than the other parts of the
Earth (Rantanen et al., 2022). 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 (Hanson et al., 2020;
Richardson et al., 2018). Warming also enhances peat decomposition indirectly via drought and permafrost thaw,
where the former switches partial soil C from anaerobic to aerobic conditions and the latter releases previously
frozen peat for decomposition (Finger Higgens et al., 2019; Frolking et al., 2011; Gallego‐Sala et al., 2018; Huang
et al., 2021). In addition, fires and human‐derived land use changes are likely to release significant amounts of C
into the atmosphere (Loisel et al., 2021). Under these conditions, northern peatlands are projected to be a weaker
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C sink or switch to a C source by the end of the 21st century (Chaudhary et al., 2020; Spahni et al., 2013; Zhao &
Zhuang, 2023a).

These projections of northern peatlands are made using process‐based models such as LPX‐Bern 1.0 (Land
surface Processes and eXchanges model Bern version) (Spahni et al., 2013), ORCHIDEE‐PEAT (Organizing
Carbon and Hydrology In Dynamic Ecosystems, peatland version) (Qiu et al., 2021), LPJ‐GUESS (Lund‐Pots-
dam‐Jena General Ecosystem Simulator) (Chaudhary et al., 2017), HPM (Holocene Peatland Model) (Treat
et al., 2021) and PTEM 2.2 (Peatland Terrestrial Ecosystem Model) (Zhao & Zhuang, 2023a). However, one
common source of uncertainty of these models is the lack of a complete nitrogen cycle (Frolking et al., 2010;
Spahni et al., 2013; Zhao & Zhuang, 2023a). For example, LPX‐Bern 1.0 has included atmospheric N deposition
and other N inputs, vegetation N uptake, litterfall N and N mineralization (Spahni et al., 2013). PTEM 2.2 in-
cludes the same processes as LPX‐Bern 1.0, and also considers the N loss from water runoff (Zhao &
Zhuang, 2023a). 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 (the global Dynamic Nitrogen) model is developed
based on the LPJ‐DGVM (Lund‐Potsdam‐Jena Model Dynamic Global Vegetation Model) framework and
considers these N‐related processes missing in current peatland models, DyN is not designed to describe peatland
biogeochemical processes and was not applied to peatlands simulation (Xu & Prentice, 2008). Notably, higher N
availability could increase the productivity of woody plants, reduce that of Sphagnum, and increase the
decomposition rate of northern peatlands. With a lower N availability, the opposite trend is found (Gunnarsson &
Rydin, 2000; Ojanen et al., 2019; Song et al., 2018). With the incomplete N cycle, current peatland models are
limited in quantifying the past and future C budgets.

To address this knowledge gap, we embedded a complete N cycle to PTEM 2.2 and created an updated PTEM 2.3
(Figure 1). A simulation from 15 ka BP to 2100 was conducted with the revised model. The following questions

Figure 1. The N cycle in PTEM 2.3.
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are answered: (a) how did northern peatlands accumulate C and N during the Holocene (15 ka BP‐1990)? (b) How
will northern peatlands C and N fluxes and stocks respond to future climate change? (c) What is the threshold
temperature and precipitation for a pan‐Arctic sink and source shift? (d) How are the C and N stocks, fluxes and
thresholds different from the simulation without a complete N cycle?

2. Methods
2.1. PTEM 2.2 Overview

PTEM 2.2 is a version of the Terrestrial Ecosystem Model incorporated with the biogeochemical processes of
northern peatlands. PTEM 2.2 runs simulations on a monthly time step, and there are four plant functional types
(PFTs) considered: moss, herbaceous, shrubs and trees (Zhao & Zhuang, 2023a). In each month, the C seques-
trated by the ecosystem is allocated into four PFTs according to their relevant dominance, which is influenced by
water table depth (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 (Zhao, Zhuang, Treat, &
Frolking, 2022). In each month, a PFT‐specific fraction of plant C and N falls as litter and becomes input to soil
organic C and N pools. The soil C pool is divided into 1 cm layers. The bulk density, C density, fraction of
remaining original litter, and the C content of each layer are calculated. The bulk density of relatively unde-
composed peat is lower. With decomposition, the fraction of original peat decreases, and the bulk density
increases.

PTEM 2.2 simulates both aerobic and anaerobic decomposition. When the soil layer is not saturated, the
decomposition is aerobic and produces CO2. Otherwise, the decomposition is mainly anaerobic, and produces
mostly CH4 with limited amounts of CO2. PTEM 2.2 has a soil thermal module keeping track of the changes in
active layer depth (ALD). When the soil layer is frozen, there is no decomposition (Zhao, Zhuang, Treat, &
Frolking, 2022). Different from soil C, the soil organic N pool in PTEM 2.2 is not divided into layers. 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 (Zhao, Zhuang, Treat, & Frolking, 2022). In particular, the net N mineralization rate is
influenced by the soil C:N ratio and the intensity of microbial activity (surrogated by the soil C decomposition
rate).

PTEM 2.2 simulation is composed of two steps: WTD simulation and peat simulation. In the WTD simulation,
PTEM 2.2 estimates the WTD of the entire grid cell (0.5° × 0.5°). Each grid cell is then divided into 100 sub‐grid
cell bins with topographic wetness index (TWI) values. As an index showing the likelihood of water flowing into
the area of interest, higher TWI values correspond to higher probability of flooding and shallower WTD.
Thereafter, the WTD in each bin can be estimated by the grid‐cell average WTD and the bin‐specific TWI via a
TOPMODEL approach. The interpolated WTD is used as the input for peat simulation for four purposes: (a)
determining the boundary of aerobic and anaerobic decomposition; (b) estimating soil moisture; (c) calculating
the amount of run off and baseflow which carry away N; (d) adding additional run‐on with dissolved mineral N
when the precipitation alone is not sufficient to maintain the input WTD (Zhao & Zhuang, 2023a). After the peat
simulation, the peatland area is calculated by counting the number of bins with long‐term WTD shallower than
25 cm and peat thickness higher than 30 cm.

The N cycle influences the C cycle in PTEM 2.2 with two key carbon fluxes: net primary productivity (NPP) and
decomposition. In each month, NPP is computed for each PFT. The N limit on NPP is calculated by the C:N ratio
of PFT. When the plant C:N ratio reaches the PFT‐specific maximum, there is no sufficient N to support addi-
tional C assimilation, thereby NPP is the lowest. On the contrary, when the plant C:N ratio reaches the PFT‐
specific minimum, NPP is the highest. The C:N ratio is not only determined by the C and N amount in the
existing plant tissue but also by 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 the PFT's maximum, the plants can still assimilate C by additional N
uptake. The rate of PFT N uptake is influenced by the amount of available mineral N in the soil. In terms of
decomposition, PTEM has PFT‐specific decomposition rates at 0°C as the key parameter. These parameters are
influenced by the C:N ratio of the litter, that is, the 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.
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2.2. Revisions to PTEM 2.2

The existing N flows in PTEM 2.2 include mineralization, run‐on/run‐off, vegetation N uptake and N litterfall. On
top of the existing N flows, PTEM 2.3 adds nitrification, denitrification, N flow via vertical water flow, gas
emission, N fixation, and N deposition (Figure 1).

The N pool in PTEM 2.2 is divided into PFT vegetation N pools, the soil organic N pool and the mineral N pool.
This structure remains the same in PTEM 2.3 but with finer divisions. In particular, the mineral N pool is divided
into three layers following the hydrology structure of PTEM 2.3. In each layer, the organic and mineral N are
interconvertible via mineralization and immobilization. The direction of interconversion is primarily controlled
by the soil C:N ratio, such that both mineral and organic pools are not depleted. In each layer, the mineral N pool is
further divided into NH4

+, NO3
− and NO2

− pools (Figure 1). The NH4
+ and NO3

− pools in the top two hydrology
layers compose the available N pool. In each month, each PFT uptakes N from the available N pool. In PTEM 2.3,
the algorithms of how N limits NPP and affects decomposition remain the same as PTEM 2.2. The details of
model revision are provided in Text S1 in Supporting Information S1. Same as PTEM 2.1 (Zhao, Zhuang, &
Frolking, 2022), 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. The model flux 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 a better understanding of various N pools
and fluxes, (b) NPP and decomposition based on the revised N availability, and (c) N2O emissions such that the
whole budget of peatland greenhouse gas (GHG) emissions can be derived.

2.3. Model Simulation and Post‐Processing

The model was parameterized in terms of (a) the soil C:N ratio determining the balance between mineralization
and immobilization, and (b) the spatially explicit monthly maximum C assimilated by the ecosystem. The
parameterization method is provided Text S2 in Supporting Information S1. The historical model input (15 ka BP‐
1990) was derived from TraCE 21ka dataset (He, 2011) and the future inputs were 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.
Among many CMIP5 data products, the IPSL‐CM5A‐LR dataset shows low biases when compared to the his-
torical data in Eurasia and North America (Miao et al., 2014; Sheffield et al., 2013). However, IPSL‐CM5A‐LR
predicts extreme warming in RCP 8.5, thereby the bcc‐csm1‐1 dataset was also selected as a milder projection.
The climate projections of these two models were able to cover a range of CMIP5 models (Miao et al., 2014;
Palmer et al., 2018). A simulation was conducted with both forcings by PTEM 2.2, which has been implemented
with the limited N cycle. The previous simulation, conducted until 2300, used both CMIP5 datasets, chosen for
their coverage until 2300 and three warming scenarios. In this study, we used the same forcing for a revised PTEM
2.3 to ensure that the role of the N cycle can be analyzed by comparing the two simulations. Both the historical
(15 ka BP‐1990) and two CMIP5 forcings (1990–2100) were corrected by the CRU dataset. The processing of the
historical and future model inputs is documented Text S3 in Supporting Information S1. The correction of CMIP5
forcing ensures that the differences in future C and N dynamics are derived from the different levels of warming in
the future but not the difference in these forcings in the past.

In order to estimate 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 was first used to simulate the WTD of each grid cell from 15 ka BP to 2100. This
simulation was conducted six times–twice for each set of future CMIP5 forcing, corresponding to three
warming scenarios. In consistent with PTEM 2.2, the simulated grid cell WTD was used to estimate the
dynamic wetlandWTD via a TOPMODEL approach. Notably, in this study, peatland extent during 1990–2100
was assumed to be constant for two reasons: First, PTEM 2.2 simulation indicated less than 0.1Mkm2 change
in peatland area during 1990–2100 (Zhao & Zhuang, 2023). Second, projecting peatland area change requires
simulation of millions of bins, which consumes a significant amount of computational resources. As peatland
area change was not considered, the spatially explicit wetland WTD was estimated from the averaged TWI of
all wetland bins in each grid cell. This simplification reduced the number of simulations from the number of
bins (millions) to the number of grid cells (around 25,000).
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2. Preliminary PTEM 2.3 simulation: the wetland WTD derived from step 1
was used as an input to this simulation. This simulation was conducted
only once for the past (15 ka BP‐1990). The output gives information on
the spatially explicit final peat thickness n (cm) in 1990 and the year i (BP)
when peat thickness first exceeds a given value m (cm, m = 0, 1, 2, … n).
In an earlier study, we established a pan‐Arctic peat expansion trend from
observation records, that is, the relationship between year i (BP) and
relative peatland abundance A (0 in 15 ka BP and 1 in 1990) (Zhao,
Zhuang, & Frolking, 2022). This trend was assumed to be applicable to
each pan‐Arctic grid cell; therefore, a spatially explicit peat expansion
trend until 1990 can be described by the relationship between m (cm,
m = 0, 1, 2, … n) and A (0–1) (Zhao, Zhuang, & Frolking, 2022).

3. Final PTEM 2.3 simulation: the spatially explicit peat expansion trend
from step 2 and wetland WTD from step 1 were both inputs to this
simulation. This simulation was conducted six times covering 15ka BP‐
2100.

The simulation results of step 3 were analyzed in terms of (a) historical C and
N accumulation and GHG emissions; (b) future organic and mineral N dy-
namics and their impact on C dynamics; (c) future GHG emissions and C
budget; (d) the threshold temperature and precipitation when northern peat-
lands' likelihood of being a net C source is greater than 0.5. The threshold
temperature and precipitation were calculated using the same method as the
PTEM 2.2 simulation (Zhao & Zhuang, 2023a). Table 1 provides the
threshold calculated from forcing data and model outputs during 1990–2100,
while Table S3 in Supporting Information S1 provides the result from long‐
term forcing and outputs, that is, 15 ka BP‐2100.

The radiative forcing (RF) of peatlands GHG fluxes was calculated to eval-
uate the effect of northern peatlands on climate. The estimation of RF was
derived from the impulse‐response model designed for peatlands (Dommain

et al., 2018). This model divides CO2 fluxes into five pools by their lifetime, and CH4 fluxes are 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 m− 2 ppb− 1), an indirect multiplier of GHG and the con-
verter between GHG emissions (Tg) to ppb are required. These parameters are given for the CO2 and CH4 pools
but not the N2O pool (Dommain et al., 2018). Therefore, we assumed N2O flux to be an entire pool. The N2O
parameters such as lifetime (121 years), radiative efficiency (3 × 10− 3 W m− 2 ppb− 1), and the indirect effect
multiplier (1) are given in Myhre et al. (2013). The unit converter is 7.65 Tg N2O per ppb, as derived from
Denman et al. (2007). Notably, the RF estimated by the impulse‐response model describes the cumulative effect
of peatlands on climate since 15 ka BP. The RF in a year is not only influenced by the newly released/absorbed
GHG but also by the long‐term balance of CO2 fluxes. Therefore, in a year when the peatlands temporarily act as a
net eCO2 emitter, they could still have a negative RF due to the remaining cooling effect of the previous
absorbed CO2.

3. Results
3.1. Holocene N Dynamics

The total N stock in northern peatlands is controlled by four N fluxes: N fixation, N deposition, N gas emission
and N loss through water flow (Figure 2a). 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 m− 2 yr− 1, 0.69 ± 0.09 gN m− 2 yr− 1 and
0.24 ± 0.06 gN m− 2 yr− 1, respectively. On average, the water flow carries more N out than carrying in, and the N
loss rate through water flow shows a slight increase trend until around 6 ka BP then stabilizes. This indicates the
expansion of the mineral N pool size at the regional scale and the stabilization after around 6 ka BP, that is, the

Table 1
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− 1) 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

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 –a –a 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
aAn effective threshold can not be identified.
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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 yr− 1.

Although all these N fluxes are inorganic, the input N is mostly converted to and stored as organic matter (both
vegetation and soil, Figure 2b). In particular, mineral N is converted into organic N via vegetation N uptake, and
the reverse process is the positive net Nmineralization (Figures S3a and S3b in Supporting Information S1). Since
the vegetation N uptake rate is generally higher than the net N mineralization rate (1.53 ± 0.20 vs.
1.08± 0.28 gNm− 2 yr− 1), a net conversion frommineral to organic N is simulated. Furthermore, the vegetation N
uptake rate and litter N fall rate are close, indicating that most of the system input N is transferred from the
vegetation N pool to the soil organic N pool (Figure S3c in Supporting Information S1). Therefore, the total N
pool size depends on the soil organic N amount that is determined by the input (i.e., litterfall N) and output (i.e.,
conversion to mineral N). With higher temperature and precipitation, more organic N is converted to mineral
form, leading to higher plant‐available mineral N, and thereby higher plant N uptake. As a result, the trends of net
N mineralization, vegetation N uptake and litterfall N are highly consistent with each other (Figures S3 and S4 in
Supporting Information S1). Since litterfalls tend to override net N mineralization in our simulation, a continuous
increase in the soil organic N is found (Figure 2b), this increase is faster when litterfall N increases faster than net
N mineralization rate, and vice versa. As a result, a slower N stock increase is simulated around 8ka BP and
recovered since 7 ka BP (Figure 2b).

Although the simulation starts in 15 ka BP, the major increase in SON stock is not found until 11–12 ka BP
(Figure 2c). The estimated soil organic N stock is 7.8 Pg. On a 500‐year bin basis, the pan‐Arctic peatlands N
accumulation rate (NAR) range is 0.25–0.54 gNm− 2 yr− 1, and the long‐term NAR is 0.45 gN m− 2 yr− 1. The 500‐
year NAR on a unit area from 10 ka BP to 2 ka BP generally decreases, while the regional SON accumulation
stock accelerates. The discrepancy indicates that the accelerating SON stock change is primarily driven by the
regional peatland expansion.

Figure 2. Time series of (a) N fluxes through BNF, deposition, gas emission and water flow; (b) changes in organic, mineral
and total N stock; (c) soil organic C and organic N stock; (d) regional N2O emission; (e) regional soil heterotrophic
respiration (RH) and CH4 emission; (f) the radiative forcing of northern peatlands.
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3.2. Holocene C Dynamics and the Radiative Forcing

The temporal trend of SOC is consistent with that of SON (Figure 2c). The estimated soil organic C stock is
408 Pg C. Since the soil N stock is predominantly organics, the C:N ratio can be approximated by the organic C:
organic N ratio, which is 52.26. On a 500‐year bin basis, the pan‐Arctic peatlands C accumulation rate (CAR)
range is 11.40–27.65 gC m− 2 yr− 1, and the long‐term CAR is 23.43 gC m− 2 yr− 1. Consistent with the temporal
trend of SON, the accelerating SOC stock change during 10‐2 ka BP is also driven by the regional peatland
expansion. The hotspots of C and N accumulations are spatially consistent (Figures 3b and 3d).

As soil C and N accumulate in northern peatlands, the GHG emissions increase simultaneously (Figures 2d and
2e). Notably, N2O emissions are influenced by the mineral N stock on the unit area basis. The mineral N pool size
on the unit area basis increases before 8ka BP, stabilizes during 8‐6 ka BP and decreases slightly after 6 ka BP
(Figure S5 in Supporting Information S1). Meanwhile, the northern peatlands expand. As a result, N2O emissions
increase until around 6 ka BP and stabilize afterward. During the Holocene, northern peatlands always act as a C
sink and have a net cooling effect on the global climate (Figure 2f). This cooling effect amplifies as more C is
sequestrated into the soil. In particular, the cooling effect is mainly driven by net ecosystem exchange (i.e., NEE,
net CO2 uptake), with CH4 emissions having warming effects and N2O emissions having minor warming effects
(Figure S6 in Supporting Information S1). Notably, a rapid increase in the GHG emission rate is simulated since
around 1870 (Figure S7 in Supporting Information S1). After over 100 years of increasing, by 1990, the simulated
regional N2O, soil heterotrophic respiration (RH) and CH4 emissions are 56.30 GgN yr− 1, 327.35 TgC yr− 1 and
47.97 TgC yr− 1, respectively. Due to the increase in cumulative C sequestration, northern peatlands show slightly
increased RF, reaching − 0.57 W m− 2 by 1990.

3.3. N Fluxes, N Stocks and the Influence on NPP During 1990–2100

As the climate warms, all N fluxes are more intensive, with the N loss via water flow increasing more than the
other pathways (Figure 4). Under the RCP 2.6, northern peatlands are a N sink. Under the RCP 4.5, northern
peatlands maintain an 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. Notably, in all
scenarios, the mineral N stock is consistently increasing (Figure 4, Table S2 in Supporting Information S1). 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 rate

Figure 3. (a) Comparison of 500‐year C accumulation rate (CAR) between this study and Loisel et al. (2014), Nichols and
Peteet (2019) and Zhao, Zhuang, and Frolking (2022). (b) Spatially explicit long‐term CAR per unit peatland area
(gC m− 2 yr− 1). (c) Comparison of 500‐year N accumulation rate (NAR) between this study and Loisel et al. (2014).
(b) Spatially explicit long‐term NAR per unit peatland area (gN m− 2 yr− 1).
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than vegetation N uptake rate (Figure S11 in Supporting Information S1, Figure 4). 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 (Figures S12 and S13 in Supporting Information S1).
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 (Table S2 and Figure S14 in Supporting Information S1).
As a result, the total N pool increases by 0.1–0.2 Pg N under all scenarios, with hotspots in eastern Eurasia and
North America arctic (Figures S15 and S16 in Supporting Information S1). Under the expanded mineral N pool
and higher temperature, we estimate that during the 21st century, N2O emissions will increase by 30.5–37.4,
48.6–95.7 and 189.3–277.8 Gg N yr− 1 under the RCP 2.6, RCP 4.5 and RCP 8.5, respectively (Table S2 and
Figure S14 in Supporting Information S1). However, the contribution of N2O emissions to future warming is
minor due to the relatively small amount (Figure S22 in Supporting Information S1).

3.4. C Fluxes, C Stocks and the Radiative Forcing During 1990–2100

With the warmer climate and higher mineral N content, the vegetation N uptake increases, thereby stimulating
NPP (Figure 4 and Figure S17 in Supporting Information S1). The correlation coefficient (R2) between N uptake
and NPP is 0.45–0.84, depending on the warming scenario (Figure 4). During 2000–2100, regional NPP increases
by 12–33.6, 57.7–62.9 and 86.5–100.1 TgC yr− 1 under the RCP 2.6, RCP 4.5 and RCP 8.5, respectively (Table S2
in Supporting Information S1).

As C sequestration increases, the C emissions are also more intense (Figure 5). From 2000 to 2100, under the RCP
2.6, RCP 4.5 and RCP 8.5, RH increases by 38.9–59.5, 71.0–160.6 and 281.4–351.4 TgC yr− 1, respectively, while
the increase of CH4 emissions is 8.9–11.7, 19.0–42.2 and 101.5–142.3 TgC yr− 1, respectively (Table S2 in
Supporting Information S1). 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

Figure 4. Time series of N fluxes (top panel), changes in organic and mineral N stocks (middle panel) and vegetation N uptake and net primary productivity (bottom
panel) during 1990–2100.

Global Biogeochemical Cycles 10.1029/2023GB007978

ZHAO AND ZHUANG 8 of 15

 19449224, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

B
007978 by Purdue U

niversity L
ibraries, W

iley O
nline L

ibrary on [27/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



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 (Figure 5, Table S2 in Supporting Information S1).

We estimate that with 1°C annual temperature increase, the northern peatlands C sink capability decreases by
14.6–48.9 TgC yr− 1, and the correlation is better when warming is severe (Table 1). With a 1°C annual tem-
perature increase, the precipitation under IPSL‐CM5A‐LR increases less than under bcc‐csm1‐1, while the
opposite is found in C sink capacity (Table 1). This indicates that peatland C sink capacity prefers high‐moisture
conditions.

We calculated the threshold temperature, precipitation and unfrozen day number to shift a C sink to a source for
northern peatlands. Relatively high R2 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 bcc‐csm1‐1 + RCP 8.5). Under these three sce-
narios, when calculating only from the forcings and the model outputs during the 21st century, the threshold
temperature is − 2.2 to − 0.5°C, the threshold precipitation is 487.2–507.6 mm∙yr− 1, and the threshold unfrozen
day number is 193–213 (Table 1). When northern peatlands occasionally act as a C source shortly before the 21st
century, the threshold temperature and precipitation are also calculated from the long‐term forcings and the model
outputs during 15ka BP‐2100. The thresholds are similar to the temperature of − 2.2 to − 0.1°C, and the pre-
cipitation of 487.2–524.4 mm yr− 1 (Table S3 in Supporting Information S1).

Under all scenarios, the RF of northern peatlands remains negative, indicating a cooling effect persists despite the
warming background (Figure 5). During 2000–2100, the northern peatlands RF increases by 0.1, 0.1–0.2 and 0.3–
0.5 W m− 2 under the RCP 2.6, RCP 4.5 and RCP 8.5, respectively (Table S2 in Supporting Information S1),
indicating there is a reduced negative effect of northern peatlands on future warming. Under all scenarios, the RF
derived from CO2 flux is stable and N2O emissions have minor effects on the total RF (Figure S22 and Table S4 in
Supporting Information S1). Therefore, the increase in RF is mainly driven by the higher emissions of CH4, which

Figure 5. Time series of soil heterotrophic respiration (RH), CH4 emissions, C stock and radiative forcing of northern
peatlands during 1990–2100.
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has a shorter lifetime (Myhre et al., 2013) and responds to the climate change swiftly (Figure S22 in Supporting
Information S1). In particular, the RF derived from CH4 emissions contributes to 93%–100% of RF increase
during 2000–2050%, and 90%–99% of RF increase during 2050–2100 (Table S4 in Supporting Information S1).

4. Discussion
4.1. Holocene C and N Dynamics

By 1990, our simulated northern peatlands soil C stock is close to the estimation from PTEM 2.1 (408 Pg C vs.
404 Pg C) (Zhao, Zhuang, & Frolking, 2022), Qiu et al. (2019) (408 Pg C) and Hugelius et al. (2020) (400 Pg C).
The estimated soil organic N stock (7.8 Pg N) is within the range of 10 ± 7 Pg N reported by Hugelius
et al. (2020). Our estimated soil C:N ratio is slightly lower than the values from Loisel et al. (2014) (52.3 vs.
55 ± 33) and higher than the values from Hugelius et al. (2020) (52.3 vs. 41.5). Notably, the simulated C:N ratio
has a much smaller standard deviation compared to the values from Loisel et al. (2014) (8.4 vs. 33). As the peats'
C:N ratio highly varies by their botanical origin (Loisel et al., 2014), this difference indicates that the PFT
variation in the observation could be higher than in the simulation.

The long‐term CAR of pan‐Arctic peatlands is similar to the estimation from PTEM 2.1 (23.43 gC m− 2 yr− 1 vs.
22.9 gC m− 2 yr− 1) (Zhao, Zhuang, & Frolking, 2022), and agrees with the observed or simulated values from the
literature (17.3–26.1 gC m− 2 yr− 1) (Chaudhary et al., 2020; Loisel et al., 2014; Turunen et al., 2002; Yu
et al., 2009). The temporal trend of 500‐year CAR from this study is generally consistent with Loisel et al. (2014),
Nichols and Peteet (2019) and Zhao, Zhuang, and Frolking (2022) (Figure 3). In the PTEM 2.1 simulation (Zhao,
Zhuang, & Frolking, 2022), where a complete N cycle was not considered and the wetland WTD was not derived
from TOPMODEL, the simulation result was closer to Loisel et al. (2014). However, in this study, the simulated
CAR is closer to Nichols and Peteet (2019). The temporal trend of 500‐year NAR is consistent with Loisel
et al. (2014), and the long‐term NAR is close (0.45 gN m− 2 yr− 1 vs. 0.5 ± 0.04 gN m− 2 yr− 1) (Figures 3a and 3c).

The cooling effect of northern peatlands amplifies as more C is sequestrated into the soil, which is consistent with
previous studies (Dommain et al., 2018; Frolking & Roulet, 2007). Our estimated RF by 1990 (− 0.57 W m− 2) is
close to − 0.2 to − 0.5 W m− 2 estimated by Frolking and Roulet (2007). The discrepancy could be due to the
divergent peatlands C pool estimates between these models and the differences in the impulse‐response model
parameters used to calculate RF (Dommain et al., 2018).

4.2. N Dynamics Under Future Warming

Our estimated BNF during 2010–2020 (0–2.88 gN m− 2 yr− 1, with an average of 1.12 gN m− 2 yr− 1) is close to the
observed range during the same period (0.01–3.5 gN m− 2 yr− 1) (Patova et al., 2020; van den Elzen et al., 2020).

Our estimation of recent N2O emissions is supported by the literature. In particular, during 2009–2013, obser-
vations of N2O emissions have a range of 0–3.1 gN·m− 2 (Audet et al., 2013; Dinsmore et al., 2009), while our
estimated N2O emission rate is 0–2.88 gN m− 2 yr− 1. At regional scales, N2O emissions are estimated to be 30–
100 Gg N yr− 1 in the early 1990s, while our estimation is 58.63–61.35 Gg N yr− 1 during the same period
(Martikainen et al., 1993). Our estimated N2O emissions increase as the mineral N pool expands (Figure S14 and
Table S2 in Supporting Information S1). Consistent with this study, Gong et al. (2019) suggests that warming
alone has limited effect on the N2O emissions in boreal peatlands, while more abundant mineral N content could
increase N2O emissions. Similarly, N2O emissions are reported to peak after N fertilization in Swedish bogs
(Lund et al., 2009). In addition, permafrost thaw (i.e. reduced permafrost area and deepening ALD, Figures S8–
S10 and Table S2 in Supporting Information S1) is simulated during warming, leading to a higher amount of N
taking part in nitrification and denitrification, and benefits N2O emissions (Voigt et al., 2020). However, both this
study and Hugelius et al. (2020) find a minor contribution of N2O emissions to the future RF variation.

4.3. Effects of N Cycling on Future C Dynamics

Compared with the PTEM 2.2 simulation with no complete N cycle, this study projects higher NPP in the future
(Zhao & Zhuang, 2023a). Both studies use the same forcings and N limiting effects on productivity algorithms.
Therefore, this difference in NPP should be attributed to the higher N availability in this study. In other words,
adding the N fluxes via fixation, deposition, gas emission, and water transportation to the model eventually
expands the available mineral N pool size under the warming climate. An indirect effect of more abundant N is
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that higher NPP stimulates CH4 emissions (Zhao, Zhuang, Treat, & Frolking, 2022). Compared with PTEM 2.2
(Zhao & Zhuang, 2023a), the CH4 emissions by 2100 are higher in this study by 12.8–68.0 TgC yr− 1. Notably, the
increase in CH4 emissions is not solely due to the higher productivity but also driven by the effect of WTD
dynamics and temperature increase. Previous simulations indicate that northern peatlands WTD will be deeper
during the 21st century, which has a negative effect on CH4 emissions (Evans et al., 2021; Zhao &
Zhuang, 2023a). However, our results indicate that the positive effect of warming and NPP will override the
negative effect of deeper WTD, and thereby CH4 emissions will still increase.

Compared with the previous simulation (Zhao & Zhuang, 2023a) with both forcings, the CAR in the 21st century
is consistently higher in this simulation with the N cycle (Figures S20 and S21 in Supporting Information S1). In
particular, in the higher latitudes, the CAR with the 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 CARwith the N cycle, the N
cycle increases regional average CAR by 2.5–16.3 gC m− 2 yr− 1. As the climate warms up in the late 21st century,
the delta CAR becomes higher, indicating the increasing importance of the N cycle under future warming in C
cycling (Figures S20 and S21 in Supporting Information S1). Under the effect of N cycling, this study projects
that there is a higher threshold temperature determining northern peatlands C sink‐source conversion (− 2.2 to
− 0.5°C vs. − 2.9 and − 2.1°C), and the projected conversion is delayed (Zhao & Zhuang, 2023a).

4.4. C Dynamics and Radiative Forcing Under Warming

Future CO2 emissions increase because of the higher temperature, WTD drawdown and PFT shift. In particular,
the expansion of woody plants, which are more susceptible to decomposition, is simulated by PTEM 2.2 as WTD
draws down in the 21st century (Zhao & Zhuang, 2023a). As the futureWTD in PTEM 2.2 and 2.3 is simulated by
the same technical routine, and the influence of WTD on PFT dominance is the same, these explanations of CO2

emissions increase in PTEM 2.2 are also applicable to PTEM 2.3.

We project that northern peatlands remain C sinks under milder warming scenarios but will convert to sources
under relatively severe warming (Figure 5, Table S2 in Supporting Information S1). This projection agrees with
the result from Qiu et al. (2020). Under all scenarios, the warmer climate (i.e., higher temperature and precipi-
tation) linearly correlates with less C sink capability of pan‐Arctic peatlands (Table 1). Therefore, as the tem-
perature increases, CAR generally decreases. Similarly, Chaudhary et al. (2020) estimate lower CAR as the
temperature increases, while the northern peatlands are still C sinks until 2100 under the RCP 8.5 in their study.

Our simulated results indicate that the warmer lower latitude regions first switch to C sources (Figures S18 and
S19 in Supporting Information S1). Similarly, Gallego‐Sala et al. (2018) project that with the increases in
respiration overriding the increases in productivity, lower‐latitude northern peatlands first switch to a net C
source. In addition, the permafrost southern boundary is more vulnerable to thawing, as suggested by our study
(Figures S9 and S10 in Supporting Information S1) and Hugelius et al. (2020). In PTEM, when permafrost thaws
or degrads in the southern boundary, the previously frozen peat starts to decompose. However, the C loss via SOC
dissolving and outflowing is not considered in PTEM 2.3, which is argued to be a significant C loss pathway for
permafrost peatlands (Hugelius et al. (2020).

This study chooses 15 ka BP as the start point of RF calculation. As a result, the RF in 2100 remains negative
(Figure 5). This is different from the common approach of choosing 1750 CE as the starting point, in which case
the post‐industrialization RF is positive (Forster et al., 2007). Despite the difference in methods and values, this
study finds RF being relatively stable during 1750–1870 CE and starting to increase since 1870 CE, which re-
mains consistent with the literature (Myhre et al., 2013).

This study emphasizes the predominant role of CH4 emissions in the future RF. In agreement with this study, Qiu
et al. (2021) project an increased warming effect from CH4 emissions during 1990–2100. Similarly, Hugelius
et al. (2020) suggest that the main driver of GHG forcing is CH4 emissions under warming and the permafrost
thaw. At the site level, CH4 emissions account for 60%–85% of the total CO2 equivalent emissions in a drained
coastal wetland (Gatland et al., 2014). Notably, revising the N cycle of PTEM increases CH4 emissions in 2100 by
30%–59% (Zhao & Zhuang, 2023). This result indicates a significant influence of the N cycle on northern
peatlands' future response to the warming climate.
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4.5. Uncertainty Sources and Limitations of PTEM 2.3

The first uncertainty source of PTEM 2.3 in simulating regional N fluxes is fromBNF. Until now, the mechanisms
of northern peatlands BNF are still not well‐understood (Yin et al., 2022). The inadequate number of BNF
observation limits (a) the reliability of PTEM 2.3 parameterization and (b) the comparison between the model and
observations. However, BNF contributes to 31.2 ± 2.4% of total mineral N inputs during the Holocene, and
29.6 ± 3.9% and 33.1 ± 1.2% during the 21st century (Figures S23 and S24 in Supporting Information S1). As a
result, the BNF‐derived uncertainties significantly influence the estimation of the available N amount and NPP.

The second uncertainty source is N deposition. N deposition contributes to 27.5 ± 6.3% of total mineral N inputs
during the Holocene, and 21.0 ± 3.6% and 24.2 ± 1.3% during the 21st century (Figures S23 and S24 in Sup-
porting Information S1). PTEM 2.3 does not consider the elevated dry deposition due to human activities (Reay
et al., 2008). With that considered, the mineral and available N amount will increase. Consequently, NPP will
increase.

The third uncertainty source is the N flux via water flow. This process is not only influenced by the N con-
centration in the water but also by the run‐on and runoff intensity. However, the latter is challenging to be
quantified at the pan‐Arctic scale. As one of the major N loss pathways (33.3 ± 6.3% during the Holocene and
40.6 ± 4.3% and 43.5 ± 6.5% during the 21st century, Figures S23 and S24 in Supporting Information S1), the
underestimation of run‐on or the overestimation of runoff will cause the underestimation of the available N pool,
and vice versa.

All the listed uncertainties influence the estimation of N2O emissions indirectly by changing the amount of
mineral N (Gong et al., 2019). N gas loss contributes to 8.9 ± 2.0% of the total mineral N loss during the Ho-
locene, and 8.5 ± 0.5% and 10.8 ± 2.5% during the 21st century (Figures S23 and S24 in Supporting Informa-
tion S1). If there is an overestimation of N2O emissions, both N gas loss and RF will increase, and vice versa.

Three major limitations of PTEM 2.3 are identified. First, PTEM 2.3 does not consider disturbances such as
drainage or management practices. This is different from Forest‐DNDC (DeNitrification DeComposition), which
has been used for wetland GHG emission estimation (Li et al., 2005). Second, both DNDC and TRIPLEX‐GHG
have microbial biomass pools and keep track of nitrifiers and denitrifiers in the N pools (Li et al., 2005; Zhang
et al., 2017). PTEM 2.3 has simplified processes without these pools. Third, although this study emphasizes the
importance of CH4 emissions in northern peatlands' future RF, the CH4 emission mechanism in PTEM 2.3 is still
oversimplified. For example, ebullition and the detailed microbial activities that produce and consume CH4 are
not considered (Oh et al., 2020).

5. Conclusion
Northern peatlands have been a C and N sink since their initiation. Amajor increase in C and N stocks is simulated
since 11–12 ka. By 1990, northern peatlands are simulated to store 408 Pg C organic C and 7.8 Pg N as organic N,
with a soil C:N ratio of 52.26. The long‐term CAR is 23.43 gC m− 2 yr− 1 and the long‐term NAR is
0.45 gN m− 2 yr− 1, both close to the observations. The N flows in and out of northern peatlands in mineral forms,
while mostly converts into organic forms through plant uptake and is stored as soil organic N through plant
litterfall. During the Holocene, as peat C accumulates, northern peatlands have a simulated increasing cooling
effect on the global climate system, reaching − 0.57 W m− 2 by 1990.

Under climate warming, the simulated N fluxes (i.e., N deposition, N fixation, N gas loss and net N runoff) all
become more intense. Meanwhile, higher net N mineralization rates are simulated under all scenarios, with a
warmer climate corresponding with more net organic to mineral N conversion. Therefore, mineral N content is
projected to increase under warming, which stimulates NPP. Furthermore, the N2O emissions increase as a result
of the higher mineral N content, thawing permafrost and the higher temperature.

As the projected NPP increases during warming, C emissions also increase. As a balance between NPP and C
emissions, northern peatlands are projected to be a C sink under RCP 2.6 with both forcings and RCP 4.5 with
bcc‐csm1‐1 forcing. Under the RCP 4.5 with IPSL‐CM5A‐LR forcing and RCP 8.5, the conversion from a C sink
to a source is simulated. Northern peatlands are likely to switch to a source when the annual temperature reaches
− 2.2 to − 0.5°C.
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The estimated RF of northern peatlands remains negative during 1990–2100 under all scenarios. However, with
the increase in GHG emissions, RF increases, and the cooling effect weakens. The increase of RF is mainly driven
by the higher emission of CH4. In comparison, the RF derived from CO2 fluxes is relatively stable until 2100, and
the RF derived from N2O emissions is minor. Our modeling study highlights the importance of the N cycle in
quantifying the C balance in northern peatlands under climate change and future CH4 emissions from these
ecosystems in affecting the climate system.

Data Availability Statement
The model codes and output data used in this manuscript can be accessed in Purdue University Research Re-
pository Zhao and Zhuang (2023b) (https://purr.purdue.edu/publications/4241/1).
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