
1. Introduction
Northern high latitude permafrost region contains 472–496 Pg C in the top 1 m soil layer (Hugelius et al., 2014; 
Köchy et al., 2015), and northern peatlands contain 415 ± 150 Pg C (Nichols & Peteet, 2019; Turunen et al., 2002). 
Peatlands initiate when ecosystem productivity persistently exceeds decomposition under wet conditions (Jones 
& Yu, 2010). After the Last Glacial Maximum (LGM, 21 ka BP – 18 ka BP), the warming climate led to ice 
sheet and glacier retreat and exposed land that had been covered by ice (MacDonald et al., 2006), allowing peat-
land formation in large expanses of low-lying areas such as the West Siberian Lowlands and the Hudson Bay 
Lowlands. Many studies suggest a majority (90%) of existing peatlands initiated during 12–8 ka BP or 13 – 8ka 
BP, when climate was warmer and more land was free from ice (Gorham et al., 2007).

Although undisturbed peatlands are generally C sinks, anthropogenic disturbance and climate change may switch 
peatlands into C sources (Frolking et al., 2011). For example, although higher net C uptake is simulated for Alas-
kan North Slope during 1950–2100 under RCP 8.5 (Tao et al., 2021), northern permafrost non-growing season 
CO2 emissions (respiration) will increase under warmer climate (Natali et al., 2019), and peatland growing-season 
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CO2 emission will enhance under water-table drawdown (Huang et al., 2021). Deepening water table is partially 
caused by warmer climate (Huang et al., 2021), and anthropogenic drainage can also contribute to this process. 
Drainage not only enhances CO2 emission from peatlands, but also increases the C loss from wildfires (Qiu 
et al., 2021; Turetsky et al., 2011). In addition to CO2 emission impacts, CH4 emissions can also increase by 
different ratios as permafrost thaw exposes previously frozen soil to anaerobic or aerobic decomposition (O’Don-
nell et al., 2012; Turetsky et al., 2002). In particular, the southern part of the northern hemisphere permafrost 
region (discontinuous and sporadic permafrost) is most vulnerable to permafrost thaw, which could contribute 
significant amount of C loss (Hugelius et al., 2020; Treat, Jones, Alder, et al., 2021). Although productivity also 
can increase with warmer climate and longer growing seasons under favorable moisture and nutrient conditions, 
decomposition is expected to increase more and northern peatlands are possibly a weaker C sink or C source by 
2100 and during 2100–2300 (Loisel et al., 2021).

To quantify peatland C stock at site to regional level and predict the possible response to climate change, a few 
process-based models which couple the effect of temperature, precipitation, vegetation shift, permafrost, and 
other factors have been developed. For example, LPJ-GUESS (Lund-Potsdam-Jena General Ecosystem Simu-
lator) has been used to simulate the C accumulation rate until 2100 (Chaudhary et  al.,  2017b). LPJ-GUESS 
simulated dynamical water table position (WTP) and assumed plant functional type (PFT) shifts according to 
WTP. The Holocene Peatland Model (HPM) has been used to simulate the development of peatland and the 
response of peatland permafrost to climate change (Frolking et al., 2014; Treat, Jones, Alder, et al., 2021).

Recently, a peatland version of the Terrestrial Ecosystem Model was developed to simulate tropical and North 
American peatland C accumulation during Holocene at both site and regional levels (Wang, Zhuang, & Yu, 2016). 
However, PTEM has several limitations on describing peatland processes. First, different from LPJ and HPM, 
there are single aggregate pools for soil C and N and for vegetation C and N in PTEM (Figure 1). Therefore, 
the C and N distribution among different PFTs, and differences in the way each PFT responds to environmental 
conditions cannot be simulated. However, since different PFTs differ in terms of their productivity, nitrogen 
requirements and litter decomposition rates, PFT dynamics could be an important factor influencing peatland 
C balance (Kuhry & Vitt, 1996; Oberbauer & Oechel, 1989; Williams & Flanagan, 1996). Second, PTEM does 
not simulate peat thickness or physical properties such as bulk density, or soil organic C content across the peat 
profile. When simulating peat decomposition processes, the amount of soil C that takes part in soil aerobic and 
anaerobic decomposition is unknown. To address this issue, PTEM assumes the fractions of total soil C under-
going soil aerobic and anoxic decomposition are constant (Wang, Zhuang, Yu, et al., 2016). Third, PTEM cannot 
simulate a shift in peatland type, that is, the switch between fen and bog. However, since many peatlands make 
this transition (Charman, 2002), and since fens usually have higher productivity and decomposition rates than 
bogs, ignoring this process could cause uncertainties in long-term C balance simulations. Finally, the soil thermal 
module (STM) in PTEM reads a constant initial soil profile as input every month, which makes the simulated soil 
temperature below around 1 m depth very insensitive with surface temperature. As a result, PTEM tends to fail to 
capture active layer depth (ALD) dynamics in long-term simulations in northern peatlands.

To improve PTEM representation of arctic peatlands ecosystems, here we further develop PTEM by (a) dividing 
the aggregated vegetation C and N pool into three plant functional type pools representing moss, herb and shrub; 
(b) adding peat thickness as a dynamic variable, in addition to peat C and N stocks; (c) adding functionality for a 
fen to bog transition process during peatland development; and (d) improving the calculation of the soil thermal 
profile. PTEM's PFT classes, algorithms for calculating peat thickness, and implementation of fen-bog transitions 
were partially derived from HPM (Frolking et al., 2010; Treat, Jones, Alder, et al., 2021). To evaluate the new 
PTEM, we use observational data of peat physics including their thermal and hydrological as well as carbon 
dynamics and conduct PTEM and HPM simulations at three sites including both fen and bog, permafrost and 
non-permafrost, to analyze model differences. We test the capability of the revised PTEM to describe peatland 
dynamics and compare PTEM simulations with HPM results through: (a) simulating the site-level dynamics 
of three different types of arctic peatlands from peat initiation to 1990 with PTEM and HPM; (b) testing the 
sensitivity of PTEM to temperature and precipitation and key parameters; (c) finding key variables controlling 
net primary production (NPP) and decomposition in both models, which are the two drivers controlling net peat 
accumulation and therefore net C exchange; (d) simulating peatland dynamics with both models at the three sites 
under multiple RCPs until 2300, and analyzing the mechanisms that cause differences in future projections.

Writing – original draft: Bailu Zhao
Writing – review & editing: Qianlai 
Zhuang, Claire Treat, Steve Frolking
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2. Methods
2.1. Overview

In the methods section, we first introduce the study sites and observational data that are used for the site-level 
simulation. Second, we describe the PTEM revisions in terms of plant functional types, peat accumulation and 
decomposition, fen to bog transition and soil thermal dynamics. Third, we provide a brief introduction to HPM 
and describe its differences from PTEM. Fourth, we introduce the model input data. Finally, we introduce the 
methods used to evaluate PTEM at the site level in terms of climate inputs and key parameter sensitivity, key 
controls of C balance and future simulation.

Figure 1. The structure of (a) the revised Peatland Terrestrial Ecosystem Model; and (b) the original Terrestrial Ecosystem 
Model.



Journal of Geophysical Research: Biogeosciences

ZHAO ET AL.

10.1029/2021JG006762

4 of 19

2.2. Study Sites and Observational Data

Three sites with different peatland types, continuous core profiles and sufficient C data were chosen for evalua-
tion of PTEM and comparison with HPM: Mariana Fen, about 300 km north of Edmonton, Alberta, Canada; Bear 
Bog near Cordova, AK USA; and Innoko Bog, about 150 km south of Koyukuk, AK, USA (Table 1). Mariana Fen 
vegetation is currently dominated by Sphagnum angustifolium, Andromeda polifolia, and Scheuchzeria palustris 
(Yu et al., 2014), and Innoko Bog vegetation is currently dominated by black spruce (Picea mariana) with the 
understory dominated by Sphagnum fuscum (Jones et al., 2017). Little vegetation information is available for 
the un-published Bear Bog site, but core data is available in the data set compiled by Loisel et al. (2014), which 
suggests Sphagnum presence. The long-term mean temperature of Innoko Bog (−4.7°C) is lower than the other 
two sites (−0.2°C, −0.9°C), which results in permafrost at Innoko (Table 1). Permafrost was not found when peat 
cores were collected at Mariana Fen and Bear Bog. Bear Bog has 3–4 times more precipitation than the other two 
sites (Table 1). The reconstructed coarse-resolution TraCE 21ka data set, which simulates monthly climate data 
from the Last Glacial Maximum to present using CCSM3 (He, 2011), shows that temperature and precipitation at 
the three sites have been stable since peat initiated (Figure S8 in Supporting Information S1).

2.3. PTEM Revisions

This study revised PTEM to have a better representation of PFT dynamics, peat accumulation and decomposition, 
fen-bog transition and soil thermal dynamics (Figure 1). The major improvements include: (a) the vegetation C 
and N pool is divided into three PFT C and N pools for moss, herb and shrub. The productivity of each PFT is 
a fraction of the ecosystem total productivity while the decomposition rate of the litter depends on the fraction 
of litter origin from each PFT; (b) peat thickness is simulated, and the decomposition process depends on the 
position of the peat layer relative to the water table or frozen depth; (c) a fen to bog transition is considered for 
arctic peatlands when peat thickness exceeds a specified threshold, and PFT productivity and decomposition 
parameters change after a fen-bog transition; (d) the soil thermal profile is initialized based on the long-term air 
temperature, and is updated in every month. Below we describe each of these improvements, and the details and 
equations are provided in the Text S1 in Supporting Information S1.

2.3.1. Plant Function Type Dynamics

In PTEM, there are three peatland PFTs: mosses, herbaceous plants and shrubs. These three PFTs were chose 
because they are the most common PFTs in arctic peatlands and have been included in both HPM and Lund-Pots-
dam-Jena General Ecosystem Simulator (Chaudhary et al., 2017a; Frolking et al., 2010). Notably, trees are also 
important in boreal peatlands and may be added in future PTEM revisions (Hanson et al., 2020). We assume that 
variation in herbaceous and shrub's relative productivity is primarily influenced by water table depth (WTD). 
However, as described in Raich et al. (1991), McGuire et al. (1992) and Zhuang et al. (2002), in original PTEM, 
total gross primary production (GPP) did not include the effect of WTD. Therefore, we apply a sigmoid function 
to describe the trend of three PFT's GPP in response to WTD. Different from herb and shrub, the dominance of 
moss is affected by both WTD and the abundance of vascular plants (i.e., vascular plants blocking incoming solar 
radiation). GPP calculated by original PTEM algorithm is partitioned into each PFT by their theoretical GPP if 
only influenced by water table.

Site 
name Core ID Latitude, longitude

Basal age 
(year BP)

Peatland 
type

Permafrost 
existence in 
coring year

Average annual 
temperature a 

(°C)

Average annual 
precipitation a 

(mm yr −1)
Coring 

year Source

Mariana Mariana_coreMF03-1 55.9°N, 112.9°W 7222 Poor fen N −0.9 470 2003 Yu et al. (2014)

Bear Bear_core1 60.5°N, 145.5°W 10357 Raised bog N −0.2 1560 2010 Unpublished b

Innoko ODO-INN-UD1 63.6°N, 157.7°W 6100 Raised bog Y −4.7 360 2009 Jones et al. (2017)

 aAverage annual temperature and precipitation are calculated by the model forcing data for the period between basal age and 1990.  bThe core for Bear bog was collected 
by Jonathan Nichols, and compiled in the database of Loisel et al. (2014).

Table 1 
Site Information
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In the original version, PTEM calculates the litter fall C, maintenance respiration, growth respiration and net 
primary production (NPP) of the entire ecosystem. After adding PFTs, the vegetation C pool is divided into moss 
C pool, herb C pool and shrub C pool (Figure 1). The C fluxes into each pool are calculated separately for each 
PFT, but the algorithms remain the same as described in Raich et al. (1991). Similarly, the vegetation N pool is 
also further divided into moss, herb and shrub N pools, and the fluxes into and out of each pool (e.g., litter fall 
N, vegetation N uptake, N mobilization by vegetation and N resorption by vegetation) are calculated separately. 
These algorithms are well documented by McGuire et al. (1992) and Raich et al. (1991) and remain the same in 
this study.

2.3.2. Peat Accumulation and Peat Decomposition

The peat accumulation process in PTEM is now similar to HPM, with peat being vertically divided into multiple 
layers. In each month, the litter input is added to the top layer while decomposition is calculated for all the layers. 
When total peat thickness is less than 5 cm, each layer is the peat deposition in one month. When the total peat 
thickness first exceeds 5 cm, the monthly layers are aggregated into 1 cm layers except for the top layer. Thereaf-
ter, for computational efficiency, peat thickness dynamics will be based on these 1 cm layers, instead of monthly 
layers. In each month, litter is added to the top layer while the other layers become thinner as peat decomposes. 
The thickness of all layers will be added up as the total peat thickness. Since the thickness of the layers are no 
longer 1 cm, the peat profile will be re-interpolated into 1 cm layers each month. The details of total thickness of 
peat calculation are in the Text S1 in Supporting Information S1.

2.3.3. Fen-Bog Transition

The PTEM simulated fen-bog transition can occur when the peat thickness exceeds a site-specific threshold 
(Frolking et al., 2010), which is usually estimated from the core profiles. If a peatland shifts from fen to bog, 
both its productivity and the decomposition rate of new litter decrease. This is at least in part, because in fens, 
nutrients come from both ground water and precipitation, while in bogs, nutrients only come from precipitation. 
Therefore, the change of water inflow could be an important factor of fen-bog transition. However, since PTEM 
does not include a run-on process, and a field record of run-on is not available for any of the study sites, the 
decline of productivity as fen switches to bog is simplified in PTEM to multiplying the maximum productivity 
and decomposition by a scalar. In addition to these changes, the pH value is also adjusted to a lower value (Table 
S2 in Supporting Information S1) after a fen transition into a bog, which influences the rate of CH4 production 
(Zhuang et al., 2004).

2.3.4. Peat Thermal Dynamics

The soil thermal module (STM) in PTEM is derived from a one-dimensional heat flow model (Goodrich, 1978). 
However, this module requires an initial soil thermal profile input, which used to be a set of fixed parameters 
(Zhuang et al., 2001). In this study, we initialize the soil profile according to the local climate. If the long-term 
average surface temperature exceeds 0°C, we initialize the thermal profile by assuming no permafrost existence, 
otherwise we assume permafrost exists. This is based on the review indicating that an isotherm of 0°C annual 
temperature approximately divides sporadic permafrost region and non-permafrost region in Norther America 
(Brown & Pewe, 1973). In addition, we assume the initial temperature at 10 m depth is the same as long-term 
surface average temperature. The detailed initialization equations are given in the Text S2 in Supporting Informa-
tion S1. After initialization, the soil thermal profile is updated monthly to adapt to local climate.

2.4. The HPM Model

HPM was designed specifically to simulate the interacting effects of peat profiles of temperature, moisture, 
anoxia, and litter quality on peat accumulation dynamics (Frolking et al., 2010). In HPM, peat profiles are tracked 
as annual cohorts, with each layer representing litter deposition in a year. In each month, the NPP of each PFT 
is calculated independently and added up as the total NPP of the ecosystem. Each year the above ground annual 
NPP is converted into the uppermost peat deposition layer while below ground (root) NPP is deposited into 
shallow peat layers depending on rooting depth, and when permafrost exists, also depending on the depth of 
the top soil layer that thaws in summer and freezes in fall, that is, active layer depth (ALD). HPM tracks mass 
loss of litter/peat, but does not partition this into CO2, CH4, and DOC decomposition products. We use here the 
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HPM-Arctic version of Treat, Jones, Alder, et al. (2021), which has a monthly time step, includes peat/soil freeze-
thaw dynamics, active layer simulation, and limits vegetation to three PFTs – sedge, shrub, and moss.

Different from PTEM, HPM includes run-on/run-off processes based on total peat height. However, PTEM does 
not consider run-on from the peatlands surrounding watershed (significant for fens), nor base run-off. Another 
major difference is that PTEM explicitly considers the influence of N availability on productivity and decompo-
sition. In PTEM, the available N for plants comes from N mineralization. However, in HPM, nitrogen cycle is not 
modeled (Figure S1 in Supporting Information S1).

2.5. Model Input Data

PTEM requires monthly temperature, precipitation, cloudiness and vapor pressure as climate inputs while HPM 
requires monthly temperature and precipitation. These climate data are derived from the TraCE 21ka data set 
(He, 2011). In this study, only the data between 15ka BP-1990 are used. The coarse-grid TraCE data are interpo-
lated to 0.5° × 0.5° grids with bilinear interpolation to match the resolution of PTEM. Since the TraCE data set 
does not include vapor pressure, the vapor pressure used in PTEM is calculated by:

𝑣𝑣𝑣𝑣 = 𝑟𝑟𝑟 × 6.107 × 10
7.5×𝑇𝑇

237.7+𝑇𝑇 

where 𝐴𝐴 𝐴𝐴𝐴𝐴 is the vapor pressure (hPa), 𝐴𝐴 𝐴𝐴𝐴 is the relative humidity in the TraCE data set (0–1), 𝐴𝐴 𝐴𝐴  is the air temper-
ature (°C). Thereafter, the monthly TraCE data are bias-corrected with CRU v4.03 data (Harris et al., 2014) for 
the overlapping time period of these two datasets (1900–1990). In particular, we calculated the January-Decem-
ber monthly average temperature, precipitation, cloudiness and vapor pressure of the two datasets, and used the 
difference of temperature, and the ratios of precipitation, cloudiness and vapor pressure as the bias. Then the 
TraCE monthly data were corrected by monthly biases.

In this study, in addition to paleo-simulations, a future simulation was also conducted for each site until 2300. 
From the many CMIP5-based future climate data products, in this study we selected the IPSL-CM5A-LR model 
product because: (a) it provides the climate data for both historical (1850–2005) and future periods (2006–2300); 
(b) it covers the future scenarios of RCP2.6, RCP4.5 and RCP8.5; and (c) among 24 CMIP5 models, it has one 
of the highest agreements with CRU data in terms of annual and seasonal average temperature, as well as the 
warming trend during 1901–2005 in Eurasia (Miao et al., 2014). Among 17 CMIP5 models, it has one of the 
lowest biases in terms of North America summer temperature and precipitation during 1979–2005 (Sheffield 
et al., 2013). Similar to the TraCE data set, the bias correction procedure was conducted for the future data set 
to match the CRU scale based on the overlapping time period of these two datasets (1900–1990). Therefore, 
the climate inputs for future simulations are composed of CRU-bias-corrected data from three datasets: TraCE 
data set (15 ka BP-1990), IPSL-CM5A-LR historical data set (1990–2005) and IPSL-CM5A-LR future data set 
(2006–2300).

In addition to the climate inputs, PTEM also requires annual atmospheric CO2 level as an input. The CO2 concen-
tration (ppm) during 15 ka BP-1990 was provided by TraCE data set (He, 2011), and the CO2 concentration for 
three future scenarios during 1990–2300 was provided by Meinshausen et al. (2011). Spatially explicit data of 
soil texture (percentage of silt, clay and sand; FAO-Unesco (1974)) and elevation (Zhuang et al., 2002) were also 
used for PTEM.

2.6. Site-Level Comparisons

2.6.1. Model Validation and Calibration

PTEM parameters related to model improvements presented above are provided in Table S2 in Supporting Infor-
mation S1 (parameters that apply to all three sites), and Table S3 in Supporting Information S1 (parameters cali-
brated for each site). The calibration was conducted with PEST (v17.2 for Linux). Because there is no available 
observations for C fluxes or soil physical properties at any of these three sites, we first validated PTEM by simu-
lating the Zackenberg fen in Greenland (López-Blanco et al., 2017). PTEM was calibrated against the flux-tower 
based ecosystem respiration, GPP (both 2008–2016) and observed soil temperature (2008–2016) and active layer 
depth (ALD) (2008–2015), the trends of observed variables agree with the trend of simulation (Figures S4–S7 
in Supporting Information S1). Therefore, PTEM can capture the soil temperature, ALD and fluxes at site level. 
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Notably, Zackenberg fen was not included in long-term simulations because there is no basal data and the peat 
thickness hardly exceeds 30 cm (López-Blanco et al., 2020). The soil temperature and ALD-related parameters 
used in Zackenberg fen was applied to the Mariana Fen, Bear Bog and Innoko Bog (Table S2 in Supporting Infor-
mation S1). However, for the three sites, the C-flux-related parameters such as the maximum C assimilated by the 
ecosystem (Cmax), heterotrophic respiration (RH) at 0°C for different PFTs (kd-pft), and the scalars of Cmax and kd-pft 
when fens transition to bogs were re-calibrated by age-peat thickness profiles derived from the core data (Table 
S3 in Supporting Information S1). In particular, in Bear Bog and Innoko Bog, the fens transitioned to bogs when 
the net C accumulation rate showed an obvious decrease. For each site, the simulation started in 15ka BP, but peat 
accumulation did not start until the site-specific basal date obtained from the core data.

For HPM, the adjusted parameters include maximum annual NPP, exponential decay rate of litter, exponential 
decline with depth in catotelm decomposition, the scalar of maximum annual NPP at fen-bog transition, run-on 
and run-off (Table S4 in Supporting Information S1). Similar to PTEM, these HPM parameters were adjusted to 
best approach the calibration result of PTEM, and also based on the age-peat thickness profiles. For each site, the 
simulation started at the basal date and peat accumulation was computed.

2.6.2. Sensitivity Analysis to Climate Forcing and Parameters

It is likely that the coarse temporal and spatial resolution of the TraCE 21ka data set doesn't capture the climate 
at these sites, and TraCE 21 ka dataset shows discrepancies with other climate model simulations at the regional 
level (Zhu et al., 2019). In order to address the uncertainty of historical climate input in PTEM, a sensitivity test 
on temperature and precipitation was conducted for the three sites. In particular, we created five sets of long-term 
(15 ka BP - 1990) temperature inputs: original, ±0.5°C and ±1°C, and five sets of long-term precipitation inputs: 
original, ±10% and ±20%. These generated 25 different combinations of temperature and precipitation inputs. The 
response of NPP, decomposition, total C accumulation to temperature and precipitation changes were analyzed. 
The results of forcing data uncertainty analysis are provided in the Text S2 in Supporting Information S1.

In addition to climate sensitivity, the sensitivity to the key parameters of PTEM was also examined. These param-
eters include the maximum productivity (Cmax-fen) and the decomposition rate (kd-fen-pft). The maximum productiv-
ity parameters are adjusted by ±2.5% and ±5% while the decomposition rate parameters are adjusted by ±5% and 
±10%. These adjustments were large enough to have an impact on the results, but not so large that peat failed to 
accumulate. The results of parameter uncertainty analysis are also provided in the Appendix Text.

Correlations between productivity and decomposition and other key variables were calculated using the 5 by 5 
matrices generated by 25 climate sensitivity scenarios to check the key controls on NPP, decomposition and peat 
C accumulation in both models. In PTEM, correlations were calculated between WTD, ALD, net N mineraliza-
tion and NPP and between WTD, ALD, NPP and decomposition. In HPM, correlations were calculated between 
WTD, ALD and NPP, decomposition.

2.6.3. Future Scenarios

Finally, we also run HPM and PTEM simulations for the three future scenarios until 2300 and compare their C 
balance in response to projected climate change. Mechanisms behind the C balance dynamics are considered in 
terms of the key variables found in the last step. The different performances of the two models are analyzed and 
compared.

3. Results
3.1. Comparison of Model Output to Peat Core Observations

The peat thickness and soil organic C have similar profiles with time as the peat core data (Figure 2), and simu-
lated contemporary peat thickness and soil organic C agree with the observations (Table 2). The two models 
simulate similar rates of NPP and decomposition (Figure 2). The NPP and decomposition of both bogs drop when 
fen transitions to bog. As a perennial fen site, long-term NPP and decomposition of Mariana Fen are higher than 
Bear Bog and Innoko Bog, while the two bogs are similar.

The WTD simulated by HPM shows higher variability and is shallower than simulated by PTEM. Although 
the precipitation of Bear Bog is much higher than the other two sites (Table 1, Figure S8 in Supporting Infor-
mation S1), its WTD is not shallower than the other two sites. For HPM, run-off balances out the precipitation. 
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On the contrary, Mariana Fen is assumed to be very low net run-off as a fen site, and Innoko Bog is not thick 
enough  to have high run-off (Figure S9 in Supporting Information S1). In PTEM, since the run-off related to 
peat thickness is not considered, the reason for the deep WTD of Bear site is the high AET balancing out the 
precipitation.

Although permafrost did not exist when the cores were collected from Mariana Fen and Bear Bog, both models 
indicate permafrost existence in the history of these two sites (Figure S10 in Supporting Information S1). HPM 
simulates fewer years with frozen soil existence than PTEM for Mariana Fen (HPM: 3,451 years vs. PTEM: 
7,045 years), while, the average ALD for the years with permafrost shallower in HPM than in PTEM (HPM: 
102 cm vs. PTEM: 184 cm). HPM also simulates fewer years with frozen soil existence than PTEM for Bear Bog 

Figure 2. Simulated peat thickness, soil organic C, net primary production (NPP) and decomposition of Holocene Peatland Model (light gray) and Peatland Terrestrial 
Ecosystem Model (dark gray) for three sites. The vertical line in Bear bog and Innoko bog panels show the time of fen to bog transition. The lines for NPP and 
decomposition are smoothed with the Matlab lowess function.
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(HPM: 35 years vs. PTEM: 1556 years), and shallower average ALD when 
permafrost exists (HPM: 83 cm vs. PTEM: 164 cm). However, for Innoko, 
the coldest site, HPM and PTEM do not have much difference in terms of 
years of frozen soil existence and average thaw depth (HPM: 6,151 years vs. 
PTEM: 6,137 years; HPM: 79 cm vs. PTEM: 76 cm) (Figure S10 in Support-
ing Information S1). Notably, at the year of core collection, both HPM and 
PTEM simulate no permafrost in Mariana Fen and Bear Bog, and both simu-
late permafrost existence in Innoko Bog (Figure S11 in Supporting Informa-
tion S1), which agrees with the field record (Table 1).

3.2. Model Sensitivity to Key PTEM Parameters: Productivity and 
Decomposition

3.2.1. Key Controls on NPP

In PTEM, for all three sites, NPP significantly correlates with net N miner-
alization (P < 0.001, Table 3). In Mariana Fen and Innoko Bog, NPP signif-
icantly correlates with WTD (P < 0.01), but this correlation is not found 
in Bear Bog (Table  3). In all three sites, higher NPP significantly corre-
lates with deeper ALD during years with permafrost present (P  <  0.05). 
The reason for this correlation is because temperature influences NPP, net N 

mineralization and ALD. Net N mineralization influences NPP such that higher mineralization rates correspond 
to higher nutrient availability and higher NPP. Although WTD significantly correlates with NPP, it is not a key 
control over NPP in these simulations because WTD varies within ±0.5 cm with all climate inputs in all three 
sites (Figure 13 in Supporting Information S1 and 2(a–c)). Furthermore, in Mariana Fen, WTD has a very weak 
correlation with net N mineralization (Table 3).

In HPM, NPP is significantly correlated with WTD in three sites (P < 0.001), while significantly correlated with 
ALD only in Bear Bog (positively, P < 0.001) and Innoko Bog (negatively, P < 0.05). The correlation between 

Site 
name Model

Final peat 
thickness 

(cm)

Total soil 
organic 
C (kg C 

m −2)
NPP (g C 
m −2 yr −1)

Decomposition 
(g C m −2 yr −1)

Mariana Observed 471 300 -- --

PTEM 466 309 152 110

HPM 458 303 147 105

Bear Observed 352 183 -- --

PTEM 347 187 65 47

HPM 340 189 65 47

Innoko Observed 104 92 -- --

PTEM 106 103 64 47

HPM 104 90 64 50

Note. NPP and decomposition are averaged over basal date to 1990.

Table 2 
Simulated C-Related Variables of HPM and PTEM

Mariana Bear Innoko

r P r P r P

PTEM

 NPP-WTD 0.789 <0.001 −0.156 0.455 −0.598 0.002

 NPP-ALD −0.784 <0.001 −0.441 0.027 −0.962 <0.001

 NPP-NETNMIN 0.752 <0.001 0.770 <0.001 0.852 <0.001

 NETNMIN-WTD 0.222 0.287 0.457 0.022 −0.849 <0.001

 NETNMIN-ALD −0.852 <0.001 −0.798 <0.001 −0.932 <0.001

 RH-WTD 0.048 0.818 0.114 0.588 −0.896 <0.001

 RH-ALD −0.828 <0.001 −0.642 <0.001 −0.975 <0.001

 CH4-WTD 0.763 <0.001 0.187 0.371 −0.458 0.021

 CH4-ALD −0.762 <0.001 −0.635 <0.001 −0.909 <0.001

 CH4-NPP 0.973 <0.001 0.935 <0.001 0.978 <0.001

 WTD-AET 0.907 <0.001 0.991 <0.001 0.573 0.003

HPM

 NPP-WTD −0.958 <0.001 −0.971 <0.001 −0.901 <0.001

 NPP-ALD 0.094 0.654 0.754 <0.001 −0.487 0.014

 Decomposition-WTD −0.707 <0.001 −0.632 <0.001 −0.952 <0.001

 Decomposition-ALD −0.648 <0.001 0.171 0.415 −0.677 <0.001

Table 3 
Correlation Coefficients and Significance of Correlation Between the Changes of Variables in PTEM and HPM
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NPP and WTD arises from HPM's simulation of NPP as a nonlinear function of WTD, with each PFT having a 
different optimum. In addition, NPP is also a function of ALD when permafrost is present, which results in the 
correlation between NPP and ALD in Innoko Bog. For Bear Bog where permafrost does not always exist, the 
correlation between NPP and ALD is more likely a result of the coupled correlation between NPP and tempera-
ture and between temperature and ALD.

3.2.2. Key Decomposition Controls

Decomposition in PTEM is composed of soil aerobic respiration (RH) and anaerobic decomposition (CH4). In all 
three sites, RH and CH4 significantly correlate with ALD (P < 0.001, Table 3). RH correlates with ALD negatively 
because they are both influenced by soil temperature (RH increases with warming and ALD becomes deeper or 
more negative). However, for CH4, the correlation with ALD occurs because (a) temperature is influential to both 
ALD and CH4; and (b) ALD determines the lower boundary of CH4 production (Table 3). For Mariana Fen and 
Bear Bog, the patterns of decomposition variation are consistent with the patterns of NPP variation because the 
decomposition of these two sites relies more on anaerobic pathways (e.g., CH4 production), which is a function 
of NPP. This is supported by the highly significant correlation between CH4 production and NPP in all three sites 
(P < 0.001, Table 3). For Innoko Bog, CH4 production is much lower and the total decomposition is mainly due 
to RH.

For HPM, a significant correlation is found between decomposition and WTD in all three sites. The correlation 
is based on two conditions of HPM: (a) both WTD and decomposition are functions of water filled pore space 
(WFPS); and (b) WTD determines the boundary of aerobic and anaerobic decomposition. The aerobic decompo-
sition rate is higher than the anaerobic rate, so as WTD increases, decomposition tends to increase. Decomposi-
tion in Mariana Fen and Innoko Bog also significantly correlates with ALD, because (a) both decomposition and 
ALD are the functions of soil thermal profile; and (b) when ALD becomes deeper, more organic matter will be 
decomposing and decomposition rates will tend to increase (Table 3).

3.3. Simulations of the Future

3.3.1. Changes in Water Table

In PTEM, since water run-on and run-off are not considered, the WTD is mainly determined by the balance 
between AET and precipitation (Table 3), while AET tends to increase with precipitation (Figure S13 in Support-
ing Information S1 and 1(a–c)). From RCP 2.6 to RCP 8.5, for Mariana Fen and Innoko Bog, precipitation only 
increases by 3–12 mm yr −1, and AET shows almost no change (Table 4). With minor changes in both AET and 
precipitation, the changes in WTD are also minor (Table 4). On the contrast, for Bear Bog, from RCP 2.6 to RCP 
8.5, precipitation increases by 13–77 mm yr −1 and AET increases by 5–30 mm yr −1 (Table 4). Since the increases 
in AET do not exceed the increases in precipitation, the WTD becomes shallower and the site wetter.

In HPM, in addition to AET and precipitation, run-on and run-off also influence the water balance (Table 4). 
For Mariana Fen and Innoko Bog, changes in run-on, run-off and precipitation are not as large as the increases 
in AET and their WTD becomes deeper. However, for Bear Bog, the total of run-off and AET increase is large 
enough to offset the increase in precipitation and the WTD change is small (<4 cm) (Table 4).

3.3.2. Changes in Net N Mineralization

In PTEM, net N mineralization is partially influenced by decomposition rate and soil water content, which can 
be reflected by WTD (Table 3). For all three sites, with shallower WTDs (i.e., higher soil moisture content) 
and higher decomposition rates, net N mineralization during 1990–2300 tends to be higher than that during 
1950–1990 (Table 4). However, N mineralization only become substantially higher under RCP 8.5 at Bear Bog 
(increasing by 326 mg N m −2 yr −1). For Mariana Fen and Innoko Bog, although climate warms and decomposi-
tion rate increases, with the slight change in soil moisture/WTD, net N mineralization does not always increase 
with temperature (Table 4).

3.3.3. Effects of Permafrost Degradation

At Mariana Fen and Innoko Bog, permafrost thaw is simulated by both models (Figure S17 in Supporting Infor-
mation S1). In Mariana Fen, permafrost is essentially gone after the early 21 century under all RCP scenarios 
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(Figure S17 in Supporting Information S1 (1a–6a) and the correlations between NPP, decomposition (includes RH 
and CH4 for PTEM) and ALD are generally not significant (P > 0.05, Table S6 in Supporting Information S1).

For Innoko Bog, in PTEM, compared with RCP 2.6, ALD deepens under RCP 4.5 and RCP 8.5. In particular, 
from RCP 2.6 to RCP 4.5, an additional 12.7 cm of peat is thawed; from RCP 4.5 to RCP 8.5, permafrost totally 
degrades. In HPM, although the ALD under RCP 8.5 is 45 cm deeper than under RCP 4.5, ALD approaches 
the peat bottom under RCP 4.5 and only 2.1 cm of peat thaws on average (Figure S17 in Supporting Informa-
tion S1 (2c) and (3c)). Given the thin peat layer that thaws during climate warming, the amount C released from 
permafrost peat is quite small, and has minor effect on the peat decomposition. Therefore, despite more C thaw 
in PTEM under RCP 4.5 and RCP 8.5 than under RCP 2.6, the peat is still a C sink, indicating the C losses from 
permafrost thaw do not override the positive effect of temperature on peat C accumulation.

Site 
Scenario

Mariana Bear Innoko

RCP 2.6 RCP 4.5 RCP 8.5 RCP 2.6 RCP 4.5 RCP 8.5 RCP 2.6 RCP 4.5 RCP 8.5

Climate

 ΔTemperature (°C) 2 4 11 3 5 10 3 5 10

 ΔPrecipitation (mm yr −1) 3 3 3 13 24 77 3 5 12

Average value differences during 1990-2300 and 1950-1990

PTEM

 Water balance

  ΔAET (cm yr −1) 1 −4 −5 5 10 30 3 4 4

  ΔWTD (cm) 0 0 2 1 1 4 −1 −1 1

 C balance

  ΔNPP (g C m −2 yr −1) 40 37 31 70 144 333 28 72 110

  ΔDecomposition (g C m −2 yr −1) 88 133 235 34 67 160 11 20 51

  ΔRH (g C m −2 yr −1) 11 19 74 8 14 34 8 13 31

  ΔCH4 (g C m −2 yr −1) 77 114 161 26 53 126 3 7 19

  ΔNet N mineralization (mg N m −2 yr −1) 763 509 140 136 305 326 18 162 −25

  ΔALD (cm) 1 −4 −5 - - - −22 −42 −36

 HPM

  ΔAET (cm yr −1) 6 12 22 7 13 40 6 10 20

  ΔWTD (cm) −1 −6 −19 −4 −4 −1 −3 −5 −8

  ΔRun on (cm yr −1) 1 6 11 0 0 0 2 4 5

  ΔRun off (cm yr −1) −1 −3 −6 11 19 58 0 0 0

  ΔNPP (g C m −2 yr −1) 22 50 117 37 66 279 23 44 139

  ΔDecomposition (g C m −2 yr −1) 28 83 409 37 55 127 23 48 176

  ΔALD (cm) −33 −46 −25 - - - −38 −276 −320

Total value differences between 2300 and 1990

 PTEM

  ΔPeat thickness (cm) 8 −22 −81 63 103 201 21 43 43

  ΔSoil organic C (kg C m −2) 6 −9 −43 22 34 64 15 26 28

 HPM

  ΔPeat thickness (cm) 5 −14 −141 7 14 137 5 3 −8

  ΔSoil organic C (kg C m −2) 7 −1 −82 5 8 52 5 3 −6

Note. ALD values are used only when the soil is not totally thawed (when permafrost is present). Therefore, for Bear Bog, where permafrost does not occur during 
1950–2300, there are no values.

Table 4 
Differences Between the Values of Key Variables in HPM and PTEM
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3.3.4. Future C Balance

Whether a site becomes a C sink or C source depends on the balance between NPP and decomposition. Warmer 
climate stimulates both processes, but the other factors may offset this effect. For all three sites, with little influ-
ence of permafrost thaw on decomposition, the C balance in PTEM is mainly driven by net N mineralization on 
NPP and in HPM driven by WTD on decomposition. For example, in PTEM, as climate becomes warmer, net N 
mineralization decreases and limits NPP in Mariana Fen, but the opposite trend is found in Bear Bog. Therefore, 
although Mariana Fen and Bear Bog are both C sinks under RCP 2.6 by 6 kg C m −2 and 22 kg C m −2, Mariana Fen 
becomes a weak C source under RCP 4.5, and stronger C source of 43 kg C m −2 under RCP 8.5, while Bear Bog 
becomes a stronger C sink by 34 kg C m −2 and 64 kg C m −2 under RCP 4.5 and RCP 8.5 (Table 4). Innoko Bog, 
on the other hand, shows little variation in net N mineralization compared with Mariana Fen and Bear Bog. From 
RCP 4.5 to RCP 8.5, the temperature rises as much as Bear Bog, and WTD is almost unchanged, while the C sink 
only increases by 2 kg C m −2. Compared with the C sink increase of 30 kg C m −2 at Bear Bog, it's reasonable to 
speculate the decrease in net N mineralization suppresses the C sink capability of Innoko Bog.

For HPM, for all three sites, NPP is primarily driven by temperature and increases under warmer scenarios 
(Table 4, Figure S14 in Supporting Information S1). The three sites are weak C sinks under RCP 2.6 (Mariana 
Fen: 7 kg C m −2, Bear Bog ad Innoko Bog: 5 kg C m −2, Table 4). For Mariana Fen and Innoko Bog, with the 
warmer climate and deepening WTD, more C is exposed to aerobic decomposition and the sites switch to C 
sources under RCP 8.5 (Mariana Fen: 82 kg C m −2, Innoko Bog: 6 kg C m −2). On the contrary, for Bear Bog, 
with sufficient precipitation to stabilize WTD, the increases in NPP overrides the increase in decomposition and 
the  site becomes stronger C sink under RCP 4.5 and RCP 8.5 by 8 kg C m −2 and 52 kg C m −2 respectively.

4. Discussion
4.1. Overview

In this section, we first compare our model simulation with literature to evaluate the efficacy of both models in 
capturing peatland C fluxes and stocks. Second, we discuss the major drivers of future C balance under current 
model framework, and emphasize the importance of precipitation. Third, we analyze the effect of model structure 
difference on future C projection and argue that run-on and run-off and C-N feedback are important processes 
in peatland models. Finally, we discuss the risk of permafrost degradation and analyze the reason that it does not 
have much impact on Innoko Bog. Notably, the ALD simulated in the discontinuous permafrost region by both 
models should be treated carefully.

4.2. Model Performance in Past Simulations

Both models simulate the C fluxes and stocks of the three sites. As to stocks, the average C accumulation rate of 
three sites is 25.8 g C m −2 y −1 in PTEM and 24.9 g C m −2 y −1 in HPM. These values are ∼10% larger than the 
northern peatland Holocene average of 22.9 ± 2.0 g C m −2 y −1 reported by and ∼20% larger than the Canadian 
peatland Holocene average of 20.3 g C m −2 y −1 reported by Yu et al. (2009). However, they are close to 26.1 g C 
m −2 y −1 reported by Turunen et al. (2002). As to fluxes, no direct observations are available at these sites. Flux 
tower measurements in N-rich Zackenberg Fen in Greenland (74°28’ N, 20°34’ W) shows that NPP is 42–105 g 
C m −2 y −1 (López-Blanco et al., 2017, 2020). Mariana Fen is warmer, and the simulation results with higher NPP 
(147–152 g C m −2 y −1) seem reasonable. The bog simulations have lower NPP (64–65 g C m −2 y −1) than the 
Mariana Fen simulations but still fall within the observation range at Zackenberg. In this study, the PTEM average 
CH4 emissions in bogs are 12.1 g C m −2 y −1 and in poor fen is 21.3 g C m −2 y −1, which are higher or approach 
the upper 95% confidence interval of bog (9.3 g C m −2 y −1) and poor fen (21.7 g C m −2 y −1) CH4 emissions 
reported in Treat, Jones, Brosius, et al. (2021). Overall, both models simulate C fluxes and stocks with relatively 
high reliability.

4.3. Drivers of Future C Balance

The climate projection data used in this study is derived from IPSL-CMIP5-LR; its features are analyzed in 
Dufresne et al. (2013). IPSL-CMIP5-LR model predicts a global temperature change of 1.9 K for RCP 2.6 and 
12.7 K for RCP 8.5, and the temperature change in North America is around 1.5 times the global average. This 
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predicted temperature increase is higher than many other CMIP5 models (Palmer et al., 2018). Such rapid climate 
change could lead to unpredictable disruptions to ecosystems, including vegetation dynamics and disturbance not 
considered in the models.

Another feature of IPSL-CMIP5-LR model is that as temperature rises, part of northern North America shows 
precipitation increase and the rest almost no change. The sites studied had similar temperature increases, but the 
projected precipitation increase at Bear Bog is much higher than Mariana Fen and Innoko Bog (Table 4, Figure 
S14 in Supporting Information S1). A remote sensing-based study on cold and dry condition suggests that when 
water is limiting, the correlation between temperature and AET is negative (Sun et al., 2016). This trend is found 
in the PTEM simulation for Mariana Fen and Innoko Bog, which indicates that these two sites are water-limited 
(Figure S15 in Supporting Information S1 (2a) & (2c)). With water limit suppression of net N mineralization, 
Mariana Fen and Innoko Bog don't show as much NPP increase as Bear Bog (Figure 3).

For all three sites, for PTEM, decomposition increases as climate warms in both models (Figure  3). As the 
balance between NPP and decomposition, PTEM suggests Bear Bog to be a larger sink under warmer and wetter 
conditions, where sufficient precipitation and higher temperature increase NPP more than decomposition. The 
simulations for Mariana Fen and Innoko Bog project them to be a weaker sink or source under warmer and drier 
conditions, where the positive effect of temperature on NPP is offset by N deficiency (Figure S12 in Supporting 
Information S1 (1–3)a, Figure S13 in Supporting Information S1 4(a-c)). In agreement with this study, a regional 
study on northern peatlands indicates that during 2100–2300, a drier climate will likely lead to lower soil C stock 
(Loisel et al., 2021). Similarly, another study indicates that drying peatlands will result in net emission increases 
of 0.86 Gt CO2-eq yr −1 by the end of 21st century (Huang et al., 2021). Therefore, the magnitude of precipitation 
increase will have a significant influence on the future C balance under warming climate.

4.4. The Absence of Run-on and Run-off in PTEM

Given that the effects of precipitation, water availability, and water table are major controls on peatland C balance 
at these sites, it is important to consider model controls on water table position. Although the future simulation 
of HPM indicates that run-on and run-off have a significant influence on the water balance, PTEM does not 
include these processes, causing HPM to project quite different WTD compared with PTEM (Figure S16 in 
Supporting Information S1). If run-on and run-off were included in PTEM, the C balance in the future could be 
quite different for three reasons. First, run-on and run-off control peatland WTD significantly by the charging and 
discharging the peat (Glaser et al., 2016). For a fen site, although the net run-off could be low, run-on, whether 
from surface water inputs or groundwater recharge, plays an important role in maintaining the WTD, while for a 
bog site, run-on is generally negligible, but run-off can be more important than in fen sites (Weiss et al., 2006). 
For example, extensive drainage of peatlands enhances run-off but not run-on, thereby leading to deeper WTD, 
altering the plant and microbial community and influencing CH4 emissions (Minkkinen et al., 2007). Additional 
HPM simulations without run-on and run-off indicate that the WTD trend of Bear Bog and Innoko Bog is differ-
ent from the HPM simulations with run-on and run-off (Figure S18 in Supporting Information S1). In particular, 
for the no run-on/run-off HPM simulation, the WTD in Bear Bog under the RCP8.5 obviously deepens, while the 
WTD in Innoko Bog hardly changes under the three RCP scenarios. Second, run-on and run-off also influence 
nutrient availability in a peatland by delivering or removing nutrients (Limpens et al., 2006). Third, with differ-
ent soil moisture levels, the net N mineralization rates are likely to be different and thereby influence NPP. In 
support of this idea, studies have shown that net N mineralization is significantly affected by soil moisture (Gao 
et al., 2016; Wang et al., 2006). Therefore, run-on and run-off are potential important variables to be added to 
PTEM, especially if peatland drainage or peatland fen-bog transition processes are to be modeled.

4.5. The Influence of N Availability

Since NPP is sometimes suppressed by limited N mineralization in the future simulation (1990–2300, Figure S15 
in Supporting Information S1), N is a limiting factor of productivity in all three sites. As N-limited ecosystems 
(Gunnarsson & Rydin, 2000), peatland productivity responds positively to N availability and nitrogen fertilization 
(Ojanen et al., 2019). Similarly, both this study and Bayley et al. (2005) find higher net N mineralization rates in 
fens than bogs (Figure S15 in Supporting Information S1), which partly explains the higher NPP at Mariana Fen 
during past simulations (Table 2). Therefore, it's important to consider N-NPP feedback processes in peatland 
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models. Since current HPM does not include N cycle, and a different future C balance can be expected from HPM 
if these processes were added. In addition, field experiments in Canada and Western Europe and a modelling 
study all indicate that bogs and Sphagnum productivity are not very sensitive to, or could be depressed by, higher 
N availability, thereby increasing vascular plant coverage (Berendse et al., 2001; Granath et al., 2014; Gunnarsson 
& Rydin, 2000; Moore et al., 2019; Turunen et al., 2004). The feedback between N availability and vascular plant 

Figure 3. Under RCP 2.6, RCP 4.5 and RCP 8.5, the trends of net primary production (NPP), decomposition and soil organic C at the three sites during 1950–2300 for 
both Holocene Peatland Model (top three rows) and Peatland Terrestrial Ecosystem Model (bottom three rows). The lines of NPP and decomposition are smoothed with 
Matlab's Loess function.
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coverage is not included in PTEM, and may cause some uncertainties in the future C balance of the N-sufficient 
site (i.e., Bear Bog). While HPM is able to simulate vegetation shifts, according to the model design, the change 
is not triggered by N cycling but rather WTD and ALD.

As to decomposition, studies found that enhanced N availability promotes litter and peat decomposition (Brag-
azza et al., 2006; Ojanen et al., 2019; Song et al., 2018). For example, a study in Northeast China suggests that 
with increased N availability, some litter (e.g., litter from E. vaginaturn and V. uliginosum) shows enhanced 
decomposition (Song et al., 2018). Similarly, in an experiment in Finland, decomposition increased by 45% in 
fens under higher nutrient availability (Ojanen et al., 2019). An experiment in North America found strong corre-
lation between CH4 flux and N availability in both a patterned sedge fen and a raised Sphagnum bog (Updegraff 
et al., 2001). In agreement with these studies, PTEM aerobic decomposition rates are influenced by the C-N ratio 
of the input litter. However, this N-decomposition feedback is absent in HPM, except through litter quality differ-
ences between plant functional types. Missing N cycle may bias the future C balance estimate with HPM and any 
other peatland models that is lack of C and N feedbacks.

4.6. The Influence of Permafrost in Future Simulation

Many studies argue that permafrost thaw influences C balances at site and regional levels (Hugelius et al., 2020; 
O’Donnell et al., 2012; Schaefer et al., 2011). For example, a study in Alaskan arctic tundra (Plaza et al., 2019) 
measured 5.4% soil C loss per year as a result of permafrost degradation and lateral water outflow, while perma-
frost degradation account for less than half of the soil C loss. At the regional-scale, a modeling work indicates that 
as the ALD deepens, the northern permafrost region will switch from a C sink to a C source after 2100 (McGuire 
et al., 2018). Similarly, Hugelius et al. (2020) suggests the northern peatlands will become a C source as 0.8 to 1.9 
million km 2 of permafrost thaws. However, in the simulations reported above, the effects of permafrost thaw on 
the site C balance are more varied. In particular, although both models simulate future permafrost degradation in 
Innoko Bog under RCP 4.5 and RCP 8.5 (Figure S17 in Supporting Information S1), the site does not become a 
C source in PTEM, and becomes a C source in HPM only under a very warm RCP 8.5 scenario (Figure 3) mainly 
because the WTD gets deeper, rather than permafrost degradation (Figure S16 in Supporting Information S1). In 
contrast to this study, a previous analysis of cores from Innoko bog shows that permafrost degradation caused the 
peatland to switch to a C source for about a century, then switch back to a C sink (Jones et al., 2017). A possible 
reason for this contradiction is that the cores used in Jones et al. (2017) are thicker and has more frozen peat C 
than the core used in this study. Since the simulated peat thickness in this study is close to the simulated ALD, 
the amount of peat C frozen in permafrost is relatively low. When permafrost thaws, the newly thawed peat C 
remained saturated and cold and did not increase decomposition substantially (Elberling et al., 2013; Treat & 
Frolking, 2013). Anaerobic incubations of Innoko bog peat (Treat et al., 2014) suggest a CH4 production rate is 
as low as 0.22 g C m −2 y −1 at −0.5°C, indicating that permafrost thaw does not increase anaerobic decomposition 
much for the newly thawed, cold peat.

Notably, one common issue of both HPM and PTEM is that the simulated ALD of two adjacent years could differ 
significantly in the discontinuous permafrost region. For Mariana Fen, the ALD could differ by several meters 
in two adjacent years (Figures S11 and S17 in Supporting Information S1), which is too swift for permafrost 
(Lawrence et al., 2012). In the models, this is likely an artifact of the freeze-thaw algorithm, using an apparent 
heat capacity with a narrow temperature range (Marchenko et al., 2008), such that small temperature variations 
(∼0.1°C) can switch the model designation between permafrost and active layer, while they may have little impact 
on carbon dynamics. However, for the warmer Bear Bog where permafrost rarely exists and the colder Innoko site 
where permafrost usually exists, this issue does not arise (Figures S11 and S17 in Supporting Information S1). 
Similar to this study, ALD estimation for sporadic permafrost zones tends to have the largest uncertainties (Beer 
et al., 2013; Dankers et al., 2011). Therefore, the simulated permafrost dynamics in this region should be inter-
preted with extra caution.

5. Conclusions
This study evaluates the revised PTEM with observations and HPM simulations at three northern peatland sites 
that are underlain with permafrost or permafrost free for the period 1990–2300. We find that main drivers to 
future C balance of these arctic peatlands are different between two models. In particular, as climate becomes 
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warmer, PTEM simulates the sites to be a C sink when precipitation is sufficient and net N mineralization is high 
enough to support productivity increases to override increased decomposition. HPM predicts that WTD dynam-
ics are the major drivers to future C balance at these sites. Specifically, PTEM simulates that, with sufficient 
precipitation in Bear Bog, N remains sufficient and NPP overrides decomposition, making Bear Bog a stronger C 
sink from RCP 2.6 to RCP 8.5. On the contrary, Mariana Fen and Innoko Bog become warmer and drier, insuffi-
cient N availability suppresses NPP and thereby both sites switch to a weaker C sink (compared with Bear Bog) 
or a C source from RCP 2.6 to RCP 8.5. We find the water run-on and run-off and C-N feedback are important 
processes to carbon dynamics in these peatlands, while both models are deficient in that because neither one 
includes both of these processes. Overall, the effect of permafrost on C dynamics is not significant at all three 
sites. We conclude that the future effort shall be directed to improving peatland thermal dynamics and peatland 
water run-on and run-off dynamics modeling and incorporating more adequate C-N feedbacks into current peat-
lands biogeochemistry models. In addition, since trees are not a plant functional type in the revised PTEM, extra 
caution is necessary when applying PTEM to boreal peatlands.

Data Availability Statement
Data access: All data used in this manuscript can be accessed in Purdue University Research Repository (PURR, 
https://purr.purdue.edu/publications/3965/1).
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