S1 Model descriptions

This supplementary document provides supporting information for the SPRUCE-MIP
intercomparison. It includes detailed descriptions of the participating models, supplementary
figures supporting the analyses presented in the main manuscript, additional methodological
information, and illustrative parameter sensitivity figures for ELM-SPRUCE (Figs. S7-S8). A
separate list of references cited in the Supplementary Materials is provided at the end of this

document.

S1.1 CLASSIC

The peatland module of the Canadian Land Surface Scheme Including Biogeochemical Cycles
(CLASSIC) is described by (Wu et al., 2016), with the full land model documented by (Melton et
al., 2020; Seiler et al., 2021). The version used here (v1.5) includes coupled carbon and nitrogen
cycling (Asaadi and Arora, 2021; Kou-Giesbrecht and Arora, 2022). Vascular plant productivity
responds dynamically to nitrogen availability, whereas Sphagnum productivity remains
independent of simulated nitrogen dynamics because moss Vemax is prescribed and moss nitrogen
is not mineralized. Model parameters were not specifically calibrated for the SPRUCE site but
were adopted from previous peatland applications and the CLASSIC peatland benchmarking
collection ((Melton et al., 2022; Wu et al., 2016)). Although CLASSIC includes the WETMETH
methane model (Nzotungicimpaye et al., 2021), both the nitrogen and methane modules were

disabled for the present SPRUCE-MIP simulations.

S1.2 CLM-Microbe

CLM-Microbe extends the CLM4.5 framework (Oleson et al., 2013) by incorporating a microbial
functional group-based representation of methane production and consumption (Xu et al., 2015).
The model explicitly represents dissolved organic carbon fermentation, hydrogenotrophic and
acetoclactic methanogenesis, aerobic and anaerobic methanotrophy, and hydrogen production
within the CLM4.5 decomposition framework (Koven et al., 2013). For SPRUCE-MIP, CLM-

Microbe includes an explicit Sphagnum plant functional type with moss physiology (Shi et al.,



2021), whereas hummock—hollow microtopography and lateral water transport were not

represented.

S1.3 ColLM

CoLLM2024 is the latest version of the Common Land Model (CoLM; (Dai et al., 2019b, a)). For
SPRUCE-MIP, five plant functional types were represented, with C3 arctic grass serving as a
surrogate for Sphagnum moss. Peat accumulation and methane processes are not explicitly
represented. Plant growth is constrained by soil mineral nitrogen availability, with plant functional
types competing for mineral nitrogen, soil water, and photosynthetically active radiation. Water-
table depth is simulated from the local water balance, and carbon and nitrogen cycling include

vertically resolved soil biogeochemistry and dynamic nitrogen transformations.
S1.4 CoupModel

CoupModel is a detailed process-based soil-plant—atmosphere model that simulates coupled water,
heat, carbon, nitrogen, and phosphorus dynamics in terrestrial ecosystems (He et al., 2018, 2021;
Jansson, 2012). The model represents a one-dimensional multilayer soil profile coupled to one or
more vegetation layers and is driven by observed meteorological forcing. For SPRUCE-MIP, the
model configuration was adapted from the Mer Bleue peatland application (He et al., 2023) with
the addition of a tree layer. Observed water-table depth was prescribed to constrain hydrological

conditions, whereas the nitrogen and methane modules were disabled during this intercomparison.

S1.5DNDC

The DeN.itrification—DeComposition (DNDC) model is a process-based biogeochemical model
that simulates coupled carbon and nitrogen cycling in terrestrial ecosystems (Giltrap et al., 2010;
Li et al., 1992). The Forest-DNDC version used in SPRUCE-MIP represents soil climate,
vegetation growth, decomposition, nitrification, denitrification, and fermentation processes (Li,
2000; Stange et al., 2000). Plant growth is simulated through competition for light, water, and
nitrogen among trees, understory vegetation, mosses, herbs, and lichens. Soil biogeochemistry

explicitly represents organic matter decomposition together with methane production, methane



oxidation, and nitrogen transformations, allowing simulated CO., CHa, and N2O emissions to
respond dynamically to soil temperature, moisture, and substrate availability. For SPRUCE-MIP,
the model was driven by observed meteorological and hydrological forcing following the

standardized protocol described in Section 2.2.

S1.6 ELM-Microbe

ELM-Microbe extends an earlier version of the Energy Exascale Earth System Model (ELM) by
integrating microbial methane dynamics with peatland-specific hydrology and vegetation
processes (Ricciuto et al., 2021). The model combines previously developed representations of
wetland hydrology (Shi et al., 2015), microbial methane cycling (Xu et al.,, 2015), and
a Sphagnum plant functional type with explicit moss physiology (Shi et al., 2021). Relative to
CLM-Microbe, ELM-Microbe additionally represents hummock—hollow microtopography and
lateral hydrological exchange, while retaining the microbial functional group-based methane
processes introduced by Xu et al. (2015). Methane emissions are simulated as the sum of diffusion,
ebullition, and plant-mediated transport, with all pathways responding dynamically to soil
temperature, substrate availability, and vegetation characteristics. Since 2019, ELM-Microbe has
been further developed and parameterized using observations from the SPRUCE S1 bog, and has
been applied to investigate peatland methane cycling under warming and elevated CO- (Ricciuto

etal., 2021; Yuan et al., 2021).

S1.7 ELM-SPRUCE

The ELM-SPRUCE model used in this intercomparison is described by Shi et al. (2015, 2021) and
is based on version 2 of the Energy Exascale Earth System Model (E3SM) land model (ELM)
(Burrows et al., 2020; Golaz et al., 2019). Building upon earlier peatland developments
implemented in ELM-Microbe, ELM-SPRUCE incorporates peatland-specific hydrology,
explicit Sphagnum moss representation, lateral hydrological exchange between hummock and
hollow microtopography, and a simplified treatment of long-term peat accumulation through
vertical carbon and nutrient advection (Koven et al., 2013). Methane dynamics are represented
using the CLM4Me framework (Riley et al., 2011). Key peatland parameters were developed and
optimized using observations from the SPRUCE S1 bog (Shi et al., 2015, 2021). Four dominant

plant functional types were represented: deciduous conifer (Larix laricina), evergreen conifer



(Picea mariana), deciduous shrubs, and a generic Sphagnum plant functional type. Spin-up,
historical transient, and treatment simulations followed the standardized SPRUCE-MIP protocol

described in Section 2.2.

S1.8 JULES

JULES (Joint UK Land Environment Simulator) (Best et al., 2011; Clark et al., 2011) is the land
surface model component in the Unified Model (UM), it can be run both as a standalone model
and coupled to the atmosphere in the UK Earth System Model (UKESM). JULES simulates
coupled carbon, water, energy, and momentum exchanges between the land surface and the
atmosphere. The model version used in this study is the JULES Earth System configuration
(JULES-ES), evaluated by (Mathison et al., 2023). The setup includes representation of dynamic
vegetation for 9 plant functional types (Harper et al., 2016), a 4-pool soil carbon model, nitrogen
limitation evaluated by (Wiltshire et al., 2021) and a prognostic water table. A generic JULES-
ES set-up was used, with no specific moderations made to the parameters, structural switches or
diagnostics for SPRUCE-MIP, and therefore not tuned to the SPRUCE-MIP site. This model
version does not represent acclimation, light response, Sphagnum moss or peatland specific

structural components.

S1.9 LPX-Bern

LPX-Bern version 1.4 N is a dynamic global vegetation model that couples carbon, nitrogen, and
water cycling (Joos et al., 2020; Lienert and Joos, 2018; Sitch et al., 2003; Spahni et al., 2013). Its
peatland representation is based on LPJ-WHyMe (Wania et al., 2009b, a) with the addition of
dynamic peatland area (Stocker et al., 2014). Carbon cycling is represented by distinct acrotelm
and catotelm pools in the peat with dynamic water-table fluctuations controlling decomposition
and methane production. Atmospheric CO:, meteorological forcing, and nitrogen deposition were
prescribed following the standardized SPRUCE-MIP protocol, with parameter settings based on
Joos et al. (2020). Spin-up, historical transient, and treatment simulations followed the common

protocol described in Section 2.2.



S1.10 LPJ-GUESS

LPJ-GUESS Peatland is a process-based dynamic peatland—vegetation model that extends the
individual- and patch-based vegetation demography of LPJ-GUESS by explicitly representing
peatlands as hydrologically regulated, carbon-accumulating ecosystems (Chaudhary et al., 2017;
Smith et al., 2001). Vegetation dynamics emerge from competition among plant functional types
for light, space, and soil water, while peat soils are represented by vertically accumulating carbon
pools that simulate long-term peat development. The model explicitly represents methane
production, oxidation, and emissions as functions of water-table position and soil thermal
conditions and includes permafrost processes together with hummock—hollow microtopography.
These coupled processes allow vegetation, hydrology, peat accumulation, and methane cycling to

evolve interactively under changing environmental conditions (Chaudhary et al., 2017, 2020).

S1.11 MWM

The McGill Wetland Model (MWM) is a process-based ecosystem model developed to simulate
carbon, nitrogen, and phosphorus cycling in northern peatlands (Shao et al., 2022; St-Hilaire et al.,
2010; Wu et al., 2012). The version used in SPRUCE-MIP (MWMmic NP) explicitly represents
dynamic peat accumulation through annually formed peat cohorts, coupled carbon—nitrogen—
phosphorus cycling, and microbial processes. The model includes two plant functional types
(Sphagnum mosses and ericaceous shrubs) together with two microbial functional groups
(saprotrophic microbes and ericoid mycorrhizal fungi) that regulate decomposition and nutrient
exchange. Peat accumulation, vegetation dynamics, microbial activity, and nutrient cycling are
simulated interactively, allowing the model to represent long-term peatland development and

ecosystem carbon dynamics.

S1.12 ORCHIDEE-Peat

ORCHIDEE-Peat is the peatland-specific branch of the ORCHIDEE land surface model within
the IPSL Earth System Model (Guimberteau et al., 2018). The model explicitly represents peatland
hydrology and carbon dynamics using multilayer soil hydrology and soil carbon schemes with

peat-specific hydraulic properties (Qiu et al., 2017, 2019). Long-term peat accumulation is



simulated through downward transport of soil carbon, while decomposition responds to soil
moisture, soil temperature, and peat depth. Spin-up, historical transient, and treatment simulations

followed the standardized SPRUCE-MIP protocol described in Section 2.2.

S1.13 PTEM

PTEM version 2.3 is an advanced peatland ecosystem model that simulates coupled carbon and
nitrogen dynamics in peatlands (Zhao et al., 2022b, a; Zhao and Zhuang, 2024). The model
represents four plant functional types (Sphagnum mosses, herbaceous plants, shrubs, and trees),
with vegetation composition regulated by water-table depth and nitrogen availability. Moss
productivity is additionally influenced by shading from vascular vegetation. Peat carbon
accumulation is represented using vertically resolved soil layers that simulate changes in peat bulk
density and decomposition through both aerobic and anaerobic pathways, producing CO: or CHa4
depending on soil saturation. The model also includes coupled nitrogen cycling, including
mineralization, plant uptake, nitrification, denitrification, deposition, and biological nitrogen
fixation. Water-table depth is simulated using a TOPMODEL-based approach and subsequently
drives coupled vegetation, peat carbon, and nitrogen dynamics, allowing interactions among
productivity, decomposition, and methane emissions to emerge over time. Spin-up, historical
transient, and treatment simulations followed the standardized SPRUCE-MIP protocol described

in Section 2.2.

S1.14 TECO-SPRUCE

TECO-SPRUCE is based on the Terrestrial ECOsystem (TECO) model (Weng and Luo, 2008),
which simulates coupled carbon and nitrogen cycling using multiple vegetation, litter, and soil
carbon pools. For SPRUCE-MIP, the model was extended to represent soil thermal dynamics
(Huang et al., 2017), water-table fluctuations, methane cycling, and parameterizations specific to
the SPRUCE experiment. Historical forcing was derived from the CRUNCEP v7 dataset (Viovy,
2018), whereas the experimental simulations followed the standardized SPRUCE-MIP protocol
using the observed SPRUCE forcing data. Spin-up, historical transient, and treatment simulations

were conducted following the procedures described by the TECO-SPRUCE development team.



S1.15 VISIT

VISIT (Vegetation Integrative Simulator for Trace Gases) is a process-based terrestrial ecosystem
model that has been widely applied to regional and global methane budget studies (Ito, 2019; Ito
etal., 2023; Ito and Inatomi, 2012). The wetland methane module is based on (Walter and Heimann,
2000) and represents methane production, oxidation, and emissions through diffusion, ebullition,
and plant-mediated transport. Soil biogeochemistry is represented using a multilayer soil profile,
while water-table depth is prescribed. For SPRUCE-MIP, meteorological forcing followed the
standardized experimental forcing dataset, whereas vegetation productivity was simulated using

the VISIT carbon cycle model with parameters representing evergreen coniferous forests.

S2 Supplementary figures
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Fig. S1. Example of the regression-based estimation of temperature sensitivity for observed NEE. Annual mean NEE is plotted
against annual mean air temperature under the aCO: and eCO: treatments. Solid lines indicate the least-squares linear
regressions used to estimate temperature sensitivities, and shaded regions represent the 95% confidence intervals of the fitted
regressions. The regression slopes correspond to the observed temperature sensitivities reported in Fig. 4a.
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Fig. S2. Simulated a) NEE, b) NPP, c) HR and d) CH4 compared with observed (Obs) values under the +2.25 °C warming treatment

at aCO: and eCO: conditions. Bars represent multi-year means (2015-2021), and error bars denote interannual standard

deviations of annual values. Note that NEE includes the carbon equivalent of CHy emissions to account for their contribution to

changes in peat carbon stocks.
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Fig. S3. Simulated a) NEE, b) NPP, c) HR and d) CH; compared with observed (Obs) values under the +4.50 °C warming treatment

at aCO: and eCO: conditions. Bars represent multi-year means (2015-2021), and error bars denote interannual standard

deviations of annual values. Note that NEE includes the carbon equivalent of CHy emissions to account for their contribution to

changes in peat carbon stocks.
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Fig. S4. Simulated a) NEE, b) NPP, c) HR and d) CH; compared with observed (Obs) values under the +6.75 °C warming treatment

at aCO: and eCO: conditions. Bars represent multi-year means (2015-2021), and error bars denote interannual standard

deviations of annual values. Note that NEE includes the carbon equivalent of CHy emissions to account for their contribution to

changes in peat carbon stocks.

10



[Lisin
30NYdS-003L
PE
19d-33AIHDYO

— WMI
uI9g-Xd1
= = SS3AND-[d1
Ss _— s3Il
© @ g 30NYdS-W13
- - i 390IIN-W13

——=——  |oana

i JISSYTD
IIII 3QODIN-TD

1opodno)
IN10D

s wws |ISPOW "By
‘sqo

T T T T T —r T

o o o o o o o o

o n o n o un n

n o o ~ n (o'} o

— — — |

(14K o-w 6) 00'6L Ul ddN

e LISIA

P 30NY¥dS-003L
—E—ee— W3ld
....................................... 184-33AIHDYO
. WMI
wIeg-Xd1

i SS3aND-[d1
—= s3nl
——— 30NYdS-W13
390.0IN-W13

- JaNa
Fi 1SSV
390.IN-WTD
1opodno)
Twioo
| 1opow By
[sao0

Bl eCO,

a)
-600 | mmm acO,

600 -
400
0
—200
—400 -
—800 A

({-JA ;—w D6) 00°'6L Ul IAN

LISIA

30NYdS-003L

W31ld

1e3d-33dIHOY0

WM

ulag-Xdl

SS3aND-[d1

s3n(

30NYdS-W13

Il 2CO,
] eC02

9qOISIN-IN13

JdNa

JISSV1D

9QOIN-INTD
1apodno)

10D

)
[

ISPON "BAY

T T
o o o o
o o

m o~ —

(14K ,_w D6) 00°6L Ul ¥PHD

T
o
o
<

500 A

'Sq0

| LISIA
3DONYdS-0D3L

W31ld
1e9d-33dIHOY0

WM

u1ag-Xd1

SS3aND-d1

s3nl

30NYdS-W13

I 2CO,
Il eCO;

2qOIIN-W13

JdNd

JISSV1D

8GOIIN-WTD

(g-dA ,_w D6) 00°6L Ul YH

1opoidno)
[ oo
I9POI "BAY
| -sa0

Fig. S5. Simulated a) NEE, b) NPP, c) HR and d) CH; compared with observed (Obs) values under the +9.00 °C warming treatment

at aCO: and eCO: conditions. Bars represent multi-year means (2015-2021), and error bars denote interannual standard

deviations of annual values. Note that NEE includes the carbon equivalent of CHy emissions to account for their contribution to

changes in peat carbon stocks.
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Fig. S6. Temperature sensitivities of a) NEE, b) NPP, c) HR, and d) CH4 normalized by the corresponding mean fluxes under the

+0 °C treatment (Fig. 3) across the participating models compared with observed (Obs) values under both aCO: and eCO:

conditions. This figure is identical to Fig. 4 except that the temperature sensitivities and their uncertainty intervals are divided by

the absolute values of the corresponding multi-year mean fluxes under the +0 °C treatment (Fig. 3). Solid bars indicate

statistically significant slopes (p < 0.05), whereas hollow bars indicate non-significant slopes.

12



a) Spruce parameters b) Tamarack parameters 9 Shrub parameters
10
. /\/\—/\/\/ /\/\_/\/\/
— Total — Total — Total
= finr - finr - finr
— froot_leaf froot_leaf - froot_leaf
06 " stem_leaf m— stem_leaf m— stem_leaf
== mbbopt = mbbopt == mbbopt
04
02
00
d) e)

Moss parameters Column parameters

—— Total
K13
08 decomp_depth_efolding

mino2lim
qLo_mr
— Total = ql0_hr
06 - finr . qloch4
= froot_leaf = fche
04
02
0.0
VA . VP P s e
BEigEiszEiiiiinss yrigsiszergeiyycy
E552E8 EsGZER&G= Excz2EE Er5Z5r5=
GEag S GEZZAELQ GEaa FEZZREDQ
£F8S3F zE3RYegY eE8%% zE3PgegE
ES FRFer g H FEFor B
sz T7 Sgee g 37 fgee
“ F BE¥Be : o BEE®

Fig. S7. Main effects of individual parameter perturbations in the ELM-SPRUCE sensitivity analysis for the +0 °C warming
treatment under ambient CO: (aCQO:). Panels show the normalized sensitivity of simulated carbon fluxes to perturbations of (a)
spruce parameters, (b) tamarack parameters, (c) shrub parameters, (d) Sphagnum moss parameters, and (e) soil (column)
parameters. Stacked bars represent the relative contributions of individual parameters, and the black line indicates the total
normalized sensitivity for each simulated variable.
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Fig. S8. Main effects of individual parameter perturbations in the ELM-SPRUCE sensitivity analysis for the +0 °C warming
treatment under elevated CO: (eCO:). Panels show the normalized sensitivity of simulated carbon fluxes to perturbations of (a)
spruce parameters, (b) tamarack parameters, (c) shrub parameters, (d) Sphagnum moss parameters, and (e) soil (column) parameters.
Stacked bars represent the relative contributions of individual parameters, and the black line indicates the total normalized
sensitivity for each simulated variable.

S3 References

Asaadi, A. and Arora, V. K.: Implementation of nitrogen cycle in the CLASSIC land model,
Biogeosciences, 18, 669706, https://doi.org/10.5194/bg-18-669-2021, 2021.

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R. L. H., Menard, C. B., Edwards, J.
M., Hendry, M. A., Porson, A., and Gedney, N.: The Joint UK Land Environment Simulator
(JULES), model description—Part 1: energy and water fluxes, Geosci. Model Dev., 4, 677—
699, 2011.

Burrows, S. M., Maltrud, M., Yang, X., Zhu, Q., Jeffery, N., Shi, X., Ricciuto, D., Wang, S.,
Bisht, G., and Tang, J.: The DOE E3SM vl. 1 biogeochemistry configuration: Description
and simulated ecosystem-climate responses to historical changes in forcing, J. Adv. Model.
Earth Syst., 12, e2019MS001766, 2020.

Chaudhary, N., Miller, P. A., and Smith, B.: Modelling past, present and future peatland carbon
accumulation across the pan-Arctic region, Biogeosciences, 14, 4023-4044, 2017.

Chaudhary, N., Westermann, S., Lamba, S., Shurpali, N., Sannel, A. B. K., Schurgers, G., Miller,
P. A., and Smith, B.: Modelling past and future peatland carbon dynamics across the pan-
Arctic, Glob. Chang. Biol., 26, 4119-4133, 2020.

14



Clark, D. B., Mercado, L. M., Sitch, S., Jones, C. D., Gedney, N., Best, M. J., Pryor, M., Rooney,
G. G., Essery, R. L. H., and Blyth, E.: The Joint UK Land Environment Simulator (JULES),
model description—Part 2: carbon fluxes and vegetation dynamics, Geosci. Model Dev., 4,
701-722, 2011.

Dai, Y., Xin, Q., Wei, N., Zhang, Y., Shangguan, W., Yuan, H., Zhang, S., Liu, S., and Lu, X.: A
global high-resolution data set of soil hydraulic and thermal properties for land surface
modeling, J. Adv. Model. Earth Syst., 11, 2996-3023, 2019a.

Dai, Y., Wei, N., Yuan, H., Zhang, S., Shangguan, W., Liu, S., Lu, X., and Xin, Y.: Evaluation
of Soil Thermal Conductivity Schemes for Use in Land Surface Modeling, J. Adv. Model.
Earth Syst., 11, 3454-3473, https://doi.org/https://doi.org/10.1029/2019MS001723, 2019b.

Giltrap, D. L., Li, C., and Saggar, S.: DNDC: A process-based model of greenhouse gas fluxes
from agricultural soils, Agric. Ecosyst. Environ., 136, 292-300, 2010.

Golaz, J., Caldwell, P. M., Van Roekel, L. P., Petersen, M. R., Tang, Q., Wolfe, J. D., Abeshu,
G., Anantharaj, V., Asay-Davis, X. S., and Bader, D. C.: The DOE E3SM coupled model
version 1: Overview and evaluation at standard resolution, J. Adv. Model. Earth Syst., 11,
2089-2129, 2019.

Guimberteau, M., Zhu, D., Maignan, F., Huang, Y., Yue, C., Dantec-Nédélec, S., Ottlé, C.,
Jornet-Puig, A., Bastos, A., Laurent, P., Goll, D., Bowring, S., Chang, J., Guenet, B., Tifafi,
M., Peng, S., Krinner, G., Ducharne, A., Wang, F., Wang, T., Wang, X., Wang, Y., Yin, Z.,
Lauerwald, R., Joetzjer, E., Qiu, C., Kim, H., and Ciais, P.. ORCHIDEE-MICT (v8.4.1), a
land surface model for the high latitudes: model description and validation, Geosci. Model
Dev., 11, 121-163, https://doi.org/10.5194/gmd-11-121-2018, 2018.

Harper, A. B., Cox, P. M., Friedlingstein, P., Wiltshire, A. J., Jones, C. D., Sitch, S., Mercado, L.
M., Groenendijk, M., Robertson, E., and Kattge, J.: Improved representation of plant
functional types and physiology in the Joint UK Land Environment Simulator (JULES v4.
2) using plant trait information, Geosci. Model Dev., 9, 2415-2440, 2016.

He, H., Meyer, A., Jansson, P.-E., Svensson, M., Riitting, T., and Klemedtsson, L.: Simulating
ectomycorrhiza in boreal forests: implementing ectomycorrhizal fungi model MYCOFON
in CoupModel (v5), Geosci. Model Dev., 11, 725-751, 2018.

He, H., Jansson, P.-E., and Gérdenés, A. I.: CoupModel (v6.0): an ecosystem model for coupled
phosphorus, nitrogen, and carbon dynamics — evaluated against empirical data from a
climatic and fertility gradient in Sweden, Geosci. Model Dev., 14, 735-761,
https://doi.org/10.5194/gmd-14-735-2021, 2021.

He, H., Moore, T., Humphreys, E. R., Lafleur, P. M., and Roulet, N. T.: Water level variation at
a beaver pond significantly impacts net CO 2 uptake of a continental bog, Hydrol. Earth
Syst. Sci., 27, 213-227, 2023.

Huang, Y., Jiang, J., Ma, S., Ricciuto, D., Hanson, P. J., and Luo, Y.: Soil thermal dynamics,
snow cover, and frozen depth under five temperature treatments in an ombrotrophic bog:
Constrained forecast with data assimilation, J. Geophys. Res. Biogeosci., 122, 20462063,
2017.

Ito, A.: Methane emission from pan-Arctic natural wetlands estimated using a process-based
model, 1901-2016, Polar Sci., 21, 26-36, 2019.

Ito, A. and Inatomi, M.: Water-Use Efficiency of the Terrestrial Biosphere: A Model Analysis
Focusing on Interactions between the Global Carbon and Water Cycles, J. Hydrometeorol.,
13, 681-694, https://doi.org/https://doi.org/10.1175/JHM-D-10-05034.1, 2012.

15



Ito, A., Patra, P. K., and Umezawa, T.: Bottom-Up Evaluation of the Methane Budget in Asia
and Its Subregions, Global Biogeochem. Cycles, 37, €2023GB007723, 2023.

Jansson, P.-E.: CoupModel: model use, calibration, and validation, Trans. ASABE, 55, 1337—
1344, 2012.

Joos, F., Spahni, R., Stocker, B. D., Lienert, S., Miiller, J., Fischer, H., Schmitt, J., Prentice, I. C.,
Otto-Bliesner, B., and Liu, Z.: N 2 O changes from the Last Glacial Maximum to the
preindustrial-Part 2: terrestrial N 2 O emissions and carbon—nitrogen cycle interactions,
Biogeosciences, 17, 3511-3543, 2020.

Kou-Giesbrecht, S. and Arora, V. K.: Representing the Dynamic Response of Vegetation to
Nitrogen Limitation via Biological Nitrogen Fixation in the CLASSIC Land Model, Global
Biogeochem. Cycles, 36, €2022GB007341,
https://doi.org/https://doi.org/10.1029/2022GB007341, 2022.

Koven, C. D., Riley, W. J., Subin, Z. M., Tang, J. Y., Torn, M. S., Collins, W. D., Bonan, G. B.,
Lawrence, D. M., and Swenson, S. C.: The effect of vertically resolved soil
biogeochemistry and alternate soil C and N models on C dynamics of CLM4,
Biogeosciences, 10, 7109-7131, 2013.

Li, C., Frolking, S., and Frolking, T. A.: A model of nitrous oxide evolution from soil driven by
rainfall events: 1. Model structure and sensitivity, Journal of Geophysical Research:
Atmospheres, 97, 9759-9776, 1992.

Li, C. S.: Modeling trace gas emissions from agricultural ecosystems, Nutr. Cycl. Agroecosyst.,
58, 259-276, 2000.

Lienert, S. and Joos, F.: A Bayesian ensemble data assimilation to constrain model parameters
and land-use carbon emissions, Biogeosciences, 15, 2909-2930, 2018.

Mathison, C., Burke, E., Hartley, A. J., Kelley, D. L., Burton, C., Robertson, E., Gedney, N.,
Williams, K., Wiltshire, A., and Ellis, R. J.: Description and evaluation of the JULES-ES
set-up for ISIMIP2b, Geosci. Model Dev., 16, 4249-4264, 2023.

Melton, J. R., Arora, V. K., Wisernig-Cojoc, E., Seiler, C., Fortier, M., Chan, E., and
Teckentrup, L.: CLASSIC v1.0: the open-source community successor to the Canadian
Land Surface Scheme (CLASS) and the Canadian Terrestrial Ecosystem Model (CTEM) —
Part 1: Model framework and site-level performance, Geosci. Model Dev., 13, 2825-2850,
https://doi.org/10.5194/gmd-13-2825-2020, 2020.

Melton, J. R., Chan, E., Millard, K., Fortier, M., Winton, R. S., Martin-Lépez, J. M., Cadillo-
Quiroz, H., Kidd, D., and Verchot, L. V: A map of global peatland extent created using
machine learning (Peat-ML), Geoscientific Model Development Discussions, 2022, 1-44,
2022.

Nzotungicimpaye, C.-M., Zickfeld, K., MacDougall, A. H., Melton, J. R., Treat, C. C., Eby, M.,
and Lesack, L. F. W.: WETMETH 1.0: a new wetland methane model for implementation
in Earth system models, Geosci. Model Dev., 14, 6215-6240, https://doi.org/10.5194/gmd-
14-6215-2021, 2021.

Oleson, K. W., Lawrence, D. M., Bonan, G. B., Fisher, R. A., Lawrence, P. J., and Muszala, S.
P.: Technical description of version 4.5 of the Community Land Model (CLM), Technical
description of version 4.5 of the Community Land Model (CLM)(2013) NCAR/TN-503+
STR, 503, 2013.

Qiu, C., Zhu, D, Ciais, P., Guenet, B., Krinner, G., Peng, S., Aurela, M., Bernhofer, C.,
Briimmer, C., and Bret-Harte, S.: ORCHIDEE-PEAT (revision 4596), a model for northern

16



peatland CO 2, water and energy fluxes on daily to annual scales, Geoscientific Model
Development Discussions, 2017, 1-56, 2017.

Qiu, C., Zhu, D, Ciais, P., Guenet, B., Peng, S., Krinner, G., Tootchi, A., Ducharne, A., and
Hastie, A.: Modelling northern peatland area and carbon dynamics since the Holocene with
the ORCHIDEE-PEAT land surface model (SVN r5488), Geosci. Model Dev., 12, 2961—
2982, 2019.

Ricciuto, D. M., Xu, X., Shi, X., Wang, Y., Song, X., Schadt, C. W., Griffiths, N. A., Mao, J.,
Warren, J. M., and Thornton, P. E.: An integrative model for soil biogeochemistry and
methane processes: I. Model structure and sensitivity analysis, J. Geophys. Res. Biogeosci.,
126, €2019JG005468, 2021.

Riley, W. J., Subin, Z. M., Lawrence, D. M., Swenson, S. C., Torn, M. S., Meng, L., Mahowald,
N. M., and Hess, P.: Barriers to predicting changes in global terrestrial methane fluxes:
analyses using CLM4Me, a methane biogeochemistry model integrated in CESM,
Biogeosciences, 8, 1925-1953, 2011.

Seiler, C., Melton, J. R., Arora, V. K., and Wang, L.: CLASSIC v1.0: the open-source
community successor to the Canadian Land Surface Scheme (CLASS) and the Canadian
Terrestrial Ecosystem Model (CTEM) — Part 2: Global benchmarking, Geosci. Model Dev.,
14, 2371-2417, https://doi.org/10.5194/gmd-14-2371-2021, 2021.

Shao, S., Wu, J., He, H., and Roulet, N.: Integrating McGill Wetland Model (MWM) with peat
cohort tracking and microbial controls, Science of the Total Environment, 806, 151223,
2022.

Shi, X., Thornton, P. E., Ricciuto, D. M., Hanson, P. J., Mao, J., Sebestyen, S. D., Griffiths, N.
A., and Bisht, G.: Representing northern peatland microtopography and hydrology within
the Community Land Model, Biogeosciences, 12, 6463—-6477, 2015.

Shi, X., Ricciuto, D. M., Thornton, P. E., Xu, X., Yuan, F., Norby, R. J., Walker, A. P., Warren,
J. M., Mao, J., and Hanson, P. J.: Extending a land-surface model with Sphagnum moss to
simulate responses of a northern temperate bog to whole ecosystem warming and elevated
CO 2, Biogeosciences, 18, 467-486, 2021.

Sitch, S., Smith, B., Prentice, 1. C., Arneth, A., Bondeau, A., Cramer, W., Kaplan, J. O., Levis,
S., Lucht, W., and Sykes, M. T.: Evaluation of ecosystem dynamics, plant geography and
terrestrial carbon cycling in the LPJ dynamic global vegetation model, Glob. Chang. Biol.,
9, 161-185, 2003.

Smith, B., Prentice, I. C., and Sykes, M. T.: Representation of vegetation dynamics in the
modelling of terrestrial ecosystems: comparing two contrasting approaches within European
climate space, Global ecology and biogeography, 621-637, 2001.

Spahni, R., Joos, F., Stocker, B. D., Steinacher, M., and Yu, Z. C.: Transient simulations of the
carbon and nitrogen dynamics in northern peatlands: From the Last Glacial Maximum to the
21st century, Climate of the Past, 9, 1287-1308, 2013.

Stange, F., Butterbach-Bahl, K., Papen, H., Zechmeister-Boltenstern, S., Li, C., and Aber, J.: A
process-oriented model of N2O and NO emissions from forest soils: 2. Sensitivity analysis
and validation, Journal of Geophysical Research: Atmospheres, 105, 43854398, 2000.

St-Hilaire, F., Wu, J., Roulet, N. T., Frolking, S., Lafleur, P. M., Humphreys, E. R., and Arora,
V.: McGill wetland model: evaluation of a peatland carbon simulator developed for global
assessments, Biogeosciences, 7, 3517-3530, 2010.

17



Stocker, B. D., Spahni, R., and Joos, F.: DYPTOP: a cost-efficient TOPMODEL implementation
to simulate sub-grid spatio-temporal dynamics of global wetlands and peatlands, Geosci.
Model Dev., 7, 3089-3110, 2014.

Viovy, N.: CRUNCEP version 7-atmospheric forcing data for the community land model, 2018.

Walter, B. P. and Heimann, M.: A process-based, climate-sensitive model to derive methane
emissions from natural wetlands: Application to five wetland sites, sensitivity to model
parameters, and climate, Global Biogeochem. Cycles, 14, 745-765, 2000.

Wania, R., Ross, 1., and Prentice, 1. C.: Integrating peatlands and permafrost into a dynamic
global vegetation model: 1. Evaluation and sensitivity of physical land surface processes,
Global Biogeochem. Cycles, 23, 2009a.

Wania, R., Ross, 1., and Prentice, 1. C.: Integrating peatlands and permafrost into a dynamic
global vegetation model: 2. Evaluation and sensitivity of vegetation and carbon cycle
processes, Global Biogeochem. Cycles, 23, 2009b.

Weng, E. and Luo, Y.: Soil hydrological properties regulate grassland ecosystem responses to
multifactor global change: A modeling analysis, J. Geophys. Res. Biogeosci., 113,
https://doi.org/https://doi.org/10.1029/2007JG000539, 2008.

Wiltshire, A. J., Burke, E. J., Chadburn, S. E., Jones, C. D., Cox, P. M., Davies-Barnard, T.,
Friedlingstein, P., Harper, A. B., Liddicoat, S., and Sitch, S.: JULES-CN: a coupled
terrestrial carbon—nitrogen scheme (JULES vn5. 1), Geosci. Model Dev., 14, 2161-2186,
2021.

Wu, J., Roulet, N. T., Nilsson, M., Lafleur, P., and Humphreys, E.: Simulating the carbon
cycling of northern peatlands using a land surface scheme coupled to a wetland carbon
model (CLASS3W-MWM), Atmosphere-ocean, 50, 487-506, 2012.

Wu, Y., Verseghy, D. L., and Melton, J. R.: Integrating peatlands into the coupled Canadian land
surface scheme (CLASS) v3. 6 and the Canadian terrestrial ecosystem model (CTEM) v2.
0, Geosci. Model Dev., 9, 2639-2663, 2016.

Xu, X., Elias, D. A., Graham, D. E., Phelps, T. J., Carroll, S. L., Wullschleger, S. D., and
Thornton, P. E.: A microbial functional group-based module for simulating methane
production and consumption: Application to an incubated permafrost soil, J. Geophys. Res.
Biogeosci., 120, 13151333, https://doi.org/https://doi.org/10.1002/2015JG002935, 2015.

Yuan, F., Wang, Y., Ricciuto, D. M., Shi, X., Yuan, F., Brehme, T., Bridgham, S., Keller, J.,
Warren, J. M., and Griffiths, N. A.: Hydrological feedbacks on peatland CH4 emission
under warming and elevated CO2: A modeling study, J. Hydrol. (Amst)., 603, 127137,
2021.

Zhao, B. and Zhuang, Q.: Nitrogen Cycling Feedback on Carbon Dynamics Leads to Greater
CH4 Emissions and Weaker Cooling Effect of Northern Peatlands, Global Biogeochem.
Cycles, 38, €2023GB007978, https://doi.org/https://doi.org/10.1029/2023GB007978, 2024.

Zhao, B., Zhuang, Q., Treat, C., and Frolking, S.: A model intercomparison analysis for controls
on C accumulation in North American peatlands, J. Geophys. Res. Biogeosci., 127,
€2021JG006762, 2022a.

Zhao, B., Zhuang, Q., and Frolking, S.: Modeling Carbon Accumulation and Permafrost
Dynamics of Northern Peatlands Since the Holocene, J. Geophys. Res. Biogeosci., 127,
€2022JG007009, https://doi.org/https://doi.org/10.1029/2022JG007009, 2022b.

18



