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Supplementary material. 

1 Detailed model explanation.  

A general description of the previous version of the ForSAFE model can be found in Wallman et al. (2005). The model 

simulates plant dynamics based on the PnET-CN model (Aber et al., 1997), soil chemistry based on the SAFE model (Alveteg 

et al., 1998; Warfvinge et al., 1993), water dynamics based on the HBV/PULSE model (Andersson, 1988; Bergström, 1991) 5 

and soil decomposition dynamics based on the DECOMP model (Wallman et al., 2006; Walse et al., 1998). The model was 

further developed to include daily dynamics among other processes, such as lateral water movement, by Yu et al. (2018) and 

Zanchi et al. (2021).  

In this contribution, we refined the plant's carbon allocation and respiratory processes. Given different turnover and growing 

rates between foliage and roots, allocation to roots is constantly recalculated to follow foliage demand. Maintenance respiration 10 

is decoupled from photosynthesis and is now a function of plant tissue biomass and temperature. To better capture soil 

dynamics in peats, this version introduces a dynamic soil volume approach and considers the anaerobic decomposition of soil 

organic matter. Furthermore, soil nitrogen mineralisation and mineral nitrogen transformations have been changed to recreate 

better soil microbial processes. Soil organic matter decomposition is coupled with a fixed microbial carbon to nitrogen ratio 

to calculate mineralisation and immobilisation. In contrast, mineral nitrogen is transformed through nitrification and 15 

denitrification with explicitly modelled microbial groups. The description of soil temperature dynamics has been improved by 

solving the heat equation tailored for peat soils.  

While this description primarily focuses on carbon dynamics, other subcomponents are briefly explained, emphasising changes 

made in this contribution. Carbon is represented as a set of compartments that denote different states of carbon within the 

system, such as carbon within foliage biomass, labile carbon allocated to roots, cellulose-like carbon in the soil, and so forth. 20 

Figure S1 summarises a schematic of organic carbon compartments within the model. 
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Figure S1. Scheme of carbon compartments within the model. The green boxes represent plant-related compartments, the brown 

boxes represent soil organic matter compartments, the grey boxes represent deadwood left after harvesting and harvested wood 25 
products (HWP), and the pink boxes represent CO2 and CH4 in the soil. The black arrows indicate carbon fluxes, with arrows not 

connected to any compartment representing fluxes leaving the system.  The subscripts denote specific carbon compartments: LC 

(labile central), LF (labile foliage), LR (labile root), LB (labile branch), LW (labile wood), TF (tissue foliage), TR (tissue root), TB 

(tissue branch), TW (tissue wood), HW (hardwood from harvest), HP (paper from harvest), HF (fuel from harvesting), TD (tissue 

deadwood), SE (soil easily decomposable compounds), SC (soil cellulose), SL (soil lignin), SP (soil peat) and SD (soil dissolved).  30 

1.1 Plant carbon dynamics 

The PnET model, developed by Aber & Federer (1992), forms the foundation for describing plant carbon dynamics. PnET is 

a big-leaf model where maximum assimilation per unit of leaf mass is a function of leaf nitrogen concentration and is further 

influenced by day length, atmospheric CO2 concentration, and air temperature. At the same time, it is reduced by vapour 

pressure deficit (VPD). Maximum assimilation is expressed as,  35 

𝐴𝑚𝑎𝑥 = (𝛼𝐴𝑚𝑎𝑥 + 𝛽𝐴𝑚𝑎𝑥 ∗
NTF

CTF
∗ 𝐶𝑃: 𝐷𝑊𝑃 ∗ 100 ∗ 𝑀𝑅) ∗  𝐷𝐿 ∗  

12

109 ∗ 𝑓𝐶𝑂2
∗  𝑓𝑇𝑎𝑖𝑟 ∗ 𝑓𝑉𝑃𝐷 .   (1) 

In equation 1, 𝐴𝑚𝑎𝑥 is the maximum assimilation per unit of leaf dry weight per day (gC g-1 DW d-1), 𝛼𝐴𝑚𝑎𝑥 is the intercept 

(nmolCO2 g-1
DW s-1), 𝛽𝐴𝑚𝑎𝑥 is the slope (nmolCO2 gN s-1) of the function linking 𝐴𝑚𝑎𝑥 to foliage nitrogen concertation, NTF is 
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nitrogen content in foliage tissue (gN m-2
soil), 𝐶TF is carbon content in foliage tissue (gC m-2

soil), 𝐶𝑃: 𝐷𝑊𝑃 is the carbon to dry 

weight ratio (gC g-1DW), 100 transforms the ratio of nitrogen content to carbon content into a percentage, 𝑀𝑅 (dimensionless) 40 

is the assimilation as a fraction of the morning rate and, 𝐷𝐿 is the day length (s d-1) calculated based on coordinates and day 

of the year. The model integrates environmental factors affecting photosynthesis by adjusting A𝑚𝑎𝑥 using scaling functions 

based on environmental parameters.  

Photosynthesis is modulated by atmospheric CO2 through the linear function 𝑓CO2
, 

𝑓𝐶𝑂2
 =   1 +   

𝑓𝐶𝑂2𝑎𝑡𝑚 − 𝑓𝐶𝑂2350

𝑓𝐶𝑂2350
,          (2) 45 

where,  

𝑓𝐶𝑂2𝑎𝑡𝑚 =  
[𝐶𝑂2]𝑎𝑡𝑚 ∗ C𝐹:𝐶𝐴 − 68

[𝐶𝑂2]𝑎𝑡𝑚 ∗ C𝐹:𝐶𝐴 + 136
,          (3) 

𝑓𝐶𝑂2350 =  
350 ∗ C𝐹:𝐶𝐴 − 68

350 ∗ C𝐹:𝐶𝐴 + 136
.           (4) 

[𝐶𝑂2]𝑎𝑡𝑚 is the daily atmospheric concentration of CO2 (ppm) while background CO2 atmospheric concentration is set to 350 

CO2 ppm. 𝐶𝐹: 𝐶𝐴 is the ratio between the leaf CO2 concentration and the atmospheric CO2 concentration,   50 

𝐶𝐿: 𝐶𝐴  =   −0.075 ∗
NTF

CTF
∗ 𝐶𝑃: 𝐷𝑊𝑃 ∗ 100 + 0.875.        (5) 

Temperature also affects maximum gross photosynthesis through 𝑓Tair as follows, 

𝑓𝑇𝑎𝑖𝑟  =   
(𝑃𝑇𝑚𝑎𝑥−𝑇𝑎𝑣𝑒)∗(𝑇𝑎𝑣𝑒−𝑃𝑇𝑚𝑖𝑛) 

(
𝑃𝑇𝑚𝑎𝑥−𝑃𝑇𝑚𝑖𝑛

2
)

2  ,         (6) 

where 𝑃𝑇𝑚𝑎𝑥 (oC) is the maximum air temperature for photosynthesis, 𝑃𝑇𝑚𝑖𝑛 (oC) is the minimum air temperature for 

photosynthesis, and  𝑇𝑎𝑣𝑒 (oC) is the average air temperature during the time step.  55 

The function 𝑓VPD considers VPD effects on maximum gross photosynthesis, 

𝑓𝑉𝑃𝐷  =   1 − 𝛼𝑉𝑃𝐷 ∗  𝑉𝑃𝐷𝛽𝑉𝑃𝐷 ,          (7) 

where 𝑉𝑃𝐷 (kPa) is the vapour pressure deficit derived from temperature as in Aber et al. (1996), while αVPD and βVPD are 

empirical parameters.  

We use maximum assimilation from equation (1) to calculate potential photosynthesis considering the light effect (𝐿𝐸𝑖) and 60 

leaf biomass using a 50-layer stratification for the canopy. The variable 𝐿𝐴𝐼𝑖  (m
2
leaf m-2

soil) represents the cumulative leaf area 
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index at layer 𝑖 and it is calculated from leaf carbon content. The maximum specific leaf weight ( 𝑆𝐿𝑊𝑚𝑎𝑥) and the change 

in specific leaf weight with canopy mass (𝑆𝐿𝑊𝑑𝑒𝑙). 𝑆𝐿𝑊𝑚𝑎𝑥 (gDW m-2leaf) and 𝑆𝐿𝑊𝑑𝑒𝑙 (gDW m-2
leaf g-1

DW) are parameters 

specific to the plant species, 

𝐿𝐴𝐼𝑖 =  

𝐶𝑇𝐹
𝐶𝑃:𝐷𝑊𝑃

∗0.02

𝑆𝐿𝑊𝑚𝑎𝑥−𝑆𝐿𝑊𝑑𝑒𝑙∗ 𝑙𝑎𝑦𝑒𝑟𝑖∗
𝐶𝑇𝐹

𝐶𝑃:𝐷𝑊𝑃
∗0.02

.         (8) 65 

The light effect on photosynthesis depends on the light intensity experienced by the foliage layer 𝑖 (𝐿𝐼𝑖), which is calculated 

as a function of photosynthetically active radiation (PAR) and 𝐿𝐴𝐼𝑖 ,  

𝐿𝐼𝑖 = 𝑃𝐴𝑅 ∗ 𝑒𝐾𝐿∗𝐿𝐴𝐼𝑖 ,           (9) 

where PAR (µmolphotons·m-2
 soil s-1) is scaled with 𝐾𝐿 (m2

soil m-2
leaf), which is the light attenuation constant that depends on the 

specific species. Using 𝐿𝐼𝑖 , the light effect for each layer is estimated as follows. 70 

𝐿𝐸𝑖 = 1 −  𝑒−𝐿𝐼𝑖∗ 
ln(2)

𝐻𝑆 .           (10) 

The light effect is a value between 0 and 1 (dimensionless) and considers the light half-saturation point expressed as 𝐻𝑆 

(µmolphotons·m-2
 soil s-1). Based on the previous derivations, potential photosynthesis (𝑃𝑃) (gC m-2

 soil d-1) is calculated by 

adding each layer contribution.   

𝑃𝑃 =  ∑ 𝐴𝑚𝑎𝑥 ∗ 50
𝑖=1 𝐿𝐸𝑖 ∗  

𝐶𝑇𝐹

𝐶𝑃:𝐷𝑊𝑃
∗ 0.02.         (11) 75 

Potential evapotranspiration (𝑃𝐸𝑇) is calculated using PP and considering the water use efficiency (𝑊𝑈𝐸) of the leaf gas 

exchange process,  

PET =  𝑃𝑃 ∗  
1

WUE
∗ 10−6 .          (12) 

In equation 12, 10-6 is the conversion factor between grams of water and cubic meters of water. Atmospheric CO2 concentration 

and  𝑉𝑃𝐷 influences 𝑊𝑈𝐸 (gC g-1
 water) by its effect on conductance, 80 

WUE =   
α𝑊𝑈𝐸

𝑉𝑃𝐷∗1000
∗ 3.67 + (1 − 𝑓𝐶𝑂2

∗
350 ∗ (1−𝐶𝐿:𝐶𝐴)

[𝐶𝑂2]𝑎𝑡𝑚 ∗ (1−𝐶𝐿:𝐶𝐴)
),       (13) 

Where α𝑊𝑈𝐸 (Pa) is a species-specific empirical parameter. Actual evapotranspiration (AET) is the minimum between PET 

(m3
water m-2

 soil d-1) and water available in the soil for tree uptake and is calculated as in Zanchi et al. (2016). Gross primary 

productivity (𝐺𝑃𝑃) is estimated by scaling PP to AET, 
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 𝐺𝑃𝑃 =  𝑃𝑃 ∗  
𝐴𝐸𝑇

PET
.           (14) 85 

Carbon synthesized through photosynthesis (i.e., gross primary productivity, 𝐺𝑃𝑃) fills a central compartment of labile carbon 

(𝐶𝐿𝐶), from which it is allocated to four plant labile carbon compartments. Subsequently, carbon from these compartments is 

transferred to four plant tissue carbon compartments during the growing season. Similarly, other plant nutrients such as 

nitrogen (N), calcium (Ca), magnesium (Mg), and potassium (K) undergo the same compartmentalization. However, the central 

labile compartment for these nutrients is replenished through uptake from the soil and is constrained by the maximum storage 90 

capacity for each nutrient (Wallman et al., 2005). Carbon allocation may thus be constrained if there is insufficient nutrient 

availability to meet the specified minimum plant tissue carbon to nutrient ratios, which are fixed parameters in the model 

Allocation to the foliage labile carbon compartment (𝐴𝐶𝐿𝐹) is implemented as an impulse of carbon at the end of the year. We 

compute the mass of transferred carbon based on maximum foliage growth (𝐹𝐺𝑚𝑎𝑥), which factors in the previous year's leaf 

biomass, light conditions within the canopy, and water availability (Aber et al., 1995). This allocation process is adjusted based 95 

on the carbon content in 𝐶𝐿𝐶  (gC m-2
 soil) at that time, accounting for carbon reserves (CR𝑃) and minimum branch tissue to 

foliage tissue ratios (𝑇𝐵: 𝑇𝐹). 𝐴𝐶𝐿𝐹 (gC m-2
 soil d-1) depletes the compartment 𝐶𝐿𝐶 while increasing the foliage labile carbon 

compartment that is used for growth in the following season (𝐶𝐿𝐹) (gC m-2
 soil), 

ACLF =
min(FGmax,

CLC∗(1−CR𝑃)

1+𝑇𝐵:𝑇𝐹
)

∆t
.          (15) 

Carbon flow to branch labile compartment (ACL𝐵) follows a minimum tissue ratio with respect to the leaves and occurs at the 100 

beginning of the growing season as,   

ACLB = ACLF ∗  𝑇𝐵: 𝑇𝐹.           (16) 

The growing season commences when the degree days (𝐷𝐷) reach or exceed the species-specific requirements (𝐺𝐷𝐷𝑚𝑖𝑛) and 

ends at species-specific parameters (𝐺𝐷𝐷𝑚𝑎𝑥).  

Similarly, carbon flow to wood labile compartment (ACL𝑊) is computed at the onset of the growing season, determined by the 105 

maximum between the minimum for the new foliage (𝑇𝑊: 𝑇𝐹) and the remaining carbon in 𝐶𝐿𝐶 after accounting for reserves 

and other allocation flows, 

ACLW = max (ACLF ∗  𝑇𝑊: 𝑇𝐹,
(CLC∗(1−CR𝑃)−ACL𝐹−ACL𝐵 

∆t
).       (17) 

For this contribution we changed the description of carbon allocation to roots (equation 18). Unlike the other compartments, 

additional carbon for roots (ACLR) can be allocated at any time of the year if the carbon contents in root tissue (CTR) and in the 110 

root labile compartment (CLR) are not enough to fulfil the prescribed root to foliage ratio (TR: TF). Estimation of the ratio 
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considers both foliage tissue compartment (CTF) and foliage labile compartment (CLF). Carbon reserves are thus used for root 

allocation, maintenance and growth respiration. Root growth, then, is the minimum between the maximum growth rate constant 

(𝐺𝑇𝑅) and the root deficit with respect to foliage.  

PCTR = min (GTR ∗ CTR, CTF ∗  TR: TF − CTR)        (18) 115 

During the growing season, the labile carbon compartments are depleted by growth. For foliage and wood, growth kinetics are 

linear functions of carbon contents in the labile compartments, modulated by degree days (𝑇𝐹𝑓𝐺𝐷𝐷, 𝑇𝑊𝑓𝐺𝐷𝐷 ) based on 

𝐺𝐷𝐷𝑚𝑖𝑛 and 𝐺𝐷𝐷𝑚𝑎𝑥 as in Aber et al. (1996), while branches follow foliage growth. 

dCLF

dt
= ACLF − 𝑇𝐹𝑓𝐺𝐷𝐷 ∗ CLF ,          (19) 

dCLB

dt
= ACL𝐵 − 𝑇𝐹𝑓𝐺𝐷𝐷 ∗ CLF ∗ 𝑇𝐵: 𝑇𝐹 ,         (20) 120 

dCLW

dt
= ACL𝑊 − 𝑇𝑊𝑓𝐺𝐷𝐷 ∗ CLW ,          (21) 

dCLR

dt
= ACLR − PCTR .           (22) 

In equations 19 to 22, the first terms of the right side of the equations are the allocation fluxes, occurring only once annually 

for foliage, branches, and wood (with a value of 0 for other time steps). The second term in equations (19) to (21) represents 

labile carbon sinks to fuel growth in each plant tissue. Equation (20) is constrained to limit maximum growth to carbon contents 125 

in the stock (CLR).  

For this contribution, we included the specific tissue's growth respiration cost, therefore total growth respiration (𝑇𝐺𝑅) is 

estimated by multiplying the second terms of the right side of equations 19 to 22, with the specific tissue's growth respiration 

cost (𝑅𝐺𝑃) (gC g-1
C d-1) and adding the results.  

𝑇𝐺𝑅 = 𝑅𝐺𝑃 ∗ (𝑇𝐹𝑓𝐺𝐷𝐷 ∗ CLF ∗ (1 + 𝑇𝐵: 𝑇𝐹 ) + 𝑇𝑊𝑓𝐺𝐷𝐷 ∗ CLW + 𝐺𝑇𝑅 ∗ CTR )     (23) 130 

The change in the carbon compartments representing plant tissues is then determined by the combination of growth and 

removals resulting from litterfall and management. Management associated removals are modelled by a rate expressing harvest 

intensity (𝐻𝐼). Litter production from wood and roots is described with tissue turnover rates (𝐾𝑖), where 𝑖 represents plant 

tissues. While the wood turnover rate constant is fixed, root turnover rates are recalculated annually based on the previous 

year's nitrogen mineralization, following the method described in Aber et al. (1997).  135 

dCTW

dt
= 𝑇𝑊𝑓𝐺𝐷𝐷 ∗ CLW − (𝐻𝐼 + KTW) ∗ CTW ,        (24) 
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dCTR

dt
= PCTR − (𝐻𝐼 + KTR) ∗ CTR .         (25) 

Foliage litterfall (𝐿𝑇𝐹) occurs when the day of the year reaches the onset of senescence (𝑂𝑆), and is determined as the minimum 

between the sum of the mass of foliage layers that photosynthesize less carbon than they respire (CTF𝑛𝑒𝑔) and a minimum 

foliage value determined based on foliage retention (𝑅𝐸𝑇), 140 

𝐿𝑇𝐹 =
min(CTF𝑛𝑒𝑔, CTF−𝑅𝐸𝑇∗CTF  )

∆𝑡
,          (26) 

𝑅𝐸𝑇 (gC gC
-1) is calculated based in latitude as in Ågren et al. (2008). Once 𝐿𝑇𝐹 (gC m-2

 soil d-1) is determined, the mass balances 

for foliage and branches are expressed as,  

dCTF

dt
= 𝑇𝐹𝑓𝐺𝐷𝐷 ∗ CLF − 𝐿𝑇𝐹 − 𝐻𝐼 ∗ CTF,         (27) 

𝑑𝐶𝑇𝐵

𝑑𝑡
= (𝑇𝐹𝑓𝐺𝐷𝐷 ∗ 𝐶𝐿𝐹  − 𝐿𝑇𝐹 − 𝐻𝐼 ∗ 𝐶𝑇𝐹) ∗ 𝑇𝐵: 𝑇𝐹,        (28) 145 

where branch litterfall mirrors foliage litterfall dynamics, considering the branch to foliage ratio.  

The calculation of maintenance respiration was changed for this contribution by decoupling respiration rates from 

photosynthesis rates. In this version, we estimate total maintenance respiration (𝑇𝑀𝑅) with tissue-specific (𝑖) linear rates 

scaled by tissue mass and temperature (𝑅𝑀𝑖). Temperature response is the same for all tissues, following Aber et al. (1997). 

In the case of wood and branches, maintenance respiration occurs exclusively in the respiring wood fraction (𝑅𝑊𝐹). Carbon 150 

for both growth and maintenance respiration is taken directly from the plant’s central labile compartment. The mass balance 

for the plant's central labile carbon compartment reads 

dCLC

dt
= 𝐺𝑃𝑃 − 𝑇𝑀𝑅 − 𝑇𝐺𝑅 − ACLF − ACL𝐵 − ACL𝑊 − ACL𝑅 − 𝐻𝐼 ∗ CLC.     (29) 

If there is not enough carbon for respiration, carbon for the tissue labile compartment will return to CLC. If the deficit persists, 

the plants die.  155 

1.2 Dead wood and harvested carbon dynamics 

Outflows from the wood compartment receive a particular treatment within the model. While the carbon associated with the 

wood turnover rate is directly sent to the soil as litter, the outflow derived from management removals is divided between dead 

wood and harvested products. Given its slow dynamics, dead wood (C𝑇𝐷) is defined as a separate compartment containing 

carbon and nutrients, which are slowly made available to decomposition in the soil through a linear mass transfer rate from 160 

dead wood to the soil as litter.  
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𝑑𝐶𝑇𝐷

𝑑𝑡
= 𝐻𝐼 ∗ (1 − 𝐻𝑅) ∗ 𝐶𝑇𝑊 − 𝐾𝑇𝐷 ∗ 𝐶𝑇𝐷,         (30) 

where HR is a dimensionless coefficient that accounts for the fraction of the wood that is transformed into harvested wood 

products, while what is left (i.e., 1 − HR) is sent to the dead wood compartment. 𝐾𝑇𝐷 is also a rate constant controlling the 

fraction of dead wood available for decomposition in the soil. Harvest is assumed to occur in one day. 165 

Harvested carbon that does not end up as dead wood enters one of the three carbon compartments that account for typical uses 

of harvested wood (fuel, paper and hardwood products). These compartments are assumed to follow a first-order exponential 

decay to account for their final (but delayed) fate as CO2. The methodology follows IPCC (2006) proposal for harvested wood 

products, and the mass balance equations for the harvested carbon compartments can be written as, 

𝑑𝐶𝑖

𝑑𝑡
= 𝐻𝐼 ∗ 𝐻𝑅 ∗ 𝛾𝑖 ∗ 𝐶𝑇𝑊 − 𝐾𝑖 ∗ 𝐶𝑖,         (31) 170 

where the subscript index 𝑖 represents one of the three harvested carbon compartments (𝐻𝐹, 𝐻𝐼, 𝐻𝑊), 𝛾𝑖 is the fraction of the 

total harvested carbon that goes into compartment 𝑖 , and K𝑖  represents the decay rate constant specific to the carbon 

compartment.  

1.3 Soil carbon dynamics 

In every soil layer, soil organic matter (SOM) is partitioned into five compartments, with four representing solid organic matter 175 

and one representing dissolved organic matter in soil solution (DOM). The four solid compartments are easily decomposable 

compounds (EDC), cellulose, lignin and peat. Compartments differ in their intrinsic characteristics, such as decomposability. 

Several chemical elements are tracked within these compartments (C, N, Ca, Mg, K). Therefore, organic carbon—our main 

focus here—is found in four soil organic carbon compartments (SOC) and as dissolved organic carbon (DOC). Additionally, 

carbon can be found in the soil in the form of CO2 and CH4 whose dynamics are explained in the next section. These compounds 180 

may exist in the soil solution or as gases within the unsaturated portion of the soil pore space. The DECOMP model is the 

foundation for representing soil carbon dynamics (Wallman et al., 2005; Walse et al., 1998). 

For this contribution, anaerobic decomposition dynamics were included in the model formulation. Therefore, decomposition 

occurs via both aerobic and anaerobic pathways and follows first-order kinetics. Decomposition rate constants (𝑇𝐾𝑖) (gC g-1
C 

d-1) for each soil carbon compartment (𝑖) is the sum of the aerobic rate constant (𝐾𝑎𝑒𝑖) and the anaerobic rate constant (𝐾𝑎𝑛𝑖) 185 

both adjusted for soil temperature, soil water content, and soil solution pH.  

𝐾𝑎𝑒𝑖 = 𝑃𝐾𝑎𝑒𝑖 ∗ fT ∗ fθ𝑤ae ∗ fpHae𝑖
,          (32) 

𝐾𝑎𝑛𝑖 = 𝑃𝐾𝑎𝑛𝑖 ∗ fT ∗ fθ𝑤an ∗ fpHan,          (33) 

𝑇𝐾𝑖 = 𝐾𝑎𝑒𝑖 + 𝐾𝑎𝑛𝑖 .           (34) 
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The temperature rate modifier follows an exponential function, increasing by 𝑄10𝑥 every 10°C and reaching a value of one at 190 

30°C as shown in equation (35), where 𝑆𝑇 is the average daily soil temperature. 

𝑓𝑇 = min (1, exp (
− 𝑙𝑛(𝑄10𝑥)∗(30−𝑆𝑇

10
)).         (35) 

The rate modifiers for water content differ between aerobic and anaerobic decomposition pathways. The aerobic function is a 

piecewise function that grows slowly until the optimum level of water content and then decreases quickly until it reaches 0 at 

saturation. The anaerobic function is also a piecewise function that is 0 when the soil is drier than the optimum level of water 195 

content for the aerobic function and then increases exponentially until reaching 1 at saturation.  

𝑓θ𝑤𝑎𝑒 = {
(

0.1+𝐹𝐶

0.1+𝜃𝑤𝑎𝑡𝑒𝑟
) ∗ (

𝜃𝑤𝑎𝑡𝑒𝑟

𝐹𝐶
) , 𝜃𝑤𝑎𝑡𝑒𝑟 < 𝐹𝐶

(
𝐹𝑆−𝜃𝑤𝑎𝑡𝑒𝑟

𝐹𝑆−𝐹𝐶
)

0.75

, 𝜃𝑤𝑎𝑡𝑒𝑟 ≥ 𝐹𝐶
        (36) 

𝑓θ𝑤𝑎𝑛 = {
0 , 𝜃𝑤𝑎𝑡𝑒𝑟 < 𝐹𝐶

(
𝜃𝑤𝑎𝑡𝑒𝑟−𝐹𝐶

𝐹𝑆−𝐹𝐶
)

2

∗ 0.368 ∗ 𝑒  (
𝜃𝑤𝑎𝑡𝑒𝑟−𝐹𝐶

𝐹𝑆−𝐹𝐶
)
, 𝜃𝑤𝑎𝑡𝑒𝑟 ≥ 𝐹𝐶

       (37) 

where 𝜃𝑤𝑎𝑡𝑒𝑟  represents the volumetric soil water content (m3
water m-3

soil), 𝐹𝑆 denotes the field saturation (m3
water m-3

soil), and 

𝐹𝐶 indicates the field capacity (m3
water m-3

soil). The function 𝑓θ𝑤𝑎𝑒 is derived from the methodology proposed by Yan et al. 200 

(2018). The function 𝑓θ𝑤𝑎𝑛 is based on the approach outlined by Tian et al. (2010).  

The rate modifier for pH is also defined by two different functions for aerobic and anaerobic decomposition, 

𝑓𝑝𝐻𝑎𝑒𝑖
=

1

1+𝛼𝑝𝐻𝑖+ [𝐻+]𝛽𝑝𝐻
,           (38) 

𝑓𝑝𝐻𝑎𝑛 = 10−0.2335∗ pH2+2.7727∗pH−8.6.         (39) 

In the function 𝑓𝑝𝐻𝑎𝑒𝑖
, 𝛼𝑝𝐻𝑖 and 𝛽𝑝𝐻 represent parameters and [𝐻+] denotes the concentration of hydrogen ions (Walse et al., 205 

1998) The function 𝑓𝑝𝐻𝑎𝑛 is defined following Meng et al. (2012).  

Decomposition flux, denoted 𝐷𝐸𝐶𝑖 (gC m-3
soild-1), is calculated by multiplying the adjusted decomposition rate constant by the 

mass of soil carbon compartments, 𝐶𝑖(gC m-3
soil),  

𝐷𝐸𝐶𝑖 = 𝑇𝐾𝑖 ∗ 𝐶𝑖.            (40) 
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The production term for soil carbon compartments (𝑃𝐶𝑖) originates from litterfall and the decomposition flux of other SOC 210 

compartments (equation 41). To simplify the decomposition module, in this contribution, the production terms for EDC, 

cellulose, and lignin are exclusively associated with litterfall and residues from harvesting.  

𝑃𝐶𝑖 = ∑ 𝐿𝑗 +5
𝑗=1 ∗ 𝛾𝑗𝑖 + ∑ 𝐶𝑗 ∗4

𝑗=1  𝐻𝐼 ∗ (1 − 𝐻𝑅) ∗ 𝛾𝑗𝑖 .       (41) 

The first term represents litterfall (𝐿𝑗) and is derived for every type of plant tissue and deadwood from equations 24, 25, 27, 

28 and 30. The second term is associated with harvesting residues; therefore, deadwood is not considered, and 𝑗 is equal to 215 

four. These fluxes are converted to gC m-3
soil d-1 considering soil layer depth and multiplied with the coefficient (𝛾𝑗𝑖) that 

determines the fraction of litter from compartment 𝑗 that enters 𝐶𝑖. In this contribution, for the soil carbon compartments of 

peat and DOC the production term is associated solely to decomposition fluxes as in equation 42,  

𝑃𝐶𝑖 = ∑ 𝐷𝐸𝐶𝑖 ∗  
𝐾𝑎𝑒𝑖

𝐾𝑎𝑒𝑖+𝐾𝑎𝑛𝑖
∗  (1 − 𝑀𝑎𝑒−𝐶𝑂2

) ∗ 𝛾𝑗𝑖
5
𝑖=1 + ∑ 𝐷𝐸𝐶𝑖 ∗  

𝐾𝑎𝑛𝑖

𝐾𝑎𝑒𝑖+𝐾𝑎𝑛𝑖
∗  (1 − 𝑀𝑎𝑛−𝐶𝑂2

− 𝑀𝑎𝑛−𝐶𝐻4
)5

𝑖=1 ∗ 𝛾𝑗𝑖, (42) 

where the terms 𝑀𝑎𝑒−𝐶𝑂2
, 𝑀𝑎𝑛−𝐶𝑂2

 and 𝑀𝑎𝑛−𝐶𝐻4
represent mineralized fraction of the decomposition flux and coefficients 𝛾𝑖𝑗 220 

are the fractions of the flux from the soil compartment 𝑖 that enters the soil compartment 𝑗. With the previously derived inputs 

and outputs, the mass balance for the solid SOC compartments 𝑖 in each layer of soil can be written as,  

𝑑𝐶𝑖

𝑑𝑡
= 𝑃𝐶𝑖 − 𝐷𝐸𝐶𝑖.           (43) 

In the case of DOC compartment (𝐶𝑆𝐷), the mass balance accounts for advection via water percolation and for vertical diffusion 

between the layers. Therefore, it is necessary to track the concentration of DOC in water, which can be derived from   225 

[𝐷𝑂𝐶]𝑤 =
𝐶𝑆𝐷

𝜃𝑤𝑎𝑡𝑒𝑟
 .           (44) 

For this contribution, we included diffusion of DOC. Diffusivity (m2
soil d-1) is affected by the level of moisture as in Šimůnek 

& Suarez (1993), 

𝐷𝑆𝐷 =  𝑃𝐷𝑆𝐷 ∗
𝜃𝑤𝑎𝑡𝑒𝑟

7
3

𝐹𝑆2  .           (45) 

Therefore, a mass balance for 𝐶𝑆𝐷 for each soil layer can be written as an advection-diffusion-reaction equation, 230 

𝜕𝐶𝑆𝐷

𝜕𝑡
=  𝑃𝐶𝑆𝐷 +

𝜕𝑄𝑤∗𝑆𝑂𝐶𝐷𝑂𝐶

𝜕𝑧
+

𝜕

𝜕𝑧
(𝜃𝑤 ∗ 𝐷𝐷𝑂𝐶 ∗

𝜕𝑆𝑂𝐶𝐷𝑂𝐶

𝜕𝑧
) − 𝐷𝐸𝐶𝑆𝐷 − ∑

𝜕𝑀𝐵𝑘

𝜕𝑡

3
𝑘 ∗ 𝐶𝑀𝐵: 𝑊𝐵𝑀𝐵 ∗ 𝜃𝑤𝑎𝑡𝑒𝑟 .  (46) 
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In equation (46), the first term on the right-hand side is the production term, while the second term is the advection term. 

Advection of DOC is controlled by water movement represented by 𝑄𝑤 (m3
water m-2

soil d-1). By construction, the inflow of water 

to a specific layer is from the layer above (𝑙 − 1) or rain in the case of the first layer, while the outflow of water can occur both 

vertically to the layer below (𝑙 + 1) and laterally out of the system due to drainage. The third term represents diffusion in the 235 

water phase, and the last term represents decomposition per unit soil volume per unit time. The fourth term accounts for the 

change in biomass of the microbial groups included in nitrogen transformations and the carbon to wet biomass ratio 

(𝐶𝑀𝐵: 𝑊𝐵𝑀𝐵). This is further explained in the section 1.5 

1.4 Soil gaseous carbon dynamics 

We included a new module that tracks soil gaseous carbon dynamics (CO2 and CH4) in this contribution. CO2 is generated 240 

through both anaerobic and aerobic decomposition of soil organic carbon, root respiration, and CH4 oxidation. Production via 

decomposition is regulated by the parameter 𝑀𝑖, which represents the inverse of carbon use efficiency (fraction of decomposed 

carbon that transforms into CO2 or CH4). This parameter varies between anaerobic and aerobic decomposition pathways. The 

respiration fluxes associated with these pathways are defined by partitioning the total flux according to the respective 

decomposition rate constants (𝐾𝑎𝑒𝑖and 𝐾𝑎𝑛𝑖) times the parameter  𝑀𝑎𝑒−𝐶𝑂2
and 𝑀𝑎𝑛−𝐶𝑂2

. It may increase if the nitrogen 245 

content in organic matter post-carbon mineralization fails to meet microbial stoichiometry requirements, as indicated by fixed 

microbial biomass C:N ratios, and there is insufficient mineral nitrogen available for immobilization (Manzoni et al., 2010, 

2012). Belowground respiration considers the growth and maintenance respiration of root and belowground wood. Methane 

oxidation follows first-order kinetics. The production term for CO2 is therefore written as below: 

𝑃𝐶𝑆𝐶𝑂2
=

𝑅𝐺𝑃

𝑧
∗ (𝑃𝐶𝑇𝑅 +  𝑇𝑊𝑓𝐺𝐷𝐷 ∗ CLW ∗ 𝐵𝐺𝐹𝑇𝑊) +

𝑀𝑅𝑇𝑊

𝑧
∗ CTW ∗ 𝐵𝐺𝐹𝑇𝑊 +

𝑀𝑅𝑇𝑅

𝑧
∗ CTR + 𝐾𝑚𝑜𝑥 ∗ 𝜃𝑤𝑎𝑡𝑒𝑟 ∗  [𝐶𝐻4]𝑤 ∗250 

(1 − fθ𝑤an) ∗ fmoxT + ∑ 𝐷𝐸𝐶𝑖 ∗  
𝐾𝑎𝑒𝑖

𝐾𝑎𝑒𝑖+𝐾𝑎𝑛𝑖
∗  𝑀𝑎𝑒−𝐶𝑂2

5
𝑖=1 + ∑ 𝐷𝐸𝐶𝑖 ∗  

𝐾𝑎𝑛𝑖

𝐾𝑎𝑒𝑖+𝐾𝑎𝑛𝑖
∗  𝑀𝑎𝑛−𝐶𝑂2

5
𝑖=1 .   (47) 

In equation (47), the division by layer depth (𝑧) converts plant respiration fluxes to gC m-3
soild-1. Methane oxidation affects only 

the methane aqueous concentration, denoted as [𝐶𝐻4]𝑤 (gC m-3
water). The rate of methane oxidation, denoted as 𝐾𝑚𝑜𝑥 (d-1), is 

adjusted by the inverse of the water content-dependent function in equation (37), while the temperature function, fTmox , is 

defined as in Morel et al. (2019). In the current version of the model, there are no processes that directly consume carbon 255 

dioxide. However, carbon dioxide may be transported by advection and diffusion through water and air. Diffusivity is then 

affected by both soil temperature and water content as follows, 

𝐷𝑆𝐶𝑂2−𝑎𝑖𝑟 = (𝑃𝐷𝑆𝐶𝑂2−𝑎𝑖𝑟 + 0.0009 ∗ 𝑆𝑇) ∗
𝜃𝑎𝑖𝑟

7
3

𝐹𝑆2 ∗ 𝐶𝐹4 ,       (48) 

𝐷𝑆𝐶𝑂2−𝑤𝑎𝑡𝑒𝑟 = (𝑃𝐷𝑆𝐶𝑂2−𝑤𝑎𝑡𝑒𝑟 + 0.0267 ∗ 𝑆𝑇 + 0.0004 ∗ 𝑆𝑇2) ∗
𝜃𝑤𝑎𝑡𝑒𝑟

7
3

𝐹𝑆2 ∗ 𝐶𝐹9  .    (49) 
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The influence of water on effective diffusivities (𝐷𝑆𝐶𝑂2−𝑎𝑖𝑟 , 𝐷𝑆𝐶𝑂2−𝑤𝑎𝑡𝑒𝑟) is derived from the approach outlined in Šimůnek & 260 

Suarez (1993), where 𝜃𝑎  is air content (m3
air m-3

soil). The 𝐶𝐹4  and 𝐶𝐹9 are conversion factors to transform potential 

diffusivities from 10-4 m2 s-1 and 10-9 m2 s-1 (as in the original publications) to m2 d-1. With these terms, the mass balance 

equation for CO2 concentration (gC m-3
soil) in a given soil layer used within the model is expressed as 

 

𝜕[𝐶𝑂2]𝑠𝑜𝑖𝑙

𝜕𝑡
=  𝑃𝐶𝑆𝐶𝑂2

+
𝜕𝑄𝑤[𝐶𝑂2]𝑤𝑎𝑡𝑒𝑟

𝜕𝑧
+

𝜕

𝜕𝑧
(𝜃𝑎𝑖𝑟 ∗ 𝐷𝑆𝐶𝑂2−𝑎𝑖𝑟 ∗

𝜕[𝐶𝑂2]𝑎𝑖𝑟

𝜕𝑧
) +

𝜕

𝜕𝑧
(𝜃𝑤𝑎𝑡𝑒𝑟 ∗ 𝐷𝑆𝐶𝑂2−𝑤𝑎𝑡𝑒𝑟 ∗

𝜕[𝐶𝑂2]𝑤𝑎𝑡𝑒𝑟

𝜕𝑧
). (50) 265 

The mass balance equation tracks the CO2 dynamics, assuming an instantaneous balance between aqueous concentration, 

denoted [𝐶𝑂2]𝑤𝑎𝑡𝑒𝑟  (gC m-3
water), and the gaseous concentration, denoted [𝐶𝑂2]𝑎𝑖𝑟  (gC m-3

air) using Henry’s solubility constant. 

This means that at any time, total concentration, denoted as [𝐶𝑂2]𝑠𝑜𝑖𝑙  (gC m-3
soil), can be written as a factor of gaseous 

concentration using equations (51) and (52). 

[𝐶𝑂2]𝑠𝑜𝑖𝑙 = 𝜃𝑤𝑎𝑡𝑒𝑟 ∗ [𝐶𝑂2]𝑤𝑎𝑡𝑒𝑟  + 𝜃𝑎𝑖𝑟 ∗ [𝐶𝑂2]𝑎𝑖𝑟 ,        (51) 270 

[𝐶𝑂2]𝑤𝑎𝑡𝑒𝑟 = [𝐶𝑂2]𝑎𝑖𝑟 ∗ 𝐻𝐶𝑂2
𝑐𝑐 ∗  (

𝑆𝑇+273.15

273.15
) .        (52) 

A similar approach is used to calculate methane concentration, where the production term is only dependent of decomposition 

flux,  

𝑃𝐶𝑆𝐶𝐻4
= ∑ 𝐷𝐸𝐶𝑖 ∗  

𝐾𝑎𝑛𝑖

𝐾𝑎𝑒𝑖+𝐾𝑎𝑛𝑖
∗  𝑀𝑎𝑛−𝐶𝐻4

5
𝑖=1  .        (53) 

Methane transport within the soil involves both advection and diffusion. Diffusivities in water and air are calculated as in 275 

equations (48) and (49) using the potential diffusivities of methane (𝑃𝐷𝑆𝐶𝐻4−𝑎𝑖𝑟 , 𝑃𝐷𝑆𝐶𝐻4−𝑤𝑎𝑡𝑒𝑟). Water influence is the same 

as in equations (48) and (49), and temperature influence has the same structure but different parameters as in Morel et al. 

(2019). Furthermore, the model considers ebullition and plant-mediated transport mechanisms for methane within the soil. 

Ebullition is based on a concentration threshold approach (Morel et al., 2019). Ebullition (TGCH4-EBU) occurs only in soil layers 

fully saturated, where methane concentration is higher than the concentration threshold,  280 

𝐶𝐻4𝑚𝑎𝑥 =
𝑀𝑅∗𝑃𝑆∗16.04

𝑅𝑔𝑐∗(𝑆𝑇+273.15)
∗ 0.748,          (54) 

where 𝑀𝑅 is the mixing ratio, 𝑃𝑆 is the soil pressure (atmospheric plus hydrostatic), and 𝑅𝑔𝑐 is the gas constant. Therefore, 

the ebullition flux is the difference between the methane concentration in water minus the threshold 
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𝑇𝐺𝐶𝐻4−𝐸𝐵𝑈 =
max (0,[𝐶𝐻4]𝑠𝑜𝑖𝑙−𝐶𝐻4𝑚𝑎𝑥)

∆𝑡
.         (55) 

If not all layers within the profile are saturated, the ebullition flux is not released directly into the atmosphere but into the 285 

bottom air-filled layer. Plant-mediated transport is modelled as (Raivonen et al., 2017), 

𝑇𝐺𝐶𝐻4−𝑃𝑀𝑇 =
𝑇𝑅𝑑∗𝐴𝑃∗𝐷𝑎𝑖𝑟𝐶𝐻4

𝑇𝑅𝜏
∗

[𝐶𝐻4]𝑎𝑖𝑟− [𝐶𝐻4]𝑎𝑡𝑚

𝑧
,        (56) 

Where 𝐴𝑃 is a parameter that can be 0 or 1 and accounts for the presence of aerenchyma in the root system of a given plant 

species, 𝑇𝑅𝜏 is the root tortuosity, and 𝑇𝑅𝑑 (m2
root m-3

soil) is the density of cross-sectional area of root endings at particular 

soil layer. 𝑇𝑅𝑑 is calculated in equation (57) with the parameter 𝑅𝐶𝑆 (m2
root g-1

DW), which represents the cross-sectional area 290 

of root endings per biomass unit, scaled by total root mass as follows, 

𝑇𝑅𝑑 = 𝑅𝐶𝑆 ∗  
C𝑇𝑅

𝐶𝑃:𝐷𝑊𝑃
.           (57) 

With the previously derived transport, source, and sink terms, a mass balance for methane concentration (gC m-3
soil) for any 

layer in the model can be written as in equation (58),  

𝜕[𝐶𝐻4]𝑠𝑜𝑖𝑙

𝜕𝑡
=  𝑃𝐶𝑆𝐶𝐻4

+
𝜕𝑄𝑤[𝐶𝐻4]𝑤𝑎𝑡𝑒𝑟

𝜕𝑧
+

𝜕

𝜕𝑧
(𝜃𝑎𝑖𝑟 ∗ 𝐷𝑆𝐶𝐻4−𝑎𝑖𝑟 ∗

𝜕[𝐶𝐻4]𝑎𝑖𝑟

𝜕𝑧
) +

𝜕

𝜕𝑧
(𝜃𝑤𝑎𝑡𝑒𝑟 ∗ 𝐷𝑆𝐶𝐻4−𝑤𝑎𝑡𝑒𝑟 ∗

𝜕[𝐶𝐻4]𝑤𝑎𝑡𝑒𝑟

𝜕𝑧
) − 𝐾𝑚𝑜𝑥 ∗295 

𝜃𝑤𝑎𝑡𝑒𝑟 ∗  [𝐶𝐻4]𝑤 ∗ (1 − fθ𝑤an) ∗ fTmox − 𝑇𝐺𝐶𝐻4−𝐸𝐵𝑈 − 𝑇𝐺𝐶𝐻4−𝑃𝑀𝑇  .      (58) 

As with CO2, instant equilibrium between the liquid and gas phases of CH4 is assumed. Therefore, we apply equations (51) 

and (52) considering methane’s solubility constant (𝐻𝐶𝐻4
𝑐𝑐 ).  

1.5 Soil nutrient dynamics 

Several other elements besides carbon are simulated through the ecosystem. Nitrogen compounds, magnesium (𝑀𝑔+), calcium 300 

(𝐶𝑎+) and potassium (𝐾+) are also part of plant compartments and solid organic matter compartments. In soil solution, nitrogen 

is in the form of ammonium (𝑁𝐻4
+) and nitrate (𝑁𝑂3

−), while magnesium, calcium and potassium represent base cations (𝐵𝑐+). 

The model also tracks the concentration of chloride (𝐶𝑙−), sodium (𝑁𝑎+), aluminium (𝐴𝑙+), and sulphate (𝑆𝑂4
−2). The model 

estimates pH based on the concentration of these compounds, establishing a relation between hydrogen ions content and the 

acid neutralizing capacity (ANC) of the soil solution, which is sensitive to CO2 partial pressure and DOC concentrations. Plant 305 

nutrient uptake is based on a maximum plant storage parameter and is limited by root depth and concentration of nutrients. 

The chemistry module is based on the model SAFE; a detailed model description can be found in Alveteg et al., (1995, 1998), 

Sverdrup & Warfvinge (1993) and Warfvinge et al. (1993). 
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For this contribution, nitrogen dynamics have been modified. We adjusted nitrogen mineralization and immobilization 

according to microbial biomass C:N ratio, organic substrate C:N ratio, and mineral nitrogen availability. Additionally, we have 310 

incorporated a representation of nitrification and denitrification processes that explicitly considers microbial biomass and 

concentration of intermediate nitrogen compounds (𝑁𝑂2
−, 𝑁𝑂, 𝑁2𝑂, 𝑁2).  

Nitrogen mineralization (denoted by 𝑁𝑀)  from soil organic matter decomposition produces ammonium and is associated to 

the C:N ratio of the decomposition flux and the microbial biomass C:N ratio (Manzoni & Porporato, 2009). We have adapted 

the previously mentioned principle to both aerobic and anaerobic decomposition flux to calculate net nitrogen mineralization 315 

with the following equation: 

𝑁𝑀𝑖 =
𝐾𝑎𝑒𝑖

𝐾𝑎𝑒𝑖+𝐾𝑎𝑛𝑖
(𝐷𝐸𝑁𝑖 − 𝐷𝐸𝐶𝑖

1−𝑀𝑎𝑒−𝐶𝑂2

𝑀𝐶𝑁𝑎𝑒
) +

𝐾𝑎𝑛𝑖

𝐾𝑎𝑒𝑖+𝐾𝑎𝑛𝑖
(𝐷𝐸𝑁𝑖 − 𝐷𝐸𝐶𝑖

1−𝑀𝑎𝑛−𝐶𝑂2−𝑀𝑎𝑛−𝐶𝐻4

𝑀𝐶𝑁𝑎𝑛
),   (59) 

where 𝑁𝑀𝑖 (gN m-3
soild-1) from compartment 𝑖 only takes place when the ratio between the carbon decomposition flux (𝐷𝐸𝐶𝑖) 

after considering the carbon mineralized fraction and the nitrogen decomposition flux (𝐷𝐸𝑁𝑖) is more than the C:N ratio of the 

microbial biomass. When this condition is not met, net nitrogen immobilization of mineral forms of nitrogen (𝑁𝐻4
+, 𝑁𝑂3

−) is 320 

allowed to compensate for the stoichiometric imbalance. If there is not enough mineral nitrogen, an overflow of carbon is 

simulated by increasing 𝑀𝑎𝑒−𝐶𝑂2
, 𝑀𝑎𝑛−𝐶𝑂2

 and 𝑀𝑎𝑛−𝐶𝐻4
 (Schimel and Weintraub, 2003). The C:N ratio of aerobic 

decomposers (𝑀𝐶𝑁𝑎𝑛) is different from that of anaerobic decomposers (𝑀𝐶𝑁𝑎𝑒), therefore, total decomposition flux needs to 

be scaled to the fraction of aerobic and anaerobic flux. 

Mineral nitrogen is also oxidized through nitrification (𝑁𝐻4
+ to 𝑁𝑂3

−) and reduced by denitrification (𝑁𝑂3
− to  𝑁2). To model 325 

these nitrogen fluxes, we consider ammonium oxidizers, nitrite oxidizers and denitrifiers as in Maggi et al. (2008). Nitrogen 

transformations follow Monod kinetics; therefore transformation (consumption or production) of a specific nitrogen compound 

can be written as: 

𝑁𝑇𝑖 = 𝐺𝑗 ∗
𝑁𝐶𝑖

𝑁𝐶𝑖+𝑀𝑗
∗

𝑀𝐵𝑘

𝑌𝑗
∗ fT ∗ fθwi ∗  fpH𝑖 ,         (60) 

In equation (60), the subscript 𝑖 indicates any of the 5 nitrogen compounds that undergo transformations, the subscript 𝑗 330 

indicates any of the 6 reactions considered, and the subscript 𝑘 indicates any of the 3 microbial groups considered. Therefore 

𝑁𝑇𝑖  (gN m-3
water d-1) can be a production or a consumption term in the mass balance of the nitrogen compounds. 𝑁𝐶𝑖 is the 

aqueous concentration of the specific nitrogen compound (gN m-3
water), 𝐺𝑗  is the maximum consumption (d-1) associated to 

reaction 𝑗, 𝑀𝑗 is the half saturation constant of the Monod equation (gN m-3
water), 𝑀𝐵𝑘 is the microbial biomass (gWB m-3

water) 

and 𝑀𝐵𝑌𝑘  is a factor converting wet microbial biomass into microbial nitrogen (gWB g-1
N). Reactions are modified by 335 

temperature, water and pH through the rate modifiers fT, fθwi , and fpH𝑖 . The temperature rate modifier is the same one used 
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by Li et al. (2000). For denitrification reactions, we use fθan as the rate modifier for water content, while for aerobic processes 

we use 1-fθ𝑤an, based on equation (37). The pH rate modifiers are defined as in Bell et al. (2012).  

The microbial biomass balance (𝑀𝐵𝑘) is assumed to satisfy the Monod equation and is written after Tang et al. (2019) as 

𝜕𝑀𝐵𝑘

𝜕𝑡
= −𝐾𝑀𝐵𝑘

∗ 𝑀𝐵𝑘 + 𝑀𝐵𝑌𝑘 ∗ ∑ 𝑁𝑇𝑖
𝑛
𝑗=1 .         61) 340 

In equation (61), 𝐾𝑀𝐵𝑘
is the death rate constant for each microbial group 𝑘 and 𝑛 indicates the reactions in which 𝑀𝐵𝑘 

participates. To account for carbon associated to microbial biomass, we use a simple approach of transforming wet biomass 

into carbon and including the change of microbial biomass over time within the carbon balance associated to DOC in equation 

(46). This approach implies that microbial necromass is recycled in the DOC compartment. 

1.6 Soil volume dynamics 345 

For the present contribution, we added a dynamic volume approach to the soil profile. The model allows soil layers to expand 

or shrink according to soil mass changes. It calculates the volume of the solid fraction by relating particle density values with 

the mass of soil solids. Estimating total soil volume involves relating the volume of solids to a pore to solid ratio. We assume 

that mineral mass remains stable while adjustments in organic matter mass are made based on decomposition and inputs. The 

soil volume 𝑉𝑠𝑜𝑖𝑙  (m
3
soil m-2

soil) in each layer is calculated as,  350 

𝑉𝑠𝑜𝑖𝑙 = (1 + 𝑃𝑆: 𝑆𝑆) ∗ (
𝑂𝑀𝑚

𝐷𝑁𝑂𝑀
+

𝐶𝑌𝑚

𝐷𝑁𝐶𝑌
+

𝑆𝐿𝑚

𝐷𝑁𝑆𝐿
+

𝑆𝐷𝑚

𝐷𝑁𝑆𝐷
),        62) 

where 𝐶𝑌𝑚, 𝑆𝐿𝑚, and 𝑆𝐷𝑚  are the masses of clay, silt, sand mass (gsoil m-2
soil), the porosity is assumed to be fixed via a constant 

pore to solid ratio 𝑃𝑆: 𝑆𝑆 (m3
pores m-3

solids), and also particle density (𝐷𝑁𝑥) remains constant during the simulation. Therefore, 

changes in organic matter mass (𝑂𝑀𝑚) are the only factors causing changes in volume. Soil volume is recalculated at each 

time step, with adjustments made to concentrations of compounds in soil solution and soil air to account for new distributions 355 

of volumetric soil water content and volumetric soil air content. If soil volume expands, we assume that the expansion of pore 

volume is filled with air. Conversely, if soil volume shrinks and there is sufficient soil air volume, the pore volume loss is 

assumed to come from soil air volume. Otherwise, water is removed from the system, reducing soil water volume. 

1.7 Soil water and soil temperature dynamics 

A detailed description of the model representation of soil water dynamics can be found in Wallman et al. (2005) and Zanchi 360 

et al. (2016, 2021). In this contribution, we changed infiltration dynamics and we introduced a calculation of groundwater level 

based on layer saturation above field capacity. Maximum infiltration depth is calculated by integrating the saturated 

conductivity over the time step Δt𝐾𝑠𝑎𝑡(mwater). In the previous version of the model, the parameters field capacity (FC), wilting 

point (WP) and 𝐾𝑠𝑎𝑡  (mwater d-1) were fixed in time and associated with direct measurements of the parameters themselves or 
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as empirical functions of bulk density. Our dynamic volume approach implies that bulk density changes with time. To make 365 

our water dynamics description coherent with volume changes, we use empirical functions derived for drained peatlands to 

calculate FC, WP and 𝐾𝑠𝑎𝑡 based on values of bulk density (𝐵𝐷). These empirical functions were derived in a metanalysis 

(Liu et al., 2020, 2022) and are presented in the following equations, 

𝑊𝑃 = 93.55 ∗ (0.20𝐵𝐷 ∗ 𝐵𝐷0.71) ,          (63) 

𝐹𝐶 = 314.86 ∗ (0.12𝐵𝐷 ∗ 𝐵𝐷0.70) ,          (64) 370 

𝐾𝑠𝑎𝑡 = 0.24 ∗ 10−2.42∗log10 𝐵𝐷−2.12 .         (65) 

In equations (63), (64) and (65), bulk density is expressed in g cm-3
soil, 𝐹𝐶  and 𝑊𝑃  are expressed in m3

water m-3
soil. The 

groundwater level (GWL, mwater) is calculated by adding from the bottom up the thickness of the layers that are fully saturated. 

Once the iteration finds an unsaturated layer, the depth of water above that layer is calculated as, 

𝐺𝑊𝐿 = max (0,
𝜃𝑤−𝐹𝐶

𝐹𝑆−𝐹𝐶
∗ 𝑧).          (66) 375 

If the water content 𝜃𝑤 is lower than 𝐹𝐶, the water table is as high as the bottom height of the layer; if 𝜃𝑤 is larger than 𝐹𝐶, 

then the depth of water within the layer is proportional to the saturated fraction and the thickness of the layer. The value of 

GWL of the layer is then added to the thickness of the layers below. If all the layers are saturated, GWL is assumed to be at the 

surface and have a depth of at least the thickness of the simulated profile. The bottom boundary condition for water transport 

is imposed by setting the hydraulic conductivity of the bottom layer (𝑙𝑖𝑚𝐾𝑠𝑎𝑡).  380 

To simulate temperature in peat soils, we introduced a new module to the model that solves the heat equation assuming 

conduction dominates heat transfer. We determine the soil layer heat capacity by computing the sum of the product of each 

constituent's volume fraction (air, water, organic matter and mineral fraction) and its corresponding heat capacity 

(𝐴𝐻𝐶, 𝑊𝐻𝐶, 𝑂𝐻𝐶, 𝑀𝐻𝐶, respectively) as in Bittelli et al. (2015). The empirical model for peat derived by Zhao et al. (2019) 

uses three parameters (α𝐻𝐶 , β𝐻𝐶 , γ𝐻𝐶) and was applied to estimate thermal conductivity. The heat equation is written as, 385 

𝑆𝐻𝐶
𝜕𝑆𝑇𝐾

𝜕𝑡
=

𝜕

𝜕𝑧
(𝜆

𝜕𝑆𝑇𝐾

𝜕𝑧
).           (67) 

In equation (67), 𝑆𝑇𝐾 is soil temperature in kelvin (K), 𝑆𝐻𝐶 is the heat capacity (J m-3
soil K-1), and 𝜆 is the heat conductivity 

(W m-3
soil K-1), which are all dependent of water content. It is worth noticing that we do not include convection terms of heat 

transfer associated with water movements.  
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1.8 Numerical implementation 390 

The model comprises several routines solved sequentially with a fixed time step ∆t = 1 day. Firstly, the soil volume is adjusted 

based on the mass balance from the previous time step. The new volume informs the adjustment of compound concentrations 

from the preceding time step. Following this, the model estimates potential photosynthesis by considering the climatic 

conditions of the time step. Once this estimation is complete, the model resolves the water balance, heat dynamics, and gas 

transport. The water routine constrains actual photosynthesis. Subsequently, the model initiates the plant allocation routine, 395 

utilising the determined photosynthesis as its foundation. This routine generates litter, which in turn serves as input for the 

subsequent decomposition routine. After decomposition, the model solves soil chemistry within the soil solution. 

The model generally uses an implicit backwards in time and centred in space discretization scheme. For equations (50), (58) 

and (67), all soil layers are solved simultaneously by casting the discretised equation into a diagonal matrix and solving it 

through a gaussian elimination algorithm. For equations (50) and (58), the top boundary condition is given by the atmospheric 400 

concentration of the compounds and the bottom boundary condition is given by a zero-flux condition. In equation (55), the 

terms coming from ebullition are calculated in the previous time step. In equation (67), the top boundary condition is the air 

temperature affected by snow insulation if present, while the year's average temperature gives the bottom boundary condition. 

In these three equations, conductivity between layers is a weighted average.  

2. Detailed scenario parametrisation.  405 

We tried to avoid extensive calibration and use established parameters as much as possible. Our objective was to use an 

established plant dynamics (PnET) model coupled with a standard carbon dynamics model in peat soils. Therefore, we only 

calibrated the fraction of wood that respires (𝑅𝑊𝐹) and the modifier of the bottom layer hydraulic conductivity that controls 

percolation (𝑙𝑖𝑚𝐾𝑠𝑎𝑡) against tree ring data for the period 2007-2009 and GWL data for the period 2008-2013. 

2.1 Plant carbon dynamics 410 

Variables used for plant carbon dynamics mentioned in the model description are grouped in Table S1, while parameters and 

their sources are grouped in Table S2. Most parameters come from articles presenting or applying the PnET model; however, 

we include new parameters associated with the new developments previously mentioned. Maintenance respiration rate 

constants (MRTF, MRTB, MRTW, and MRTR) were obtained from Metzler et al. (2024), these parameters are necessary in 

equation 29. Also, a maximum root growth rate constant is introduced for Equation 18, with a value of 0.05 d-1 derived from 415 

the upper range reported for Norway Spruce in a nutrient manipulation study (Sell et al., 2022). As mentioned in section 1.1, 

the parameter respiring wood fraction (RWF) modulates the maintenance respiration of the woody tissue. The value was 

obtained by manually calibrating against proxy variables observations related to biomass size (tree ring data from 2007-2009 

and GWL data from 2008-2013). 

 420 
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Table S1. Variables for plant carbon dynamics.  

Description Code Unit 

Maximum Assimilation  Amax gC g-1 DW d-1 

Tissue nitrogen foliage compartment NTF gN m-2
soil 

Tissue carbon foliage compartment CTF gC m-2
soil 

Day Length DL s d-1 

Photosynthesis CO2 modifier function fCO2 - 

CO2 atmospheric concentration [CO2]atm ppm 

Ratio leaf CO2 concentration to atmospheric CO2 concentration CF:CA - 

Photosynthesis temperature modifier function fTair - 

Mean daily temperature Tave oC 

Photosynthesis VPD modifier function fvpd - 

Vapor Pressure Deficit VPD kPa 

Leaf area index LAI m2
leaf m-2

soil 

Light Intensity  LI µmolphotons·m-2
 soil s-1 

Photosynthetically active radiation  PAR µmolphotons·m-2
 soil s-1 

Potential photosynthesis PP gC m-2
 soil d-1 

Water use efficiency WUE gC g-1
 water 

Potential evapotranspiration PET m3
water m-2

 soil d-1 

Gross primary productivity GPP gC m-2
 soil d-1 

Actual evapotranspiration AET m3
water m-2

 soil d-1 

Plant central carbon compartment CLC gC m-2
 soil 

Maximum foliage growth FGmax gC m-2
 soil 

Foliage retention RET gC g-1
C 

Allocation to labile carbon foliage compartment ACLF gC m-2
 soil d-1 

Allocation to labile carbon branch compartment ACLB gC m-2
 soil d-1 

Allocation to labile carbon wood compartment ACLW gC m-2
 soil d-1 

Allocation to labile carbon root compartment ACLR gC m-2
 soil d-1 

Labile carbon foliage compartment CLF gC m-2
 soil 

Labile carbon branch compartment CLB gC m-2
 soil 
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Description Code Unit 

Labile carbon wood compartment CLW gC m-2
 soil 

Labile carbon root compartment CLR gC m-2
 soil 

Foliage growth rate based on degree days TFfGDD gC g-1
C d-1 

Wood growth rate based on degree days TWfGDD gC g-1
C d-1 

Root production term PCTR gC m-2
 soil d-1 

Tissue carbon branch compartment CTB gC m-2
 soil 

Tissue carbon wood compartment  CTW gC m-2
 soil 

Tissue carbon root compartment CTR gC m-2
 soil 

Total growth respiration TGR gC d-1 

Root turnover rate KTR gC g-1
C d-1 

Foliage litterfall LTF gC m-2
 soil d-1 

Foliage with a negative carbon balance CTFneg gC m-2
 soil 

 

Table S2. Parameters for plant carbon dynamics.  

Description Code Unit Value Source 

Intercept of the maximum photosynthesis 

rate 

αAmax nmolCO2 g-1
DW s-1 5.3 Aber & Federer, 1992; Zanchi et al., 

2021 

Slope of the maximum photosynthesis rate βAmax nmolCO2 gN s-1 21.5 Aber & Federer, 1992; Zanchi et al., 

2021 

Daily assimilation as fraction of early 

morning rate 

MR - 0.76 Aber et al., 1996 

Maximum temperature for photosynthesis PTmax oC 20 Aber et al., 1996 

Minimum temperature for photosynthesis PTmin oC 0 Aber et al., 1996 

Empirical parameter for VPD effect αVPD kPa-1 0.05 Aber et al., 1996  

Empirical parameter for VPD effect βVPD - 2 Aber et al., 1996  

Carbon content in dry weight in plants CP:DWP gC g-1
DW 0.45 Aber et al., 1996  

Specific leaf weight SLWmax gDW m-2
soil 170 Aber et al., 1995 

Change of SLW with canopy mass SLWdel gDW m-2 g-1
DW 0 Aber et al., 1995  

Half saturation point HS µmolphotons·m-2
 soil 

s-1 

200 Aber et al., 1995  

Light attenuation constant KL m2
soil m-2

leaf   0.4 Dewar et al., 2012 

Water use efficiency parameter αWUE Pa 10.9 Aber & Federer, 1992; Zanchi et al., 

2021  
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Description Code Unit Value Source 

Plant carbon reserves CRP gC m-2
 soil 0.76 Aber & Federer, 1992; Zanchi et al., 

2021   

Branch to Foliage ratio TB:TF gC g-1
C 0.45 Grote, 2002 

Wood to Foliage ratio TW:TF gC g-1
C 0.8 Aber & Federer, 1992; Zanchi et al., 

2021 

Root to Foliage ratio TR:TF gC g-1
C 0.31 Helmisaari et al., 2007 

Growing degrees day at which foliage 

growth starts 

GDDmin oC d 300 Aber & Federer, 1992; Zanchi et al., 

2021 

Growing degrees day at which foliage 

growth starts 

GDDmax oC d 1400 Aber & Federer, 1992; Zanchi et al., 

2021 

Root growth rate GTR gC g-1
C d-1 0.05 Sell et al., 2022 

Plant growth respiration  RGP gC g-1
C d-1 0.25 Aber et al., 1995  

Wood turnover rate KTW gC g-1
C d-1 6.8E-05 Aber et al., 1997 

Onset of senescence OS d 270 Zanchi et al., 2016 

Foliage maintenance respiration MRTF gC g-1
C d-1 0.00173 Metzler et al., 2024 

Branch maintenance respiration MRTB gC g-1
C d-1 0.00015 Metzler et al., 2024 

Wood maintenance respiration MRTW gC g-1
C d-1 0.00015 Metzler et al., 2024 

Root maintenance respiration MRTR gC g-1
C d-1 0.00144 Metzler et al., 2024 

Respiring wood fraction RWF gC g-1
C 0.15 Calibrated 

 

2.2 Deadwood and harvested carbon dynamics 425 

Variables used for dead wood and harvested carbon dynamics are grouped in Table S3, while parameters and their sources are 

grouped in  

Table S4. Historical management parameters have already been published (He et al., 2016). The harvest intensity parameter 

(𝐻𝐼) specifies the proportion of the forest stand that is cut during harvesting, whereas the harvest removal parameter (𝐻𝑅) 

defines the fraction of the harvested material that is removed from the site. Removals in the future scenario (HI2048, HI2079, HI2088) 430 

are assuming the same management pattern as the historical management. The model assumes belowground wood represents 

0.2 of the total wood compartment (CTW); therefore, setting the harvest removal parameter (𝐻𝑅) to 0.80 represents the total 

removal of all aboveground wood during tree harvest. This value represents highly efficient conventional management 

practice. 

 435 

Table S3. Variables for dead wood and harvested carbon dynamics.  
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Description Code Unit 

Deadwood carbon compartment CTD gC m-2
 soil 

Fuel carbon compartment from harvest CHF gC m-2
 soil 

Paper carbon compartment from harvest CHP gC m-2
 soil 

Hardwood products carbon compartment from harvest CHW gC m-2
 soil 

 

Table S4. Parameters for dead wood and harvested carbon dynamics. 

Description Code Unit Value Source 

Litter transfer rate from deadwood KTD gC g-1
C d-1 0.00002 Yu et al., 2018 

Harvest intensity in 1979 HI1979 gC g-1
C d-1 0.72 He et al., 2016 

Harvest intensity in 2010 HI2010 gC g-1
C d-1 0.10 He et al., 2016 

Harvest intensity in 2019 HI2019 gC g-1
C d-1 0.96 Zanchi et al., 2021 

Harvest intensity in 2048 HI2048 gC g-1
C d-1 0.72 Assumed 

Harvest intensity in 2079 HI2079 gC g-1
C d-1 0.10 Assumed 

Harvest intensity in 2088 HI2088 gC g-1
C d-1 0.96 Assumed 

Harvest removals HR gC g-1
C 0.80 Assumed 

Fraction to fuel γHF gC g-1
C 0.05 Kasimir et al., 2018 

Fraction to paper γHP gC g-1
C 0.30 Kasimir et al., 2018 

Fraction to hardwood products γHW gC g-1
C 0.65 Kasimir et al., 2018 

Decay rate wood for fuel compartment KHF gC g-1
C d-1 1 Kasimir et al., 2018 

Decay rate wood for paper compartment KHP gC g-1
C d-1 0.0010 IPCC, 2006 

Decay rate wood for hardwood product 

compartment 

KHW gC g-1
C d-1 9.0E-05 IPCC, 2006 

 

2.3 Soil carbon dynamics 440 

Variables used for soil carbon dynamics are grouped in Table S5, while parameters and their sources are grouped in Table S6. 

Most parameters were derived from the original DECOMP model (Wallman et al., 2005; Walse et al., 1998) and recent 

modifications to ForSAFE (Yu et al., 2018). For this contribution, the previously named recalcitrant SOM compartment was 

renamed the peat compartment. The aerobic decomposition rate constant was taken from Clymo et al. (1998). This version of 

the model incorporates anaerobic decomposition based on first-order kinetics, as shown in equation 33. Therefore, we added 445 
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to anaerobic decomposition rate constants (𝑃𝐾𝑎𝑛𝑖) for different soil organic matter compartments. For example, the anaerobic 

decomposition rate of the EDC compartment (PKanSE) has been assumed to be 10% of its aerobic rate, while the anaerobic 

rate of the cellulose compartment (PKanSC) is assumed to be 1%. based on ranges for anaerobic decomposition of 

polysaccharides in incubation studies (Benner et al., 1984). Limited lignin decomposition is assumed to occur anaerobically; 

the rate constant (PKanSL) is assumed to be 0.01%, informed by Reuter et al. (2024). For peat, the anaerobic decomposition 450 

rate constant (PKanSL) is derived from catotelm decomposition rate constants (Clymo et al., 1998). Although anaerobic 

decomposition rate constants are less relevant under drained conditions, they are critical when the model is applied to 

waterlogged conditions. 

The model representation of decomposition does not include an explicit representation of soil microbes in organic matter 

decomposition. However, microbial contribution to carbon stabilization is implicitly captured via parameters representing the 455 

carbon fraction that is not mineralized (1 − 𝑀𝑎𝑛−𝐶𝑂2
− 𝑀𝑎𝑛−𝐶𝐻4

). The value for the fraction that is not mineralized and goes 

back into peat from the peat compartment itself (γj-SP) is derived from the value of carbon assimilated into microbial biomass 

in Yu et al., 2018.  

 

Table S5. Variables for soil carbon dynamics.  460 

Description Code Unit 

Total decomposition rate for soil compartment i TKi gC g-1
C d-1 

Aerobic decomposition rate for soil compartment i Kaei gC g-1
C d-1 

Anaerobic decomposition rate for soil compartment i Kaei gC g-1
C d-1 

Decomposition temperature modifier function fT - 

Aerobic Decomposition water modifier function fθwae - 

Anaerobic Decomposition water modifier function fθwan - 

Aerobic Decomposition pH modifier function fpHae - 

Anaerobic Decomposition pH modifier function fpHan - 

Soil temperature ST oC 

Decomposition carbon flux EDC DECSE gC m-3
soild-1 

Decomposition carbon flux cellulose DECSC gC m-3
soild-1 

Decomposition carbon flux lignin DECSL gC m-3
soild-1 

Decomposition carbon flux peat DECSP gC m-3
soild-1 

Decomposition carbon flux DOM DECSD gC m-3
soild-1 

Soil carbon compartment EDC CSE gC m-3
soil 

Soil carbon compartment Cellulose CSC gC m-3
soil 
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Description Code Unit 

Soil carbon compartment Lignin CSL gC m-3
soil 

Soil carbon compartment Peat CSP gC m-3
soil 

Soil carbon compartment DOM CSD gC m-3
soil 

Litter inflow from branch LTB gC m-3
soild-1 

Litter inflow from wood LTW gC m-3
soild-1 

Litter inflow from root LTR gC m-3
soild-1 

Litter inflow from root LDW gC m-3
soild-1 

Production term associated to EDC PCSE gC m-3
soild-1 

Production term associated to cellulose PCSC gC m-3
soild-1 

Production term associated to lignin PCSL gC m-3
soild-1 

Production term associated to peat PCSP gC m-3
soild-1 

Production term associated to DOM PCSD gC m-3
soild-1 

Diffusivity of DOC DDOC  m2
 soil d-1 

Water movement Qw m3
wat m-2

 soil d-1 

Concentration of DOC in soil water [DOC]w gC m-3
water 

 

Table S6. Parameters for soil carbon dynamics.  

Description Code Unit Value Source 

Aerobic Decomposition rate for EDC PKaeSE  gC g-1
C d-1 0.06575 Wallman et al., 2006 

Aerobic Decomposition rate for Cellulose PKaeSC  gC g-1
C d-1 0.00301 Wallman et al., 2006 

Aerobic Decomposition rate for Lignin PKaeSL  gC g-1
C d-1 0.00046 Wallman et al., 2006 

Aerobic Decomposition rate for Peat PKaeSP  gC g-1
C d-1 0.00018 Kleinen et al., 2012 

Aerobic Decomposition rate for DOM PKaeSD  gC g-1
C d-1 0.03013 Wallman et al., 2006 

Anaerobic Decomposition rate for EDC PKanSE  gC g-1
C d-1 0.00657 Benner et al., 1984 

Anaerobic Decomposition rate for 

Cellulose 

PKanSC  gC g-1
C d-1 0.00003 Benner et al., 1984 

Anaerobic Decomposition rate for Lignin PKanSL  gC g-1
C d-1 4.6E-07 Reuter et al., 2024 

Anaerobic Decomposition rate for Peat PKanSP  gC g-1
C d-1 1.8E-08 Clymo et al., 1998 

Anaerobic Decomposition rate for DOM PKanSD  gC g-1
C d-1 0.00003 Benner et al., 1984 
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Description Code Unit Value Source 

Aerobic Q10 parameter Q10ae - 2 Morel et al., 2019 

Anaerobic Q10 parameter Q10an - 4.2 Morel et al., 2019 

Parameter for the pH modifier function βpH - 1 Walse et al., 1998 

Parameter for the pH modifier function αpH-SE  kmolH m-3
water 65600 Walse et al., 1998 

Parameter for the pH modifier function αpH-SC  kmolH m-3
water 20500 Walse et al., 1998 

Parameter for the pH modifier function αpH-SC  kmolH m-3
water 1050 Walse et al., 1998 

Parameter for the pH modifier function αpH-SP  kmolH m-3
water 1050 Walse et al., 1998 

Parameter for the pH modifier function αpH-SD  kmolH m-3
water 20500 Walse et al., 1998 

From foliage to soil EDC γTF-SE  gC g-1
C 0.2 Yu et al., 2018 

From foliage to soil cellulose γTF-SC  gC g-1
C 0.5 Yu et al., 2018 

From foliage to soil lignin γTF-SL  gC g-1
C 0.3 Yu et al., 2018 

From branch to soil EDC γTB-SE  gC g-1
C 0.1 Yu et al., 2018 

From branch to soil cellulose γTB-SC  gC g-1
C 0.6 Yu et al., 2018 

From branch to soil lignin γTB-SL  gC g-1
C 0.3 Yu et al., 2018 

From wood to soil EDC γTW-SE  gC g-1
C 0.1 Yu et al., 2018 

From wood to soil cellulose γTW-SC  gC g-1
C 0.6 Yu et al., 2018 

From wood to soil lignin γTW-SL  gC g-1
C 0.3 Yu et al., 2018 

From root to soil EDC γTR-SE  gC g-1
C 0.3 Yu et al., 2018 

From root to soil cellulose γTR-SC  gC g-1
C 0.4 Yu et al., 2018 

From root to soil lignin γTR-SL  gC g-1
C 0.3 Yu et al., 2018 

Partitioning coefficient Mae-CO2 - 0.6 Manzoni et al., 2018 

Partitioning coefficient Man-CO2 - 0.3 Raivonen et al., 2017 

Partitioning coefficient Man-CH4 - 0.3 Raivonen et al., 2017 

From soil compartment j to peat soil 

compartment 

γj-SP  gC g-1
C 0.75 Yu et al., 2018 

From soil compartment j to DOM 

compartment 

γj-SD  gC g-1
C 0.25 Yu et al., 2018 

Potential diffusivity of DOC PDSD  m2
 soil d-1 1.1E-05 Camino-Serrano et al., 2018 

Carbon to wet biomass for microbes CMB:WBMB gC g-1
WB 0.1 Tang et al., 2019 
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2.4 Soil gaseous carbon dynamics 

Variables used for soil gaseous carbon dynamics are grouped in Table S7, while parameters and their sources are grouped in  465 

Table S8. Parameters associated with plant-mediated gas transport are not applicable to Norway spruce due to the absence of 

aerenchyma tissue in its root system. This explains the assigned values for parameters AP, TRτ and RCS in Table S8. 

 

Table S7. Variables for soil carbon dynamics.  

Description Code Unit 

Temperature function modifier for methane oxidation fmoxT - 

Water diffusivity of CO2 DSCO2-air  m2
 soil d-1 

Air diffusivity of CO2 DSCO2-water  m2
 soil d-1 

Water diffusivity of CH4 DSCH4-air  m2
 soil d-1 

Air diffusivity of CH4 DSCH4-water  m2
 soil d-1 

Concentration of compound X in soil [X]soil gC m-3
soil 

Concentration of compound X in soil air [X]air gC m-3
air 

Concentration of compound X in soil water [X]water gC m-3
water 

CO2 production term PCSCO2  gC m-3
soild-1 

CH4 production term PCSCH4  gC m-3
soild-1 

Threshold for CH4 ebullition CH4max gC m-3
soil 

Pressure at the soil layer PS Pa 

Ebullition methane flow TGCH4-EBU gC m-3
soild-1 

Area of roots TRd m2
root m-3

 soil 

Plant transport methane flow TGCH4-PMT gC m-3
soild-1 

 470 

Table S8. Parameters for soil carbon dynamics.  

Description Code Unit Value Source 

Below ground fraction of wood BGFTW - 0.2 Liepiņš et al., 2018 

Methane oxidation rate Kmox gC g-1
C d-1 0.2 Khvorostyanov et al., 2008 

Potential air diffusivity of CO2 PDSCO2-air 10-4 m2 s-1  0.133 Morel et al., 2019 

Potential water diffusivity of CO2 PDSCO2-water 10-9 m2 s-1  0.939 Morel et al., 2019 

Potential diffusivity of CH4 PDSCH4-air 10-4 m2 s-1  0.188 Morel et al., 2019 
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Description Code Unit Value Source 

Potential diffusivity of CH4 PDSCH4-water 10-9 m2 s-1  0.980 Morel et al., 2019 

HC term for CO2  HCC
CO2 m3

air m-3
 water 0.749 Morel et al., 2019 

HC term for CH4 HCC
CH4 m3

air m-3
 water 0.032 Morel et al., 2019 

Mixing ratio MR - 0.15 Raivonen et al., 2017 

Capacity of the plant to transport gas 

through roots 

AP - 0 Estimated 

Root tortuosity TRτ - NA Estimated 

Cross-sectional area of root endings per 

biomass unit 

RCS m2
root g-1

 DW NA Estimated 

 

2.5 Soil nutrient dynamics 

Variables used for soil nutrient dynamics are grouped in Table S9, while parameters and their sources are grouped in  

Table S10. 475 

 

Table S9. Variables for soil chemistry dynamics.  

Description Code Unit 

Nitrogen mineralization from soil compartment NMSE gN m-3
soild-1 

Nitrogen mineralization from soil compartment NMSC gN m-3
soild-1 

Nitrogen mineralization from soil compartment NMSL gN m-3
soild-1 

Nitrogen mineralization from soil compartment NMSP gN m-3
soild-1 

Nitrogen mineralization from soil compartment NMSD gN m-3
soild-1 

Decomposition nitrogen flux EDC DENSE gN m-3
soild-1 

Decomposition nitrogen flux cellulose DENSC gN m-3
soild-1 

Decomposition nitrogen flux lignin DENSL gN m-3
soild-1 

Decomposition nitrogen flux peat DENSP gN m-3
soild-1 

Decomposition nitrogen flux DOM DENSD gN m-3
soild-1 

Aqueous concentration of nitrogen compound NCNH4 gN m-3
soil 

Aqueous concentration of nitrogen compound NCNO2 gN m-3
soil 

Aqueous concentration of nitrogen compound NCNO3 gN m-3
soil 

Aqueous concentration of nitrogen compound NCNO gN m-3
soil 

Aqueous concentration of nitrogen compound NCN2O gN m-3
soil 
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Description Code Unit 

Transformation of mineral nitrogen compound NTNH4 gN m-3
soild-1 

Transformation of mineral nitrogen compound NTNO2 gN m-3
soild-1 

Transformation of mineral nitrogen compound NTNO3 gN m-3
soild-1 

Transformation of mineral nitrogen compound NTNO gN m-3
soild-1 

Transformation of mineral nitrogen compound NTN2O gN m-3
soild-1 

Biomass ammonium oxidizers MBNIT1 gWB m-3
soil 

Biomass nitrite oxidizers MBNIT2 gWB m-3
soil 

Biomass denitrifiers MBDEN gWB m-3
soil 

 

Table S10. Parameters for soil chemistry dynamics.  

Description Code Unit Value Source 

Microbial CN ratio (aerobic) MCNae gC g-1
N 11 Manzoni et al., 2010 

Microbial CN ratio (anaerobic) MCNan gC g-1
N 30 Reddy & DeLaune, 2008 

Maximum growth GoxNH4 d-1 0.92448 Tang et al., 2019 

Michaelis-Menten constant MoxNH4 gN m-3
soil 4.256 Tang et al., 2019 

Yield YoxNH4 gN g-1
WB 0.35714 Tang et al., 2019 

Maximum growth GoxNO2 d-1 3.1104 Tang et al., 2019 

Michaelis-Menten constant MoxNO2 gN m-3
soil 4.172 Tang et al., 2019 

Yield YoxNO2 gN g-1
WB 0.28571 Tang et al., 2019 

Maximum growth GreNO3 d-1 35.1648 Tang et al., 2019 

Michaelis-Menten constant MreNO3 gN m-3
soil 2.898 Tang et al., 2019 

Yield YreNO3 gN g-1
WB 0.53571 Tang et al., 2019 

Maximum growth GreNO2 d-1 8.36352 Tang et al., 2019 

Michaelis-Menten constant MreNO2 gN m-3
soil 10.486 Tang et al., 2019 

Yield YreNO2 gN g-1
WB 0.26785 Tang et al., 2019 

Maximum growth GreNO d-1 69.2064 Tang et al., 2019 

Michaelis-Menten constant MreNO gN m-3
soil 2.464 Tang et al., 2019 

Yield YreNO gN g-1
WB 0.26785 Tang et al., 2019 

Maximum growth GreN2O d-1 1.45152 Tang et al., 2019 
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Description Code Unit Value Source 

Michaelis-Menten constant MreN2O gN m-3
soil 0.7238 Tang et al., 2019 

Yield YreN2O gN g-1
WB 0.53571 Tang et al., 2019 

Death rate ammonium oxidizers KNIT1 d-1 0.23 Tang et al., 2019 

Death rate nitrite oxidizers KNIT2 d-1 0.13 Tang et al., 2019 

Death rate denitrifiers KDEN d-1 0.01 Tang et al., 2019 

 480 

2.6 Soil water and soil temperature dynamics 

Variables used for water and temperature dynamics are grouped in Table S11, while parameters and their sources are grouped 

in  

Table S12. We calibrated the modifier of the bottom layer hydraulic conductivity that controls percolation (LimKsat) against 

observations of GWL for the period 2008-2013. This parameter allows water to percolate through the last layer limiting the 485 

chances of concentrations of compounds achieving unrealistic values at the bottom of the layer profile. It also affects GWL, 

which is one of the main carbon regulators in these systems.   

 

Table S11. Variables for water and temperature dynamics.  

Description Code Unit 

Water content θw m3
water m-3

soil 

Wilting point WP m3
water m-3

soil 

Field saturation FS m3
water m-3

soil 

Field capacity FC m3
water m-3

soil 

Bulk density BD gsoil m-3
soil 

Ground water level GWL mwater 

Saturated hydraulic conductivity Ksat mwater d-1 

Heat capacity SHC J m-3
soil K-1 

Heat conductivity λ W m-3
soil K-1 

Soil temperature in kelvin STK K 

 490 

Table S12. Parameters water and temperature dynamics. 



29 

 

Description Code Unit Value Source 

Fraction of the hydraulic conductivity at 

the bottom layer 

LimKsat - 0.018 Calibrated 

Air heat capacity AHC J m-3
soil K-1 1.23*103 Bittelli et al., 2015 

Water heat capacity WHC J m-3
soil K-1 4.18*106 Bittelli et al., 2015 

Organic matter heat capacity OCH J m-3
soil K-1 2.62*106 Bittelli et al., 2015 

Mineral heat capacity MHC J m-3
soil K-1 2.31*106 Bittelli et al., 2015 

Empirical parameter αHC - 0.3 Zhao et al., 2019 

Empirical parameter βHC - 0.87 Zhao et al., 2019 

Empirical parameter γHC - 0.6 Zhao et al., 2019 

 

2.5 Soil volume dynamics 

Variables used for soil structure dynamics are grouped in Table S13, while parameters and their sources are grouped in  

Table S14. The pore to solid ratio (inverse of porosity) is derived from on-site observations  (Björk et al., 2010), while particle 495 

density values are from literature.  

 

Table S13. Variables for soil structure dynamics.  

Description Code Unit 

Volume of soil layer Vsoil m3
soil 

Organic matter mass OMm gsoil 

Clay mass CYm gsoil 

Silt mass SLm gsoil 

Sand mass SDm gsoil 

 

Table S14. Parameters for soil structure dynamics. 500 

Description Code Unit Value Source 

Particle density organic matter DNOM gsoil cm-3
solids 1.296 Haan et al., 1994 

Particle density clay DNCY gsoil cm-3
solids 2.657 Haan et al., 1994 

Particle density silt DNSL gsoil cm-3
solids 2.798 Haan et al., 1994 

Particle density sand DNSD gsoil cm-3
solids 2.837 Haan et al., 1994 

Pore to solid ratio PS:SS m3
solids m-3

poros 5.61 Björk et al., 2010 
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