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Introduction 

AgroC is a coupling between the SOILCO2/RothC model developed by Herbst et al. (2008) 

and the SUCROS model for crop growth (Spitters et al., 1989). The SOILCO2/RothC model 

simulates water, heat, and CO2 flux in a soil column as well as the source term of 

heterotrophic respiration over soil depth and time, which is given by the turnover of depth-

specific carbon pools (Coleman and Jenkinson, 2008; Šimůnek and Suarez, 1993; Šimůnek et 

al., 1996). The carbon turnover rate modifiers in turn are calculated according to the one-

dimensional profiles of soil water content and temperature. This coupling concept was 

validated in several laboratory and field studies (Bauer et al., 2008, 2012; Herbst et al., 2008; 

Palosuo et al., 2012; Weihermüller et al., 2009). The extension of this coupled model with 

SUCROS was expected to allow for an improved simulation of the soil autotrophic respiration 

source term, since the temporal development of root growth and the related growth and 

maintenance respiration is simulated by SUCROS in a mechanistic way. Further, this allows 

to close the one-dimensional carbon balance and to estimate NEE, since carbon assimilation 

as well as organ-specific growth and maintenance respiration can be estimated. 

The coupled SOILCO2/RothC model allows for the use of any user-specified length and time 

unit, whereas the SUCROS module uses fixed units. For the AgroC model we preserved the 

flexibility in terms of length ([L]) and time units ([T]), but we kept the fixed mass and area 

unit (kg, ha) of the original SUCROS code. The mass unit of the AgroC output carbon fluxes 

is mol CO2.For a documentation related to all processes related to the original SoilCO2 model 

the user is referred to to Simunek et al. (1996). For plant growth as implemented in SUCROS 

the reader is referred to the WAVE manual (Vancloster et al., 1995) The following topics are 

documented here since modifications were performed or process sub-modules were added: 
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1. Hourly Time Step 

The SOILCO2/RothC model can handle any time step, however the original SUCROS 

explicitly runs at a daily time step. Since particularly NEE exposes distinct diurnal variations, 

the SUCROS code was adopted to handle hourly time steps, except for the calculation of 

development stage DVS (-), for which the original parameterization, based on the effective 

temperature sum, was retained. In the original SUCROS approach the daily total gross 

assimilation is obtained by three point Gauss integration of the instantaneous assimilation 

rates per unit leaf area over the daylight period. This could be omitted for the hour model, for 

which the hourly gross assimilation is computed from the hourly average inputs of global 

radiation and mean temperature, based on the same approach that was originally used for the 

instantaneous assimilation rate. Major changes were, however, required for the estimation of 

the photosynthetic active radiation (PAR) flux at the top of the canopy. In the original code 

the instantaneous PAR (W [L]-2) is estimated in dependence of sinB (-), the sine of solar 

inclination, and dsinBE (-), the daily integral of sinB including a correction of lower 

atmospheric transmittance at lower solar elevation. In the original day model the integral daily 

value dsinBE is approximated and sinB is estimated for the day of the year in dependence of 

the geographic position. For the hourly time steps, the integral of the sine of solar inclination 

dsinB is now calculated according to: 

 

𝑑𝑠𝑖𝑛𝐵 = 𝑠𝑖𝑛𝐵 ∗ 3600	         (1) 

 

where 3600 is the number of seconds in one hour, instantaneous sinB 

(= sin(δ) sin(φ) + cos(δ) cos(ω) cos(φ)) is the sine of solar elevation, δ (°) is the sun 

declination angle, φ (°) is the geographic latitude and ω (°) is the hour angle. The value of 

dsinBE is then estimated as: 
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𝑑𝑠𝑖𝑛𝐵𝐸 = sin(arcsin(𝑠𝑖𝑛𝐵) + 0.4	𝑠𝑖𝑛𝐵) ∗ 3600      (2) 

 

where 0.4 is the regression coefficient between transmission and solar angle (Supit et al., 

1994). 
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2. Water and heat Fluxes 

Since the original approaches of SOILCO2 for water and heat flux were not modified in the 

coupled model, we describe them only briefly. The unsaturated soil water flux is described by 

the Richards equation: 

        (3) 

where t is the time [T], z is the vertical coordinate [L], q is the volumetric water content [L3 L-3], 

h is the pressure head [L], k is the unsaturated hydraulic conductivity [L T-1] and Q is a 

source/sink term [T-1]. The soil water capacity ¶q/¶h and the unsaturated hydraulic conductivity 

function k(h) are calculated according to Mualem-van Genuchten (van Genuchten, 1980). Soil 

heat transport is described by: 

       (4) 

where T is the soil temperature [K], l is the apparent thermal conductivity [W L-1 K-1], Cp is 

the volumetric heat capacity of the porous medium [J L-3 K-1], Cw is the volumetric heat 

capacity of the soil water [J L-3 K-1] and qw is the water flux [L T-1]. 

In terms of water fluxes, the coupling between SOILCO2 and SUCROS mainly covers two 

processes: rainfall interception and root water uptake. The interception loss is estimated 

according to the concept of an overflowing bucket (Rutter et al., 1971). For the estimation of 

canopy interception storage capacity Si ([L]) at hourly time steps, it was assumed that Si is 

proportional to the total leaf area index LAI ([L2 L-2]) with Si = 0.2 × LAI. Water is removed 

from the interception storage by evaporation Ei ([L T-1]): 

 

𝐸! = 8𝐸𝑇",$%&" − 𝐸";
'!
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         (5) 
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where Ci ([L]) represents the interception storage at a certain time step, ETp,crop ([L T-1]) is the 

potential crop evapotranspiration, and Ep ([L T-1]) is the potential soil evaporation. The 

amount of interception Ni ([L T-1]) is then estimated according to: 

 

𝑁! =	 =
0 	 𝑁) = 0										

	𝑆! − 𝐶! 										for 𝑆! − 𝐶! < 𝑁)
𝑁) 	 𝑆! − 𝐶! > 𝑁)

       (6) 

 

where N0 ([L T-1]) represents the precipitation. Finally, the amount of precipitation entering 

the soil Np ([L T-1]) is calculated as the difference between N0 and Ni.  

In SUCROS ETp,crop is computed by scaling the potential grass reference evapotranspiration 

(Penman-Monteith approach; Allen et al., 1998) with the dimensionless crop conversion 

factor Kc.  

Kc [-] can either be provided in a table in dependence of development stage DVS or in 

dependence of the day of the year DOY. Alternatively, Kc can be computed as a function of 

green leaf area index LAIg [-]: 

 

𝐾$ = 𝐾$,*!+ +
,-."

,-.#$%
&

'&()*,,!-.)*,/*0

        (xx) 

 

Where Kc,min is the minimum allowed Kc during bare soil periods. The other input parameter is 

Kc,sca which scales Kc over the growth period in dependence of LAIg. LAIref (=2.88 according 

to Allen et al., 1998) is the leaf area index of the reference grass vegetation, used to estimate 

the potential grass reference evapotranspiration. Kc,min should vary between 0.8 and 1, Kc,sca 

varies between 1 and 10. 

On the basis of Beer’s law, ETp,crop is split into potential soil evaporation Ep ([L T-1]) and 

potential transpiration Tp ([L T-1]) in dependence of the LAI: 
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𝐸" =	𝐸𝑇",$%&"	exp	(−0.6	 ∙ 𝐿𝐴𝐼)        (7) 

𝑇" = 𝐸𝑇",$%&" − 𝐸" − 𝐸!         (8) 

  

The potential soil evaporation is passed to the water flux routine, where it prescribes the 

potential upward water flux for the upper boundary condition. Potential transpiration is 

distributed over the soil depth according to the relative root density distribution to provide the 

potential sink term of root water uptake over soil depth. The depth-specific actual root water 

uptake is computed by scaling the potential root water uptake with the reduction factor α (-) in 

dependence of soil pressure head h ([L]) following the approach of Feddes et al. (1978): 

 

𝛼(ℎ) = 	

⎩
⎨

⎧
	

/10/
/10/&

	 ℎ) ≤ ℎ ≤ ℎ1
1 										for ℎ1 ≤ ℎ ≤ ℎ2

10
23(2
24 	 ℎ2 ≤ ℎ ≤ ℎ3

      (9) 

 

where h0, h1, h2, and h3 ([L]) are prescribed threshold pressure heads (Vanclooster et al., 

1995), which are plant dependent. Integrating the actual root water uptake over depth 

provides the actual transpiration Ta ([L T-1]). The reduction of stomatal conductance due to 

water stress was assumed to correspond to the ratio between actual and potential transpiration 

Ta/Tp. 
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3. Carbon Fluxes from/to atmosphere 

In this study the atmospheric convention is used. Downward carbon fluxes from the 

atmosphere to the ecosystem are defined as negative fluxes, and upward fluxes are positive. 

The water stress ratio (Ta/Tp) is subsequently used to scale down gross carbon assimilation 

and to account for the effect of limited soil water availability on crop activity in terms of the 

negatively defined gross primary productivity GPP (mol CO2 [L]-2 [T]-1): 

 

𝐺𝑃𝑃 = − 45267
5&6893:

	 ∙ 	70
75

          (10) 

 

where Gphot (kg CH2O [L]-2 [T]-1) is the glucose equivalent of the total gross assimilation per 

time step (Spitters et al., 1989), and MolCH2O is the molar mass of CH2O (= 0.030 kg mol-1). 

The net primary productivity NPP (mol CO2 [L]-2 [T]-1) is defined as: 

 

𝑁𝑃𝑃 = 𝐺𝑃𝑃 + 𝑅8% + 𝑅*         (11) 

 

where Rgr (mol CO2 [L]-2 [T]-1) is the total growth respiration, and Rm (mol CO2 [L]-2 [T]-1) is 

the maintenance respiration. Net ecosystem exchange NEE (mol CO2 [L]-2 [T]-1) is finally 

computed as: 

 

𝑁𝐸𝐸 = 𝑁𝑃𝑃 + 𝑅/          (12) 

 

where Rh (mol CO2 [L]-2 [T]-1) is the depth-integral of the heterotrophic CO2 source term 

provided by the RothC module. 

 

4. Soil carbon fluxes 
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Transport of CO2 in soil is simulated by considering diffusion Jda [L T-1] and convection Jca [L 

T-1] in the gas phase, as well as dispersion Jdw [L T-1] and convection Jcw [L T-1] of CO2 

dissolved in the liquid phase: 

         (13) 

where cT [L3 L-3] is the total volumetric concentration of CO2 and S [L3 L-3 T-1] is the 

production term of CO2. The concentration of CO2 in the liquid phase is assumed to be in 

instantaneous equilibrium with the gas phase concentration. The predominant transport 

process for CO2 is the diffusion in the gas phase, calculated according to: 

          (14) 

where qa is the volumetric air content [L3 L-3], ca is the volumetric CO2 concentration in the 

gas phase [L3 L-3] and Da is the effective soil matrix diffusion coefficient of CO2 in the gas 

phase [L2 T-1]. This effective diffusion coefficient accounts for the tortuosity of the pore space 

and is calculated by the Millington-Quirk approach: 

          (15) 

where Das is the diffusion coefficient of CO2 in free air [L2 T-1] and qs is the saturated water 

content [L3 L-3]. The estimation of the CO2 transport caused by air advection in the soil is 

based on a piston gas flow assumption, which implies that any water volume change in the 

soil profile must be immediately matched by a corresponding change in gas volume: 

        (16) 

where qa is the soil air flux [L T-1] and Lr is the length of the soil profile [L]. For a more 

detailed description of the CO2 transport processes the reader is referred to the work of 

Šimůnek and Suarez (1993). 
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4.1 Production of CO2 

In the original version of the SOILCO2 model the total source term of CO2 production S [L3 

L-3 T-1] is the sum of the production by soil micro-organisms γS [L3 L-3 T-1] and plant roots γP 

[L3 L-3 T-1]: 

           (17) 

The value of gs in the original SOILCO2 is calculated from an optimal CO2 production rate gs0 

[L3 L-2 T-1], which is constant in time and distributed with an exponential function over the 

profile depth: 

          (18) 

where Lr is the profile depth [L]. The exponential function is scaled with the constant a to 

ensure that the function is normalized according to the depth of the soil profile. 

For the modified version of SOILCO2, the pool concept of the carbon turnover model RothC-

26.3 (Coleman and Jenkinson, 2005) is used to estimate the CO2 production by soil micro-

organisms. It is assumed that soil organic matter (SOM) is composed of a variety of organic 

compounds, which are characterised by different decomposition rates. C-pools group 

substances with decomposition rates of the same order of magnitude. In the RothC model, 

SOM is partitioned into five compartments, where the inert organic matter pool (IOM) [M L-

3] is resistant to decomposition. The other four compartments are actively decomposed. These 

are the decomposable plant material (DPM) [M L-3], the resistant plant material (RPM) [M L-

3], the microbial biomass (BIO) [M L-3] and the humified organic matter (HUM) [M L-3]. 

Incoming plant carbon is partitioned between DPM and RPM. Both DPM and RPM 

decompose to form CO2, BIO and HUM. The partitioning between CO2, BIO and HUM 

depends on the clay content of the soil using the following equation: 

      (19) 
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where the clay fraction [M M-1] is expressed on a gravimetric basis. The fraction of CO2 

carbon xCO2 [-] is thus equal to b/(b+1). Both BIO and HUM decompose to generate more 

CO2, BIO and HUM. The ratio CO2/(BIO+HUM) for the decomposition of BIO and HUM is 

the same as for the decomposition of DPM and RPM. The decomposition process is assumed 

to follow first-order kinetics: 

          (20) 

where the change of the concentration of any soil organic matter pool Cx [M L-3] with time is 

characterised by the respective optimum decomposition rate λx [T-1], which is scaled with the 

product of the reduction factors fw for pressure head [-],  fT for temperature [-] and fCO2 for 

CO2 concentration [-]: 

          (21) 

For the decomposition of DPM and RPM, eq. (10) can be extended by the input from plant 

material CPinp [M L-3]. This can be written in the discrete form as: 

       (22) 

where Cp is the concentration of the pool [M L-3], the index p loops over the fast pools DPM 

and RPM and yinp,x [-]  = 0.59 for x=DPM and 0.41 for x =RPM (Coleman and Jenkinson, 

2005), i is the index for the time increment and Δt is the length of the timestep [T]. The 

incoming carbon from plant material Pin [M L-2] is distributed evenly across the soil up to a 

given depth Dp [L] to calculate the carbon input from plant material: 

           (23) 

Thus, the concentration of the decomposed carbon from DPM and RPM dp [M L-3] is equal 

to: 
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         (24) 

The BIO and the HUM pool are charged by all active pools: 

        (25) 

where xp [-] is equal to (1-xCO2)*0.45 and (1-xCO2)*0.54 for BIO and HUM, respectively. 

Here, index s loops over the BIO and HUM pool, and index r loops over the four pools DPM, 

RPM, BIO and HUM. The concentration of the decomposed carbon from BIO and HUM ds is 

equal to: 

         (26) 

Thus, the total mass concentration of CO2 carbon [M L-3] equals the sum of the CO2 carbon 

produced from DPM, RPM, BIO and HUM: 

         (27) 

The CO2 mass concentration CCO2 [M L-3] is calculated from the CO2 carbon mass 

concentration CCO2-C [M L-3] by scaling with the ratio between the molecular mass of CO2 and 

C, which is 0.044 kg mol-1/0.012 kg mol-1. The CO2 mass concentration is converted into a 

volumetric concentration assuming an ideal gas: 

          (28) 

where VCO2 is the volumetric CO2 concentration [L3 L-3], R is the universal gas constant 

(=6.2·1014 kg cm2 d–2 K-1 mol-1) [M L2 T-2 K-1 n-1], T is the absolute temperature [K], MCO2  is 

the molar mass of CO2 (=0.044 kg mol-1)[M n-1] , and P is the atmospheric pressure (=7.6·1012 

kg cm-1 d-2)[M L-1 T-2]. The CO2 production rate, which replaces the gs of the orginal 

approach in eq. (7), is calculated according to: 
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           (29) 

The reduction of the CO2 production as a function of the CO2 concentration is based on 

Michaelis-Menten kinetics (Šimůnek and Suarez, 1993). The original SOILCO2 approach 

was slightly modified in order to obtain a value of 1.0 for optimum conditions: 

    for    (30) 

         for  

where ca is the CO2 concentration [L L-3] and K*m is the Michaelis` constant for the CO2 

concentration [L3 L-3], which was set to 0.19 cm3 cm-3.  

The reduction factors for pressure head are calculated according to Šimůnek et al. (1996): 

    for      (31) 

  for   

    for  

 

where h1 is the pressure head for optimum conditions [L], and h2 is the pressure head below 

which CO2 production ceases [L].  

Compared to Šimůnek and Suarez (1993), the original Arrhenius-type temperature reduction 

function was shifted to obtain values of 1 for the RothC reference temperature Tref  [K] of 

282.4 K: 

          (32) 

where T is the absolute temperature [K] and E is the reaction activation energy [M L2 T-2 n-1]. 
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5. Maintenance and Growth Respiration 

In a first step, the total maintenance respiration demand at 25°C Rm,r (kg CH2O [L]-2 [T]-1) is 

computed as a glucose equivalent according to: 

 

𝑅*,% =V 𝑓*,&
9
&:1 𝑊&	𝑓;         (33) 

 

where fm,o (kg CH2O kg-1 DM [T]-1) is the maintenance coefficient with index o looping over 

the four plant organs leaves, stems, roots, and storage organs with values of 0.03, 0.015, 

0.015, and 0.01, respectively (Spitters et al., 1989). Wo (kg DM [L]-2) is the respective organ 

dry weight and ft (-) is a time conversion factor accounting for the either hourly or daily time 

step. In the next step, Rm,r is corrected for temperature to estimate total maintenance 

respiration Rm,c (kg CH2O [L]-2 [T]-1) as described by Spitters et al. (1989). In a last step, the 

CO2 equivalent maintenance respiration Rm (mol CO2 [L]-2 [T]-1) is computed as the quotient 

of Rm,c and MolCH2O. 

Total growth respiration rate Rgtot (kg CH2O [L]-2 [T]-1), again as the glucose equivalent, is 

estimated as: 

 

𝑅8;&; = Y𝐺"/&; ∙ 	
70
75
	− 𝑅*,$Z − 𝛥𝑊 ∙ 𝐶$&+; ∙

5&6893:
5&68

     (34) 

 

where ΔW is the overall dry matter growth rate (kg DM [L]-2 [T]-1), Ccont (g C g-1 DM) is the 

conversion factor between carbon and biomass dry matter weight, and MolC is the molar mass 

of C (= 0.012 kg mol-1). Growth respiration for each plant organ Rgr,o (mol CO2 [L]-2 [T]-1) is 

computed from Rgtot according to: 
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𝑅8%,& =
<"767	∙	?6
5&6893:

          (35) 

 

where index o loops over the plant organs, and fo (-) is the organ-specific partitioning factor 

also used to compute the organ-specific growth rate. Total growth respiration Rgr 

(mol CO2 [L]-2 [T]-1) is finally computed as the sum of all Rgr,o. The sum of maintenance and 

growth respiration of the roots represents the autotrophic source term of soil CO2 and was 

distributed over profile depth according to the time-variable relative root density distribution 

over depth. 
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6. Root Exudation and Root Decay 

In SUCROS the daily or hourly glucose assimilation rate Gphot (kg CH2O [L]-2 [T]-1) is 

partitioned in dependence of the DVS into the fraction for the shoot and for the root system to 

build up biomass. According to the labelling experiments performed by Swinnen et al. (1995) 

for winter wheat, 18.2% of the net assimilation are transferred to the roots, 7.1% are used to 

build up root biomass, and 5.3% are released as young photosynthetate rhizodeposition. In 

relation to the amount transferred to the roots this translates into relative fractions of 0.39 and 

0.29 for root biomass and exudates, respectively. The relative root exudation fraction fexu (-) 

thus equals 0.43 (= 0.29 / (0.39 + 0.29)) for winter wheat. In AgroC the root exudation rate 

Rtexu (kg C [L]-2 [T]-1) is computed according to the above-mentioned constant partitioning 

factor from the dry matter root growth rate (kg DM [L]-2 [T]-1): 

 

𝑅𝑡@AB = Δ𝑊 ∙ 𝑓%; ∙ 𝑓@AB ∙ 0.467        (36) 

 

where frt is the dimensionless partitioning coefficient for roots, and 0.467 kg C kg-1 DM is the 

root-specific dry matter carbon content (Goudriaan et al., 1997). This way, the root exudation 

shows diurnal variations in the simulations due to the assimilation rate as suggested by, e.g., 

Hopkins et al. (2013) and Kuzyakov (2006). Please note that the description of root exudation 

as documented above was implemented this way for all plant types when switched on 

(rootExudation=t). The relative root exudation fraction fexu can be specified for each plant type 

in ‘plants.in’ at line 25. 

Swinnen et al. (1995) also determined that 3.1% of the net assimilation ends up as dead roots. 

In relation to 18.2% transferred to the roots, this equals a relative fraction of 0.17. In order to 

account for the process of root death (rootDeath=t), the root death factor fdea (-) was 

introduced. The basic assumption is that during the crop juvenile stages the root death rate is 

lower than at flowering: 
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𝑓C@D =	_	
0 	 𝐷𝑉𝑆 < 0.2														

?;$0,0<(FG(0).2)
).J0).2

										for 0.2	 ≤ 𝐷𝑉𝑆	 ≤ 0.5
𝑓C@D*DA 	 𝐷𝑉𝑆	 > 0.5													

     (37) 

 

where fdea is the death fraction in relation to the total amount of roots, and fdeamax (-) is the 

maximum value of the root death fraction (specified in line 26 of ‘plants.in’). For the winter 

wheat model runs a fdeamax of 0.43 was used, which approximately reproduced the cumulative 

fraction of dead roots of 0.17 of net assimilation determined by Swinnen et al. (1995). Please 

note that root death is only implemented for winter wheat, summer wheat, barley and 

grassland. The rate of root death in terms of carbon release Rtdea (kg C [L]-2 [T]-1) is computed 

as: 

 

𝑅𝑡C@D = Δ𝑊 ∙ 𝑓%;	 ∙ 𝑓C@D ∙ 0.467        (38) 

 

The root dry matter growth rate is reduced according to the loss of root exudates and dead 

roots. The total amount of root exudates and dead roots is, analogous to root respiration, 

distributed over depth according to the relative root density profile. The carbon equivalent of 

root exudates is transferred to the depth-specific decomposable plant material pool (DPM) of 

the RothC subroutine, in order to reflect the rapid decomposition of these labile substances by 

rhizosphere microorganisms, whereas the dead root carbon is split into the DPM pool and the 

resistant plant material pool (RPM) according to the original partitioning for incoming plant 

material of 0.59 and 0.41 (Coleman and Jenkinson, 2008), respectively. 

For winter wheat and barley harvest residues can be considered in the simulation. At harvest 

the existing root biomass and 25% of the stem biomass is added to the DPM and RPM pool 
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up to a user-specified soil depth, i.e., ploughing depth. Figure 1 shows a schematic 

representation of the carbon cycling in AgroC. 

 
 
Fig. 1: Carbon fluxes and partitioning in AgroC. Gross primary production (GPP) is partitioned to the 
different plant organs, leaves (subscript lv), stems (st), storage organs (so), and roots (rt), whereat CO2 
is lost due to growth (Rgr) and maintenance respiration (Rm). The sum of these autotrophic CO2 source 
terms by the shoot organs account for the above-ground respiration (RABG). Carbon or CO2, 
respectively, is added to the soil profile by the autotrophic root respiration, root exudates, and dead 
roots. The latter two are transferred to the decomposable and resistant plant material pool (DPM, 
RPM) of the RothC model and decomposed. The heterotrophic CO2 source term consists of the 
microbial decomposition of those and further soil organic matter pools (humified organic matter 
(HUM), microbial biomass (BIO)). The root respiration and the heterotrophic components are part of 
the below-ground respiration (RBG).  
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7. Grassland 

The original SUCROS code is not capable of simulating managed grassland, characterized by 

multiple mowing events over the season. Mowing initiates the transfer of glucose from the 

roots and the stubble to the remaining leaves, which allows for a faster compensation of 

defoliation. The routines implemented in AgroC for the simulation of the above-mentioned 

processes follow to some extent the sink/source approach suggested by Schapendonk et al. 

(1998) for the grassland productivity model LINGRA. 

At prescribed mowing dates the current green leaf area index LAIg is set to a fixed post-

mowing leaf area index LAIpost of 0.35. The ratio between the pre-mowing LAI and post-

mowing LAIpost is used to compute the respective loss of dry matter biomass: 

 

𝑓6D! =	
,-."

,-.56/7
           (39) 

𝑤"&K;,! =	
L5#$,!
?=0!

          (40) 

 

where flai (-) is the pre-/post-mowing LAI ratio, wpre (kg DM [L]-2) is the biomass prior to 

mowing, and wpost (kg DM [L]-2) is the respective biomass after mowing. Index i loops over 

leaves, stems, and storage organs/inflorescence. At each mowing event DVS is also reset to a 

prescribed value of DVSreset = 0.5. In order to simulate the transfer of glucose after 

defoliation, we implemented a glucose storage, which is filled between a DVSlo of 0.6 and a 

DVShi of 1.0. The rate of glucose storage increase λs+ (kg CH2O [L]-2 [T]-1) is computed as a 

fraction fstor (-) of global net glucose production: 

 

𝜆KM = Y𝐺"/&; 	 ∙ 	
70
75
	− 𝑅*,$Z ∙ 𝑓K;&%        (41) 
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The part of global net glucose production (= Gphot × Ta/Tp – Rm,c) available for biomass growth 

and respiration is reduced accordingly by λs+. The storage fraction is computed in dependence 

of DVS: 

 

𝑓K;&% =	f	

0 	 𝐷𝑉𝑆 ≤ 𝐷𝑉𝑆6&																	
?/76#,0<(FG(0FG(=6)

(FG(2!0FG(=6)
										for 𝐷𝑉𝑆6& < 𝐷𝑉𝑆 < 𝐷𝑉𝑆/!

𝑓K;&%*DA 	 𝐷𝑉𝑆 ≥ 𝐷𝑉𝑆/! 																	
   (42) 

 

where fstormax (-) is the user-specified maximum storage fraction. Thus, the glucose storage 

Sstor,t (kg CH2O [L]-2) increases by λs+ until a user-defined maximum value of Sstormax 

(kg CH2O [L]-2) is reached and Sstor,t remains constant. After mowing the glucose storage is 

emptied, assuming an exponential decay over time. The release of dry matter transfer rate λs- 

([T-1]) from Sstor,t to the shoot is estimated as: 

 

𝜆K0 =	
NOP	(1)))
;/76#

          (43) 

 

where tstor ([T]) is the user-specified time required to reach a value of 1% of the storage at the 

time of the mowing event. According to Gonzales et al. (1989) and Prud’homme et al. (1992) 

the mobilization of carbohydrates in ryegrass is highest during the first 6 days after 

defoliation and levelled out in a second phase, 6 to 29 days after cutting. As a default value, 

tstor could be set to 15 days, equivalent to a λs- rate of 0.31 d-1. 

The additional dry matter growth rate ΔWstor (kg DM [L]-2 [T]-1) resulting from the declining 

Sstor,t is added to the dry matter growth rate of the shoot ΔWsh, (kg DM [L]-2 [T]-1), which is the 

outcome of the photosynthetic activity of the plant. The additional shoot growth rate ΔWstor is 

computed as: 
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Δ𝑊K;&% =
(/76#,7		Q/(

?/2	(1.9R	?=?	M	1.J1	?/7)
        (44) 

 

where fsh, flv, and fst are the dimensionless partitioning factors for shoot, leaves, and stems, 

respectively. The assimilate requirement coefficients 1.46 and 1.51 have a unit of 

kg CH2O kg-1 DM (Spitters et al., 1989). Correspondingly, Sstor,t is reduced down to a limiting 

value of zero according to: 

 

𝑆K;&%,;M1 =	𝑆K;&%,;	(1 − 𝜆K0)         (45) 

 

As suggested by Schapendonk et al. (1998) a mechanism was implemented by which the 

specific leaf area (ha leaf kg-1 DM) varies over the season as a function of DVS. Further, as 

proposed by Barrett et al. (2004) a mechanism to distinguish between vegetative and 

reproductive development of grass was appended. Those two stages of development differ in 

the productivity of the grass crop and in several major physiological processes, which alter 

the response of the plant to environmental drivers (e.g., Anslow and Green, 1967; Leafe et al., 

1974; Parsons, 1988; Robson et al., 1988). 
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8. Root water uptake according to Couvreur  

Alternatively to the Feddes approach, root water uptake can be simulated according to the 

approach of Couvreur et al. (2012) by setting waterstress=3 in the ‘plants.in’ input file. The 

weighted average total head in the root zone Hs (L) is computed as: 

 

𝐻K = ∑ 𝑅𝑅𝐷S ∗ 𝐻S+
S:1            (46) 

 

 

where RRD is the relative root length density at node j [-] and H is the corresponding total 

hydraulic head (equal to h+z) and the entire soil profile is discretized into n nodes. The 

hydraulic head at the collar of the plant Hcol is estimated at every time step as 

 

𝐻$&6 = − T75T
U#/

+ 𝐻K           (47) 

 

where Krs [cm3 cm-3 T-1] is the root system conductance and Tp [L T-1] is potential 

transpiration. A threshold at the root collar Hxmin [L] is introduced (usually set to -16000 cm) 

and for Hcol<Hxmin the value of Hcol is set equal to Hxmin and the actual transpiration Ta [L T-1] 

is computed as: 

 

𝑇D = 𝐾%K ∗ 𝑀𝑎𝑥(0, 𝐻K − 𝐻$&6) 𝑓𝑜𝑟	𝐻$&6 < 𝐻A*!+      (48) 

 

For Hcol≥Hxmin Ta is equal to Tp. Finally, the root water uptake in terms of the sink term S [T-1] 

at node j is defined as: 

 

𝑆S =
<<F@∗W70MU*6,5∗XY@0Y/Z[

C\@
           (49) 
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where Kcomp is the compensatory root conductance [T-1] and dz [L] is the layer thickness 

related to node j. 
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9. Photosynthesis according to the big leaf approach (Farquhar)  

The big leaf approach of Farquhar et al. (1980) as extended by Collatz et al. (1992) for C4 

plants can be used alternatively to estimate photosynthesis (set farquhar=t in ‘plants.in’). The 

atmospheric pressure Patm [Pa], the ambient CO2 partial pressure cs [Pa], the oxygen partial 

pressure oi [Pa], the CO2 partial pressure at compensation point G* [Pa], the maxiumum rate 

of carboylation Vcmax  [µmol CO2 m-2 s-1] and the leaf internal CO2 partial pressure ci [Pa] are 

required to estimate photosynthesis. Further, quantum efficiency a was set to 0.06 µmol CO2 

µmol photons-1 for C3 plants and it was assumed to be 0.04 µmol CO2 µmol photons-1 for C4 

plants. (Note: For the units the area (‘m2’) in this section always refers to the leaf area.) 

Ambient CO2 partial pressure cs [Pa] is computed from the constant atmospheric CO2 

concentration and Patm (both provided in the selector.in). O2 partial pressure is calculated as 

oi=0.209*Patm.  

In order to estimate the compensation point CO2 partial pressure a Michaelis-Menten type 

approach is applied. The Michaelis-Menten constants Kc [Pa] and Ko [Pa], for CO2 and O2 

respectively, are given as: 

 

𝐾$ = 𝐾$2J(𝑎]$)
70(3A
&1             (50) 

𝐾& = 𝐾&2J(𝑎]&)
70(3A
&1            (51) 

 

where Kc25=30 Pa and Ko25=30000 Pa at 25°C and aKc=2.1 and aKo=1.2, representing the 

relative change in Kc25 and Ko25 for a 10°C change of ambient temperature ta. The 

compensation point CO2 partial pressure [Pa] is subsequently estimated as: 

 

Γ∗ = 0.5 ∗ U*
U6
∗ 0.21 ∗ 𝑜!           (52) 
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In order to estimate Vcmax, first the temperature sensitivity factor f(ta) has to be estimated 

according to: 

 

𝑓(𝑡D) = q1 + 𝑒𝑥𝑝 Y022))))M^1)∗X;0M;%Z
).))1∗<"0/∗X;0M;%Z

Zt
01

        (53) 

 

where tf [K] is the freezing temperature of water and Rgas [J K-1 kmol-1] represents the 

universal gas constant. This also accounts for the thermal breakdown of carbon assimilation 

due to freezing. In the next step Vcmax [µmol CO2 m-2 s-1] is computed from Vcmacx25 [µmol 

CO2 m-2 s-1] (plant specific input parameter) scaled by f(ta) [-], root water uptake stress aavg [-

] (=Ta/Tp) and relative day length f(DYL) [-]: 

 

𝑉$*DA = 𝑉$*DA2J ∗ (2.4)
70(3A
&1 ∗ 𝑓(𝑡D) ∗∝D_8∗ 𝑓(𝐷𝑌𝐿)      (54) 

 

As implemented in SCOPE, the leaf internal CO2 partial pressure ci [Pa] was estimated as: 

 

𝑐! = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚YΓ∗, 𝑐K ∗ z1 − 1.6/8𝑚 ∗ 𝑅/ ∗ 𝛼D_8;|Z 𝑓𝑜𝑟	𝐶3	𝑝𝑙𝑎𝑛𝑡𝑠

𝑐! = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚Y0.99 ∗ PD;*, 𝑐K ∗ z1 − 1.6/8𝑚 ∗ 𝑅/ ∗ 𝛼D_8;|Z 𝑓𝑜𝑟	𝐶4	𝑝𝑙𝑎𝑛𝑡𝑠
   (55) 

 

where m [-] is the Ball-Berry slope parameter (Collatz et al., 1991; plant specific input 

parameter) and Rh [-] is the relative humidity (last column in ‘atmosph.in’).  

Photosynthesis A [µmol CO2 m-2 s-1] of C3 plants is finally estimated as: 

 

𝐴 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 z G*,0<∗($!0`∗)
$!MU*∗(1M&!/U6)

, ($!0`∗)∗9.R∗-b-<∗c
$!M2∗`∗

, 𝑉$*DA ∗ 0.5|      (56) 
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whereas the photosynthesis of a C4 plants is finally estimated as 

 

𝐴 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 z𝑉$*DA , 4.6 ∗ 𝐴𝑃𝐴𝑅 ∗ 𝛼, 4000 ∗ 𝑉$*DA ∗
$!

b07,
|      (57) 

 

The single terms of the minimum functions represent the RuBP carboxylase limited rate of 

carboxylation, the light-limited rate and the export limited rate of carboxylation (from left to 

right). 
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10. Solar induced fluorescence SIF 

SIF was basically estimated following the concept of Lee et al. (2015). The maximum 

possible electron transport rate Jo [µmol CO2 m-2 s-1] was computed according to 

 

𝐽& = 4.6 ∗ 𝐴𝑃𝐴𝑅 ∗ 𝛼            (58) 

 

where the photosynthetic active radiation APAR [W m-2 = J m-2 s-1] is scaled with 4.6 µmol 

photons Joule-1 to convert to photosynthetic photon flux and with quantum efficiency a 

(=0.06 µmol CO2 µmol photons-1 for C3 and =0.04 for C4 plants) to convert to CO2 flux. The 

actual electron transport rate Je of C3 plants is given by 

 

𝐽@ = 𝐴 ∗ $!M2∗`∗
$!0`∗

           (59) 

 

where A [µmol CO2 m-2 s-1] is the actual photosynthesis rate, ci [Pa] represents the leaf 

internal CO2 partial pressure and G* [Pa] is the CO2 partial pressure at compensation point. 

For C4 plants Je is equal to A. The photochemical quantum yield fp [-] is estimated from 

 

𝜙" = 𝜙"& ∗
d$
d6

            (60) 

 

where fpo [-] is the efficiency of photochemical trapping in the dark-adapted state. According 

to Björkman and Demmig (1987) the typical value of fpo for a healthy plant is 0.8.  The rate 

coefficient of chlorophyll fluorescence kf is set to 0.05 s-1, whereas the dark adapted rate 

coefficient kd [s-1] is estimated in dependence of ambient temperature ta [°C]: 
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𝑘C = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚(0.03 ∗ 𝑡D + 0.0773, 0.087)        (61) 

 

The light adapted rate coefficient kn [s-1] was estimated as 

 

𝑘+ = (6.2473 ∗ 𝑥 − 0.5944) ∗ 𝑥        (62) 

 

where x is equal to 1-fp/fpo. Fluorescence yield ff [-] is subsequently computed as 

 

𝜙? =
]%

]%M];M]-
∗ (1 − 𝜙")          (63) 

 

Leaf level sun induced fluorescence F [µmol photons m-2 s-1] is 

 

𝐹 = 𝜙? ∗ 𝐴𝑃𝐴𝑅 ∗ 4.6          (64) 

 

Following Lee et al. (2015) leaf-level fluorescence can be converted to spectrometer-

measured fluorescence at 755 nm F755nm using the conversion factor k which accounts for the 

integration over all wavelengths in the fluorescence emission spectrum, observing angle and 

unit conversion from µmol photons m-2 s-1 to W m-2: 

 

𝐹 JJ+* = e
]
             (65) 

 

An empirical step-wise linear relation between k and Vcmax25 [µmol CO2 m-2 s-1] is finally used 

to compute the conversion factor (Lee et al., 2015): 
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𝑘 = 0.047716 ∗ 𝑉$*DA2J + 7.70092 𝑓𝑜𝑟			𝑉$*DA2J ≤ 70
𝑘 = 0.032686 ∗ 𝑉$*DA2J + 8.75302 𝑓𝑜𝑟			𝑉$*DA2J > 70       (66) 
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11. CO2 diffusion coefficients 

The diffusion coefficient of CO2 in the porous system Da [L2 T-1] is computed from the 

temperature dependent CO2 diffusion coefficient in free air Das [L2 T-1] and the air-filled 

porosity qa [cm3 cm-3]. Alternatively to the originally implemented Millington-Quirk 

approach (iGasdiff=1), the approach of Kristensen et al. (2010) accounting for diffusion in 

macropores can be applied (set iGasdiff=5): 

 

𝐷D = 𝐷DK ∗ 𝐻 ∗ 𝜃D 𝑓𝑜𝑟	𝜃D < 𝜀∗

𝐷D = 𝐷DK ∗ �𝐻 ∗ 𝜀∗ + (𝜃D − 𝜀∗)f, z
g00h∗

g/0h∗
|� 𝑓𝑜𝑟	𝜃D > 𝜀∗    (67) 

 

where H is the macropore tortuosity factor [L L-1], Xm is the matrix tortuosity factor [L L-1], qs 

[cm3 cm-3] is the water content at saturation (assumed to be equal to porosity) and e* is the 

macropore porosity [cm3 cm-3]. In relation to Millington-Quirk, this allows for higher 

diffusion coefficients near water saturation. Three parameters are required as input for each 

material: e*, H and Xm. 

Further, diffusion coefficients can be estimated according to Moldrup et al. (2000a, 

iGasdiff=2) for repacked soils, according to Moldrup et al. (2000b, iGasdiff=3) and according 

to a double-linear approach (iGasdiff=4). 
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12. Nitrogen 

The AgroC nitrogen module accounts for the carbon turnover-linked mineralization and 

immobilization of soil organic N, nitrification, denitrification, Urea hydrolysis, Ammonia 

volatilization, N2O emission, N fixation and crop demand-driven uptake by roots. Further, in 

combination with the solute transport routine Ammonium sorption, convective-dispersive 

transport and leaching of Ammonium and Nitrate can be accounted for (see Fig. X).  

 

Fig. 2: AgroC nitrogen cycle as a combination of RothC (Coleman & Jenkinson, 2014) and 

SWATNIT (Vereecken et al., 1991) 

 

12.1 Mineralization of soil organic nitrogen 

The potential rate constants of the organic matter pools are specified as input in the carbon 

turnover section. The actual turnover rates are consistently used for the decomposition of 

organic C, N and P. Actual turnover rates are calculated from the potential rate constants in 

dependence of soil temperature, water content (or pressure head) and aeration, as described in 

section 4, Eqs. 20 to 22. The organic nitrogen pool structure follows the structure of the 

RothC pool concept applied for the organic C turnover, except for the BIO pool. This pool 

explicitly accounts for the carbon stored in the biomass and is for the organic nitrogen 
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turnover replaced with a fixed biomass C/N ratio provided as model input. The decomposition 

of organic N in the decomposable (DPM) and in the resistant plant material (RPM) as well as 

in the humus pool (HUM) is estimated as follows:  

 

ijCDE
i;

= �(1 − 𝑓/)𝑓@
1
%6
− jCDE

'CDE
� 𝐶Fb5𝜆Fb5       (68) 

 

where NDPM [M N L-3 soil] is the nitrogen content in the decomposable plant material DPM 

pool, CDPM [M C L-3 soil] is the carbon content of the DPM pool, lDPM [T-1] is the DPM 

turnover rate and ro [-] represents the biomass C/N ratio. For consistency with the RothC 

estimated carbon turnover, the dimensionless turnover efficiency fe [-] is computed as 1-

b/(b+1) (see Eq. 9, section 4.1), and the dimensionless humification facor fh is equal to 0.54 

(=RothC humification factor, please also see Eq. 15). A similar nitrogen turnover loop is 

assumed for the resistant plant material pool: 

 

ijFDE
i;

= �(1 − 𝑓/)𝑓@
1
%6
− jFDE

'FDE
� 𝐶<b5𝜆<b5       (69) 

 

where NRPM [M N L-3 soil] is the nitrogen content in the RPM pool, CRPM [M C L-3 soil] is the 

carbon content of the RPM pool and lRPM [T-1] is the RPM turnover rate. The net increase 

rate of nitrogen in the humus pool NHUM [M N L-3 soil] is given by: 

 

ij9GE
i;

= ?$?2
%6
(𝐶Fb5𝜆Fb5 + 𝐶<b5𝜆<b5) − 𝐶Yk5𝜆Yk5     (70) 

 

Where CHUM [M C L-3 soil] is the carbon content of the HUM pool and lHUM [T-1] is the 

HUM turnover rate. The C and N turnover may result in net production or consumption of 
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Ammonium, which depends on the biomass C/N ratio and the C/N ratio of the three pools 

organic matter pools. The decrease of soil organic N in the three pools due to mineralization 

equals the increase of nitrogen in the form of Ammonia NNH4 [M N L-3 soil]:  

 

ijH9I
i;

= �jCDE
'CDE

− ?$
%6
� 𝐶Fb5𝜆Fb5 + �

jFDE
'FDE

− ?$
%6
� 𝐶<b5𝜆<b5 + 𝐶Yk5𝜆Yk5   (71) 

 

The Ammonia-N is converted to the mass of NH4 and to a liquid phase concentration to be 

used as a source/sink term [M NH4 L-3 water T-1] in the solute transport equation. When the 

right side of the equation above is positive, mineralization occurs. In case the right side is 

negative immobilization occurs and nitrogen mass is transferred from the liquid phase to the 

organic matter nitrogen pools. If immobilization occurs and the liquid phase concentration of 

NH4 is not sufficient to fulfill the mineralization N demand, liquid phase NO3 is transferred to 

the organic N pools. If also the Nitrate supply to the mineralization process is not sufficient, 

lDPM and lRPM are reduced by the supply/demand ratio. For the supply from the liquid phase 

N, the NDPM pool is prioritized to the NRPM pool, i.e. the remaining liquid phase Ammonium 

and/or Nitrate may be consumed by the NDPM decomposition first. The potentially decreased 

lDPM and lRPM rates are also used in the organic C and P mineralization module. Thus, a 

nitrogen gap in the organic N mineralization of one or both plant material pools will likewise 

reduce the decomposition of the respective plant material C and P pools. Eqs. 68 to 71 are 

solved numerically by application of the Euler integration method.     

   

12.2 Nitrification, Ammonia volatilization and Urea hydrolysis 

In the nitrification process Ammonium is transformed to Nitrate by heterotrophic 

microorganisms. A first order kinetic equation, based on an actual nitrification rate is applied, 

where the actual nitrification rate is computed from a potential nitrification rate lnitri [T-1] 
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specified as input. The potential nitrification rate is scaled with the rate modifiers accounting 

for soil temperature and water content also used for the organic decomposition rate scaling. 

Ammonium sorbed to the soil matrix is not transformed to Nitrate, this only occurs for the 

dissolved Ammonium.  

Ammonia volatilization is again described by a first order kinetic approach, where the actual 

volatilization rate is computed from the potential volatilization rate lvol [T-1] scaled by the 

rate modifiers for soil temperature and water content. 

Hydrolysis of Urea, as a basic constituent in many mineral N fertilizers, is also described with 

a first order kinetic reaction. Again, soil water content and soil temperature affect the 

potential hydrolysis rate lhyd [T-1].  

 

12.3 Denitrification 

Denitrification is simulated as a first order kinetic reaction, where the liquid phase Nitrate 

concentration NO3 [M NO3 L-3 water] is denitrified according to the actual denitrification rate 

la,denit [T-1]:  

ijl4
i;

= 𝑁𝑂3𝜆D,C@+!;          (72) 

The actual denitrification rate is computed from the potential denitrification rate ldenit [T-1], 

given as input, and it is scaled with the common rate modifier for soil temperature. However, 

the rate modifier for soil water content fw,denit [-] differs from the soil water content rate 

modifier used for all the other turnover rates in order to account for the effect of soil aeration: 

 

𝑓L,C@+!; = 0														𝑓𝑜𝑟	Θ@ ≤ 𝜃C  

𝑓L,C@+!; = zm$0).n
).2

|
2
𝑓𝑜𝑟	Θ@ > 𝜃C        (73) 

 



 36 

Where qd [L3 L-3] is a threshold water content, set to 0.8 according to Aulakh et al., 1992), Qe 

is the effective saturation [-] and qs [L3 L-3] is the water content at saturation. 

 

12.4 Root uptake of nitrogen  

The uptake scheme follows the approach suggested by McIsaac et al. (1985), which was 

modified by Huwe and van der Ploeg (1988).  

The potential uptake (=demand) Np [M N L-2] is is computed from a dry matter nitrogen 

concentration for each crop organ, as provided in the plant parameter input file against 

development stage DVS. Total potential uptake rate dNp/dt [M N L-2 T-1] is defined the sum 

of the following organ-specific potential uptake rates:   

 

ij5
i;

= ij=$0
i;

+ ij/7$
i;

+ ij#66
i;

+ij*#-
i;

        (74) 

 

Where Nlea, Nste, Nroo and Ncrn [M N L-2] represent the nitrogen demand of leaves, stems, 

storage organs, roots and crowns respectively. The potential uptake rate of each plant organ is 

computed as: 

 

ij!
i;
= 𝑊! ∗ 𝑋𝑁𝐶! − 𝑁D$;,!         (75) 

  

Where Wi [M DM L-2] is the accumulated dry matter, XNCi [M N M-1 DM] is the potential 

dry matter nitrogen concentration of the crop organs, Nact,i [M N L-2] is the nitrogen 

accumulated in the organ and index i loops over leaves, stems, storage organs and roots. 

Uptake is supposed to occur convective, with the root water uptake, and diffusive. Potential 

convective uptake rate [M N T-1] is given by: 
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ij*6-?
i;

= ∫ 𝑆L ∗ 𝐶* ∗ 𝑑𝑥<;
)          (76) 

 

Where Rd is actual root depth [L], dx is the element thickness [L], Cm is the liquid phase 

concentration of either Nitrate [M NO3 L-3 water] or Ammonia [M NH4 L-3 water] and Sw [L3 

L-3 T-1] is the root water uptake sink term. The nitrogen uptake is simulated as a sink term in 

the solute transport routine, where uptake could never exceed the available liquid phase 

nitrogen mass. Ammonium will only be taken up, when the crop Nitrogen demand exceeds 

Nitrate supply. Only when convective uptake is smaller than the potential uptake, a potential 

diffusive uptake is calculated as the difference between potential and convective uptake. 

Actual diffusive uptake Ndif [M N L-2] is calculated as: 

 

ij;!%
i;

= ∫ 2∗o∗<;$-/∗<l<-F∗p∗',∗g
F1

<;
) 𝑑𝑥       (77) 

 

Where Rdens [L L-3] is root density at a specific depth, RORAD [L] is the mean root radius, t 

[L2 T-1] is the solute diffusion coefficient for a given water content, D0 [L-1] is the travel 

distance resistance between bulk soil solution and root, Cm is the liquid phase concentration of 

either Nitrate [M NO3 L-3 water] or Ammonia [M NH4 L-3 water] and dx is the depth 

increment [L]. Please note that the uptake rates Ndif and Nconv are related to soil volume, and 

not to water volume. Root density over depth is calculated by scaling the root density at the 

surface W0dens [L L-3] with the relative root density RRD [-]. 

The organ-specific actual root Nitrogen uptake dRNUPact,i/dt [M N L-2], where index i again 

loops over leaves, stems, storage organs and roots is given as: 

 

i<jkb0*7,=$0
i;

= ij=$0
i;

∗
JH*6-?KJH;!%

J7
JH5
J7

− ij/6
i;

∗ z q=$0
q=$0Mq/7$

|     (78) 
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i<jkb0*7,/7$
i;

= ij/7$
i;

∗
JH*6-?KJH;!%

J7
JH5
J7

− ij/6
i;

∗ z q/7$
q=$0Mq/7$

|     (79) 

i<jkb0*7,#66
i;

= ij#66
i;

∗
JH*6-?KJH;!%

J7
JH5
J7

        (80) 

i<jkb0*7,/6
i;

= ij/6
i;

= (𝑊K& ∗ 𝑋𝑁𝐶K& − 𝑁K&) ∗ 𝐹𝑁C@?      (81) 

 

𝐹𝑁C@? = 1 − �1 − 𝑁<rF2         (82) 

 

Where FNdef [-] describes the reduction of N transfer to the storage organs according to a 

potential limitation of N uptake. 

The overall reduction of growth NRED [-] according to Nitrogen limitation is described with a 

dimensionless reduction factor, varying between 0 and 1:   

 

𝑁<rF = z -j',0<,j',
<5j',0<,j',

|         (83) 

 

Where ANCL [kg N kg-1 DM], is the actual tissue nitrogen concentration of the leaves, 

RMNCL [kg N kg-1 DM] is a leaf nitrogen threshold value for unrestricted growth assumed to 

be 50% of XNCLE and RLNCL represents the leaf nitrogen threshold concentration below 

which growth ceases. Latter is fixed to 0.005 [M N M-1 DM].  

The effect of stressors, each varying between 0 and 1, on photosynthesis is assumed to follow 

the minimum concept:   

 

𝐺𝐴;,D = 𝐺𝐴;," ∗ 𝑀𝑖𝑛8∝D_8, 𝑁<rF , 𝑃<rF;       (84) 
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Where GAt,a [M CH2O L-2 T-1] is the actual total gross assimilation, GAt,p [M CH2O L-2 T-1] is 

the potential total gross assimilation, aavg [-] is the stress factor accounting for water stress, 

defined as Ta/Tp, and PRED [-] is the stressor potentially accounting for limitations in 

phosphorus uptake (see Eq. 96). 

 

12.5 Nitrogen fixation  

Symbiosis between some grass species and leguminous crops with rhizobia allow for the 

direct supply of plants with N taken up from the soil air. In a first step an optimum N fixation 

rate lfix,opt [M N L-2 T-1] is given as model input. Typically lfix,opt is in the range of 0.1 to 1 kg 

N ha-1 d-1. Since N fixation is a bacterial process abiotic state variables affect the actual N 

fixation rate lfix,act [M N L-2 T-1] . In order to account for abiotic stresses on N fixation a root 

density and element thickness weighted average reduction factor fmean [-] resulting from the 

distribution of soil temperature, soil water content and soil aeration over depth is computed: 

 

𝑓*@D+ = ∑ 𝑓7,!𝑓L,!𝑓'l2.!
<<F!Mi\!/<;

2
!:1
+       (Eq. 85) 

 

Where fT,i is the dimensionless reduction factor according to soil temperature (Eq. 32 ), fw,i [-] 

is the reduction factor according to water content (Eq. 31),  fCO2,I [-] is the reduction factor 

according to soil CO2 concentration (Eq. 30), RRDi [-]  is the relative root density,  dzi is the 

element thickness [L] at node i, Rd is the actual root depth [L] and n is the number of nodal 

points. Note that in dependence of the reference temperature applied the reduction factor for 

temperature could actually be larger than 1, whereas all other reduction factors vary between 

0 and 1. In order to account for the effect of the temporal evolution of the root system on the 

actual N fixation rate the ratio between Rd and maximum rooting depth Rdmax [L] is 

computed: 
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𝑓<C =
<;

<;,0<
          (Eq. 86) 

Where fRd [-] is the reduction factor according to the root system development. Assuming that 

a potential N deficit in the plant, as a consequence of limited N supply from the soil, will 

foster root carbon supply to the rhizobia and an increase in N fixation, the factor accounting 

for the effect of N limitation (Eq. 83) on N fixation fN [-] is computed as: 

 

𝑓j = 1 + 1 − 𝑁<rF         (Eq. 87) 

  

 The actual N fixation rate is subsequently computed as: 

 

𝜆?!A,D$; = 𝜆?!A,&";𝑓*@D+𝑓<C𝑓j𝑓$&6       (Eq. 88) 

 

Where fcol is the dimensionless crop specific rhizobia colonization fraction (= nodulation 

ratio), which is assumed to be one for C3 and C4 grass and zero for all other crop types.  

The actual N fixation rate is split up into the fractions of N shifted to each plant organ 

according to the organ-specific N demand. N fixation is not allowed to exceed the plant N 

demand. The total potential N root uptake rate [M N L-2 T-1] is computed as total plant N 

demand rate [M N L-2 T-1] minus actual N fixation rate. 

 

12.6 Production of soil N2O emissions 

Following the ‘hole-in-the-pipe’ approach of Firestone & Davidson (1989), a production of 

N20 with a constant fraction of 0.06% (Lin et al., 2000) accompanying nitrification is 

assumed: 

 

𝑅j2l+!; = 0.0006	𝑅+!; 	
99
1n

         (XX) 
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Where RN2Onit [M N2O L-3 soil T-1] is the N2O production during nitrification, Rnit [M NH4 L-3 

soil T-1] is the actual nitrification rate and 44/18 is the molar mass ratio of N20/NH4. N20 

production during denitrification is computed as: 

 

𝑅j2lC@+!; = 	𝑅C@+!;	𝐹j2j2l 	
99
R2

        (XX) 

 

Where RN2Odenit [M N2O L-3 soil T-1] is the N2O production rate during denitrification, Rdenit 

[M NO3 L-3 soil T-1] is the actual denitrification rate, FN2N20 [-] is the fraction of NO3 that is 

transformed to N2O and not to N2 and 44/62 is the molar mass ratio of N2O/NO3. According 

to del Grosso et al. (2000) FN2N20 can be estimated as:   

 

𝐹j2j2l = 1/(1 + max	(	0.16	𝑘1, 𝑘1	𝑒𝑥𝑝(0).n	bH:48:3	))	𝑓qeb()	    (XX) 

 

Where according to del Grosso et al. (2000) PNO3CO2 is the ratio of NO3 concentration [M NO3 

L-3] to CO2 production [M CO2 L-3 day-1] accounting for the ratio of electron donor to 

substrate, k1 [-] is a parameter controlling the maximum value of the N2/N20 ratio in 

dependence of relative gas diffusivity and fWFPS is a parameter describing the response of the 

N2/N2O ratio to soil water-filled pore space given as: 

 

𝑘1 = max	(1.7, 38.4 − 350	𝜏D)        (XX) 

𝑓qeb( = max	(0.1, 1.5	Θ@ − 0.32)        (XX) 

 

Where ta [-] is the relative diffusion coefficient, or pore tortuosity computed e.g. according to 

the Millington-Quirk approach, also used to scale the CO2 diffusion coefficient in free air (see 
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section 11 or Eq.15) and Qe [-] is the effective saturation (=WFPS) given as (q-qr)/(qs-qr). 

Please note that the relative diffusion coefficient is always consistently used with the relative 

diffusion computation method (igasdiff = 1 to 5) chosen for CO2 diffusion. 

Total soil N20 production RN2O [M N2O L-3 soil T-1] is the sum of N20 produced within the 

nitrification process and within the denitrification process. Multiplication of RN2O with 

element thickness dx [L] and summing up over the entire soil profile gives the total soil N2O 

emission [M N2O L-2 soil T-1], assuming all N20 produced in the profile is transported to the 

soil surface within the timestep. Please note that the timing of the N2O production largely 

depends on the threshold water content of 0.8 used for the denitrification reduction (see Eq. 

72) and that the absolute magnitude largely depends on the actual denitrification rate as 

computed from the optimum denitrification rate and the soil temperature reduction factor.  
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13. Phosphorus 

The AgroC phosphorus sub-module accounts for organic and mineral fertilization, the 

mineralization of organic phosphorus, the convective-dispersive transport and sorption of 

mineral phosphorus and the uptake of liquid-phase phosphorus (Fig. 3). 

 

 

Fig. 3: Schematic representation of the phosphorus cycling as implemented in AgroC 

 

13.1 Mineralization of soil organic phosphorus 

As already mentioned in section 11.1: The actual turnover rates are used in a consistent 

manner for the decomposition of organic C, N and P. Rate modifiers are applied as described 

in section 4, Eqs. 20 to 22. The organic phosphorus pool structure follows the structure of the 

pool concept for nitrogen (see Fig. 4). The turnover of the organic Phosphorus is again closely 

linked to turnover of organic carbon, however a fixed biomass C/P ratio, provided as model 

input, again replaces the biomass pool used in the RothC carbon turnover approach.  
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Fig. 4: Schematic turnover of organic carbon, nitrogen and phosphorus 

 

The decomposition of organic P in the decomposable (DPM) and in the resistant plant 

material (RPM) as well as in the humus pool (HUM) is estimated as follows:  

 

ibCDE
i;

= �(1 − 𝑓/)𝑓@
1
%6
− bCDE

'CDE
� 𝐶Fb5𝜆Fb5       (89) 

 

where PDPM [M P L-3 soil] is the phosphorus content in the decomposable plant material DPM 

pool, CDPM [M C L-3 soil] is the carbon content of the DPM pool, lDPM [T-1] is the DPM 

turnover rate and roP [-] represents the biomass C/P ratio, provided as model input. For 

consistency with the nitrogen turnover and with the RothC estimated carbon turnover, the 

dimensionless turnover efficiency fe [-] is computed as 1-b/(b+1) (see Eq. 9, section 4.1), and 

the dimensionless humification facor fh is equal to 0.54 (=RothC humification factor, please 

also see Eq. 15). A similar phosphorus turnover loop is assumed for the resistant plant 

material pool: 
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ibFDE
i;

= �(1 − 𝑓/)𝑓@
1
%6
− bFDE

'FDE
� 𝐶<b5𝜆<b5       (90) 

 

where PRPM [M P L-3 soil] is the nitrogen content in the RPM pool, CRPM [M C L-3 soil] is the 

carbon content of the RPM pool and lRPM [T-1] is the RPM turnover rate. The net increase 

rate of phosphorus in the humus pool PHUM [M P L-3 soil] is given by: 

 

ib9GE
i;

= ?$?2
%6D

(𝐶Fb5𝜆Fb5 + 𝐶<b5𝜆<b5) − 𝐶Yk5𝜆Yk5     (91) 

 

Where CHUM [M C L-3 soil] is the carbon content of the HUM pool and lHUM [T-1] is the 

HUM turnover rate. The C and P turnover may result in net production or consumption of 

mineral P, which depends on the biomass C/P ratio and the C/P ratio of the three organic 

matter pools. The decrease of soil organic P in the three pools due to mineralization equals the 

increase of Phosphorus in the mineral form Pmin [M P L-3 soil]:  

 

ib,!-
i;

= �bCDE
'CDE

− ?$
%6
� 𝐶Fb5𝜆Fb5 + �

bFDE
'FDE

− ?$
%6
� 𝐶<b5𝜆<b5 + 𝐶Yk5𝜆Yk5   (92) 

 

The mineralized P is converted to a liquid phase concentration to be used as a source/sink 

term [M P L-3 water T-1] for the labile mineral P pool Plab [M P L-3 water]. The labile pool is 

assumed to be plant available and is represented as a liquid phase concentration in the solute 

transport equation. When the right side of the equation above is positive, P mineralization 

occurs. In case the right side is negative immobilization occurs and phosphorus mass is 

transferred from the liquid phase labile pool to the organic matter phosphorus pools. If 

immobilization occurs and the Phosphorus liquid phase concentration. In case the Phosphorus 

supply to the mineralization process is not sufficient, lDPM and lRPM are reduced by the 
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supply/demand ratio, which likewise affects organic C and N decomposition in the two plant 

material pools. For the supply from the liquid Phase phosphorus, the PDPM pool is prioritized 

to the PRPM pool, i.e. the remaining liquid phase Phosphorus may be consumed by the NDPM 

decomposition first.  

   

13.2 Mineral Phosphorus 

The phosphorus available for plant uptake is also assumed to be mobile in the soil. The 

transport of the labile Phosphorus pool Plab [M P L-3 water] is simulated with the Convection-

Dispersion equation. Fertilizer application, plant uptake and leaching are computed with the 

solute transport module as available in the HYDRUS Version 4.17. One major process of P 

cycling in soils is sorption. Two options exist for AgroC to account for sorption of P. For the 

first option the HYDRUS physico-chemical routines for linear, Freundlich or Langmuir 

isotherms can be applied. The second option allows the sorption of labile P into mineral P 

pools active PACT [M P L-3 soil] and stable PSTAB [M P L-3 soil], as suggested in the classical 

mineral P cycling approach of Jones et al. (1984). This approach is based on instantaneous 

equilibrium and sorption/desorption rates between the labile P pool and the active P pool, and 

between the active P pool and the stable P pool. 

The exchange rate Rlabact [M P L-3 T-1] between Plab and PACT is computed from: 

 

𝑅6Ds-'7 = 𝑃6Ds ∗ 𝜃 − 𝑃-'7 ∗
b(b

10b(b
        (93) 

 

Where q is the soil water content, required to convert from the liquid-phase concentration to 

the soil volume related concentration of PACT and PSP [-] is the non-sorption coefficient, 

defined as the fraction of P that remains in the labile pool. The mass of P transferred via 

RlabACT is added to the PACT pool and substracted from Plab, which is performed as a 
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source/sink term. The direction of exchange reverses, when Plab*q is smaller than 

PACT*PSP/(1-PSP) and RlabACT turns negative. In that case the reverse exchange is assumed to 

be much smaller and RlabACT is scaled down with the reverse rate modifier Rrev (default 

value=0.1).   

At equilibrium, PSTAB is assumed to be larger than PACT and the corresponding exchange rate 

between the active and the stabe P pool RACTSTAB [M P L-3 T-1] is given as: 

 

𝑅-'7(7-t = 𝑏& ∗ 8𝑄(7-t/-'7 ∗ 𝑃-'7 − 𝑃(7-t;           (94) 

 

Where bo is an exchange coefficient and QSTAB/ACT is the stable to active pool ratio (default 

value=4.0). The mass of P transferred via RACTSTAB is added to the PSTAB pool and substracted 

from PACT. Again, a reverse exchange, given when PSTAB > QSTAB/ACT*PACT, is assumed to be 

slower and is scaled down with Rrev. Parameters PSP, QSTAB/ACT, Rrev, and bo are material-

specific model input. PSP (between 0.05 and 0.75) can be calculated from the pedotransfer 

functions of Jones et al. (1984). Parameter bo is 0.0076 for calcareous soils or =exp(-

1.77*PSP-7.05) for all other soils.  

 

13.3 Phosphorus uptake by roots 

The uptake of Phosphorus closely follows the uptake scheme for Nitrogen with two 

exceptions: (i) the P content of the plant is not organ-specific but constant for the entire crop. 

(ii) the convective uptake can be limited to be a rather small proportion in relation to the 

diffusive uptake. 

The potential uptake (=demand) Pp [M P L-2] is computed from a dry matter nitrogen 

concentration for the crop, as provided in the plant parameter input file against development 

stage DVS. The potential P uptake rate [M P L-2 T-1] is computed as: 
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ib5
i;
= 𝑊;&; ∗ 𝑋𝑃𝐶;&; − 𝑃D$;         (95) 

  

Where Wtot [M DM L-2] is the accumulated dry matter of the total crop, XPCtot [M N M-1 

DM] is the potential dry matter nitrogen P concentration of the crop and Pact [M P L-2] is the 

Phosphorus accumulated in the plant over the growing season. Uptake is supposed to occur 

convective, with the root water uptake, and diffusive.  

The diffusive uptake rate [M P L-2 T-1] is calculated as: 

 

ib;!%
i;

= ∫ 2∗o∗<;$-/∗<l<-F∗p∗b=0L∗g
F1

<;
) 𝑑𝑥       (96) 

 

Where Pdif [M P L-2] is the diffusive uptake, Rdens [L L-3] is root density at a specific depth, 

RORAD [L] is the mean root radius, t [L2 T-1] is the Phosphorus diffusion coefficient in 

water for a given water content, D0 [L-1] is the travel distance resistance between bulk soil 

solution and root and dx is the depth increment [L]. Please note that uptake Pdif and Pconv,act 

are related to soil volume, and not to water volume. As for the nitrogen uptake, Root density 

over depth is calculated by scaling the root density at the surface W0dens [L L-3] with the 

relative root density RRD [-]. Convective P uptake only occurs when diffusive uptake does 

not supply the entire crop P demand. The potential convective uptake rate [M P L-2] is given 

by: 

 

ib*6-?,567
i;

= ∫ 𝑆L ∗ 𝑃6Ds ∗ 𝑑𝑥
<;
)         (97) 

 

Where Rd is actual root depth [L], dx is the element thickness [L] and Sw [L3 L-3 T-1] is the 

root water uptake sink term. The actual convective P uptake Pconv,act [M P L-2] is given by: 
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𝑃$&+_,D$; = 𝑚𝑖𝑛 z𝑃$&+_,"&; , 𝐿'F ∗ 8𝑃$&+_,"&; + 𝑃C!??;|     (98) 

 

Where the input parameter LCD [-] is the limit of the fraction of Pconv,act in relation total P 

uptake. The sum of Pdiff and Pconv,act equals the total uptake Pact [M P L-2] and is simulated as a 

sink term in the solute transport routine, where uptake can never exceed the available liquid 

phase Phosphorus mass.  

The reduction factor PRED [-] for crop growth according to limited P uptake varies between 0 

and 1 and is computed according to the APEX approach suggested by Williams and 

Izaurralde (2008):   

 

𝑠+K = 200 ∗ z-b'767
fb'767

|          (99) 

𝑃<rF =
K-/

K-/M@(I.1AO(1.1A4A∗/-/)
         (100) 

 

Where APCtot [M N M-1 DM] is the current P content of the crop, given as Pact/Wtot. 
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14. Harvest residues 

Aboveground harvest residues are assumed to be incorporated directly after the given harvest 

date up to the plowing depth Pdep [L]. The amount of aboveground residues in terms of carbon 

RC,a [M C L-2], nitrogen RN,a [M N L-2] and phosphorus RP,a [M P L-2]  is estimated in 

dependence of the crop type. For Winter wheat, spring wheat and maize RC,a is calculated as: 

 

𝑅',D = 𝐹K; ∗ 𝑊K; ∗ 0.493         (101) 

 

Where Fst [-] is the fraction of the stem that is incorporated into the soil (=0.25 for winter 

wheat and spring wheat and =0.1 for maize), Wst [M DM L-2] is the dry weight of the stem 

and 0.493 kg C kg-1 DM is the stem-specific dry matter carbon content (Goudriaan et al., 

1997). The amount of aboveground N residues for cereals and maize is calculated as: 

 

𝑅j,D = 𝐹K; ∗ 𝐴𝑁K;          (102) 

 

Where ANst is the the amount of N stored in the stem [M N L-2]. Correspondingly, the amount 

of aboveground P residues for cereals and maize is calculated as: 

 

𝑅b,D = 𝐹K; ∗ 𝐴𝑃K;          (103) 

 

Where APst is the amount of P stored in the stem [M P L-2]. For potato and sugar beet all of 

the leaf and stem biomass is assumed to be incorporated into the soil. In terms of C this is 

calculated as: 

 

𝑅',D = 𝑊K; ∗ 0.493 + 8𝑊6_8 +𝑊6_C; ∗ 0.459      (104) 
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Where Wlvg [M DM L-2] and Wlvd [M DM L-2] are the dry weight of the green and dead 

leaves, respectively, and 0.459 kg C kg-1 DM is the leaf-specific dry matter carbon content 

(Goudriaan et al., 1997). In terms of nitrogen the harvest residues input for potato and sugar 

beet is calculated as: 

 

𝑅j,D = 𝐴𝑁K; + 𝐴𝑁6_           (105) 

  

Where ANlv is the amount of N stored in the leaves [M N L-2]. In terms of phosphorus the 

harvest residues input for potato and sugar beet is calculated as: 

 

𝑅b,D = 𝐴𝑃K; + 𝐴𝑃6_          (106) 

 

Where APlv is the amount of P stored in the leaves [M N L-2]. The depth-specific input by 

aboveground harvest residues [M L-3] is assumed to be equally distributed over depth (down 

to the plowing depth) and is estimated by dividing the total amount of aboveground harvest 

residues [M L-2] by plowing depth [L].  

Belowground residues area also assumed to occur directly after the harvest date. The amount 

of depth-specific belowground residues in terms of carbon RC,b [M C L-3] is calculated in 

dependence of the final root profile as: 

 

𝑅',s = 𝑅𝑅𝐷 ∗𝑊%; ∗
).9R^
C\

         (107) 

  

Where RRD [-] is the node-specific relative root length density, Wrt [M DM L-2] is the dry 

matter weight of the roots, 0.467 kg C kg-1 DM is the root-specific dry matter carbon content 
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(Goudriaan et al., 1997) and dz [L] is the thickness of the layer associated to the spatial 

discretization node at that specific soil depth. 

Node-specific belowground harvest residues in terms of nitrogen RN,b [M N L-3] are estimated 

as: 

 

𝑅j,s = 𝑅𝑅𝐷 ∗ -j#7
C\

          (108) 

 

Where ANrt [M N L-2] is the amount of N stored in the roots. Analogous, node-specific 

belowground harvest residues in terms of phosphorus RP,b [M N L-3] are estimated as: 

 

𝑅b,s = 𝑅𝑅𝐷 ∗ -b#7
C\

          (109) 

 

Where APrt [M P L-2] is the mass of P stored in the roots. Total node-specific harvest residues 

input is given as the sum of the aboveground and belowground inputs at a certain depth and it 

is split into 59% for the DPM type C, N and P pool and 41% goes into the RPM-type C, N 

and P pools, as suggested by Coleman and Jenkinson, 2008.  
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