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Supplementary Materials 
 

  

 

Figure S1 Simulated (left) vs observed (right, from Wong et al. 1985) relationships between A 

(the y-axis in mol m
-2

 s
-1

) and gs (the x-axis, in mol m
-2

 s
-1

). The same set of a1 and b1 values of 

eqn (13) (Table 1) was used for simulation of C3 (pink symbols) and C4 (green symbols) crops in 

the left panel. In the right panel, the indicated G. hirsutum and Z. mays are C3 and C4 species, 

respectively. 
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Supplementary Text 1 

Analytical solution to the cubic equation as result of combined stomatal conductance, CO2 

diffusion and biochemical leaf-photosynthesis models 

 

A general cubic equation is expressed as 

023  rqApAA  

The solution of this standard form of the cubic equation has three roots: 
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where   9/)3( 2 qpQ   

  )/arccos( 3QU  

  54/)2792( 3 rpqpU   

 Stomatal conductance and biochemical photosynthesis models can be combined, and 

ultimately, leaf photosynthesis rate of either C3 or C4 type can be expressed in the above cubic 

equation, where p, q and r are the coefficients that lump individual parameters from the 

underlying stomatal conductance and biochemical photosynthesis model.  

 (1) C3 photosynthesis: The coefficients p, q and r of the general cubic equation for C3-

photosynthesis are: 

  mcfggggagRxdp /])/()/1/1(/)([ vpdm0bmmd1   

  mbfggacRxdq /])/()([ vpdm0d1   

  mabr /  

in which coefficients a, b, c, d and m are expressed as: 
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where x1 and x2 are defined in the main texts following eqn (1). The root A1 of the above cubic 

equation was found to be suitable for calculating either Ac or Aj of C3 photosynthesis under any 

combinations of environmental variables Ca, incident irradiance Iinc, temperature, and VPD. The 

minimum of Ac and Aj gives A. Once A is known, it can be used to sequentially solve Cc, Ci and 

gs from eqns (1), (4) and (2), respectively. 

 (2) C4 photosynthesis: The coefficients p, q and r of the cubic equation for C4-

photosynthesis are: 

   llRhjp /)]([ d  
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in which coefficients f, g, h, i, j and l are expressed as: 

 dCxagdxgORbf a1bs1bsi*m )(    
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where x1, x2 and x3 are defined in the main text (eqn 9), a and b are defined in the text below eqn 

(8), and d and m are defined as: 

 dvpds*0a0 RfCgCgd   

 b0vpd / ggfm  . 

The root A3 of the general cubic equation was found to be suitable for calculating A of C4 

photosynthesis under any combination of environmental variables Ca, Iinc, temperature, and VPD. 

As either the enzyme activity or the e- transport can limit both Rubisco and PEP carboxylase 

reactions, in theory four types of combinations of rate limitations are possible. The minimum of 

the four rates gives the prediction of A. Once A is known, gs can be solved from eqn (11), where 

Cs = Ca-A/gb. 
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Supplementary Text 2 

 Revising the C4-photosynthesis model for simulating the cyanobacterial CCM 

 

Price et al. (2011) used the single-cell C4 photosynthesis model of von Caemmerer & Furbank 

(2003) for simulating the cyanobacterial CCM. 

 In the single-cell C4 photosynthesis, the initial PEP carboxylation occurs in the mesophyll 

cytosol. In the chloroplast, the CO2 released from C4 acid decarboxylation either is fixed by 

Rubisco or leaks to the cytosol. Like respiratory CO2 (Rd), photorespiratory CO2 (F) is released 

in the cytosol. So, in analogy to eqn (7) in the main text for the Kranz-anatomy C4 

photosynthesis, net CO2 assimilation rate in single-cell C4 photosynthesis can be expressed in 

terms of the fluxes in cytosol: 

     FRLVA  mp  

where Rm = Rd, and F can be expressed as: )/( 2c1* xCxΓF   (Farquhar et al. 1980), where x1 

and x2 are as defined for eqn (1) in the main text. The rate of CO2 leakage from the chloroplast to 

the cytosol (L) can be expressed, in analogy to eqn (6): 

     )( mcch CCgL         

where gch is the chloroplast conductance, and Cm represents the cytosol CO2 level. 

 The models for both single-cell and Kranz-anatomy C4 photosynthesis can be collectively 

expressed in terms of cytosol CO2 level (Cm), using the following three equations: 
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where for the Kranz-anatomy C4 photosynthesis:  = 0, gx = gbs, and Rm is commonly assumed to 

be 0.5Rd; for the single-cell C4 photosynthesis:  = 1, gx = gch, Rm = Rd. The three equations can 

be combined to solve Cc: 

       )2/(4 xx
2

c gcgbbC   

where )( 2mxmdp1 xCgRRVxb  , and 1*2mxmdp )1()( xΓxCgRRVc  . Once 

Cc is solved, it can be used to calculate A from the first equation. The Vp term of the single-cell 

C4 model, when applied to model the cyanobacterial CCM, refers to the sum of the individual 

bicarbonate transport rates (Price et al. 2011). 

 Simulation using this model showed that although the Kranz C4 model over-predicts Cc 

appreciably, it over-predicts the cyanobacterial photosynthesis only by 0.5-2.5% regardless of 

the value of gx used, under the present atmospheric CO2 condition (Fig. S2). Under elevated 

CO2, the over-prediction is even smaller. The small over-prediction is expected because Cc is 

largely determined by gx and A responds to Cc in a manner of diminishing return. This suggests 

that the Kranz C4 photosynthesis model can be effectively used to simulate the impact of 

introducing the cyanobacterial CCM on crop productivity under the present and elevated 

atmospheric CO2 conditions as long as values of parameters x, fcyc, Rm, and gbs are adjusted. 

However, if gx is high (e.g. for Route 7 in our analysis) combined for the case of drought where 

Cm is low, the error can become appreciable. 
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Fig. S2 Simulated rate of photosynthesis (y-axis in mol m-2 s-1) in response to incident irradiance Iinc (x-axis in mol m-2 s-1) in 

standard Kranz C4 leaves (blue curve), and in C3 leaves having cyanobacterial CCM installed with two bicarbonate transporters 

BicA and SbtA (pink-triangle curve). gx = 0.45 mol m-2 s-1 (left panel), or 0.15 mol m-2 s-1 (middle panel), or 0.003 mol m-2 s-1 

(right panel); other inputs are: Cm = 250 mol mol-1, Rd = 1.2 mol m-2 s-1,  = 0.75, x = 0.2 and fcyc = 0.18. The green curve is 

generated using the Kranz C4 model using the same set of parameter values (to test if the Kranz C4 model can be used to simulate 

photosynthesis installed with the cyanobacterial CCM). The standard Kranz C4 curve (blue curve) was obtained using gx = 0.003 

mol m-2 s-1,  = 2, x = 0.4 and fcyc = 0.45 (see the main text). 
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Supplementary Text 3 

Analytical solution to the quadratic equation as a result of combined CO2 diffusion and 

biochemical photosynthesis models if gs is known 
 

A general quadratic equation is expressed as 

02  rqApA  

The solution of this standard form of the quadratic equation has two roots: 

    )2/(42
1 pprqqA   

    )2/(42
2 pprqqA   

 (1) C3 photosynthesis: Combining eqn (1), (3) and (4) in the main text results in the above 

general quadratic equation for C3-photosynthesis, in which the coefficients p, q and r are: 

  msb /1/1/1 gggp   

  )()( 2ad1 xCRxpq   

  d2a1*a )()( RxCxΓCr   

The root A2 of the general quadratic equation was found to be suitable for calculating A of C3 

photosynthesis under any combination of environmental variables. 

 (2) C4 photosynthesis: Combining eqns (3) and (8-10) in the main text results in the above 

general quadratic equation for C3-photosynthesis, in which the coefficients p, q and r are: 

   oc2bs /uxmgp   

   dpRutq   

   ntRr  d  

where m, n, t and u are defined as: 

   bssb /1)/1/1( gggam   
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   1oc*bs )/( xumgu   

where a and b are defined in eqn (8). The root A1 of the general quadratic equation was found to 

suit for calculating C4 photosynthesis under any combination of environmental variables. 



7 

 

Supplementary Text 4 

Analysis with respect to temperature response parameters of C4 enzyme kinetics 

 

Our work on predicting the effects of C3 Rubisco kinetic properties on canopy level 

photosynthesis and biomass appears well parameterized based on well tested literature data 

(Table 1), therefore, providing best insights into the likely effects of improving Rubisco and gm. 

However, the predictive modelling of installation of a C4 pathway or a bicarbonate pump are 

relatively less well supported, due to insufficient information about the kinetic parameters used 

for C4 Rubisco, PEP carboxylase and in particular, their temperature responses. Many 

temperature response parameters for C4 kinetics shown in Table 1 of the main text were derived 

by Yin et al. (2016), based on in vitro measurements previously reported in the literature across 

various C4 species. Only recently did Boyd et al. (2015) report a complete set of C4 kinetic 

parameter values in a single species. Some parameter values of Boyd et al. (2015) also have 

uncertainties; for example, their estimated deactivation energy of Vpmax (maximum PEP 

carboxylation activity) was unusually lower than the estimated activation energy in the modified 

Arrhenius equation, meaning that the optimum temperature of Vpmax cannot be determined. 

Moreover, they are not for C4 crop species like maize, but only for Setaria viridis. Nevertheless, 

it is still useful to conduct additional analysis by comparing with this unique set of parameters 

from a single study in order to assess likely impacts of using a mixing set of C4 parameter 

scenarios. Values derived from Boyd et al. (2015) vs those summarised by Yin et al. (2016) are 

given in Table S1 for temperature response parameters of C4 kinetics for the model form used in 

our study. They generate a different photosynthetic response to temperature only when the CO2 

level is low (Fig. S3). 

 We then conducted a simulation with the full GECROS model, using 31-yr weather data, for 

Shizukuishi, the site where seasonal temperature fluctuates most among the three, thus also the 

site for which simulation output is expected to be likely most sensitive to a change in 

photosynthetic temperature response parameter values. We conducted this simulation for Routes 

4 and 6 (Table 2 in the main text), for which the C4 kinetic parameters are most relevant. It 

turned out that there were essentially no differences between two sets of simulation using the 

parameters of Boyd et al. (2015) and of Yin et al. (2016) for any production level-climate  

scenario combination (Table S2). The  little sensitivity to enzyme kinetic temperature response 

parameters suggests that photosynthesis under field conditions especially for shaded leaves in 

crop canopies was largely limited by electron transport or that the intercellular level CO2 level 

even under water limited conditions was high enough, at least for large parts of a growth season, 

that a difference in enzyme kinetic parameter values did not lead to a significant change in 

temperature response curve of leaf photosynthesis (Fig. S3). Therefore, all simulation results in 

the main text are based on the values of Yin et al. (2016) for these seven parameters. 

 
Table S1 Values of C4 kinetics derived from Boyd et al. (2015) vs those reviewed by Yin et al. (2016)  

Parameter 
a
 Unit Boyd et al. (2015) Yin et al. (2016) 

c
 

EVcmax J mol
-1

 78000 53400 

EKmC J mol
-1

 64200 35600 

EKmO J mol
-1

 10500 15100 

E* J mol
-1

 31100 27417 

Ep J mol
-1

 58500 
b
 51029 

Dp J mol
-1

 73300 
b
 130363 

Sp J K
-1

 mol
-1

 250 
b
 425.6 

a
 for definitions of the parameters, see Table 1 of the main text; 
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b
 these parameter values were not directly given by Boyd et al. (2015); they are derived here from equivalent 

parameter values from Boyd et al (2015) for Vpmax and Kp (the Michaelis-Menten constant of the PEP carboxylase) 

and according to that the initial A-Ci slope p = KpVpmax/(Ci+Kp)
2
 (Yin et al. 2016); 

c
 these parameter values also given in Table 1 of the main text, based on in vitro measurements previously reported 

in the literature across various C4 species. 

 
 

Table S2 The 31-year mean (standard deviation in brackets) simulated aboveground mass at maturity of rice crop, 

for the present climate and the 2050 climate, either under potential or water-limited environments, in the site 

Shizukuishi. Simulation was conducted using two sets of C4 kinetic parameter values given in Table S1, while other 

input-parameter values are as given in Table 1 for the C4 type. 

Route 
a
 Production level Climate type Simulated aboveground mass (g m

-2
) 

Yin et al. (2016) parameter Boyd et al. (2015) 

parameter 

4 Potential Present 1944.3 (109.8) 1941.6 (108.9) 

2050 1952.5 (102.5) 1947.2 (102.7) 

Water-limited Present 1423.1 (137.4) 1426.3 (140.9) 

2050 1404.6 (96.8) 1404.1 (99.3) 

6 Potential Present 2368.9 (108.5) 2370.5 (108.4) 

2050 2260.6 (106.1) 2238.4 (106.5) 

Water-limited Present 1843.6 (155.8) 1842.5 (157.4) 

2050 1731.2 (119.9) 1730.8 (120.4) 
a
 Route numbers as defined in Table 2 of the main text. 

 

 

 

 
 
Fig. S3 Temperature response of gross C4 leaf photosynthesis (A+Rd) modelled using parameter values of Yin et al. 

(1996) (continuous thin curves) or of Boyd et al. (2015) (thick dashed curves) under the conditions that ambient CO2 

level Ca = 400 mol mol
-1

 and incident irradiance Iinc = 2000mol m
-2

 s
-1 

(red), or that Ca = 100 mol mol
-1

 and Iinc 

= 2000mol m
-2

 s
-1 

(black), or that Ca = 400 mol mol
-1

 and Iinc = 500mol m
-2

 s
-1 

(green). gbs25 = 0.007 (Table 1). 
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Supplementary Text 5 

Sensitivity analysis with respect to ATP cost for cyanobacterial CCM 

 

While it is believed that the ATP cost of bicarbonate transport required for cyanobacterial CCM 

may be lower than that of PEP regeneration required for the C4 CCM (Price et al. 2013; Furbank 

et al. 2015), the exact ATP cost for cyanobacterial CCM is uncertain (Fridlyand et al. 1996; Price 

et al. 2011). In the simulation study described in the main text, we considered two well 

characterised, single-gene transporters (BicA and SbtA) based on the estimates by Price et al. 

(2011): the two transporters require 0.25 and 0.50 ATP per transport event, respectively. We 

assumed the simplest possible approach, total ATP requirement is the sum of the two; so,  in 

eqn (5) is 0.75.  

 However, these transporters operate in parallel and adding their effects may not be accurate, 

because they have different kinetics (Price et al. 2011; McGrath & Long 2014) and thus their 

relative rates differ depending on bicarbonate concentration. The simplified model used in our 

simulation study does not allow the investigation of the effects of different kinetics of different 

transporters. The effect of the kinetics is presumably very important under low CO2 conditions. 

For the relevant field environments, the effect of the kinetics cannot be straightforwardly 

implemented once modelling of gs is also considered. For such conditions, we expect that the 

electron transport component of the model largely determines simulation results. As 

cyanobacterial CCM systems probably involve more than the two transporters (McGrath & Long 

2014; Long et al. 2016), 0.75 might represent a lowest threshold of the ATP cost. Therefore, we 

conducted an analysis, by varying from 0.75 to 2.0 (the cost of C4 CCM) at an interval of 0.25 

(Table S3), to investigate how the simulated crop productivity of adding the complete 

cyanobacterial CCM system (Route 9) is affected by this uncertain parameter. The variation of 

input parameters x and fcyc were adjusted accordingly (Table S3), following the method as 

described in the main text. We only use the potential production and the present climate scenario 

for this analysis; as in Supplementary Text 4, we again used 31-yr weather data of Shizukuishi 

for this illustration.  

 As expected, the 31-yr average of simulated aboveground crop mass decreased monotonically 

with increasing  (Fig. S4). The simulated mass when was increased to 2.0 was ca 88% of that 

using the default   value 0.75. This simulated productivity for Route 9 with = 2.0 was almost 

the same as that of Route 6 (i.e., the complete C4 mechanism). Therefore, the simulated 

advantage of Route 9 over Route 6 shown in the main text was largely due to the presumed low 

ATP cost of cyanobacterial CCM. As the exact ATP cost for cyanobacterial CCM is unknown, 

our simulation results for cyanobacterial mechanisms (Routes 7-9) should be considered as 

tentative and be used mainly to support the conclusion, stated in the main text, that in addition to 

improving photosynthetic capacity and the effectiveness of CCM, improving quantum efficiency 

is also required for increasing canopy photosynthetic competence. 

 

 
Table S3 Calculated values of parameters x and fcyc in dependence of  

 0.75 1.00 1.25 1.50 1.75 2.00 

x 0.20 0.25 0.29 0.33 0.37 0.40 

fcyc 0.18 0.24 0.29 0.34 0.38 0.41 
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Figure S4 Simulated 31-yr average aboveground crop mass of Route 9 under different values assumed for extra 

ATP requirement per CO2 assimilation, relative to that of the default extra ATP requirement (=0.75). 

   



11 

 

Supplementary Text 6 

Description of the crop model GECROS (version 4.0) 

 

GECROS (Genotype × Environment on CROp growth Simulator) is a generic crop model, which 

can be used for examining responses of crop yield, biomass and protein production in arable 

crops to both environmental variables and genotypic characteristics (for version 1.0, see Yin and 

van Laar 2005). The environmental variables as input to the crop model are radiation, 

temperature, wind speed, vapour pressure, and available amount of soil water and nitrogen. 

 Being arguably the most comprehensive crop model in which growth is assumed to be 

driven by photosynthesis, the model represents crop functions and interactive responses of 

contrasting growth components to environmental variables, thereby embodying physiological 

mechanisms that generate emergent feedback features. The contrasting components particularly 

emphasise carbon vs nitrogen interactions, root vs shoot, source activity vs sink capacity, and 

growth vs senescence relationships. The model uses innovative algorithms to summarise the 

current knowledge on individual physiological processes and their interactions and feedback 

mechanisms. It attempts to model crop growth process in a way that no area is treated in a trivial 

manner, unless unavoidable to the current understanding. GECROS also tries to maintain a 

balance between the robust model structure, the high computational efficiency, and the accurate 

model output. It requires little periodical destructive sampling to determine its input parameters.  

 Compared with many existing crop growth models, key features of GECROS are: (1) 

inherently coupled components for leaf nitrogen, conductance, photosynthesis, transpiration and 

leaf senescence; (2) carbon-nitrogen interaction to determine root-shoot partitioning, and sink 

demands to determine within-shoot partitioning; (3) seed protein production simulated in relation 

to crop nitrogen budget; (4) biosynthesis efficiency based on seed compositions; (5) applicable to 

most agricultural crops and to any production level (either potential, or water-limited, or 

nitrogen-limited) free of pest.  

 GECROS has since been updated a few times, particularly on calculating leaf photosynthesis 

rates. GECROS-v.1.0 calculates instantaneous leaf photosynthesis (A) from the C3-

photosynthesis model of Farquhar, von Caemmerer & Berry (1980; the FvCB model hereafter), 

assuming the Ci : Ca ratio only as a function of leaf-to-air vapour pressure difference (VPD). This 

approach was also applied to C4 photosynthesis, with additional assumptions (i) to set internal 

[CO2] to a high value, and (ii) to consider the extra ATP consumption by the C4 CCM. These 

assumptions were abandoned in GECROS-v.2.0, which contains algorithms of Yin & Struik 

(2009) for coupled modelling of leaf photosynthesis and stomatal conductance gs, while 

accounting for mesophyll conductance gm for C3 photosynthesis and bundle sheath conductance 

gbs for C4 photosynthesis. In GECROS-v.2.0, the analytical cubic polynomials (see 

Supplementary Text 1) simultaneously solve gs, Ci, and leaf photosynthesis rate (A) for a given 

temperature. The effects of leaf N content on photosynthesis, gs and transpiration are reflected by 

the effects of leaf N on model parameters like Vcmax and Jmax (see Table 1 for parameter 

definitions). The GECROS model was later updated further (v.3.0; see Gu et al. 2014b) to allow 

an option that gs and gm may vary in parallel in response to environmental variables. For the 

present study, we used version 4.0, in which C4 photosynthesis was particularly revised, based on 

recent estimation of model parameters (Yin et al. 2011; Yin & Struik 2012; Yin et al. 2016).  

 Detailed model algorithms for leaf photosynthesis in GECROS-v4.0 was given in the main 

text and Supplementary Texts 1 and 3. In this supplementary text, the coupling between leaf 
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photosynthesis and leaf transpiration, scaling to the canopy level, and how GECROS-v4.0 

models other physiological processes are described.  

 

 

Photosynthesis and transpiration 

While photosynthesis and transpiration are different processes, they have to be coupled to enable 

a mechanistic way to quantify them, as described in the main text. The reason for the need of this 

coupling has two folds. First, responses of both processes to external conditions such as CO2, 

vapour pressure and water availability are strongly regulated via stomata. Second, transpiration 

based on leaf energy balance determines the heat load and temperature of the leaf (Tl), and Tl 

affects the rates of most biochemical reactions of photosynthesis. 

  

Potential leaf transpiration and its coupling with potential photosynthesis 

When there is no water stress, photosynthesis rate largely determines the transpiration rate 

(Penning de Vries et al. 1989). The basic equation to estimate potential leaf transpiration, Ep, is 

the Penman-Monteith equation (Monteith 1973): 

 
)]}/()[({
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rrDcsR
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


    (1) 

where Rn is net absorbed radiation, r
t 
is the turbulent resistance, rbh and rbw are the boundary layer 

resistance to heat and water transfer, respectively, rsw,p is the stomatal resistance to water transfer 

if there is no water stress, Da is saturation vapour pressure deficit of the external air, cp is 

volumetric heat capacity of air,  is the latent heat of vapourisation of water,  is the 

psychrometric constant. Eqn (1) somewhat differs from the original notation in that rt is included 

in eqn (1) to allow for the case where movement of water and heat from within-canopy air spaces 

to the air above is important (Penning de Vries et al. 1989). Calculation of rt, rbw, rbh, and Rn is 

given in Appendix A. The calculation of rsw,p is given in the main text.  

 The variable s in eqn (1) is given by: 

)/(][ al)s()s( al
TTees TT        (2) 

where Ta 
is air temperature, [e

s(Tl)
 – e

s(Ta)
] is the difference in saturated water vapour pressure 

between leaf interior and external air. From the energy balance, leaf-to-air temperature 

differential, T, has to be estimated by: 

  ppntbhal /))(( cERrrTTT      (3) 

There is a calculation loop in eqns (1), (2) and (3). A way to avoid this is to use an equation for 

saturated vapour pressure as a function of air temperature, e
s(Ta)

 (Goudriaan and van Laar 1994): 

   
)(239/4.17
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a
611.0
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T ee

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The derivative of e
s(Ta)

 with respect to Ta based on eqn (4) would give an estimate, which can be 

used as the proxy of s. However, an error is introduced by this approximation, especially when 

T is high. McArthur (1990) has showed that this error can easily be eliminated by four to five 

iterations. In GECROS, one iteration procedure is performed, in which the derivative of eqn (4) 

is used for the first estimate of s as the input to eqn (2) that in turn gives input for calculating the 

second estimate of s according to eqns (2) and (3). This one-iteration procedure is considered 

sufficient to largely eliminate the error, since the first round estimate of T is almost identical to 

its second round estimate in wide range of T values (Yin and van Laar 2005). In this procedure, 
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Ta is used in leaf photosynthesis model to obtain the first round estimate of leaf photosynthesis. 

The first round estimate of T is then used to model Tl, which is further used to advance for the 

second round estimate of Pp and Ep. 

 

Actual leaf transpiration and photosynthesis if water stress occurs 

When water supply from rooted soil layers does not meet requirement for potential transpiration, 

actual canopy transpiration is modelled to be the amount of water that is available in rooted 

layers for plant uptake. In such a case, actual transpiration determines actual photosynthesis 

(Penning de Vries et al. 1989). This methodology is supported by the fact that the effect of water 

stress on plants is largely mediated by stomata (Chaves 1991; Cornic 2000). 

 From eqn (1), one can derive an expression for the actual leaf stomatal resistance to water, 

rsw,a (Yin & van Laar 2015; also see eqn (18) in the main text). Since the actual stomatal 

resistance or conductance is now known, the actual leaf photosynthesis can be estimated as given 

in the main text. Again, an iteration approach involving eqns (2-3) is used to calculate the actual 

leaf temperature.  

  

Spatial integration 

In GECROS the concept of the sun-shade model (de Pury and Farquhar 1997) or the two-leaf 

model (Wang and Leuning 1998) is adopted, in which the canopy is divided into sunlit and 

shaded fractions and each fraction is modelled separately with a single-layer leaf model. Wang 

and Leuning (1998) indicated that the two-leaf model is computationally 10 times more efficient 

than the multi-layer model of Leuning et al. (1995) even though the latter model uses simple and 

fast numerical method, the Gaussian integration introduced by Goudriaan (1986) for crop 

modelling. De Pury and Farquhar (1997) showed that prediction of canopy photosynthesis by the 

two-leaf model is nearly the same as that given by a multi-layer model. The fraction of sunlit 

leaves at canopy depth Li, su,I, is equal to the fraction of direct beam reaching that layer (Spitters 

1986): 

    ib

isu,

Lk
e


         (5) 

where kb is beam radiation extinction coefficient of canopy. So, the sunlit fraction of the whole 

canopy, su, is solved as: 

   )/()1(
1

b

0

isu
bib LkedLe

L

Lk

L

Lk 
       (6) 

and the fraction of shaded leaves of the canopy sh = 1 - su. Therefore, sunlit and shaded 

fractions of a canopy change during the day with solar elevation. 

 Radiation absorbed by a canopy, Ic, was determined as: 

   )1()1()1()1(
'
d

'
b

d0cdb0cbc
LkLk eIeII        (7) 

where Ib0 and Id0 are incident direct-beam and diffuse radiation above the canopy, cb and cd are 

canopy reflection coefficient for direct-beam and diffuse light, respectively, '

bk  and '

dk
 
are 

extinction coefficients for beam and scattered beam, diffuse and scattered diffuse lights, 

respectively. 

 Radiation absorbed by the sunlit fraction of the canopy, Ic,su, is given as the sum of direct-

beam, diffuse, and scattered beam components (de Pury and Farquhar 1997): 
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where  is leaf scattering coefficient. 

 Radiation absorbed by the shaded fraction of the canopy, Ic,sh, can be calculated as the sum 

of incoming diffuse and scattered direct-beam radiation absorbed by these leaves. More simply, 

Ic,sh is calculated as the difference between the total radiation absorbed by the canopy, Ic, and the 

radiation absorbed by the sunlit fraction, Ic,su (de Pury and Farquhar 1997):  

   suc,cshc, III        (9) 

 Eqns (7-9) were applied separately to visible or photosynthetically active radiation (PAR) 

and near-infrared radiation (NIR), because they have different values for , cb, cd, kb, 
'

bk  and 
'

dk
 
(Goudriaan and van Laar 1994). Estimation of all extinction and reflection coefficients is 

given in Appendix B, and estimation of diffuse light fraction is given in Appendix C. The model 

assumes that half of the incident solar radiation is in the visible and other half is in the NIR 

waveband (Leuning et al. 1995). 

 The other important algorithms related to the spatial integration are for parameters that 

change with the depth of the canopy. These parameters are Vcmax, Jmax, p, gm and gbs for 

photosynthesis, and rbh and rbw for transpiration. These photosynthetic parameters are related to 

leaf nitrogen content n, rbh and rbw are related to wind speed u, and both n and u change with the 

depth of the canopy. To estimate these parameters for the entire canopy, and for the sunlit and 

shaded fractions of the canopy, photosynthetically active leaf nitrogen has to be scaled up. 

Assuming an exponential profile for the vertical decline of n in the canopy (Yin et al. 2000), 

photosynthetically active nitrogen for the entire canopy (Nc), for the sunlit fraction of the canopy 

(Nc,su) and for the shaded fraction of the canopy (Nc,sh), can be estimated by (Yin and van Laar 

2005): 

   LnkenN
Lk

bn0c /)1( n 


      (10) 

   bbbn

)(

0suc, /)1()/(]1[ bbn kenkkenN
LkLkk 

    (11) 

   suc,cshc, NNN         (12) 

where nb is the base or minimum value of n, at or below which leaf photosynthesis is zero, n
0
 is 

the nitrogen content for uppermost leaves, kn is the leaf nitrogen extinction coefficient in the 

canopy (see later). For a given amount of canopy total nitrogen, n
0 
can be estimated based on the 

exponential profile [see eqn (40) in a later section]. 

 Similarly, assuming an exponential profile for the vertical decline of u in the canopy 

(Leuning et al. 1995), the boundary-layer conductance can be scaled up for the entire canopy 

(gbc), for the sunlit fraction of the canopy (gbc,su), and for the shaded fraction of the canopy 

(gbc,sh), by (Yin and van Laar 2005): 

   )5.0/()1(/01.0 w

5.0
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w kewug

Lk
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   subc,bcshbc, ggg          (15) 

where kw is the extinction coefficient of wind speed in the canopy, u is the wind speed at the top 

of the canopy (assuming equal to the speed observed meteorologically), and w is leaf width. The 

inverse of these estimates for the boundary-layer conductance gives the boundary-layer 

resistance for each fraction (sunlit, shaded) of the canopy. Eqns (13-15) are valid for estimating 

the boundary-layer conductance for heat. The boundary-layer conductance for water vapour has 

to be corrected by a factor of 1.075 = 1/0.93. 

 If water stress occurs, actual soil water available for crop uptake is partitioned between 

sunlit and shaded components according to their relative share of potential transpiration. The 

actual photosynthesis for each fraction is then estimated according to the method in the 

preceding section. 

 

Temporal integration 

For scaling up from instantaneous photosynthesis and transpiration to daily total, a numerical 

method, the Gaussian integration (Goudriaan 1986), is used here. The five-point method was 

adopted, using the normalised Gaussian distance Gx(i) = 0.04691, 0.23075, 0.50000, 0.76925 and 

0.95309, with corresponding weights Gw(i) = 0.11846, 0.23931, 0.28444, 0.23931 and 0.11846 

(Goudriaan and van Laar 1994). Gx(i) was used to select times during the day: t(i) = 12  +  

0.5DlaGx(i), at which to evaluate the canopy variables (Dla is astronomic daylength; Appendix 

C). Gw(i) was applied to obtain daily integral: daily canopy photosynthesis (P
C
) and daily canopy 

transpiration (E
C
) are evaluated as: 

    )()(3600 w

5

1

ClaC iGiPDP
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       (16) 

    )()(3600 w

5

1

ClaC iGiEDE
i




       (17) 

 

where 3600 is seconds per hour, P
C
(i) and P

C
(i) are the instantaneous canopy photosynthesis and 

transpiration, respectively, at time t(i), which are calculated from the approach outlined in the 

previous sections for spatial integration. 

 The temporal integration involves diurnal variation of environmental input variables. The 

daytime course of radiation and temperature is given in Appendix D. Instantaneous wind speed is 

assumed to be the same as the meteorologically recorded daily average, because diurnal course 

for wind speed is irregular, relative to that of temperature and radiation. The temporal course of 

daily amount of soil water available for daily transpiration could be simulated using a detailed 

process-based soil model. For model simplicity, it assumed to follow the course of radiation, 

though this assumption may not represent the reality. 

 

 

Respiration 

Cannell and Thornley (2000) proposed a framework that recognises individual relationships 

between respiration and each distinguishable biochemical process that it supports. The 

framework relates respiration to underlying biochemistry and physiology and provides 

opportunities to do this mechanistically and quantitatively, though many aspects of biochemistry 

underlying respiration remain uncertain. In this general framework, nine component processes 
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are distinguished: growth, symbiotic di-nitrogen (N2) fixation, root nitrogen-uptake, nitrate 

reduction, other ion uptake, phloem loading, protein turnover, maintenance of cell ion 

concentrations and gradients, and any wasteful respiration. The first six of the nine processes can 

be quantifiable, whereas for the last three, together equivalent to the old classification of 

maintenance respiration (Penning de Vries et al. 1989), it is less easy to quantify them (Cannell 

and Thornley 2000) and an empirical approach will still be used. 

 

Growth respiration 

Here, ‘growth’ refers to only the process of biosynthesis within a growing organ and related 

phloem transport, excluding those processes such as mineral uptake and nitrogen reduction 

whose costs were included in the old classification of growth respiration (Penning de Vries et al. 

1989). Growth respiration is defined by the concept ‘growth yield’, Y
G
, the units of carbon (C) 

appearing in new biomass per unit glucose carbon utilised for growth. 

 The parameter Y
G
 can be calculated from the chemical composition of new plant material, 

based on the results of an exhaustive examination of the biochemical pathways for the 

production of protein, carbohydrate, lipid, lignin, and organic acid (Penning de Vries et al. 1974), 

by: 

  
)954.0231.2189.3887.1275.1(12

)368.0667.0774.0531.0444.0(30

oacliglipprocar

oacliglipprocar

G
fffff

fffff
Y




    (18) 

where fcar, fpro, flip, flig, foac are fraction of carbohydrates, proteins, lipid, lignin, and organic acid in 

new biomass material, 30 and 12 are the weight of per mol glucose (CH2O) and carbon, 

coefficients in the numerator of eqn (18) are the fraction of carbon in carbohydrate, protein, lipid, 

lignin, and organic acid, respectively, and those in the denominator are the glucose requirement 

for producing per unit of these chemicals. These coefficients were taken from the summary 

analysis of Penning de Vries et al. (1989). 

 The composition of organs does not change significantly with environment. Some models do 

not consider differences in chemical composition between organs. In GECROS, it is assumed 

that it is the composition of the storage organ (seed hereafter) that varies among cultivars within 

a species whereas the compositional variation among vegetative organs is negligible. As a result, 

the value of Y
G
 for vegetative organ, Y

G,V
, is given by a single value for a crop, whereas that for 

seed (Y
G,S

) is allowed to vary, depending on its chemical composition. General information about 

chemical composition of organs can be found for main crops (Penning de Vries et al. 1989; 

Amthor 2000), if chemical analysis of specific crop organs is not performed. 

 

Respiration for symbiotic N2 fixation  

Respiration supporting N2 fixation occurs only in crops assimilating N2 such as any leguminous 

component of the plant system. N2 fixation requires both ATP and reductant. Nodule growth and 

maintenance and the concomitant respiration are also required for N2 fixation. The estimated 

total cost for N2 fixation is variable (depending on host species, bacterial strain, plant 

development) but lies mostly in the range 5-12 g C (g N fixed)
-1

 (Cannell and Thornley 2000). 

 

Respiration for ammonium nitrogen uptake  

Basic data for estimating the cost of taking up ammonium-nitrogen are incomplete. Based on 

some assumptions, Cannell and Thornley (2000) have estimated that ammonium-nitrogen is 
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probably half as costly to take up as nitrate-nitrogen (see below). The respiratory cost for 

ammonium-nitrogen uptake is therefore set as 0.17 g C (g NH4-N)
-1

. 

 

Respiration for nitrate uptake and reduction 

The respiratory cost for nitrate-nitrogen uptake is 0.34 g C (g NO3-N taken up)
-1

 (Cannell and 

Thornley 2000). Unlike ammonium nitrogen that is, once taken up, available for plant 

metabolism without further respiratory costs, nitrate nitrogen must be reduced to the ammonium 

level. The full cost of nitrate reduction is 1.71 g C (g NO3-N reduced)
-1

 (Cannell and Thornley 

2000). The total cost for both uptake and reduction of nitrate nitrogen is 2.05 g C (g NO3-N)
-1

. 

 

Respiration for uptake of other ions 

The uptake rate of minerals other than nitrogen is calculated from gross growth rate and ash 

content, which is assumed to be 0.05 g mineral per g dry matter (Thornley and Cannell 2000) 

though this value varies depending on crop and crop organs (Penning de Vries et al. 1989). The 

respiratory cost for ash uptake and within-plant transport has the value of 0.06 g C (g ash)
-1

 

(Thornley and Cannell 2000), comparable with the value of Penning de Vries et al. (1989), 0.12 

g CH2O per g minerals. 

 

Respiration for phloem loading 

Loading of sugars, amides and other substances into phloem for transport to sinks is an active 

process. Estimated costs for this loading and transport are included in eqn (18) by the glucose 

requirement for producing per unit of carbohydrates, proteins, lipid, lignin, and organic acid, 

assuming that loading requires 5.3% of the energy content of transported glucose (Penning de 

Vries et al. 1989). 

 Respiration for phloem loading here refers to (i) the cost specified by Thornley and Cannell 

(2000) for the transport of carbon from the shoot in the direction of the root, (ii) the cost of 

mobilising reserves in source organs. Both costs are assumed to have a value of 0.06 g C (g C 

loaded)
-1

 (Amthor 2000; Thornley and Cannell 2000). 

 

Other, less quantifiable respiration components 

Cannell and Thornley (2000) refer processes such as protein turnover, maintaining cell ion 

gradients, futile cycles, and any use of the alternative pathway of respiration to as ‘residual 

maintenance respiration’. They indicated that evidence exists for a closer relation of residual 

maintenance respiration with tissue nitrogen content than with tissue mass. If related to mass, 

specific rate of maintenance respiration has been made of being organ-specific (Goudriaan and 

van Laar 1994) probably to account for the nitrogen concentration difference among the organs. 

Here, the ‘residual maintenance respiration’ (Rrmr) is related to the nitrogen content in the whole 

crop (N
T
) as: 

   12/)(44 RRminSLminTrmr WnWnNR        (19) 

where W
S
 and W

R
 are shoot and root weights, n

Lmin and n
Rmin are the minimum nitrogen 

concentration in leaf and root, respectively, which could be estimated from senesced plant 

materials,  is daily specific rate of maintenance respiration, which is set in the model as 0.218 g 

C g
-1

 N d
-1 

(Ryan 1991). Eqn (19) can be multiplied by a term, e.g. using the concept of Q
10

, to 

account for the effect of temperature on Rrmr. In GECROS, user can choose either include or not 

include this Q10 term, given the report that short-term respiratory response coefficients of plants 
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generally do not predict their long-term temperature response (Gifford 2003). For the simulation 

described in the main text, we included the term using Q10 = 2. 

 

 

Nitrogen assimilation 

The nitrogen uptake rate depends on both crop nitrogen demand and soil nitrogen availability. 

Soil may supply both ammonium and nitrate nitrogen. The availability of either ammonium or 

nitrate nitrogen from soil could be modelled by a process-based soil model. For crop simulation, 

supply of either ammonium or nitrate nitrogen should be considered as an input environmental 

variable to the crop model. 

 

Nitrogen demand 

The mechanism for crop nitrogen demand is poorly understood. It is assumed that crop demand 

has two components: deficiency-determined demand and growth activity-driven demand. The 

first component has commonly been used by modellers to define crop nitrogen demand (e.g. van 

Keulen and Seligman 1987). In the model, the second component plays a key role in defining 

crop nitrogen demand under most conditions; but the deficiency demand prevents extremely low 

nitrogen uptake by the crop especially when early growth is subjected to a severe stress. 

 The deficiency demand, NdemD
, is the amount of nitrogen required to restore the actual 

nitrogen concentration (nact) in the plant to the critical concentration, ncri (Godwin and Jones 

1991). The critical nitrogen curve of aboveground biomass over the growth cycle has often been 

shown (e.g. Justes et al. 1994). Therefore, NdemD
 is formulated on the basis of for shoot ncri but 

correct for the difference of root and shoot contents as: 

   tNNnnWN  /)/1)(( SRactcriSdemD      (20) 

where W
S
 is crop aboveground dry weight, N

S
 and N

R
 are the amount of nitrogen in the shoot and 

the root, respectively, t is the time step of dynamic calculation in the model. The value of shoot 

ncri is often defined as an empirical function of developmental stage (e.g. Robertson et al. 2002): 

    4.0

cri0cri

 enn       (21) 

where  is development stage, ncri0 is the critical aboveground nitrogen concentration at the onset 

of growth, which is crop or genotype-specific parameter. 

 The crop growth activity-determined nitrogen demand, NdemA
, is calculated based on the 

assumption that crop takes up nitrogen in order to achieve the optimum nitrogen concentration 

(or in other term, optimum nitrogen/carbon ratio) that maximises its relative carbon gain. In 

analogy to the analysis of Hilbert (1990) for balanced growth conditions, achieving the optimum 

plant nitrogen/carbon ratio for a maximised relative carbon gain requires that relative root 

activity (
N
) and relative shoot activity (

C
) be balanced as (Yin and van Laar 2005):  

     )d/d/( C

2

CN         (22) 

where d
C
/d is the first-order derivative of 

C
 with respect to , the nitrogen/carbon ratio in the 

whole-plant. NdemA
 is then calculated by: 

   )d/d/( C

2

CRNRdemA  CCN       (23) 

where C
R
 is the amount of carbon in roots. The value of 

C is given by its definition as: 

     SC /)/( CtC        (24) 
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where C
S
 is the amount of carbon in shoots; C/t is daily crop carbon gain (often noted as NPP, 

net primary productivity), which is equal to (12/44)Y
G,V

(P
C
-Rng), with Rng being the sum of all 

non-growth components of respiration as discussed earlier. Here, Y
G,V

 not Y
G,S

 is used, because it 

is expected that plants take up most of the required nitrogen before the growth of the seeds 

(Sinclair and de Wit 1975). 

 Eqn (23), as well as carbon and nitrogen assimilate partitioning equations (see later), all 

involves the quantity d
C
/d. Because d

C
/d cannot be calculated analytically given the 

sophistication of estimating 
C
 in GECROS, it is numerically calculated by: 

    /][d/d )C()C(C      (25) 

where  is a small increment of ; 
C() and 

C(+) 
are relative shoot activities when plant 

nitrogen/carbon ratio is  and (+), respectively. Simulations showed that d
C
/d is not very 

sensitive to the value of , as long as  is sufficiently small. In GECROS,  was set to be 

0.001. 

 Daily crop nitrogen demand, Ndem, is calculated as the maximum of NdemD
 and NdemA

. 

However, the model does not allow Ndem to be more than the often observed upper threshold of 

daily nitrogen uptake Nmaxup (Peng and Cassman 1998): 

    )],max(  ,min[ demAdemDmaxupdem NNNN      (26) 

Nmaxup is a model-input parameter, and is assumed to be crop or genotype specific. 

 

Nitrogen fixation 

In leguminous species, symbiotically fixed nitrogen is an important source of nitrogen absorbed 

by the crop. Though nitrogen is fixed in nodules, the model does not simulate the formation of 

nodules because of the lack of information. Instead, daily fixed nitrogen (Nfix) is determined 

simply as the minimum of two variables: the amount of demand for fixation (NfixD
) due to the 

shortfall of soil nitrogen supply in meeting crop nitrogen demand, and the amount allowed by 

plant energy supply (NfixE
). In the model, the shortfall of soil nitrogen supply of the preceding 

day is identified as NfixD
, reflecting the possibility that it may take some time for plants to act or 

signal for fixing required N.  The variable of NfixE
 is assumed simply because the nitrogen 

fixation is energy (ATP) demanding process (see the text on ‘respiration’). The value of NfixE
 is 

calculated by: 

    ]/))(44/12(  ,0max[ fixngxCfixE cRPN      (27) 

where Rngx is the sum of all non-growth components of respiration but excluding the cost for the 

nitrogen fixation, cfix is the carbon cost for fixing nitrogen, which, as said earlier, lies mostly in 

the range 5-12 g C (g N fixed)
-1

 (Cannell and Thornley 2000). 

 The fixed nitrogen is assumed not to mix with soil nitrogen but to temporarily store in a 

reserve pool. The amount of fixed nitrogen in the pool, O
Nfix, is expressed as a state variable: its 

initial value is zero and its rate equation is given by: 

    )/,min(d/d cNfixdemfixNfix ONNtO      (28) 

where c is the time constant for utilisation of nitrogen in the pool (= 1 d). 

 The above equations are applied for leguminous crops. The value of Nfix in the above 

equations is switched to zero for non-leguminous crops. 
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Nitrogen uptake 

Eqn (28) implies that plants take up nitrogen first from this pool and if insufficient, then from 

soil. The portion of Ndem not satisfied by O
Nfix, )/( cNfixdem ON  , is replenished by any available 

soil nitrogen. Plants are assumed to take up soil ammonium and nitrate nitrogen impartially 

(Bradbury et al. 1993). Total daily nitrogen uptake by crop, Nupt, is then given by: 

    )/,min( cNfixdemuptNuptAupt ONNNN      (29) 

where NuptA and NuptN are daily uptake of soil ammonium and nitrate nitrogen, respectively.  

 

 
 Assimilate partitioning and reserve dynamics 

Partitioning of the newly produced carbon and absorbed nitrogen is modelled in two steps: first, 

between the root and the shoot, and then among organs within the shoot. Within-shoot organs 

include leaf, stem, and storage organ (seed, grain, or tuber; all referred to as seed hereafter). For 

root crops like potato, their storage organ is considered as a part of the shoot. Therefore, plant 

organs are defined in a functional rather than a morphological manner. For example, leaf is the 

photosynthetic organ and leaf area includes surface area in the stems or ears that also contribute 

to photosynthetic assimilate production (e.g. Biscoe et al. 1975). 

 

Partitioning between root and shoot 

The root-shoot partitioning is not assumed simply as a fixed tabular function of phenological 

development stage, as did in some existing models such as SUCROS (Goudriaan and van Laar 

1994), because it is the root-shoot partitioning that might respond most to environmental changes 

(Wilson 1988). Instead, equations presented by Yin and Schapendonk (2004) are adapted here 

for the root-shoot partitioning of both carbon and nitrogen. The equations are based on the root-

shoot functional balance theory (e.g. Charles and Edwards 1976; Brouwer 1983), with an 

incorporation of the mechanism that plants control root-shoot partitioning in order to maximise 

their relative carbon gain. The fraction of the newly assimilated carbon partitioned to the shoot 

(
C,S

), and the fraction of newly absorbed nitrogen partitioned to the shoot (
N,S

), are calculated 

by: 
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       (30) 
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where N
S
 and N

R
 are the amount of nitrogen in the shoot and the root, respectively; C

S
, C

R
, 

C
, 

and d
C
/d are the same as defined in an earlier section; and  is a variable, in analogy to the 

nitrogen/carbon ratio in newly formed biomass, as defined by: 

   )]((12/44)/[),min( ngCVG,demAmaxup RPYNN     (32) 

Eqns (30) and (31) can be derived in analogy to the derivations as given by Yin and 

Schapendonk (2004). The model produces a pattern of root-shoot partitioning similar to the fixed 

pattern in most earlier Wageningen crop models using stage-dependent tabular functions, and 

can flexibly address the root-shoot ratios in response to environmental stresses such as water and 

nitrogen shortage (Yin and Schapendonk 2004). 

 

Within-shoot carbon partitioning 
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Little is known about the mechanism that controls the within-shoot partitioning of carbon and 

nitrogen. It is assumed here that the strength of growing organs as sinks of available carbon 

determines the carbon partitioning. For such, a priority is specified: carbon goes first to the seed, 

secondly to the stem if the carbon source is more than the demand of seed as a sink, and then to 

leaf. Any further remainder carbon goes to shoot reserve pool. The dynamics of daily demand of 

either seed filling or stem growth for carbon is described by the differential form of a sigmoid 

function for asymmetric determinate growth (Yin et al. 2003a): 
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where Ci is the daily carbon demand at stage i, i is development rate at stage i (see later), e 

is the stage for end of growth (note that this equation assumes the start stage of growth is zero), 

m is the stage at which the growth rate is maximum, Cmax is the total demand of carbon by the 

end of growth. Instead of using classical growth equations such as the logistic equation, eqn (33) 

is chosen here because it ensures that the value of Cmax is achieved at stage e. 

 For seed filling, Cmax is equal to SwSffc,S/YG,S
 (where Sf = potential number of seeds, Sw = 

potential weight of a single seed, fc,S 
= fraction of carbon in seed biomass). Sw is a model-input 

parameter, and fc,S  
can be calculated according to the part in bracket in the numerator of eqn (18) 

(also see Penning de Vries et al. 1989). In the model, Sf is determined from the estimated amount 

of nitrogen and carbon accumulated before the end of seed-number determining period. The end 

of seed-number determining period (te) is a crop- or genotype-specific parameter, corresponding 

to the start of seed filling in determinate crops or a stage afterwards in indeterminate crops. For 

the stem growth, the value of Cmax in eqn (33) is determined as Hmaxfc,V/Y
G,V

 (where Hmax = 

maximum plant height, fc,V 
= fraction of carbon in vegetative organ biomass,  is a constant as 

the slope of the linearity between stem biomass and plant height). If the currently assimilated 

available carbon does not satisfy the demand of a sink (seed or stem), the shortfall is added up to 

the demand of the following days till the shortfall is fulfilled by any new assimilated carbon.  

From this framework, the fraction of new shoot carbon partitioned to the seed (
C,seed), and to the 

stem (
C,stem) are determined. The fraction of new shoot carbon partitioned to the leaf (

C,leaf) is 

determined, depending on whether it is carbon or nitrogen that limits the growth of canopy: 
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where L
C
 and L

N
 are carbon-limited and nitrogen-limited leaf area index, respectively (see later). 

Both 
C,stem and 

C,leaf are, however, fixed to zero after the end of seed-number determining 

period, after which no vegetative growth is expected. The fraction of carbon partitioned to leaf, 

predicted by eqn (34), can fluctuate for some days in the middle growth phase when L
C
 and L

N
 

become limiting in tandem. 

 

Carbon reserves and their remobilization 

The fraction of new shoot carbon going to the shoot reserve pool (
C,Sres) is then calculated by: 

    leafC,stemC,seedC,SresC, 1        (35) 

GECROS also assumes existence of the root carbon reserve pool, to which new root carbon goes. 

The fraction of new root carbon going to root reserve pool is either 0 or 1, depending on whether 
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it is carbon or nitrogen that limits the growth of structural root biomass. Nitrogen-determined 

root mass is given in the next section [see eqn (44)]. 

 If the new shoot carbon is less than the demand for carbon by seed filling, the carbon in 

reserve pools, if any, is remobilized to fill the shortfall. It is assumed that shoot and root carbon 

reserves are remobilized impartially. Remobilization is an active process that needs energy to 

support; the costs is assumed to be 0.06 g C (g C remobilized)
-1

 (Thornley and Cannell 2000). 

Upon conversion of reserves to structural seed biomass, there are carbon losses due to growth 

respiration. The losses of carbon due to both the growth respiration and the cost of 

remobilization contribute to the slight reduction of total crop weight, as frequently observed 

when crop approaches to maturity. When the amount of both new shoot carbon and remobilized 

carbon does not suffice the requirement for seed growth, the weight of seeds that are expected to 

fill is subject to decline. 

 

Within-shoot nitrogen partitioning 

For the intra-shoot nitrogen partitioning, certain seed and stem nitrogen concentrations are 

assumed. The nitrogen requirements for seed growth in various crops (Sinclair and de Wit 1975) 

are used as basic data to quantify seed nitrogen concentration under standard conditions (n
SO

). 

Because organs are defined functionally, the photosynthetic part of stems is considered as 

‘leaves’. Based on this framework of functional organs, constant minimum structural-stem 

nitrogen concentration (n
Smin) and constant reserve nitrogen concentration (n

RV
) are  assumed for 

each crop. If the requirement for nitrogen by seeds, stems and reserves is met, the leftover of new 

shoot nitrogen goes to functional ‘leaves’. Otherwise, nitrogen in leaves and roots will be 

remobilized impartially. The remobilization of nitrogen from leaves and roots reduces leaf and 

root nitrogen and thereof facilitates leaf and root senescence, reflecting the phenomenon of so-

called ‘self-destruction’ termed by Sinclair and de Wit (1975). The total nitrogen in leaves and in 

roots available for remobilization is estimated by )( LVLminLV WnN   and )( RRminR WnN  , 

respectively. When the amount of both new shoot nitrogen and remobilized nitrogen still does 

not suffice the requirement for nitrogen by seed growth, the nitrogen concentration of newly 

formed seed biomass, and of total seed biomass thereof, is subject to decline till a pre-defined 

minimum seed nitrogen concentration, which is a fraction (q) of n
SO

. If this minimum seed 

nitrogen is reached, the filling of carbon to seeds stops. Seed protein quantity is estimated from 

the total accumulated nitrogen in seeds multiplied by a standard conversion factor 6.25. 

 

 

 Crop morphology, senescence, and crop phenology 

Leaf area index 

The green leaf area index (L) is modelled, according to the guidelines given by Yin et al. (2000, 

2003b), as the minimum of L
C
 and L

N
. The value of L

N
 is calculated by the equation presented by 

Yin et al. (2000): 

    )/1ln()/1( bLVnnN nNkkL       (36) 

where N
LV

 is the amount of nitrogen in leave of the canopy, kn is the extinction coefficient of leaf 

nitrogen, and nb is the base value of leaf nitrogen at or below which there is no active 

photosynthesis. 

 The value of L
C
 is assumed as a state variable, whose rate of increment, L

C
, is estimated in 

two phases (Yin et al. 2003b): 
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where sla is specific leaf area constant, C
LV

 is the increment of carbon in leaves, N
LV

 is the 

increment of nitrogen in leaves, nbot is the nitrogen content of the bottom leaves in canopy. In the 

model, nbot is described as an additional state variable, whose rate of increment, nbot, is 

calculated by: 

  tnnn  /)( botbotEbot       (38) 

where nbotE stands for the value of nbot expected from the exponential profile of leaf nitrogen 

content. The rationale of using eqns (37) and (38) was outlined by Yin et al. (2003b). 

 For the given value of N
LV

, the nitrogen content of bottom leaves in the canopy is expected 

from the exponential profile as: 

    )1/( nn

LVnbotE

LkLk
eeNkn


      (39) 

Similarly, based on the exponential profile, the nitrogen content of top leaves in the canopy, n
0
 

[required by eqns (10-11)], is estimated by: 

    )1/( n

LVn0

Lk
eNkn


       (40) 

 These equations use a critical parameter kn, which is also required by eqns (10-12). Since kn 

and its temporal variation are not amenable to experimental collection, the model estimates kn by 

(Yin et al. 2003b): 
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where L
T
 is total (green + senesced) leaf area index; kr is the extinction coefficient for PAR, and 

is set here to equal '

dk for PAR [see eqn (B4)], assuming diffuse component of PAR is dominant 

for determining nitrogen distribution in a canopy (Anten 1997). While eqn (41) shows that there 

are four variables (kr, N
LV

, nb, and L
T
) that affect kn, it is the value of kr that almost uniquely 

determines kn, reflecting leaf nitrogen acclimation controlled by local light environment in crop 

canopy. 

 

Leaf and root senescence 

As can be seen above, GECROS predicts leaf area index as the interactive result of leaf carbon 

and nitrogen dynamics. One of the advantages of this approach is to enable leaf senescence to be 

modelled in a simple but robust way (Yin et al. 2000). The loss rate of leaf biomass due to 

senescence at a time step (  LVW ) can be estimated simply by: 

    )/()],min([ SlaNCCLV TCsLLLW       (42) 

where TCS is time constant for senescence. The numerator of eqn (42) gives estimate of the leaf 

area senesced at a time step. Eqn (42) predicts increased leaf senescence during seed filling 

because L
N
 becomes increasingly small due to the withdrawal of leaf nitrogen to seeds, thereby 

reflecting well the ‘self-destruction’ phenomenon defined by Sinclair and de Wit (1975). The 

loss rate of leaf nitrogen, i.e. the amount of nitrogen going to the senesced leaf materials (  LVN ), 

can be estimated as  LVLmin Wn .  

 Under the conditions when seed filling is retarded due to environmental stresses such as 

water shortage, eqn (42) can result in no senescence because limited seed filling requires little 
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remobilization of leaf nitrogen. The senescence rate in such cases, i.e. if eqn (42) predicts no 

senescence after active seed filling is initiated, is described as rLVW
LV

, where rLV refers to relative 

leaf death rate as defined by Goudriaan and van Laar (1994). The loss rate of leaf nitrogen with 

the senesced leaf materials in such conditions is estimated as  LVW  multiplied by leaf nitrogen 

concentration (n
L
). The use of n

L
 rather than n

Lmin is to mimic the increased leaf nitrogen 

volatilisation under stress conditions such as drought (Weiland et al. 1982). 

 In analogy to the modelling of leaf senescence, the loss rate of structural root biomass due to 

senescence at a time step (  RW ) is estimated by: 

   SNSR,SRSRR /)],min([ TCWWWW        (43) 

where W
SR,N is nitrogen-determined W

SR
, which is estimated by an equation similar to eqn (36): 

    )/1ln()/1( RminSRRnRnNSR, nNkkW      (44) 

where N
SR

 is structural root nitrogen, k
Rn is extinction coefficient of root nitrogen concentration. 

The value of N
SR

 can be calculated as the difference between total root nitrogen (N
R
) and root 

reserve pool nitrogen, assuming that nitrogen concentration in root reserve pool is n
Rmin. The loss 

rate of root nitrogen, for the amount of nitrogen going to the senesced root materials (  RN ), can 

then be estimated as  RRmin Wn . 

 

Plant height and root depth  

Estimation of plant height is required for calculating carbon demand by stem growth. Plant 

height is quantified as a state variable, and its rate is estimated by the differential form of a 

sigmoid growth function with the same form as eqn (33), assuming that maximum plant height, 

Hmax, is reached at the onset of seed filling for determinate crops or the halfway between the 

onset of seed filling and te for indeterminate crops. Effects of any abiotic stress on plant height 

are accounted for by multiplying the rate equation with a factor determined as the ratio between 

carbon assimilates available for stem growth at current time step and carbon demands for stem 

growth in the preceding time step. The value of this factor is limited within the range between 0 

and 1. Use of the C demand in the preceding time step avoids calculation loop. 

 The rooting depth, D, is an important element to predict because only water and nutrients in 

the rooted soil layer are subject to plant uptake. In the model, D is described in the same way as 

for aboveground plant height, subject to a crop- or genotype- specific maximum rooting depth 

(Dmax).  

 

Phenological development 

Phenology provides the temporal framework for simulating a number of processes. An index 

variable, development stage (), is defined as a state variable, having a dimensionless value of 0 

at seedling emergence, 1 at the start of seed filling, and 2 at seed maturity. Development stage is 

the accumulation of daily development rate (i), which has a unit of d
-1

. The value of  is 

calculated separately for pre-seed filling (vegetative growth) period and for the seed-filling 

(reproductive growth) period. For the vegetative period,  is calculated by: 
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where m
V
 is the minimum number of days for the vegetative period when the photothermal 

environment is at the optimum, 
1
 and 

2
 are the development stage for the start and the end of 

photoperiod-sensitive phase, respectively, Dlp is photoperiodic daylength [see eqn (C7)]. The 

temperature effect function, g(T), is defined, using the flexible bell-shaped nonlinear function 

(Yin et al. 1995) as 
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where ct is temperature response curvature coefficient, Tb, To, and Tc are the base, the optimum, 

and the ceiling temperature for phenological development [i.e. g(T) = 0 if T   Tb or  Tc].  

 Because temperature is diurnally fluctuating under field conditions, g(T) is estimated on an 

hourly basis and hourly g(T) values are averaged for the daily value. The hourly temperature is 

estimated from daily maximum and minimum temperature by a sine function assuming the daily 

maximum occurs at 14:00 each day [see eqn (D3)]. Crop difference in phenological response to 

temperature lies not in the value of ct but in the cardinal temperature (Tb, To, and Tc). In case of 

the lack of data for determining ct by curve fitting, ct can be assumed to be equal to 1. 

 Eqn (45) indicates that daily development rate during the vegetative growth period is 

modified by photoperiod, if cultivar or genotype is photoperiod-sensitive. This modification is 

reflected by h(Dlp), which has a value between 0 and 1 with: 

     )(1)( oplpsenlp MDpDh       (47) 

where Mop is the maximum optimum photoperiod for a short-day crop (about 11 h) or the 

minimum optimum photoperiod for a long-day crop (about 18 h); psen is the photoperiod-

sensitivity parameter, being positive for short-day crops, negative for long-day crops. A zero 

value of psen characterises absolutely insensitive cultivars of any crop. Genotypic difference 

within a crop in phenological response to photoperiod is assumed not in Mop but mainly in psen, 


1
 and 

2
. 

 Development rate for seed filling phase is calculated dependent on temperature only, using 

genotypic coefficient m
R
, the minimum number of days for the seed-filling period when the 

temperature is at its optimum. The effect of temperature on  of this period is also based on eqn 

(46), but with a restriction that T is set to To if T > To to abolish the decline of development rate 

at high temperatures. This restriction is incorporated to account for the accelerated seed filling 

when plants are exposed to high temperatures. 

 

 

 Input requirements and model implementation in FST 

The inter-connection of the model components as outlined above is schematically shown in the 

relational diagram of GECROS (Figure S5). The main program of the model runs on a daily time 

step (i.e. time step t = 1 d), whereas some physiological processes (e.g. phenology, 

photosynthesis and transpiration, and maintenance respiration in response to temperature) are 

simulated in their subroutines in shorter time steps. 
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Fig. S5. The relational diagram, drawn using symbols of Forrester (1961), for the crop model GECROS (after Yin 

and van Laar 2005). 

 

 

Initialisation, and biophysical inputs 

Initial values of state variables have to be provided. The default initial condition is set at crop 

seedling emergence. Initial values of W
S
 and W

R
 at seedling emergence could be determined from 

seeding rate and seed weight, assuming crop-specific germination efficiency, εg (Penning de 

Vries et al. 1989) and a standard initial shoot ratio (υ
C0

). But we advise that model users set the 

initial values of W
S
 and W

R
 for their particular situations. Initial N

S
 and N

R
 can be set, using ncri0 

as shoot nitrogen concentration at emergence and a certain initial shoot nitrogen ratio (υ
N0

). 

 Required daily weather inputs are: global radiation, minimum air temperature, maximum air 

temperature, vapour pressure, wind speed, and precipitation. Latitude of the location should also 

be provided to calculate daylength. 

 The other required model inputs are daily supply of water and nitrogen available for crop 

uptake. These two input variables can be provided by soil model simulations, once the GECROS 

crop model is coupled with a process-based soil model (see Yin and van Laar 2005). The 

coupled model can then be used for examining crop production in response to not only physical 

environmental conditions but also edaphic variables and managerial options (amount and timing 

of irrigation, amount and timing of nitrogen fertilization). The other managerial factor – to which 

the model responds – is rate and timing of sowing.  
 

Model constants and parameters 

A few model constants are basically related to physical relations for transpiration (cp, , , and 

B
Z
). Those biochemical coefficients for leaf photosynthesis are given in Table 1 of the main text. 
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Those parameters that vary either with crops or with genotypes within a crop are given in the 

original version of GECROS (Yin and van Laar 2005), and some of them are specified in Table 3 

of the main text for the present simulation. 

 

Model implementation in FST 

GECROS is currently implemented in the FST (FORTRAN Simulation Translator) computer 

language (van Kraalingen et al. 2003). The FST language and the corresponding FST software 

feature a powerful and easy-to-use simulation language providing clear error message (van 

Kraalingen et al. 2003). The mathematical meaning of some intrinsic FST functions, which are 

not provided by standard FORTRAN, were frequently used in the GECROS source codes. 

 The most important programming guideline for a model to be coded in the FST is that it uses 

the state-rate concept of simulation, known as the state variable approach (Penning de Vries et al. 

1989). The state variables are described in FST by the INTGRL function. Usually, the largest 

part of source codes of a FST program is to deal with algorithms for calculating rate variables 

and their associated auxiliary variables. The new FST version (4.12) is available for 

downloading at http://models.pps.wur.nl/node/970. This FST version works with freely available 

Fortran (GFortran). 

 Finally it is worthy to note that GECROS is a crop model. For model applications under 

field conditions, GECROS needs to be linked with a process-based soil model. The points for 

coupling between GECROS and soil models then need to be identified. Soil model predicts the 

amount of water and mineral nitrogen available in rooted soil layer for crop absorption. The crop 

model predicts the amount of organic carbon and nitrogen from senesced leaf and root materials 

entering to the soil as litters. An example model for simulating soil processes is described by Yin 

and van Laar (2005). Users may link GECROS to their own soil models in order to cope with 

model applications at the field level. 

 

 

Appendices for Supplementary Text 6 

Appendix A Calculation of input variables of eqn (1): rt, rbh, rbw, and Rn 

The turbulent resistance, rt, which has the same value for heat, CO2 and water transfer 

(Goudriaan 1982), is calculated by (Goudriaan et al. 1984): 

   )16.0/()]}1.0/()7.02{ln[(74.0 2

t uHHr      (A1) 

where u is the wind speed above the canopy, H is crop height. 

 The leaf boundary layer resistance to heat, rbh, is estimated as: 

  uwr /100bh        (A2) 

where w is leaf width. The leaf boundary layer resistance to water vapour, rbw, is estimated by: 

     bhbw 93.0 rr         (A3) 

where the factor 0.93 allows for the difference in velocity of boundary-layer transfer between 

heat and water vapour (Goudriaan and van Laar 1994). 

 Net absorbed radiation by leaves, Rn, is the difference of the absorbed short-wave radiation 

(PAR plus NIR) and the outgoing long-wave radiation (R

). The absorbed total short-wave 

radiation is given as the sum of absorbed PAR and absorbed NIR, according to eqn (7). 

 Following the algorithms described by van Laar et al. (1997), R
 

is approximated by three 

semi-empirical functions, accounting for temperature, vapour pressure in the atmosphere and sky 

clearness: 

http://models.pps.wur.nl/node/970
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where Bz is Stephen-Boltzmann constant, i is the fraction of a leaf class (= su and sh for sunlit 

and shaded leaves, respectively), V is vapour pressure,  is atmospheric transmissivity (see 

Appendix C), 0.2 and 0.5 are empirical constants (0.2 is the atmospheric transmissivity under an 

overcast sky, and 0.5 is the additional transmissivity from direct radiation. 

 

 

Appendix B Canopy extinction and reflection coefficients 

Extinction coefficient for beam radiation required for eqn (5) for a canopy is given by 

(Goudriaan 1988): 

   sin/avb Ok         (B1) 

where sin is given by eqn (C3) in Appendix C, Oav is the average projection of leaves in the 

direction of a solar beam. Assuming that the leaves in a canopy have a uniform azimuth 

orientation, Oav can be found as: 
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where 
L
 is the leaf inclination angle in a canopy, being crop or cultivar-specific input parameter. 

 Overall extinction coefficient for beam and scattered beam radiation, '

bk , required for eqns 

(7) and (8) is given by (Goudriaan and van Laar 1994): 

     1b

'

b kk        (B3) 

where  is the scattering coefficient for leaves (typically 0.2 for PAR and 0.8 for NIR). 

 Overall extinction coefficient for diffuse and scattered diffuse radiation, '

dk , can be derived 

by taking the profile of diffuse radiation in the canopy to be a summation of profiles each 

originating from a separate ring zone of the sky. Goudriaan (1988) showed that the effects of leaf 

angle distribution can be accurately described by using as few as three 30° zone classes (0-30, 

30-60, 60-90°). The extinction coefficient for each zone can be found by substituting  in eqns 

(B1-B2) by the elevation of the centre of each zone class (i.e. 15, 45 and 75°); and these 

coefficients are termed here as kb15
, kb45

 and kb75
, respectively. The value for '

dk  can then be 

calculated for standard overcast sky conditions as (Goudriaan 1988): 

   Tb75Tb45Tb15 111
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where L
T
 is total leaf area index; the weights 0.178, 0.514 and 0.308 represent the contributions 

from the three zones of a standard overcast sky.  

 Canopy reflection coefficient for beam radiation, cb in eqns (7)-(8), is related to the canopy 

reflection coefficient for horizontal leaves, h, by (Goudriaan 1977): 
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where 

    )11/()11(h        (B6) 
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 Canopy reflection coefficient for diffuse radiation, cd, could be calculated by numerical 

integration of cb and the sky radiance over the hemisphere of the sky (De Pury and Farquhar 

1997). In GECROS, cd is estimated separately for PAR and for NIR, each as a weighted average 

of values from eqn (B5) using the elevation of three zone classes (15, 45 and 75°) across the sky. 

 

 

Appendix C Solar elevation, daylength, and direct and diffuse solar radiation 

According to Goudriaan and van Laar (1994), the direct radiation incident on a horizontal plane 

at the Earth’s surface, So, may be written as 

     sinco SS          (C1) 

where  is the atmospheric transmissivity, Sc is solar constant, referring to the radiation normal to 

the sun’s beam outside the Earth’s atmosphere: 

    )]365/)10(2cos(033.01[1367 dc  tS       (C2) 

where td is the day of the year (1 = January 1). The solar elevation sin is: 

   ]24/)12(2cos[sin h  tba       (C3) 

where th is the time of a day, and  

  ,sin)180/sin( a   cos)180/cos(b   (C4) 

with 

   ]}365/)10(2cos[)180/45.23(arcsin{sin d  t   (C5) 

where  is the latitude, and  is the declination of the sun with respect to the equator. 

 The quantities a and b may be used to evaluate the astronomic daylength, Dla, and the 

photoperiodic daylength, Dlp, in hours: 

   )]/arcsin()/2(1[12la baD       (C6) 

   ]}/))180/sin(arcsin[()/2(1{12lp baD      (C7) 

where  is the sun angle below horizon, for including civil twilight as photoperiodic daylength. 

The expression for Dla is required for the Gaussian integration [see eqns (16-17)] and for 

calculating daytime course of temperature [eqn (D2)], and the expression for Dlp is required for 

estimating photoperiodic response of phenological development [see eqn (47)]. 

 The quantities a, b and Dla may also be used to calculate integral of sin over the day, Dsin: 

    ])/(1)/24([3600 2

laβsin babaDD       (C8) 

Eqn (C8) could be used to obtain the daily extraterrestrial radiation. However, a quantity 

equivalent to Dsin, but with a correction for lower atmospheric transmission at lower solar 

elevations, may be used (Goudriaan and van Laar 1994). This quantity is noted as Dsine: 

  })/(1)2.12()/12()]5.0(4.0[{3600 222

laβesin baabbaaDD     (C9) 

Dsine takes into account the fact that transmission is lower near the margins of the day because 

of haze in the morning and clouds in the afternoon.  

 Following the empirical algorithm of Goudriaan and van Laar (1994), the fraction of diffuse 

radiation, fd, is a function of the atmospheric transmissivity, : 
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The atmospheric transmissivity, , in eqn (C10) is calculated according to eqn (C1), where the 

value of So at a particular time of the day is estimated from eqn (D1) in Appendix D. However, 

the value of fd is not allowed to be lower than )1(85.015.0 sin/1.0  e (Goudriaan and van Laar 

1994). The fraction of the direct-beam component of incoming radiation is fb = 1 - fd. 

 The model for photosynthesis (described in the main text) requires quantum flux density for 

PAR. A simple conversion factor of 4.56 mol PAR J
-1

PAR was used in the calculations. 

 

 

Appendix D Time course of solar radiation and air temperature 

Following Goudriaan and van Laar (1994), the instantaneous global radiation at a particular time 

of the daytime period, So, is estimated from the daily global radiation (S): 

   βesino /)sin4.01(sin DSS        (D1) 

where sin and Dsine are given in eqn (C3) and eqn (C9), respectively. 

 The air temperature between sunrise and sunset was calculated from daily maximum (Tmax) 

and minimum (Tmin) temperature as (Goudriaan and van Laar 1994) 

   )]2/()122/(sin[)( lalahminmaxmina mDDtTTTT      (D2) 

where m is the number of hours between solar noon and the time of maximum temperature (the 

default value for m is 1.5 hours). 

 To obtain the time course of temperature for a whole day, an additional equation is required 

for the night period (from sunset to sunrise of the next day). Goudriaan and van Laar (1994) 

showed an exponential equation for doing that. To implement this exponential equation together 

with eqn (D2), reading of weather data for consecutive days is required. For time course of 

temperature for a whole day used by the phenological model [eqn (46)], a simpler approach is 

used to derive the diurnal course of temperature using daily maximum and minimum temperature 

(Matthews and Hunt 1994): 

   ]}12/)8(cos[)(){(5.0 minmaxminmax  iTTTTT     (D3) 

where i is the number of hours of a day (i = 1, 2, …, 24), starting with 1 for the hour of 07:00. 

 

 

List of symbols (with units) used in this supplementary text 6 describing crop model GECROS 

a eqn (C4) (-)  

b eqn (C4) (-)  

Bz Stephen-Boltzmann constant (J m
-2

 s
-1

 K
-4

) = 5.66810
-8

 

cfix carbon cost of nitrogen fixation (g C g
-1

N) 

ct curvature factor in eqn (46) (-) 

C total carbon in living materials of crop (g C m
-2

ground) 

Cmax maximum amount of carbon in stem or seed at the end of its growth (g C m
-2

ground) 

C
R
 living root carbon (g C m

-2
ground) 

C
S
 living shoot carbon (g C m

-2
ground) 

Ci carbon demand for the growth of an organ (stem, or seed) (g C m
-2

ground d
-1

) 
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D rooting depth (cm) 

Da water vapour pressure saturation deficit of air (kPa) 

Dal air-to-leaf humidity deficit (kPa) 

Dla astronomic daylength (h)  

Dlp daylength for photoperiodic response of phenology (h) 

Dmax maximum rooting depth (cm) 

Dsin integral of sin over the day (s d
-1

) 

Dsine Dsin with correction for lower atmospheric transmission at lower solar elevation (s d
-1

) 

es(Ta)
 saturated vapour pressure of air (kPa) 

es(Tl)
 saturated vapour pressure of leaf (kPa) 

Ea leaf evaporation in the presence of water stress (mm s
-1

) 

Ep potential leaf evaporation (mm s
-1

) 

fb fraction of direct-beam component in incoming radiation (-) 

fcar fraction of carbohydrates in biomass (g g
-1

) 

fclear factor for effect of sky clearness on R

 (-) 

fcyc fraction of cyclic electron transport around photosystem I (-) 

fc,S fraction of carbon in seed biomass(g C g
-1

dw) 

fc,V fraction of carbon in vegetative-organ biomass (g C g
-1

dw) 

fd fraction of diffuse component in incoming radiation (-) 

flig fraction of lignins in biomass (g g
-1

) 

flip fraction of lipids in biomass (g g
-1

) 

foac fraction of organic acids in biomass (g g
-1

) 

fpro fraction of proteins in biomass (g g
-1

) 

f
R
 ratio of root carbon to total carbon (g g

-1
) 

f
S
 ratio of shoot carbon to total carbon (g g

-1
) 

fvap factor for effect of vapour pressure on R

 (-) 

gbc total boundary-layer conductance in canopy (m s
-1

) 

gbc,sh boundary-layer conductance for shaded fraction of canopy (m s
-1

) 

gbc,su boundary-layer conductance for sunlit fraction of canopy (m s
-1

) 

gc,p potential conductance for CO2 (m s
-1

) 

g(T) function for phenological response to temperature (-) 

Gw(i) normalized Gaussian weights (-) 

Gx(i) normalized Gaussian distances (-) 

h(Dlp) function for phenological response to photoperiod (-) 

H plant height (m) 

Hmax maximum plant height (m) 

I leaf absorbed photosynthetically active radiance (PAR) (mol m
-2

leaf s
-1

)
 

Ib0 incident direct-beam radiation above canopy (J m
-2

ground
 
s

-1
) 

Ic absorbed total radiation by canopy (J m
-2

ground
 
s

-1
) 

Ic,sh absorbed total radiation by shaded leaves of canopy (J m
-2

ground
 
s

-1
) 

Ic,su absorbed total radiation by sunlit leaves of canopy (J m
-2

ground
 
s

-1
) 

Id0 incident diffuse radiation above canopy (J m
-2

ground
 
s

-1
) 
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kb direct-beam radiation extinction coefficient (m
2
ground m

-2
leaf) 

'

bk  scattered-beam radiation extinction coefficient (m
2
ground m

-2
leaf) 

'

dk  diffuse radiation extinction coefficient (m
2
ground m

-2
leaf) 

kn nitrogen extinction coefficient (m
2
ground m

-2
leaf) 

kr PAR extinction coefficient (m
2
ground m

-2
leaf) 

k
R
 extinction coefficient of root weight density (cm

-1
) 

k
Rn extinction coefficient of root nitrogen concentration (m

2
ground g

-1
dw) 

kw wind-speed extinction coefficient (m
2
ground m

-2
leaf) 

L green leaf area index of canopy (m
2
leaf m

-2
ground) 

L
C
 carbon-determined L (m

2
leaf m

-2
ground) 

Li L counted from the top to the i-th layer of canopy (m
2
leaf m

-2
ground) 

L
N
 nitrogen-determined L (m

2
leaf m

-2
ground) 

L
T
 total (green + senesced) leaf area index (m

2
leaf m

-2
ground) 

m number of hours between noon and time of maximum temperature (h) = 3 

m
R
 minimum number of days for seed filling phase (d) 

m
V
 minimum number of days for vegetative growth phase (d) 

Mop maximum or minimum optimum photoperiod (h) 

n
0
 canopy upper leaf nitrogen (g N m

-2
leaf) 

nact actual shoot nitrogen concentration (g N g
-1

dw) 

nb minimum leaf nitrogen for photosynthesis (g N m
-2

leaf) 

nbot canopy bottom leaf nitrogen (g N m
-2

leaf) 

nbotE nbot calculated from exponential nitrogen profile (g N m
-2

leaf) 

ncri critical shoot nitrogen concentration (g N g
-1

dw) 

ncri0 initial critical shoot nitrogen concentration (g N g
-1

dw) 

n
L
 average nitrogen concentration in leaf (g N g

-1
dw) 

n
Lmin minimum nitrogen concentration in leaf (g N g

-1
dw) 

n
Rmin minimum nitrogen concentration in root (g N g

-1
dw) 

nRV nitrogen concentration in reserves (g N g
-1

 reserves) 

n
Smin minimum nitrogen concentration in stem (g N g

-1
dw) 

n
SO 

standard nitrogen concentration in seed (g N g
-1

dw) 

Nc total photosynthetically effective leaf nitrogen in canopy (g N m
-2

ground) 

Nc,sh photosynthetically effective nitrogen in shaded leaves of canopy (g N m
-2

ground) 

Nc,su photosynthetically effective nitrogen in sunlit leaves of canopy (g N m
-2

ground) 

Ndem crop nitrogen demand (g N m
-2

ground d
-1

) 

NdemA
 activity-driven crop nitrogen demand (g N m

-2
ground d

-1
) 

NdemD
 deficiency-driven crop nitrogen demand (g N m

-2
ground d

-1
)  

Nfix symbiotically fixed nitrogen (g N m
-2

ground d
-1

) 

NfixD
 crop demand-determined Nfix (g N m

-2
ground d

-1
) 

NfixE
 available energy-determined Nfix (g N m

-2
ground d

-1
) 

N
LV

 living leaf nitrogen in canopy (g N m
-2

ground) 

Nmaxup maximum crop nitrogen uptake (g N m
-2

ground d
-1

) 

N
R
 living root nitrogen (g N m

-2
ground) 
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N
S
 living shoot nitrogen (g N m

-2
ground) 

N
SR

 living structural root nitrogen (g N m
-2

ground) 

N
T
 total nitrogen in living part of the whole crop (g N m

-2
ground) 

Nupt crop nitrogen uptake (g N m
-2

ground d
-1

) 

NuptA crop ammonium-nitrogen uptake (g N m
-2

ground d
-1

) 

NuptN crop nitrate-nitrogen uptake (g N m
-2

ground d
-1

) 

Oav average projection of leaves in the direction of solar beam (m
2
ground m

-2
leaf) 

O
Nfix reserve pool of fixed nitrogen (g N m

-2
ground) 

psen photoperiod sensitivity of phenological development (h
-1

) 

Pa gross leaf photosynthesis (g CO2 m
-2

leaf s
-1

) 

P
C
 daily gross canopy photosynthesis (g CO2 m

-2
ground d

-1
) 

P
C
(i) instantaneous gross canopy photosynthesis (g CO2 m

-2
ground s

-1
) 

q fraction or ratio of minimum to standard seed N concentration (-) 

rbh leaf boundary-layer resistance to heat (s m
-1

)  

rbw leaf boundary-layer resistance to water (s m
-1

) 

rLV  relative leaf death rate (d
-1

) 

rsw,a leaf stomatal resistance to water in the presence of water stress (s m
-1

) 

rsw,p leaf stomatal resistance to water in the absence of water stress (s m
-1

) 

rt turbulent resistance (s m
-1

) 

Rng non-growth components of respiration (g C m
-2

ground d
-1

) 

Rngx as Rng, but excluding the cost by nitrogen fixation (g C m
-2

ground d
-1

) 

Rrmr residual maintenance respiration (g C m
-2

ground d
-1

) 

Rn net radiation absorbed by leaf (J m
-2

leaf s
-1

)  

R

 outgoing long wave radiation (J m

-2
leaf s

-1
)
 

s slope of the curve relating saturation vapour pressure to temperature (kPa°C
-1

) 

sla specific leaf area constant for new leaves (m
2
leaf g

-1
leaf) 

S daily global radiation (J m
-2

 d
-1

) 

Sc solar constant (J m
-2 

s
-1

) 

Sf number of seeds to be filled (seeds m
-2

ground) 

So radiation incident on a horizontal earth surface (J m
-2 

s
-1

) 

Sw expected weight of single seed (g seed
-1

) 

td day of the year (d) 

te development stage for the end of seed-number determining period (-) 

th time of the day (h) 

T diurnal temperature in eqn (46) (°C) 

Ta daytime air temperature (°C) 

Tb base temperature for phenological development (°C) 

Tc ceiling temperature for phenological development (°C) 

TCs time constant for senescence (d) 

Tl daytime leaf temperature (°C) 

Tmax daily maximum air temperature (°C) 

Tmin daily minimum air temperature (°C) 

To optimum temperature for phenological development (°C) 
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u wind speed (m s
-1

) 

V vapour pressure (kPa) 

w leaf blade width (m) 

W
LV

 living leaf weight (g dw m
-2

ground) 

W
R
 living root weight (g dw m

-2
ground) 

W
RT

 total root weight (g dw m
-2

ground) 

W
S
 living shoot weight (g dw m

-2
ground) 

W
SR

 living structural root weight (g dw m
-2

ground) 

W
SR,N nitrogen-determined WSR (g dw m

-2
ground) 

W
T
 living crop weight (g dw m

-2
ground) 

Y
G
 growth efficiency (g C g

-1
C) 

Y
G,S

 storage-organ (seed) growth efficiency (g C g
-1

C) 

Y
G,V

 vegetative-organ (leaf, stem, root) growth efficiency (g C g
-1

C) 

 sun angle below horizon to calculate Dlp (degrees) 

 solar elevation (degrees) 


L
 leaf inclination angle in canopy (degrees) 

 declination of the sun (radians) 

C
LV

 rate of change in living leaf carbon (g C m
-2

ground d
-1

) 

L
C
 rate of change of L

C
 (m

2
leaf m

-2
ground d

-1
) 

nbot rate of change of nbot (g N m
-2

leaf d
-1

) 

N
LV

 rate of change of NLV (g N m
-2

ground d
-1

) 
 LVN  loss rate of leaf nitrogen due to senescence (g N m

-2
ground d

-1
) 

 RN  loss rate of root nitrogen due to senescence (g N m
-2

ground d
-1

) 

t time step of dynamic simulation (d) 

T leaf-to-air temperature differential (°C) 
 LVW  rate of leaf senescence (g dw m

-2
ground d

-1
) 

W
RT

 rate of change in total root weight (g dw m
-2

ground d
-1

)  
 RW  rate of root senescence (g dw m

-2
ground d

-1
) 

εg germination efficiency, i.e. dry weight of seedling to per g dry seed (g dw g
-1

dw) 

sh fraction of shaded leaves in a canopy (-) 

su fraction of sunlit leaves in a canopy (-) 

su,i fraction of sunlit leaves at canopy depth Li (-) 

 Psychrometric constant (kPa °C
-1

) = 0.067 

 eqn (32) (g N g
-1

C) 

 development stage (-) 


1
 development stage at which plant starts to become sensitive to photoperiod (-) 


2
 development stage at which plant ends to respond to photoperiod (-) 

e development stage at the end of growth of stem or seed (-) 

i development stage during the growth of stem or seed (-) 

m development stage at the time of maximal growth rate of stem or seed (-) 

 nitrogen-carbon ratio in crop (g N g
-1

C) 
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 latent heat of vaporization of water vapour (J kg
-1

water) = 2.410
6
 


C,leaf fraction of newly assimilated shoot carbon partitioned to leaf (g C g

-1
C) 


C,seed fraction of newly assimilated shoot carbon partitioned to seed (g C g

-1
C) 


C,stem fraction of newly assimilated shoot carbon partitioned to stem (g C g

-1
C) 


C,Sres fraction of newly assimilated shoot carbon partitioned to stem reserve pool (g C g

-1
C) 


C,S fraction of newly assimilated carbon partitioned to shoot (g C g

-1
C) 


N,S fraction of newly absorbed nitrogen partitioned to shoot (g C g

-1
C) 

 proportion factor between stem biomass and plant height (g dw m
-1

) 

cb canopy beam radiation reflection coefficient (-) 

cd  canopy diffuse radiation reflection coefficient (-)  

h  canopy reflection coefficient for horizontal leaves (-)  

cp volumetric heat capacity of air (J m
-3 

°C
-1

) = 1200 

 leaf scattering coefficient (-) = 0.2 for PAR, and 0.8 for NIR 


C
 relative shoot activity (g C g

-1
C d

-1
) 


N
 relative root activity (g N g

-1
C d

-1
) 

 atmospheric transmissity (-) 


C
  time constant in eqns (28) and (29) (d) 

υ
C0

 ratio of initial shoot carbon or biomass to initial total carbon or biomass (g g
-1

) 

υ
N0

 ratio of initial shoot N to initial total N (g N g
-1

N) 

 specific rate of maintenance respiration (g C g
-1

N d
-1

) 

i development rate (d
-1

) 

 latitude (degrees) 
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