
Supplemental Information for “Modeling spatial and dynamic 
variation in growth, yield and yield stability of the bioenergy crops 
Miscanthus  giganteus and Panicum virgatum across the 
conterminous USA.” 
 
Model description 
 
The major changes between BioCro and WIMOVAC as described in 
Humphries and Long (1995) and Miguez et al. (2009) are detailed for 
photosynthesis, canopy, soil water and soil carbon. 
 
Photosynthesis 
 
The equation for the calculation of saturated vapor pressure used was changed from 
Goff–Gratch to Arden-Buck. The Arden-Buck equation describes the relationship 
between temperature and saturated water vapor: 
 

                       
 

     
  

 

        
   

 
Where Pw is the saturation vapor pressure (hPa) and T is the temperature of the air 
(in Celsius). Over typical ranges of air temperature this equation is almost identical 
to Goff-Gratch. This equation is computationally faster than the Goff-Gratch and 
since it is used in the Ball-Berry model it improved the performance of the model 
substantially. The Ball-Berry model in BioCro is based on Fortran code kindly 
provided by Joe Berry.   The iterative procedure for coupling stomatal conductance 
and photosynthesis was improved resulting in faster and more reliable 
convergence.  In the C4 photosynthesis model it is possible to apply the factor 
describing water stress directly to Vmax or indirectly through a reduction of 
stomatal conductance (default). Applying it to stomatal conductance is preferred 
from a biological point of view but applying the stress to Vmax can be more stable 
computationally.  
 
Photosynthesis Parameter Optimization 
 
Since parameters of the photosynthesis model vary with environmental conditions 
and different crops we develop functions for the optimization of Vmax, alpha (i.e. 
quantum efficiency) and Rd (dark respiration).  This function ideally should be used 
with data resulting from light curves but it can be used with photosynthesis data 
collected under varying conditions of light, temperature and relative humidity, 
which are required inputs for the function. The optimization can be done using the 
Nelder-Mead algorithm (function optim in R, stats base package) or a Bayesian 



approach based on Markov chain Monte Carlo where prior distributions can be 
specified (function MCMCc4photo in BioCro).   
 
Canopy 
 
Although the code for the multilayer canopy model has been re-written, the 
equations follow WIMOVAC closely (Humphries and Long, 1995; Miguez et al., 
2009). The stand alone canopy function in BioCro (CanA) can be used to canopy-
level assimilation, transpiration (actual, Priestly and Penman-Monteith), 
conductance and details can be obtained by each specific layer. 
 
Carbon Allocation 
 
Carbon allocation has been modified substantially from WIMOVAC. The negative 
carbon allocation coefficients in BioCro are smaller (Table S1) because they are the 
hourly proportion of rhizome that it is converted into stem, leaf and root during 
emergence and juvenile stages. In addition, in BioCro the validity of the coefficients 
is checked for a given phenological stage where the positive coefficients should sum 
up to 1 and the negative coefficients are not allowed to have a value of -1 or lower.  
 
 
Soil Water  
 
The new soil water model implemented can be used with one single layer (default, 
used for simulations) or multiple layers. The single layer soil water model requires 
parameters of effective rooting depth, field capacity, wilting point. The field capacity 
and wilting point can be specified indirectly by specifying a soil type (11 options). 
The soil types are based on parameters from Campbell and Norman (pg. 130, 1998). 
If using more than one layer the thickness of each layer will be equal, but this can be 
overridden with an additional argument where the thickness of each horizon can be 
specified. The model calculates runoff and drainage as well as the fluctuations in 
available water in the soil. The relationship between available water and water 
stress can be determined by a linear relationship where no additional parameters 
need to be specified.  
 

              
 

                 
 

                     
 
where Fc is field capacity, Wp is wilting point, AW is available water and ws is water 
stress factor.  In this manner the parameters of the water stress function are 
determined by the field capacity and wilting point. This linear model is the default 
and was used in these simulations. An alternative water stress model has a logistic 
shape where the inflection point is calculated based on the average of (field capacity 



and wilting point) and an additional parameter (φ2) can be manipulated to control 
the scale (or spread).  
 

             
 

                             
 
 
The approach in WIMOVAC where leaf water potential is used to reduce stomatal 
conductance is also implemented in BioCro. In this approach a water stress factor is 
applied when the leaf water potential is reduced below a given threshold. The 
stomatal water stress factor is calculated as follows 
 

      
          

    
    

 
Where sws is the stomatal water stress factor, Ψth is the leaf water potential 
threshold, Ψleaf is the leaf water potential and gs   is the slope of the relationship 
which determines the severity of the effect of water stress.  
 
Soil Carbon 
 
 A version of the Century model (Parton et al. 1988, 1993) running at daily 
time steps was coupled with the rest of the crop model. For the simulations in this 
manuscript the carbon cycle model did not play a particularly important role. In 
addition, the simulations were conducted assuming no nutrient stresses.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



TABLES 
 
Table S1: Phenological stages and dry biomass partition coefficients. These 
coefficients were used in the simulations. 

 
Stage Thermal 

period 
Leaf Stem Rhizome Root 

Emergence 0–525 0.33 0.37 -0.0008 0.3 
Juvenile 525–1226 0.14 0.85 -0.0005 0.01 
Induction 1226–1927 0.01 0.63 0.35 0.01 
Post-induction 1927-3500 0.01 0.63 0.35 0.01 
Flowering 3500–3600 0.01 0.63 0.35 0.01 
Post-flowering 3600–4000 0.01 0.63 0.35 0.01 

 
 
Table S2: Photosynthetic parameters for P. virgatum derived from data from 
Dohleman et al. (2009) 
 
Parameter Value 
Vcmax (mu mol / m2 / s) 38 
Quantum efficiency (mol/mol) 0.026 
Intercept Ball-Berry model 0.082 
Slope Ball-Berry model 2.15 
Specific leaf area (m2/kg) 17 
Initial biomass of seeds at planting (Mg ha-1) 0.01 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S3 studies used in the switchgrass analysis 

PubName Latitude Longitude ID 

Bow et al. 2008 32.22 -98.2 1 
Boe 2007 45 -97 2 
Boe and Lee 2007 44.32 -96.7 3 
Berdahl et al. 2005 46.8 -100.92 4,5 
Cassida et al. 2005 30.6 -96.35 1,6,7,8,9 
Adler et al. 2006 40.8 -77.87 10,11 
Lee et al. 2007 44.17 -96.68 12 
Fike et al. 2006b 37.1 -87.82 13,14,15,16,17,18,19 
Fike et al. 2006a 37.1 -87.82 13,14,15,16,17,18,19 
Lee and Boe 2005 44.25 -100 20 
Missaoui et al. 2005 33.95 -83.53 21,22 
Evanylo et al. 2005 38.955 -77.722 25 
Casler et al. 2004 45.82 -91.9 26,27,28,29,30 
Thomason et al. 
2004 35.04 -97.95 31,32 
Casler and Boe 
2003 44 -97 27,33 
Ma 2001 32.4 -85.94 34 
Vogel  et al. 2002 42.03 -93.63 35 
Muir 2001 32.22 -98.2 1,36 
Sanderson et al. 
1999 28.45 -97.71 1,6,7,36,37 
Sanderson et al. 
1999 32.97 -97.27 1,7 
Sladden et al. 1991 32.42 -85.9 38 
Fuentes and 
Taliaferro 2002 35.026 -97.91 39,40 
Heaton 2008 41.85 -88.85 41,42,43 
Hopkins et al. 1995 41.22 -96.48 28,35,44 
Vogel and Mitchell 
2008 41.22 -96.48 28 
Cuomo 1996 41.18 -96.55 45 
Mooney et al. 2009 35.93 88.72 46 
Redfearn et al. 1997 42.03 -93.63 35,45 
Sanderson et al. 
2001 32.22 -98.2 1 
Schmer et al. 2009 48.67 -98.83 47,48,49,50,51,52,53,54,55,56 
Sanderson et al. 
2004 40.8 -77.87 10 
Casler et al. 2007 45.82 -91.9 26 
Haque et al. 2009 36.17 -97.58 57 
Garten Jr. et al. 
2010 35.93 -88.72 58 
Propheter and 
Staggenborg 2010 39.8 -95.2 59,60 



and Propheter et al. 
2010 
Stork et al. 2009 38.08 -84.1 61 
Heggenstaller et al. 
2009 42 -93.7 62 
Shinners et al. 2010 43.33 -89.38 27 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



FIGURES 
 

 

Figure S1. Relationship between stomatal conductance and the Ball-Berry index (A * 
RH / Cs; A: CO2 uptake, RH: relative humidity and Cs: surface CO2 concentration) 
for P. virgatum. The dashed line is the default values (Miguez et al. 2009) and the 
solid line is the best fit.  
 
 



 
Figure S2. Observed (circles) and simulated (lines) leaf area index (LAI) for P. 
virgatum versus day of the year (DOY). Data are from Heaton et al. (2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
Figure S3. Observed and simulated locations of P. virgatum data 

 
 
 
 
 
 
 
 
 



 

Figure S4. Observed (open circles) and simulated (closed circles) CO2 uptake for P. 
virgatum. Data from Dohleman et al. (2009). 

 
 
 
 
 
 
 
 



 

 
Figure S5. Scatterplot matrix showing the relationship between relevant variables 
for the simulation of M. x giganteus biomass productivity. 

 
 
 
 
 
 
 
 
 
 



 

 

Figure S6. Boxplots of dry biomass distribution for 10 growing seasons. On average 
across all the US dry biomass production seems to reach a plateau in year 5 or 6. 



 

 

Figure S7. Boxplots of dry rhizome biomass distribution for 10 growing seasons. On 
average across all the US dry biomass production seems to reach a plateau in year 5 
or 6. 

 
 
 
 
 
 
 
 



 
 

 

Figure S8. Boxplots of simulated shoot to rhizome ratio for the US. On average it 
stabilizes to a value of below 1. 

 



 

 

Figure S9. Ratio of harvestable dry biomass in year 3 over harvestable biomass in 
year 7. A higher ratio indicates that the crop attains its maximum productivity 
faster.  
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