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ABSTRACT 

 

A complete system for switchgrass (Panicum virgatum L.) feedstock and 

biofuel production has not yet been developed in the U.S. Distinct management 

practices may be required for different environments. Additionally, accurate decision–

making tools to predict switchgrass biomass yield and nutrient removal are necessary 

for widespread switchgrass adoption by the bioenergy industry. ALMANAC 

(Agricultural Land Management Alternative with Numerical Assessment Criteria) is a 

process-oriented crop simulator that can predict growth of various crops; however, it 

lacks accuracy for predicting switchgrass biomass and outputs for nutrient removal. 

The overall objective of this study was to improve ALMANAC for supporting 

decisions on timing of harvest and amount of fertilization. The specific objectives 

were to (i) calibrate and validate ALMANAC for simulating switchgrass biomass in 

Arkansas, (ii) enhance the nitrogen (N) and phosphorus (P) uptake logic for simulating 

their removal in harvested biomass, and (iii) enhance frost-damage logic for 

improving simulation of post-season biomass losses.  

ALMANAC was calibrated by modifying the parameters: potential heat units, 

leaf area index decline rate, growing season fraction for LAI decline, first/second 

points of the leaf area development curve, plant population, and biomass-energy ratio. 

Those parameters were calibrated based on empirical research conducted at 

Fayetteville, AR. The calibrated values for Arkansas conditions were, respectively, 

1922, 0.25, 0.42, 10.40/90.88, 50 plants m-2, and 29 dg MJ-1. Furthermore, the 

calibrated model was validated based on comparisons between observed and simulated 
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yields for two locations located in contrasting ecoregions: Ozark Highlands (Decatur, 

AR) and Bottomland and Terrace (Pinetree, AR). In addition, a mathematical model 

for simulating changes in daily N concentration and removal was developed by adding 

new logic to the nitrogen (N) constraints-factor algorithm. This new logic incorporated 

N removal losses during peak yield and was developed based on data collected at 

Fayetteville, AR. The modified model was able to accurately simulate the N variables 

within 95% prediction intervals at Fayetteville, AR; however, these variables were not 

successfully validated for the two Arkansas ecoregions. Furthermore, no trend across 

years was elucidated when analyzing P data collected at Fayetteville, AR; therefore no 

new logic could be developed for P concentration and removal. In addition, the P logic 

in ALMANAC for the P constrain-factor calculation could not be adapted to simulate 

daily P concentration and removal. Finally, suggestions were proposed based on 

empirical data for improving the simulation of ALMANAC biomass losses by the 

frost-damage algorithm: (i) frost-damage algorithm may commence after 5 

consecutive days of daily minimum temperature of -1°C or below, rather than starting 

at the first day. (ii) A minimum amount of aboveground biomass attached to the plant 

may remain after killing frost, which are mainly the lodging resistant stems; however, 

the amount of biomass resistant to shattering may differ for different stands. 
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CHAPTER I 

INTRODUCTION 

 

The Energy Independence Security Act of 2007 mandates U.S. reductions in 

foreign oil dependence and greenhouse gas (GHG) emissions. The act stipulates a set 

of Renewable Fuel Standard (RFS2) targets to produce 136 billion L (36 billion 

gallons) of oil equivalent in 2022 (U.S. EPA, 2014). Cellulosic biofuels, which are 

derived from cellulose, hemicellulose and lignin, hold the promise of efficient energy 

production, diminishing GHG emissions by 60%, and increased rural economic 

development.  

In recent decades, switchgrass (Panicum virgatum L.) has received much 

attention as a potential cellulosic energy crop. Since 1991, the U.S. Department of 

Energy (DOE) Bioenergy Development Program identified switchgrass as a model 

herbaceous crop because of its high biomass yields, low nutrient requirements, 

compatibility with conventional farming practices, and broad geographic distribution 

in the U.S. (McLaughlin and Walsh, 1998; McLaughlin et al., 1999). Furthermore, 

switchgrass biomass is considered a versatile feedstock for producing bioenergy 

because it can be used not only in direct combustion for heat and electrical power but 

also in liquid fuels production (McLaughlin et al., 1996). 

However, a complete system for switchgrass feedstock and biofuel production 

has not yet been developed in the U.S. Distinct management practices for different 

environments such as timing of planting, fertilization, timing of harvest, and logistics 

considerations from harvesting to processing must be developed to support growers 

and industry. Additionally, accurate decision–making tools to predict switchgrass 
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biomass yield, nutrient removal and moisture content are necessary for widespread 

switchgrass adoption by the bioenergy industry.  

ALMANAC (Agricultural Land Management Alternative with Numerical 

Assessment Criteria) is a process-oriented growth simulator that can predict growth of 

switchgrass (Kiniry and Spanel, 2006). ALMANAC predicts plant production and 

growth based, for example, on potential leaf area index (LAI), soil water and nutrient 

supply, cumulative heat units to maturity, soil profile characteristics, and weather data 

(McLaughlin et al., 2006). The ALMANAC model only reasonably simulated  

individual years’ switchgrass yield in Texas and Louisiana (Kiniry et al., 2005). The 

same set of parameter values that successfully simulated switchgrass yield in Texas 

and Lousiania resulted in yield overestimation at Hope, Arkansas. The authors 

suggested that further investigation of yield-limiting factors at Arkansas was necessary 

to calibrate the model and increase ALMANAC applicability over wider geographic 

range. The calibrated ALMANAC model accurately simulated switchgrass yield 

within 1 standard deviation (SD) unit of observed data during the growing season and 

maturation; however, simulated standing biomass was poorly correlated during 

senescence and over-winter phases (Ashworth, 2010). The probable reason is that 

ALMANAC assigned the senescent stage as the end of the crop growing season and 

hence did not simulate further changes in biomass yield (Kiniry, pers. commun., 

2010). Switchgrass biomass after maturation typically declines owing to weathering 

loss (Adler et al., 2006; Ashworth, 2010; Sanderson, et al. 1999); therefore 

ALMANAC needs additional algorithms to simulate biomass changes during 

senescence and over-winter phases. In addition to yield decline after senescence, 
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switchgrass tends to decrease in nutrient concentrations (Ashworth, 2010; 

McLaughlin, 1999). The nutrient decreases in switchgrass biomass are associated with 

translocation of those mobile nutrients from leaves to crowns and root systems during 

senescence (McLaughlin et al., 1999).   

1.1. Objectives 

The nature of this research is descriptive and developmental rather than 

involving tests of hypotheses about the mechanisms of plant growth and nutrient 

uptake. The goal of the proposed project is to improve the existing crop model 

ALMANAC in order to better support switchgrass biofuel feedstock production. 

Specific objectives of this research are: 

1. Calibrate and validate ALMANAC for simulating switchgrass biomass 

in Arkansas,  

2. Enhance the nitrogen (N) and phosphorus (P) uptake logic for 

simulating their removal in harvested biomass,  

3. Enhance frost-damage logic for improving ADM losses simulation of 

post-season biomass losses. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1. Fossil fuels shortage and biofuels as an alternative source 

Fossil fuels such as coal, oil and natural gas are considered primary energy 

sources, accounting for over 85% of the world energy demand (IEA, 2002). Oil 

constitutes the largest share, accounting for 40% of the world’s consumption. Oil 

demand is projected to increase by 1.7% per year from 2000 to 2030, when 

consumption will be about 2.4 billion L of oil equivalents. This continuous increment 

of oil demand is due to the economic growth that drives developing countries to 

become more motorized (IEA, 2002). 

The world energy demand based on fossil fuels is of concern because those 

energy sources are non-renewable and new discoveries lag behind increases in 

consumption. Future shortages can be expected, likely resulting in economic and 

political stresses within energy-deficient nations. The U.S. imported 572 billion L of 

crude oil in 2013 (U.S. EIA, 2014), and was thus dependent on other countries to 

supply its primary energy demand. Consequently, research interest is increasing in 

developing alternative energy supplies that can release the U.S. from foreign oil 

dependence, especially liquid fuels for powering transport.  

Among the alternatives for replacing fossil fuels in the transportation sector, 

biofuel is the most promising. Biofuel is defined as a liquid or gaseous fuel that is 

predominantly produced from biomass (Demirbas, 2008). The Renewable fuel 

standard set four different biofuel categories, such as renewable biofuel, advanced 
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biofuel, cellulosic biofuel, and biomass-based diesel. Renewable biofuel is ethanol 

derived from corn (Zea mays L.) or grain sorghum [Sorghum bicolor (L.) Moench]  

starch or any other qualifying renewable fuel whose life cycle production results in 

20% less GHG emission than that from the energy-equivalent petroleum. (U.S. EPA, 

2014b). Advanced biofuel is any renewable fuel but cereal-grain starch that reduces 

GHG emissions by at least 50% relative to petroleum. (U.S. EPA, 2014b). Cellulosic 

biofuel is derived from cellulose, hemicellulose and lignin (e.g., cellulosic ethanol, 

green gasoline, etc.), which reduces GHG emissions by at least 60% (U.S. EPA, 

2014b). Finally, biomass-based diesel is any “renewable diesel” which is produced 

from any fat or oil not blended with petroleum (e.g., soy, wastes, algae) and reduces 

GHG emissions by at least 50% (U.S. EPA, 2014b).  

The main ethanol producers in 2009 were United States, Brazil, and the 

European Union, which produced, respectively, 50.0, 23.7 and 5.2 billion L (RFA, 

2014). These ethanol productions are, respectively, 33.3, 15.8 and 3.5 billion L of 

gasoline equivalent. In the US, producers are concentrated in the Midwest (Iowa, 

Nebraska, Illinois, and Minnesota). Ethanol comprises, on average, 3% of gasoline 

blends currently consumed in U.S., primarily as an octane enhancer (U.S. EPA, 

2014b).  The Energy Information Administration (IEA, 2008) listed two common 

blending ratios in the U.S. transportation sector: E10 (10% ethanol and 90% gasoline 

by volume) and E85 (85% ethanol and 15% gasoline by volume).   

2.2. Cellulosic feedstocks for biofuel production 

Bioethanol is a fuel derived from biological sources of feedstock, such as 

cereal grains, sugarcane (Saccharum officinarum L.), sugarbeet (Beta vulgaris L.), 
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corn stover, straw, perennial grasses, wood and waste materials (Demirbas, 2008). The 

2013 Renewable Fuels Standards (U.S. EPA, 2014a) affirmed the cellulosic biofuel 

industry continues to make significant progress towards producing cellulosic biofuel at 

prices competitive with petroleum fuel. Currently, the cellulosic biofuel industry is 

transitioning from research and development to commercial scale facilities; and it is 

expected a small production of approximately 64.4 106 L ethanol-equivalent of 

cellulosic biofuel in 2013 (U.S. EPA, 2014a). Ethanol derived from cellulosic material 

has advantages over grain ethanol such as reduced net CO2 emission, and greater net 

energy ratio (energy output to fossil fuel input ratio) (Solomon et al., 2007). 

Lignocellulose is composed predominantly of the polysaccharides cellulose 

and hemicellulose and the polyphenolic lignin. Cellulose and hemicellulose are the 

most abundant carbohydrates on earth and a potential inexpensive source of 

fermentable sugars (Anex et al., 2007). Bioethanol production from cellulose is a 

recent technology. The conversion includes three processes: 1) pretreatment with heat 

and acid to physically and chemically separate lignin from the polysaccharides, 2) 

enzymatic hydrolysis of cellulose and hemicellulose to simple sugars 

(saccharification), and 3) fermentation of the sugars to ethanol (Sun and Cheng, 2002).  

Any cellulosic material may be used to produce ethanol, including crop 

residues such as stover, straw, husks, etc., thus avoiding competition for feedstock 

with human food supplies. Peters and Thielmann (2008) concluded that biofuel 

production would have negative effects on human living conditions due to changes in 

local environment (e.g., deforestation for biofuel production), and less food supply 

(land for food production redirected to biofuel production). 
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Cellulose, hemicellulose and lignin are the main structural components of plant 

cell walls. Lignin is more concentrated in outer tangential walls of plant epidermal 

cells and sclerenchyma tissues, and its concentration tends to increase with plant 

maturity. (Wilson, 1993). Cellulosic materials with low lignin content are desirable for 

bioethanol production, because high lignification requires higher costs and lower sugar 

yields from delignification pretreatment (Weng et al., 2008). Lignin is composed of 

different subunits (monolignols) rather than a composition of linear identical subunits 

such as that found in cellulose; therefore, no single enzyme has sufficient chemical 

diversity to degrade lignin. (Weng et al., 2008).   

2.3. Switchgrass biomass to bioenergy production 

Switchgrass is a perennial, warn-season species native to North America 

(Cornelius, 1944). Typically of warm-season grasses, switchgrass is a C4 plant, in 

which the first step in photosynthesis is the carboxylation of phosphoenolpyruvate, 

and which lacks CO2 losses via photorespiration. The C4 mechanism leads to higher 

photosynthetic efficiency and higher biomass yields than C3 plants (Moss et al., 

1969). In the last 50 years, switchgrass had been widely studied for its diverse uses, 

such as for forage, erosion control, wildlife habitat, ornamental, and bioenergy 

purposes (Parrish and Fike, 2005). The life cycle of grasses such as switchgrass is 

divided into five stages (i) germination, (ii) vegetative, (iii) stem elongation, (iv) 

flowering, and (v) seed ripening (Moore et al., 1991). Switchgrass rate of growth is 

dependent on temperature. Maximum switchgrass growth occurs at 32°C (Masiunas 

and Carpenter, 1984). Minimal growth occurs below a putative base of temperature 

(BT) which varies according to latitude of origin where BT (Madakadze et al., 2001). 
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The BT of the northernmost and southernmost cultivar is, respectively, 2.8°C and 

6.5°C (Madakadze at al., 2001). Furthermore, switchgrass is a perennial plant 

characterized by short rhizomes and tolerance to low temperatures. The concentration 

and favorable composition of lipids in rhizomes are likely factors explaining cold 

tolerance in switchgrass (Ichizen et al., 2002). 

In recent decades, switchgrass has received much attention as a potential 

dedicated energy crop. Since 1991, the U.S. DOE Bioenergy Development Program 

identified switchgrass as a model herbaceous crop after investigating more than 30 

herbaceous species (McLaughlin et al., 1999). Switchgrass was selected as the model 

for feedstock production based on its excellent soil and water conservation attributes 

and compatibility with conventional planting and harvesting practices (McLaughlin 

and Walsh, 1998). Other characteristics explaining its selection were high biomass 

yields, low nutrient requirements and broad geographic distribution in the U.S. 

(McLaughlin and Walsh, 1998). An additional advantage of producing biofuels from 

switchgrass is the ability to sustain high yields on lands considered marginal for 

conventional crops. Therefore, high quality farmland could continue to be used for 

food, feed, and fiber production (McLaughlin et al., 1999). 

Switchgrass biomass is considered a versatile feedstock for producing 

bioenergy because it can be used not only in direct combustion for heat and electrical 

power but also in liquid fuels production. Compared with coal, switchgrass has lower 

sulfur content (0.12 versus 1.8%), higher ash content (4.5 versus 1.6%), and 

substantially lower caloric density (18 versus 27.4 MJ kg-1) (McLaughlin et al., 1996). 

Switchgrass can be converted to ethanol using enzymatic hydrolysis, saccharification 
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and fermentation technology (McLaughlin and Walsh, 1998). Ethanol produced from 

switchgrass results in a net energy output:fossil input ratio (NER) of 4.34, which is 

highly superior to bioethanol produced from corn grain (NER = 1.22) (Shapouri et al., 

1995). This high NER for switchgrass is explained by lower fossil fuel input in 

producing the crop because it is a perennial and requires less nitrogen and water than 

corn (Shapouri et al., 1995). Schmer et al. (2008) also reported a high net energy 

output for switchgrass. In their study of farm-scale demonstrations, net energy yield 

(amount of bioenergy produced minus total fossil fuel energy spent in the process) was 

60 GJ ha-1yr-1 for fields producing 5.2 to 11.1 Mg ha-1 of biomass. Additionally, 

switchgrass production achieved a mean NER of 5.4 (Schmer et al., 2008).  

Economic analysis has also indicated switchgrass as a favorable feedstock 

option for bioenergy production. POLYSYS, an agricultural economic model, was 

used to compare performed for different energy crop candidates (Walsh et al., 1998). 

Switchgrass was the least expensive crop, with estimated production cost of $55 dry 

ton-1 of biomass. The same analysis indicated that high amounts of low-cost 

switchgrass biomass could be produced in the Southern Plains region, where western 

Arkansas was included (Walsh et al., 1998). Nevertheless, several studies showed that 

biomass yields of switchgrass cultivars and genetic populations vary among locations 

owing to different growing conditions (McLaughlin et al., 1999; Casler et al., 2007; 

Casler et al., 2004; Cassida et al., 2005).   

Morphological development of switchgrass during the vegetative stage is 

driven by cumulative growing degree days (Sanderson and Wolf, 1995). Switchgrass 

is considered a short-day plant because it starts the reproductive stage when daylength 
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diminishes below a specific threshold value (Parrish and Fike, 2005). This 

characteristic makes the timing of stem elongation and flowering dependent on 

latitude (Parrish and Fike, 2005). In a multi-state study, heading date, dry matter 

concentration and biomass yield showed significant variability across latitudes (Casler 

et al., 2007). Therefore, switchgrass populations should not be planted more than one 

plant hardiness zone (approximately 2° latitude) north or south from their natural 

occurrence in order to avoid detrimental impacts on biomass yield (Sanderson et al., 

1999). Conversely, broad longitudinal adaptation allows different switchgrass 

populations to be planted further east or west from their origin (Casler et al., 2007). 

Casler et al. (2004) evaluated 20 switchgrass populations from 36 to 46° N latitude. 

Planting most switchgrass populations out of their native hardiness zones decreased 

biomass yield and plant survival owing to reduced climatic and daylength adaptation. 

However, different results were found between southern lowland (SL) and northern 

lowlands (NL) populations. Southern lowland types had 9 to 17% reduction in 

biomass and survival when moved to northern locations; and NL populations had 3 to 

9% biomass and survival increase when move to southern locations (Casler et al., 

2004). 

The most appropriate switchgrass variety must be recommended for each 

specific location in order to achieve high yields and profits. The switchgrass cultivars 

Alamo and Kanlow, which are SL ecotypes, showed the highest yields, respectively, 

for south and mid-latitudes; and cultivar Cave-in-Rock (a northern upland ecotype) 

had the highest yield for central and northern regions (McLaughlin et al., 1999). Thus, 

Alamo showed the greatest amount of biomass produced in the south-central region, 
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which includes Arkansas (Cassida et al., 2005). Additionally, latitude showed no 

effect on tested SL variety yields for this region; and ash, nitrogen (N), phosphorus 

(P), and moisture concentrations were only affected by environment (Cassida et al., 

2005). 

Switchgrass is classified as lignocellulose crop because it is mainly the non-

grain (leaves and stems) portion of the plants that is utilized as feedstocks 

(McLaughlin et al., 2006). The harvested biomass, when mature, can include seeds; 

however, seed mass is very low. Potential biomass yield is driven strongly by the 

amount of solar radiation absorbed by leaves with negligible effects of dry matter 

partitioning to seeds. Thus, leaf area is an important factor in predicting biomass 

production, where leaf area index, longevity, and radiation interception are key drivers 

of conversion of solar energy to plant biomass and energy expenditure (carbohydrates) 

to support plant growth (McLaughlin et al., 2006). 

Dedicated energy crops must produce not only high amounts but also high 

quality of lignocellulosic materials (Sanderson and Wolf, 1995). Thus, the selected 

crop for bioenergy production needs to have maximum concentration of lignocellulose 

and minimum concentrations of nitrogen (N) and potassium (K) (Sanderson and Wolf, 

1995).  Ash and moisture concentration are negatively correlated with the heating 

value of the biomass when used in combustion (Cassida et al., 2005). 

Switchgrass composition was cited as 3 to 6% ash, 30 to 34% cellulose, 24 to 

27% hemicellulose, and 16 to 19% Klasson lignin, and produced heat energy of 3,800 

MJ kg-1 when combusted (Bransby et al., 2008). Switchgrass composition varied 

according to harvest period. Potassium, Cl, Mg, P, Ca, S, and N concentrations were 
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greater when switchgrass was harvested in October than when left to overwinter until 

the following May (Adler et al., 2006). Water content also decreased in the later 

harvest, but lignin, cellulose, and hemicellulose concentrations increased in the same 

period. Those composition changes resulted in higher ethanol yield per unit of biomass 

during spring (440 L Mg-1) than fall (427 L Mg-1) (Adler et al., 2006). 

Switchgrass biomass quality can vary throughout the growing season. 

Sanderson and Wolf (1995) indicated that switchgrass had a biphasic pattern for 

concentrations of lignocellulose components. The shift in phases occurred during 

internode elongation. In the first phase, concentrations of neutral detergent fiber 

(NDF, essentially total cell wall material), acid detergent fiber (ADF, total cell wall 

mass minus hemicellulose), and acid detergent lignin (ADL) increased linearly. In the 

second phase, NDF, ADF concentration did not change, but ADL concentration 

continued to increase at a lower rate. The break point between first and second phase 

occurred when a critical value of cumulative degree days was exceeded, which was 

specific to each location and whose timing corresponded to internode elongation 

stages. 

An important limitation to switchgrass production is establishment. 

Switchgrass needs at least 2 years to establish an extensive enough root system to 

support its aboveground biomass production potential. Therefore, full yield capacity of 

switchgrass is typically achieved in the third year of the stand, and yield during the 

first and second year achieves approximately 33 to 66% of full yield (McLaughlin and 

Kszos, 2005). 
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The root system is considered the key to several desirable attributes of 

switchgrass, including extraction of water and nutrients from deep soil layers, high 

microbial communities, storage of nutrients during the winter dormant period, and soil 

carbon (C) sequestration (McLaughlin and Kszos, 2005). Roots comprised 70% of 

total C in switchgrass biomass, therefore high amounts of atmospheric C can be 

accumulated below ground (Ma et al., 2001). Furthermore, predictions based on the 

POLYSYS model indicated a soil C sequestration rate of 0.78 Mg C ha-1 yr-1 during 

the first 10 years of switchgrass cultivation. This rate decreased to 0.53 Mg C ha-1 yr-1
 

when averaged over the first 30 years (McLaughlin et al., 2002). 

After an extensive review of 18 field studies containing nine switchgrass 

cultivars in the southeast US, Mclaughling et al. (1999) sumarized that two-cut harvest 

system can depress root system growth under dry conditions. Their interpretation was 

based on contrasting results found between Alabama and Texas trials. In Alabama, 

switchgrass stands were not subjected to drought stress, therefore a two-cut system 

produced a higher or equal amount of biomass yield than the one-cut system. 

Conversely, the one-cut system produced more biomass yield than the two-cut system 

in Texas, where drought conditions prevailed in late season. However, this 

interpretation was not verified by actual root development analysis. 

Frequency of biomass harvest was considered an important N removal factor 

whereby one harvest during the season removed 33 to 50% of the N removed by two-

cut systems (McLaughlin et al. 1999; Reynolds et al., 2000). Another important factor 

influencing N removal is timing of harvest. Switchgrass harvest during late season 

(after 200 degree-days accumulation) reduced not only N extraction from fields, but 
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also K and P extraction (McLaughlin et al., 1999). This is associated with 

translocation of those mobile nutrients from leaves to crowns and root systems in 

plants that start to senesce (McLaughlin et al., 1999). However, losses in biomass 

yield occurred if switchgrass was harvested late (beginning of November) (Sanderson 

et al., 1999). Additionally, switchgrass harvest during late season also reduced ash and 

K concentrations in biomass, which was considered desirable for combustion 

(Sanderson and Wolf, 1995). High ash content decreases efficiency of combustion 

conversion due to slagging (Sanderson et al., 1996). Slagging (defined as deposits on 

boilers) diminishes heat transfer, resulting in low usable energy production in the 

system (Burner et al., 2009).   

The lower environmental impact of switchgrass-derived ethanol than gasoline, 

with respect to GHG emission was demonstrated by Schmer et al. (2008). Their 

comparison indicated that GHG emission from switchgrass-derived ethanol was 94% 

lower than that of gasoline. Additionally, the use of switchgrass could decrease GHG 

emissions when co-fired with coal in an electric power plant (Schmer et al., 2008). 

The net GHG benefit of an electric power plant in Iowa where switchgrass replaced 

5% of coal was 305,500 Mg of CO2 equivalent annually (Ney and Schnoor, 2002). 

This less GHG emission could provide a $1.9 billion annual benefit if each metric ton 

of CO2 released to atmosphere resulted in a penalty of $6.27 (Ney and Schnoor, 2002). 

Switchgrass resulted in net gains in soil C when replacing annual crops such as 

cotton (Gossypium hirsutum L.) and corn (Bransby et al., 1998). Low or no net gain 

was observed when switchgrass replaced grazed pasture. However, the greater 

advantage of using switchgrass as bioenergy feedstock was related to cumulative 
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reductions in GHG emissions rather than soil C sequestration. Soil carbon 

sequestration by switchgrass is considered totally dependent on root dynamics because 

virtually all aboveground biomass is annually harvested (Bransby et al., 1998). 

Quantifying soil organic C (SOC) and N balance in soils is a fundamental tool 

in monitoring the net exchange of C and N between soil and atmosphere. Thus, SOC 

was considered the most powerful factor in assessing soil quality (Brejda et al., 2000a, 

b; Shukla et al., 2006). Soil organic C influenced soil aggregation positively, which 

increased soil water storage and movement as well as plant production (Shukla et al., 

2006). No SOC increment was observed in short-term switchgrass fields (3 yr), but 

SOC increments of 45 and 28% at 0 – 15 and 15 – 30 cm depths, respectively, were 

observed after 10 yr of cropping (Ma et al., 2000). In another study, C partitioning in a 

switchgrass-soil system was evaluated. Results showed that C storage was in the order 

of soil C > root C > shoot C. Nitrogen application increased C accumulation in shoots 

rather than roots. Finally, shoot and root C accumulation increased under sandy loam 

soil, while in clay loam soils, only shoot C accumulation increased (Ma et al., 2001). 

2.4. Nitrogen and phosphorus removal 

The amount of nitrogen (N) removal in switchgrass is affected by the amount 

of biomass removed and N concentration in the harvested biomass. Therefore, it is 

essential to understand which factors affect them. According to peer-reviewed 

publications mentioned below, three variables such as soil N fertilization rate, timing 

of harvest, and number of harvests per season affected biomass yield and N 

concentration.   
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The effect of soil N fertilization rate on switchgrass biomass yield is 

considered positive by different authors. Similar findings were reported by 

experiments conducted with different cultivars and locations. Vogel et al. (2002) 

reported that N fertilization increased switchgrass cv. Cave-in-Rock biomass yields at 

Ames, IA and Mead, NE. Biomass yield responded linearly and curvilinear at Mead 

and Ames, respectively. Yields at high soil N rates (180, 300 kg ha-1) were not 

significantly different at Ames, which resulted in the curvilinear responses. 

Furthermore, the different yield responses to N by location were related to 

environmental variability such as precipitation and initial soil N availability.  

Another experiment conduct in two locations in southern Iowa also reported 

positive yield response to N fertilization, again using cv. Cave-in-Rock. The 

experiment was developed in 10-year–old Conservation Reserve Program (CRP) lands 

with no management. The control treatment (0 N) increased yields in the first 2 years, 

and the yield increments in the other years were in response to N fertilization. In both 

locations, there were quadratic responses; in other words, the greater the N rate, the 

lower the additional yield gain. Therefore, the fertilizer use efficiency decreased as the 

applied N rate increased. The N fertilizer use efficiency; which is the ratio of 

harvested dry matter and N applied; was respectively 2, 1.5, and 0.85 for 56, 112, and 

224 kg ha-1 of N fertilizer applied (Lemus et al., 2008). 

Nitrogen proved to be the factor with highest impact on dry matter production 

for four switchgrass cultivars, Alamo, Kanlow, Blackwell and Caddo, tested in Central 

Texas (Stroup et al., 2003). All cultivars increased dry matter production when the N 
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fertilization rate increased from 10 to 100 kg ha-1. Furthermore, the cultivar ‘Alamo’ 

had the highest dry matter yield among the cultivars in both N treatments.  

Switchgrass response to N fertilization tended to decrease through the years. A 

study conducted near Millersburg, PA comparing six cultivars during 3 years reported 

that response to N fertilization (0 vs. 75 N kg ha-1) decreased through the years for all 

cultivars. Alamo had higher yields than the other cultivars only in the first year (Jung 

et al., 1990). 

Nitrogen fertilization not only affects biomass yield but also the N 

concentration in the biomass. Different authors reported that high N concentration in 

switchgrass biomass increased as N fertilization increased during the same harvest 

period (Lee et al., 2007; Madakadze et al., 1999; Thomanson et al., 2004; and Vogel et 

al., 2002). In addition, switchgrass cultivars did not significantly vary in N 

concentration. Upland cultivars such as Cave-in-rock, Sunburst, and Pathfinder had 

similar N concentrations within a given N fertilizer rate (Madakadze et al., 1999). 

Furthermore, Lemus et al. (2002) reported that total N concentration varied from 4.6 

to 6.2 g kg-1 among 20 switchgrass cultivars harvested in late September at Chariton, 

IA; however, most cultivars had values similar to the mean 5.4 g kg-1. Additionally, 

Alamo, Blackwell, Cave-in-Rock, Pathfinder, Sunburst had values close to the average 

and not significantly different from each other.  

According to Vogel et al. (2002), the N concentration in Cave-in-Rock 

biomass responded curvilinearly and linearly to N soil fertilization for first cut at boot 

stage and regrowth harvested right after first killing frost. The plots fertilized with 

high N rates produced a higher amount of biomass at first cut, which probably had its 
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N concentration diluted by an increase of cell wall content. This fact was not observed 

during the second cut; in other words, same amount of biomass was produced at the 

second cut regardless of the amount of N applied. Those findings may explain the 

different N concentration responses between first cut and regrowth. Nitrogen 

concentration dilution in switchgrass biomass was also reported by Lemus et al. 

(2002). In this experiment, total seasonal yield was positively correlated to plant 

height and negatively correlated to ash, N, and ADL. Therefore, the higher the plant, 

the lower N the concentration (dilution). 

Different switchgrass N concentration results were found when contrasting 

mineral {ammonium nitrate vs. organic (beef cattle manure)} N fertilization. The N 

concentration in switchgrass fertilized by ammonium increased as amount of applied 

N increased. On the other hand, no trend was found when beef cattle manure was 

applied (Lee et al., 2007). A reasonable explanation for this finding is that N from 

manure is less readily available (Eghball and Power, 1999); thus, N uptake may have 

been lower in plots to which manure had been applied. 

Timing of harvest had great influence in N removal, and it can affect the 

amount of N removal by changing the amount of total biomass removed and 

concentration of N in the biomass. According to Reynolds et al. (2000), N removal in 

biomass was higher during early/late flowering (late July) for six tested switchgrass 

cultivars including Cave-in-Rock, and Alamo. The mean N concentrations over 5 

years were 2.6 times greater in late July (flowering) than in early November (killing 

frost); and the biomass production was only 1.38 times lower in July than November. 

Therefore, the total N removal was 1.86 times higher during July than November. In 



Texas Tech University, Alexandre Caldeira Rocateli, December 2014 

20 

 

addition, Alamo had the highest N removal for both harvest periods because it was the 

highest yielding cultivar. The N concentration in Alamo was not higher than in the 

other tested cultivars in any harvest period. 

Similar results regarding switchgrass N concentration and harvest timing were 

reported by other authors. Switchgrass N concentration was higher during the mid-

season and lower later in the season (McLaughlin and Kzos, 2005). Concentrations of 

whole switchgrass N in the fall harvest (dead biomass) were about one half the 

concentration when harvested in late June (at an early heading stage) (Parrish et al., 

1996). Switchgrass crude protein, which is a function of plant N concentration, 

decreased from May to July from 113 g/kg to 79 g/kg (Sanderson et al., 1999). Finally, 

switchgrass crude protein concentration tended to decrease exponentially through the 

season according to an exponential function (Sanderson and Wolf, 1995).  The 

explanation for the switchgrass N biomass decay through the season is that N and 

other nutrients are translocated to the crown, rhizomes, and root tissues between early 

September and the end of the season. Such an accumulation or “storage” of N will 

minimize N losses to groundwater and ensure a supply for growth in the following 

year (McLaughlin and Kzos, 2005; Parrish et al., 1996; Sanderson et al., 1999). 

The option of late biomass harvest for decreasing the N removal from 

switchgrass fields might result in lower biomass yields.  Biomass yields decreased 

16% in most years when the harvest was delayed from September to November at two 

Texas sites. The authors argued that translocation of C and N reserve compounds from 

aerial to belowground portions and leaf losses are the reasons for the decrease in yield 

(Sanderson et. al, 1999). In other study, biomass was collected at three different times 
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after peduncles were fully elongated (mid-August to mid-October); and biomass losses 

were only detected in the third harvest, which occurred after killing frost (Vogel et al., 

2002). 

Multiple harvests per season affected the amount of N removed. Data for six 

cultivars tested during 5 years suggested that the amount of N removed increased 2.5 

times when a two-cut system (early summer and after freezing) was applied rather 

than a one-cut system (after freezing). The high amount of N removed from Alamo’ 

and NC-1 (late flowering experimental line) in the two-cut system was caused by high 

N concentrations in both cuts. Nevertheless, the high N removal of the other four 

cultivars (Cave-in-Rock, Kanlow, ‘Shelter’, and NC-2) was caused by both high N 

concentration and biomass yield (Reynolds et al., 2000). Similar results were found by 

Fike et al., 2006. High N removal and concentration were found when four cultivars 

were harvested in a two-cut system (mid-summer/late fall) rather than one-cut (late 

fall) in eight locations across upper southeastern U.S. Nevertheless, no trend was 

found between biomass yield and number of cuts due to great variability of weather 

and soil conditions among locations. Low Alamo yields were reported when multiple 

cuts per season (4 cuts) were applied in two locations at Texas. The authors concluded 

the highest amount of biomass yield would be achieved with only one cut (Sanderson 

et al., 1999).   

2.5. Switchgrass aboveground biomass losses during post-season 

Researchers investigating biomass losses during the post season (i.e.: after 

anthesis) report contrasting results. Alamo biomass yield losses of 12 to 19% was 

observed when harvest was delayed from September to November at two locations in 
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Texas from 1993 to 1996 (Sanderson et al., 1999). Similar results were found in 

research using upland ecotypes instead of lowland ones. Cave-in-Rock biomass yield 

dropped 19% in three locations in Virginia averaged over 3 years in early November 

compared with early September (Parrish et al., 2003). Other researchers evaluating 

Cave-in-Rock in Iowa and Nebraska concluded that biomass yield decreased in 

average 1.5 Mg ha-1 when harvest was postponed from late August to early November 

(Lemus et al., 2002).  The upland cultivar Blackwell was evaluated for biomass 

production in greenhouse conditions with different soil types (Taylor and Allinson, 

1982). Biomass yield was lower in early October than in early August. According to 

Parrish and Wolf (1993), biomass losses at later harvests were caused by leaf 

droppage/lodging or any other physical plant loss. In addition biomass losses can be 

explained by translocation of N and carbohydrates from shoots to roots. 

Other authors found different results. Mulkey et al. (2006) concluded that 

biomass yield at killing frost (late October) was not significantly different from yield  

in early August in most year-by–location combinations for 9-year-old stands enrolled 

in CRP in South Dakota. The authors hypothesized that heterogeneity of populations 

resulted in the existence of immature plants in early August whose continued growth 

could   maintain or increase yield up to killing frost. 

Casler and Boe (2003) concluded that biomass accumulation was positively 

and negatively correlated to harvested date depending on the location and year for five 

upland cultivars planted at Brookings, SD and Arlington, WI. The response to date 

tended to become more positive in later years in both locations because the plots 

harvested at mid-August had higher cover loss than plots harvested in mid-September 
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and mid-October. Therefore, plots harvested in mid-August had lower biomass 

production than the others due to less number of productive tillers.  

Finally, the total attached biomass for upland cultivars (Dacotah and Sunburst) 

increased from early May to mid-September in two locations in North Dakota where 

the amount of attached senesced leaves increased from 16 to 42%. Nevertheless, the 

amount of leaf droppage was considered a very small portion of the total biomass and 

resulted in no significant differences between cultivars. Furthermore, Parrish and Fike 

(2005) affirmed that leaves from dead shoots are not very prone to shattering during 

the dormant season, because switchgrass can retain green leaves even after several 

mild frosts (<0°C), which occurred in November and December for mid-latitudes in 

U.S.  

2.6. Description of ALMANAC crop model 

Simulation models must be adaptable to different locations and require reliable 

input parameters to be broadly accepted by users (Kiniry et al., 1992). ALMANAC 

(Agricultural Land Management Alternative with Numerical Assessment Criteria) is a 

process-oriented growth simulator that can predict the growth of one or several 

competing species in different environments where the inputs are actual weather and 

soil characteristics or an existing database (Kiniry et al., 2005).  

The ALMANAC model is composed of subroutines of EPIC (Erosion-

Productivity Impact Calculator) model and additional information for plant growth 

(Kiniry et al., 1999). The EPIC components that are included in ALMANAC support 

hydrology, soil and crop growth simulations (Xie et al., 2003).Through the simulation 

processes, ALMANAC calculates interception of solar radiation, biomass 
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accumulation, biomass partitioning (aboveground biomass, seeds, and roots), nutrient 

uptake, plant water use, etc. (Xie et al., 2003).  

Soil water balance requires information a soil depth, water holding capacity, 

and runoff curve values (McLaughlin et al., 2006). Potential transpiration, which is 

calculated from leaf area index (LAI) and daily weather data, is also part of the soil 

water balance calculations (Kiniry et al., 2005). Additionally, ALMANAC has water-

table simulation components (added from EPIC model) which result in reliable 

calculations for stomatal conductance, and includes different methods to calculate 

potential evapotranspiration. There are five different options for calculating potential 

evapotranspiration such as Penman-Monteith, Penman, Priestly-Taylor, Hargreaves, 

and Baier-Robertson.  

The model limits the ability of plants to explore the soil for water and nutrients 

by potential rooting depth of each species or by the root-restricting soil layer (Kiniry 

et al., 2005). Hence, the simulated values for plant transpiration and nutrient uptake 

decrease when plant water and nutrient demand overcomes the water and nutrient 

availability in the root zone. 

Plant growth is calculated based on interception of solar radiation and on 

radiation use efficiency (RUE) (Kiniry et al., 2005). The interception of solar radiation 

by the leaf canopy is calculated from Beer’s law). However, changes in leaf canopy 

are defined by leaf area index (LAI), which is a function of plant density and 

cumulative growing-degree days (GDD). The plant density and GDD define a sigmoid 

curve equation, where LAI is decreased by low plant density, and increased by high 

GDD values (Kiniry et al., 1992). The greater the LAI, the greater the extinction 
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coefficient values (k), and the greater the intercepted solar radiation fraction (Kiniry et 

al., 2005). The sigmoid curve equation is able to estimate LAI from planting (zero) to 

maturity (maximum LAI) under non-stress conditions (Kiniry et al., 1992). The model 

starts to simulate switchgrass leaf area growth when air temperature is greater than 

12°C (base temperature), and maximum growth rate is achieved at optimum 

temperature (25°C) (Kiniry et al., 1996). Simulated leaf growth ceases at 2300 GDD, 

where 20% of simulated LAI is reached at 10% of the total GDD for the season, and 

95% of potential at 20%.  

ALMANAC is also able to simulate loss in functional (green) leaf area by a 

decline factor set as 1.0 during late season (when 70% total GDD is achieved) (Kiniry 

et al., 1996), and to simulate reduction in biomass growth rate and LAI due to nutrient 

deficiency, water deficit, and temperature extremes (Kiniry et al., 2005).   

Radiation use efficiency, defined as the aboveground dry weight increase per 

unit of intercepted photosynthetically active radiation (PAR), is in ALMANAC to 

quantify grass biomass production assuming adequate soil water, nutrients and 

temperatures (Kiniry et al., 1996). Radiation use efficiency is a constant value for each 

plant species (Kiniry et al., 2005). According to Kiniry et al., 1996, the RUE for 

switchgrass is 4.7 g MJ-1 of intercepted PAR, with a decrease of 0.85 g MJ-1 per each 

1 kPa increase in the vapor pressure deficit above the threshold of 1 kPa. Additionally, 

RUE decreases linearly with LAI during the period when 70% of total GDD is 

achieved (Kiniry et al., 1996). 

Switchgrass biomass production in ALMANAC is partitioned among 

aboveground biomass, seeds and roots; with 20% of the daily production to root 
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biomass at emergence, and 10% production to root biomass at anthesis (Kiniry et al., 

1996). The seed mass is minor, therefore the partitioning coefficient to seed is set at 

the model’s minimum value of 0.01 (Kiniry et al., 1996). The maximum rooting depth 

is set at 2.2 m in the absence of a root restricting soil layer. 
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CHAPTER III 

SIMULATING SEASONAL TRENDS IN 

SWITCHGRASSBIOMASS USING ALMANAC 

 

3.1. Introduction 

The Energy Independence Security Act of 2007 mandates U.S. reductions in 

foreign oil dependence and greenhouse gas (GHG) emissions. The act stipulates a set 

of Renewable Fuel Standard (RFS2) targets to produce 136 billion L (36 billion 

gallons) of oil equivalent in 2022 (U.S. EPA, 2011). Cellulosic biofuels, which are 

derived from cellulose, hemicellulose and lignin, hold the promise of efficient energy 

production, diminishing GHG emissions by 60%, and increased rural economic 

development (U.S. EPA, 2011).  

In recent decades, switchgrass (Panicum virgatum L.) has received much 

attention as a potential cellulosic energy crop. The U.S. Department of Energy (DOE) 

Bioenergy Development Program identified switchgrass as a model herbaceous crop 

because of its high biomass yields, low nutrient requirements, compatibility with 

conventional farming practices, and broad geographic distribution in the U.S. 

(McLaughlin and Walsh, 1998; McLaughlin et al., 1999). Furthermore, switchgrass 

biomass is considered a versatile feedstock for producing bioenergy because it can be 

used not only in direct combustion for heat and electrical power but also in liquid fuels 

production (McLaughlin et al., 1996). 

However, a complete system for switchgrass feedstock and biofuel production 

has not yet been developed in the U.S. Management practices for different 

environments such as method of establishment, amounts of fertilization, timing of 
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harvest, and harvesting/processing logistics must be refined to increase the crop’s 

consistency and reliability, and to lower costs of biofuel production. Additionally, 

accurate decision–making tools to predict switchgrass biomass yield and nutrient 

removal would aid managers of biomass production and processing in optimizing the 

allocation of time, labor, and fertilizers.  

ALMANAC (Agricultural Land Management Alternative with Numerical 

Assessment Criteria) is a process-oriented crop simulator that can predict growth of 

various crops including switchgrass (Kiniry and Spanel, 2006). ALMANAC simulates 

the ideal dry biomass accumulation for each day based on an ideal crop growth model, 

which can be modified by plant growth constraint parameters (0-1) such as air 

temperature, soil water, aeration, nitrogen, and phosphorus (Sharpley and Williams, 

1990; and Williams et al., 1984). The values of the plant growth constraint parameters 

are 1 for unstressed condition and <1 for stress conditions. The ideal crop growth 

model calculates the accumulation of heat units, leaf area index accumulation, 

intercepted photosynthetic active radiation, sun declination angle, and change in the 

daylength for each day (Sharpley and Williams, 1990; and Williams et al., 1984). 

Those intermediate variables are used to calculate the daily potential dry biomass 

production based on daily maximum/minimum temperature, solar radiation, day of the 

year, latitude, and crop parameters such as 1) biomass produced per unit of absorbed 

solar energy ( dg MJ-1, WA), 2) minimum temperature for plant growth (°C, TG), 3) 

optimal temperature for plant growth (°C,TB), 4) fraction of the growing season when 

leaf area index (DLAI) declines (°C °C-1, DLAI), 5) first point on optimal non-stressed 

leaf area development curve (DLAP1), 6) second point on optimal non-stressed leaf 
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area development curve (DLAP2), 7) plant population parameter 1 (PPL1), and 8) 

plant population parameter 2 (PPL2) (Sharpley and Williams, 1990; Williams et al., 

1984; and Kiniry et al., 1992) (using abbreviations of variables from ALMANAC). 

The actual daily dry biomass production is the product of the potential dry biomass 

production and the crop growth regulator factor (REG), which carries the lowest value 

among all plant growth constraint parameters in a day (Sharpley and Williams, 1990; 

and Williams et al., 1984). Therefore, it is crucial to obtain plant measurements from 

non-stressed plants in order to correctly calibrate the ideal ALMANAC plant growth 

model of a plant in a specific location.  

The most recent version of ALMANAC (2012 Version 1.0.3 Beta 2, ARS, 

2012), contains a daily weather data generator and relies on the extensive USDA-

NRCS soil survey database (Kiniry et al., 2002). The daily weather generator is very 

useful for predicting dry biomass accumulation for scenario comparisons. The initial 

default parameter values of the soil input file are characteristics acquired from the soil 

survey for a specific site. Soils have a high variability within a field, and the soil 

survey data may not accurately describe the soil conditions for a particular site. 

Therefore, precise calibration of the ideal plant growth routine for a specific location 

demands detailed on-site weather and soil description.  

ALMANAC simulates total daily soil water content rate  (SW, m m-1) based on 

the EPIC model hydrology algorithm (Kiniry et al., 1992). The SW on a specific day 

is the budget of surface runoff (Q, mm), percolation below the root zone (PRK, mm), 

evapotranspiration (ET, mm), precipitation (RAIN, mm), and irrigation of the previous 

day. The SW is an important variable for calculating most of the crop growth 
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constraints such as soil water, aeration, nitrogen, and phosphorus. Consequently, the 

SW must be correctly simulated to avoid biased calculation of the crop growth 

regulator factor (REG), resulting in erroneous calibration. 

The ALMANAC model has been validated for simulating switchgrass biomass 

yield in certain locations-years in Texas. The same set of parameter values that 

successfully simulated switchgrass yield in multiple locations in Texas resulted in 

poor simulation of switchgrass at Hope, Arkansas (Kiniry et al., 2005). The authors 

suggested that further investigation of yield-limiting factors at Arkansas was necessary 

to calibrate the model and increase ALMANAC applicability over wider geographic 

range.  

The overall goal of this research is to calibrate and validate ‘Alamo’ 

switchgrass for Arkansas weather and soil conditions based on a calibration site at 

Fayetteville, AR, and two validation sites, Decatur and Pinetree, AR.  The specific 

objectives of this research are: 1) Identify the parameters that affect the ALMANAC 

soil water content outputs, and calibrate the soil water content simulation for the 

calibration site; 2) Identify the parameters that affect the ALMANAC ideal crop 

growth model, and calibrate the switchgrass biomass yield by modifying the sensitive 

parameters based on field measurements; and 3) Validate the calibrated model based 

on switchgrass biomass data collected in two Arkansas ecoregions, Ozark Highlands 

(Decatur, AR) and Bottomland and Terrace (Pinetree, AR).  

 

 



Texas Tech University, Alexandre Caldeira Rocateli, December 2014 

37 

 

3.2. Material and Methods 

3.2.1. Research trials description 

Trials to be used as sources of data for calibrating and validating model 

alterations are presented below with a brief description. Table 3.1 lists trial sites in 

relation to objectives. 

Table 3.1 Description of trials sites and association with objectives. 

Trial number Trial name Location Pertinent objective 

1 Growth curve Fayetteville, AR Calibration/Validation 
2 Senescence Fayetteville, AR Validation 
3 Cultivar test Decatur, AR Validation 
4 Cultivar test Pinetree, AR Validation 

 

3.2.1.1. Switchgrass growth and calibration trials, Fayetteville, AR (Trials 1 and 

2)  

A study was initiated in July of 2008 and conducted for 5 years at Arkansas 

Agricultural Research and Extension Center, University of Arkansas, Fayetteville, AR 

(36°6’N, 94°10’W). The soil was mapped as Captina silt loam (fine-silty, siliceous, 

active, mesic, Typic Fragiudults). The protocol for establishment and first year (2009-

2010) data collection is from Ashworth (2010), whose data were reanalyzed in this 

dissertation using a more in-depth treatment of model components. The stand was 

established by drilling seed of switchgrass cv. Alamo in 4.57-m long rows with 0.60 m 

row spacing on 1 July 2008. Biomass growth was not harvested in 2008, but was 

burned on 17 February 2009. Fertilization consisted of broadcasting urea [CO(NH2)2] 

on 1 April 2009 at 67 kg ha-1 of N.  Soil test levels of P and K were considered 

"medium" (Table 3.2), thus these nutrients were not applied. The herbicide 

Weedmaster® (dimethylamine salt of dicamba; 3,6-dichloro-o-anisic acid-12.4% + 
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dimethylamine salt of 2,4-dichlorophenoxyacetic acid-35.7%) was applied at 2.27 L 

ha-1 in April of 2009 and 2010, but not in subsequent years. 

Trial 1 was in a randomized complete block design with 6 replications in the 

2009 and 2010 growing seasons, with each replication comprising 12, 3-m × 1.2-m 

harvest plots. The 12 harvest plots corresponded to 12 biomass harvest dates, of which 

7 dates were considered in-season with days of year (DOY) for harvests targeted at 

121, 142, 163, 184, 212, 240, and 274 (i.e. expected to follow the classic S-shaped 

accumulation curve), and 5 dates were considered post-season with DOY for harvests 

targeted at 301, 329, 356, 384, 413 (i.e. senescent and post-senescent periods).  

Table 3.2. Soil characteristics by 15 cm depth increments in four different site at the 

corners of Trials 1 and 2, Fayetteville, AR. Texture refers to textural soil class, L = 

loam, C = Clay, CL = Clay Loam. 

Site Depth 
interval 

pH EC Mehlich-3 Extractable Sand Silt Clay Texture 
P K Na Fe Mg 

 cm  Scm-1 -----------mg kg-1------------ -----------%-----------  
NE 0-15 5.8 150 60 89 8 130 63 40.7 41.0 18.3 L 

 15-30 6.3 83 15 83 7 60 24 31.0 42.0 27.0 CL 
 30-45 6.3 99 11 126 10 93 2 25.1 38.5 36.4 CL 
 45-80 4.8 84 7 196 12 69 <.04 23.2 27.3 49.5 C 
             

SE 0-15 6.9 122 66 82 9 90 62 42.0 39.2 18.8 L 
 15-30 6.9 107 21 87 14 61 19 34.5 39.6 25.9 L 
 30-45 7.0 118 16 135 14 73 3 34.7 45.0 20.3 L 
 45-80 4.7 131 3 322 26 55 <.04 7.4 15.5 77.1 C 
             

NW 0-15 5.5 186 56 138 5 145 56 41.1 41.2 17.7 L 
 15-30 5.5 174 43 69 4 127 60 34.3 30.3 35.4 CL 
 30-45 5.9 127 14 63 8 79 29 31.0 17.1 51.9 C 
 45-80 4.6 155 2 201 22 78 0 3.2 13.3 83.5 C 
             

SW 0-15 5.2 164 88 99 6 189 78 39.9 43.2 16.8 L 
 15-30 5.6 111 51 65 5 119 57 41.5 20.5 38.1 CL 
 30-45 5.3 93 11 124 14 109 <.04 29.6 23.4 47.0 C 
 45-80 4.0 148 4 178 28 90 8 14.0 23.0 63.0 C 

 



Texas Tech University, Alexandre Caldeira Rocateli, December 2014 

39 

 

Trial 2 consisted of a completely randomized design with 6 replications in 

2011 and 2012, and was performed on the same switchgrass stand as Trial 1. 

Treatments consisted of 5 harvests with DOY for harvests targeted at 241, 270, 300, 

326, and 354. The DOY 241 (29 Aug.) corresponded to expected date of peak biomass 

yield and peak removal of N and P. The subsequent two harvest intervals would 

correspond to periods of crop maturation and nutrient retranslocation to roots and 

crown. Day of year 326 (22 Nov.) corresponded to post-killing frost and a high degree 

of plant senescence. The DOY 354 (20 Dec.) occurred when significant amounts of 

biom  ass yield would be lost through leaf droppage. 

The data collected in Trials 1 and 2 were aboveground biomass (AGB), leaf 

area index of green material (LAI), percent photosynthetically active radiation 

intercepted (PPARI), and soil water content (SW).   

3.2.1.2. Alamo validation trials: Decatur, AR (Trial 3) and Pinetree, AR (Trial 4). 

A multi-year cultivar trial was established in two contrasting Arkansas 

locations: 

1. Trial 3: Brian Wilkins Farm (36°21’N, 94°29’W), 8 km southwest of 

Decatur, AR, in the Ozark Highlands of northwest Arkansas. 

2. Trial 4: Pinetree Branch Station, University of Arkansas (35°7’N, 

90°55’W), 12 km west of Colt, AR, in the alluvial Mississippi Delta of 

east Arkansas. 

Trials 3 and 4 were switchgrass cultivar trials established in 2007 as part of a 

switchgrass adaptation trial (West et al., 2008). The soil in Trial 3 was a Calloway silt 

loam (fine-silty, mixed, active, thermic Aquic Fragossudalfs), and the soil in Trial 4 
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was a Captina silt loam (fine-silty, siliceous, active, mesic Typic Fragiudults). The 

stands were submitted to the same N fertilization and harvest managements.  Of the 

five switchgrass cultivars planted in June 2007, only the cultivar Alamo was used for 

this research. Nitrogen as urea was applied at a rate of 67 kg ha-1 in April of 2008, 

2009, 2010, 2011 and 2012; however, herbicide application had not been performed in 

either field during those years. The stand at Decatur was burned before spring green-

up in each year, however the stand at Pinetree was baled in late October. There were 5 

replicate plots of Alamo switchgrass in each location. Biomass samples (2 m2) were 

taken by harvesting at 10 cm stubble height in early November of each year from 2008 

to 2012.The data collected in Trials 3 and 4 were AGB and crown density.  

3.2.2. Measurements for Trials 1 and 2 

3.2.2.1. Aboveground biomass yield. 

Aboveground switchgrass samples were harvested in 2, 3-m rows per plot 

(3.60 m2) at a 10-cm stubble height every year in all trials. After determining fresh 

weight, a subsample of around 750 g was weighed, dried at 60°C to constant weight, 

and then reweighed to determine water content and to correct the total fresh weight to 

a dry matter basis. 

3.2.2.2. Leaf area of green index 

Leaf area index was measured on the same days as AGB sampling until 28 

October in Trial 1, after which there was very little green area remaining. The area of 

the green leaves plus stems was measured with a LiCor LI-3100 leaf area meter 

(LiCor Inc., Lincoln, Nebraska) to calculate LAI. Green leaf plus stem area was 

calculated by measuring a subsample leaf area, composed of six tillers of harvested 
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plant material per replication, and by determining the dry weight fraction in the 

sample. Leaf area for the sample area was calculated by equation 3.1. This was carried 

out for each of the six replications and averaged within each sampling date.  

LAI = (
DMYplot × LAgreen

DWLA
) × 10−5   [3.1] 

where DMYplot is the dry matter yield measured in each plot (kg ha-1), LAgreen is the 

green area of sampled leaves and stems (cm2), and DWLA is the dry weight of sampled 

leaves and stems. 

3.2.2.3. Percent of photosynthetically active radiation intercepted (PPARI) 

The percent of photosynthetically active radiation intercepted (PPARI) was 

measured the day before the assigned harvest dates in 2009 and 2010 in Trial 1. Six 

pre-harvest measurements of photosynthetically active radiation (PAR) were made 

above and below the canopy in each replication on a representative row. 

Photosynthetically active radiation was measured with a 1.0 m long Light Quantum 

Sensor bar (LI-1000 area meter, LI-COR Inc., Lincoln, NE). Light measurements were 

recorded between 1000 and 1400 h local time.  This device makes radiation 

measurements with an optical sensor by determining light interception centered on 

five zenith angles 7°, 23°, 38°, 53° and 68° (Welles and Norman, 1991), from which 

PPARI is computed (Eq. 3.2). 

PPARI = (
PARAbove − PARbelow

PARbelow
) × 100   [3.2]  

where PARabove and PARbelow are the PAR above and below canopy, respectively, 

expressed in megajoules. 
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3.2.2.4. Crown density (crowns m-2) 

After each AGB sampling in Trials 3 and 4, the crown density of all 

switchgrass cultivar plots was counted within a 0.5 m2 quadrat. Crown is defined as 

the base of the plant which connects roots and shoots and produces new stems and 

roots (Chapman, 1998). Three randomized readings were performed in each plot and 

averaged.   

3.2.2.5. Soil water content 

Volumetric soil water content was measured in Trials 1 and 2 with a Field 

Scout TDR-300 outfitted with 0.12-m probes (Spectrum Technologies, Inc., Plainfield, 

IL) installed near the periphery of the plot area on the east and west sides of the field. 

The sensors consisted of two stainless steel rods (0.3 m long, 3.2 mm in diameter, with 

0.032 m spacing), horizontally inserted in the soil profile at approximately 10, 20, 40, 

60, and 80 cm depths. Water content measurements were recorded every 4 h and 

logged on a DR10X data logger (Campbell Scientific, Inc., Logan, UT) from May 

2009 to December 2012. 

3.2.2.6. Soil 

 In each trial, composite soil samples were collected prior to trial establishment 

to a depth of 0.8 m in Trials 1 and 2, and 1.0 m in Trials 3 and 4. Soil samples were 

divided into 0.2 m depth increments for analysis. Soils samples were dried at 50°C, 

crushed to pass a 2-mm diameter sieve, analyzed for water pH (1:2 soil weight:water 

volume ratio), and extracted for plant-available nutrients using the Mehlich-3 soil-test 

method (Mehlich, 1984). Soils were also analyzed for total C and N by combustion 

(LECO CN2000, St. Joseph, MI). 
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3.2.2.7. Weather data  

Daily weather data were acquired from the closest available weather station of 

each trial. For Trials 1 and 2, weather data such as total solar radiation, 

maximum/minimum air temperature, relative humidity, and wind speed were acquired 

from Arkansas Agricultural Research and Extension Center micro-meteorological 

weather station, located less than 500 m from the trial sites, University of Arkansas, 

Fayetteville, AR. In addition, precipitation was recorded on site using volumetric rain 

gauges.  

For Trials 3 and 4, weather data were acquired from the closest weather station 

at National Oceanic and Atmospheric administration, United Sates Department of 

Commerce database (NOAA, 2014), except for rainfall, which was measured on site. 

3.2.3. Model adjustments and alterations 

Modifications in the soil and crop input parameters of ALMANAC were 

performed for a realistic soil water content simulation for Trial 1. These modifications 

were performed based on in situ soil analysis and pertinent literature review for a 

realistic SW simulation according to in situ SW measurements. The AGB yield 

simulation is very sensitive to SW, therefore erroneously low SW simulation could 

lead to reduction of simulated AGB by the water stress factor, thereby compromising 

the calibration of plant growth algorithm. 

For each location, the daily weather, crop-input file was generated based on the 

collected weather data described in item 2.8. The ALMANAC soil input file was 

modified according to in-situ soil description and chemical analysis when it was 

available for a specific location. The ALMANAC management file of each site was 
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generated according to the information described in sections 1.2.1.1 and 1.2.1.2 . 

Finally, the ideal ALMANAC plant growth algorithm was calibrated by changing the 

pertinent parameters of the crop input file using the following statistical guidelines. 

The modified crop parameters where based on results from these findings and 

pertinent literature.  

3.2.4. Statistical Analysis 

Regression models were fit to describe trends in cumulative AGB, LAI and 

PPARI using JMP Pro 10.0.0 (SAS Inst. Inc., Cary, NC). Fitted regressions of AGB 

were compared with predicted values generated from the ALMANAC simulation 

model and calibrations were made. Agreement with the model was considered 

acceptable if modeled values fit within the 95% prediction interval of the regression 

lines, or fell within one standard deviation of the observed yield. Furthermore, 

radiation use efficiency (RUE, g MJ-1) was estimated as the slope (β1) of the linear 

regression between cumulated PPARI (independent variable) and AGB yield 

(dependent variable) averages of the four in-season harvests.  

For Trials 2, 3, and 4, AGB average, standard error and coefficient of variation 

were calculated with PROC GLM procedure (SAS Inst. Inc., Cary, NC). The 

calibrated model was considered validated if the linear regression of average observed 

AGB yields (independent variable) and simulated AGB yields (dependent variable) 

had intercept and slope values not significantly different from zero and one, 

respectively, at α 0.05.  
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Finally, the linear correlation coefficients (r) between AGB yield and crown 

density were calculated for Trials 3 and 4 in each year using JMP Pro 10.0.0 (SAS 

Inst., Cary, NC).  

3.3. Results and Discussion 

3.3.1. Soil water content calibration  

All daily weather inputs necessary for ALMANAC simulation such as 

precipitation, maximum/minimum temperature, relative humidity, wind speed and 

observed solar radiation were measured daily on site during the 4 years. Figures A.1 to 

A.4 in Appendix A illustrate the daily values for weather inputs for Trial 1. 

The measured values for pH, sand (SAN, %) and silt (SIL, %) contents (Table 

3.2) were different from the standard values from USDA-NRCS soil survey data for 

‘Captina silt loam, 1 to 3 percent slopes’. Therefore, the actual data were inputted in 

the soil input file. Additionally, appropriate bulk density values (BD, g cm-3) for each 

depth were calculated based on clay and sand measurements using the Soil-Plant-Air-

Water (SPAW) model (Saxton, 2007) and inputted for each layer. According to 

Saxton and Rawls (2006), the SPAW model provides estimates sufficiently accurate 

for soil water infiltration, conductivity, storage, and plant-water relationships using 

statistical correlations between soil texture, soil water potential, and hydraulic 

conductivity. All ALMANAC soil input file parameters for Trial 1 are listed in 

Appendix Table B.1. 

The simulated water content in Trials 1 and 2 was calibrated based on the daily 

SW measured during the 4 years. Soil water content simulated by ALMANAC is 

sensitive not only to SAN, SIL, and BD, but also to the following input parameters:  
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runoff curve number (CN2), initial soil water (FFC, m m-1), soil field capacity (FC, m 

m-1), permanent wilting point (U, m m-1), and maximum stomatal conductance (GSI, 

m s-1) at high solar radiation and low vapor pressure deficit. Consequently, appropriate 

values for all those input parameters were necessary for a correct SW simulation.  

3.3.1.2. Run off curve parameter (CN2) 

The CN2 input parameter is used to estimate surface runoff volume. Its value 

is determined based on cover type (e.g., row crops, pasture, etc.), cover treatment (e.g., 

bare soil, residue cover, etc.), hydrologic condition (poor, fair or good drainage), and 

hydrologic soil groups (A, B, C or D). The hydrologic condition is based on specific 

on-site soil infiltration and runoff conditions, and the hydrologic groups are based on 

soil subsurface permeability and surface intake rates (NRCS, 1996). The ‘Alamo 

switchgrass’ crop input file in the ALMANAC crop database contains the runoff curve 

numbers for all soil hydrologic groups, which were pre-set for switchgrass cover type, 

treatment, hydrologic condition. The crop parameters CN2A, CN2B, CN2C, and 

CN2D are the suggested runoff curve numbers for the hydrologic soil groups A, B, C, 

D for switchgrass; and their values are respectively 31, 59, 72, and 79. The 

ALMANAC pre-set runoff curve number for Captina soil series was 72, which 

described this soil as a C hydrologic soil group type. The soil description performed 

on site before planting shows that the actual soil texture is different from the pre-set 

ones (Tables 3.2 and B.1). The soil texture for all pre-set soil layers were silt loam, 

whereas the actual soil texture of all soil layers were on average loam, clay loam, clay 

loam, and clay, respectively, for soil depths 0.15, 0.30, 0.45, and 0.80 m. Soils 

hydrologically classified as C typically contain between 20% and 40% clay and can 
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have silt loam or loam textures. In contrast, soils hydrologically classified as D (high 

runoff potential) have greater than 40% clay, less than 50% sand, and have clayey 

textures (NRCS, 2007). Therefore, the described soil fitted as a C-D intermediate.  

The analysis of 2009 year simulations for the different proposed switchgrass 

CN2 values showed that cumulative Q outputs were 1.12, 40.82, 115.15, and 190.60 

mm; and the cumulated PRK values were 513.77, 472.74, 397.05, 303.08 mm for 

CN2s 31, 59, 72, and 79, respectively (Fig. 3.1). In addition, the 2009 cumulative ETs 

were respectively 760.60, 760.41, 755.89, and 749.00 mm. Therefore, the total 2009 

simulated soil water losses were 1275.50, 1274.00, 1268.8, 1242.7 mm for CN2s 31, 

59, 72, and 79, respectively. According to the results, the different switchgrass CN2 

values proposed for different hydrologic groups did not substantially change the 

simulated soil water losses when analyzing 2009 simulations for the different 

proposed switchgrass CN2 values (Fig. 3.1). Lower CN2 values decreased Q and 

increased PRK in the same magnitude. Furthermore, the simulated ET values for all 

tested CN2 values were not substantially different, which indicated that changes in 

CN2 values would not affect the soil water plant constraint factor. However, high CN2 

values have the potential of reducing total simulated dry biomass. High CN2 leads to 

high Q, high nitrate (NO3
-) loss in surface runoff (YNO3, kg ha-1), high N plant 

constraint factor, and consequently, low simulated total biomass accumulation. 

Therefore, the CN2 value of 72 was considered the most appropriate for the growth 

trial location because it maintained appropriate simulation of water and N losses by 

soil surface runoff. 
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Fig. 3.1. ALMANAC simulated soil water losses by runoff, percolation, and 

evapotranspiration for different runoff curve numbers during 2009 season at Growth 

trial, Fayetteville, AR (Trial 1). 

 

3.3.1.3. Field capacity (FC) and permanent wilting point (U) 

The simulated SW using ALMANAC default (uncalibrated) settings produced 

underestimates in all 4 years when comparing to observed SW (Fig. 3.2). To improve 

the SW simulation, values of FC and U were modified. Heavy rainfall was recorded 

on May 22-30, 2009 (130 mm, Appendix Fig. A.1.C.), April 21-24 2011 (347 mm, 

Appendix Fig. A.3.C), and March 19-24 2012 (163 mm, Appendix Fig. A.4.C), which 

likely resulted in field capacity or near soil saturation. The measured values are 

assumed to represent maximum SW and therefore were used as best estimates of soil 

field capacity. The maximum soil water readings were 0.35, 0.33, 0.45, and 0.54, 
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respectively, for 0.15, 0.30, 0.45, and 0.90 m depths (Fig. 3.3), which were used to 

modify the FC parameter in each soil depth (Appendix Table B.1). The minimum soil 

water content readings were 0.06, 0.09, 0.19, and 0.17 m m-1 for the same soil depths. 

Those values occurred mostly in late September 2011, owing to lack of rainfall for 30 

days and high plant water demand (Fig. 3.3). During this period, switchgrass started to 

show signs of stress (e.g., chlorosis, lower leaf senescence, and upper leaf curling).  

According to Barney et al. (2009), lowland switchgrass such as Alamo starts to 

experience severe reductions in biomass yield (75-80%) when soil water potential 

declines to -4.0 MPa. Biomass yield collected at its peak in 2011 was only 18% lower 

than the maximum achieved yield in 2010 (15.2 vs. 18.6 Mg ha-1); therefore, the soil 

tension during the minimum SW readings could be higher than -4.0 MPa. For this 

reason, it was assumed that the U values for each layer were equal to or lower than the 

minimum SW readings. After testing different U values (trial and error), those that 

best improved SW simulation for soil depths 0.15, 0.30, 0.45, and 0.90 m were, 

respectively, 0.07, 0.14, 0.15, and 0.24 m m-1 (Appendix Table B.1). The value of the 

parameter FFC was considered “1”, which means that the first simulated day had SW 

at field capacity. 
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Fig. 3.2. Observed, uncalibrated, and calibrated soil water content by ALMANAC in 

2009 to 2012 seasons for a switchgrass field located at Fayetteville, AR. 
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Fig. 3.3. Observed soil water content at different depths in 2009 to 2012 seasons for a 

switchgrass field located at Fayetteville, AR. Arrows denote the maximum/minimum 

soil water content in each depth. 
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3.3.1.4. Maximum stomatal conductance (GSI) 

The soil water simulation was improved after inputting actual weather data and 

modifying pertinent soil parameters listed above. However, the simulated SW 

underestimated actual SW during July to September of 2011and 2012. The total 

simulated ET by ALMANAC for 2009, 2010, 2011 and 2012 growing seasons were, 

respectively, 532, 643, 420, and 454 mm. These values were greater than those 

reported by McIsaac et al. (2010), total evapotranspiration in ‘Cave-In-Rock’ 

switchgrass during the growing season in Urbana, IL ranged from 258 to 359 mm 

among 4 years.  

The default maximum stomatal conductance (GSI, m s-1) is 7.4 10-3 m s-1 

(Appendix Table D.1.). This parameter was incorporated from the EPIC model and 

directly affects plant water use. Higher GSI values result in high ET and, 

consequently, in increased plant water use (Kiniry et al., 2005). Testing different GSI 

values (trial and error), yielded 1.3 10-3 m s-1 as that which best improved SW 

simulations to levels shown in Fig 3.2. In addition, the current reduction in the GSI 

parameter value decreased the simulated ET during the growing season to 253, 331, 

297 and 390 mm, respectively, for years 2009, 2008, 2010 and 2011. 

The calibrated simulated daily SW from 2009 to 2010 was based on all 

modified soil input parameters, modified GSI, and actual weather data displayed in 

Appendix Fig. A.1 and A.2. Calibrated simulated SW agreed very well with actual SW 

readings for 2009 and 2010 (Fig. 3.2). However, calibrated SW was underestimated 

during July – September in 2011 and 2012 (Fig. 3.2.C and 3.2.D). An explanation for 

this fact is that the total precipitation during the growing season (May to October) was 
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higher in 2009 (906 mm) and 2010 (782 mm) than in 2011 (516 mm) and 2012 (422 

mm). Furthermore, the 2009 and 2010 rainfall was evenly distributed during the 

growing seasons (Appendix Fig. A.1.C and A.2.C). Conversely, very low 

precipitation, such as 37 and 12 mm, was measured from May 28 to August 9 in 2011 

(74 days) and from June 28 to August 13 in 2012, respectively (Appendix Fig. A.3C 

and A.4C). The SW underestimation coincided during those two short drought periods 

and carried forward through September. Switchgrass can decrease its 

evapotranspiration during drought periods, which decreases soil water losses. This 

phenomenon is not modeled by ALMANAC; consequently, the estimated ET during 

dry periods was not correctly reduced. Nevertheless, the modified parameters resulted 

in an overall improved soil water simulation, as shown by close matching of observed 

and simulated values (Fig. 3.4). Additionally, the simulated SW during 2009 and 2010 

growing season, which were used for calibrating the plant growth model, were very 

well simulated (Fig 3.2.A, 3.2.B).   
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Fig. 3.4. Model estimates of soil water content (a) calibrated and (b) ALMANAC 

default settings. The diagonal lines in the plots represent 1:1 agreement between 

modeled and observed yields. 

 

3.3.2. Growth analysis 

In 2009, net growth accumulation of AGB increased in a sigmoidal-3-

parameter pattern starting at 0.18 Mg ha-1 on May 1 (DOY 125) and approached the 

asymptote of 14.16 Mg ha-1 (RMSE = 2.01) (Fig. 3.5A). The observed peak yield 

occurred on August 28 (DOY 240) at 13.99 Mg ha-1. According to Sanderson (1992), 

switchgrass exhibited a sigmoidal development trend, which had three distinct phases 

and growth rates. The different rates were associated with temperature and 
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precipitation with greater rates during warmer and wetter seasons. AGB losses were in 

the order of 4.43 Mg ha-1 (32%) from the 13.99 Mg ha-1 observed peak yield to 9.56 

Mg ha-1 at late senescence DOY 413 (February 17, 2010). During the senescence 

phase, AGB yield followed a linear decline losing 26 kg ha-1 (R2 = 0.31) (Fig. 3.5A). 

The low R2 value reflected high AGB variability among blocks within harvest dates. 

Leaf area index of green matter (LAI) was fitted with a sigmoidal-3-parameter 

function pattern in 2009, which started at 0.28 m2 m-2 on May 1 (DOY 125) (Fig. 

3.5B). The observed peak LAI on July 3 (DOY 184) was 4.90 m2 m-2, and the LAI 

values started to decrease on July 31 (DOY 212). During LAI senescence (Fig. 3.5B), 

values decreased from the 4.90 m2 m-2 peak to 0.89 m2 m-2 on November 11 (DOY 

329), after which there ceased to be live green leaf area. The senescence LAI followed 

a second degree polynomial trend with a R2 of 0.77. 

No mathematical trends were observed in 2010 for AGB and LAI during net 

growth and senescence, and post-senescence periods (Fig. 3.5D and E). The 2010 peak 

yield was achieved in late October (DOY 299); in contrast to the 2009 peak yield in 

late August (DOY 240). During the 2010 growing season, visual observations (e.g. 

chlorosis and plant stunting) indicated that switchgrass was under intermittent drought 

stress. 
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Fig. 3.5. Switchgrass plant growth analysis at Fayetteville, AR. Graphs A, B, C are, 

respectively, aboveground biomass yield, LAI of green area, and percent of 

photosynthetically active radiation intercepted by canopy in 2009. Graphs D, E, F are, 

respectively, aboveground biomass yield, LAI of green area, and percent of 

photosynthetically active radiation intercepted by canopy in 2010. Error bars denote 

standard error of the mean, n=6. 

 

Lower cumulative precipitation than the 30-year mean was observed from June 

to October in 2010 resulting in low observed soil water contents over 19 days from 

late June to early July, and 20 days from late August to mid-October (Fig. 3.6). This 

fact likely explained the stair-step pattern and the late peak. In 2010, no significant 

increments in AGB were observed in two distinct periods of the growing season, 

which coincided with periods of low precipitation and low SW. LAI achieved its peak 

in August 8 (4.7 m2 m-2) (Table 1.4). Excessive leaf senescence and defoliation were 
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observed on July 5, which reduced the observed LAI from 4.58 m2 m-2 (June 14) to 

3.50 m2 m-2 (July 5) (Fig. 3.5E). Higher LAI peak was expected in 2010 than in 2009 

because of stand maturation; however, drought stress decrease its value. 

Percentage photosynthetically active radiation interception (PPARI) followed a 

sigmoidal-4-parameters trend in the 2009 and 2010 seasons (Fig. 3.5C and F). In 2009, 

the maximum PPARI was achieved on October 28 (DOY 301) at 97.9%. The PPARI 

increased from 31.3% on May 1 (DOY 125) to 96.9% on August 28 (DOY 240), 

which coincided with AGB peak yield. The PPARI value during maximum LAI on 

July 7 (DOY 184) was 86.1%. In 2010, maximum PPARI of 99.0% was achieved on 

October 26 (DOY 299). The numerical decline in PPARI from 95.8% on June 14 

(DOY 165) to 92.02 % on July 5 (DOY 186) may have been caused by leaf droppage 

(according to visual observation) in response to drought stress. Note that the relatively 

high PPARI values observed during the senescence period for both seasons could have 

supported high photosynthesis because light was intercepted by increasingly senescent 

leaves.  
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Fig. 3.6. Plant water availability at Fayetteville, AR for seasons 2009 and 2010. 

Graphs A and C illustrate daily precipitation and soil water for seasons 2009 and 2010. 

Graphs B and D illustrate the cumulative precipitation in comparison with the mean 

cumulative precipitation of 30-year mean. 

 

3.3.3. Calibration 

According to plant growth analysis, the drought stress condition was present 

during two distinct periods in 2010. In contrast, the well-distributed rainfall in 2009 

season afforded essentially ideal growth patterns for LAI and AGB. Therefore, plant 

measurements collected during 2009 were used for calibrating the ideal plant crop 

growth model. The lower overall AGB yield in 2009 compared with 2010 likely 

reflected the younger stand development in 2009 (Mclaughlin and Kzos, 2005). 
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After proper modifications in the soil input file (Appendix Table B.1), input of 

the in situ weather data (Appendix Fig. A.1-4), correct description of the field 

management (Appendix Table C.1),  and selecting the Alamo switchgrass crop input 

file from the ALMANAC crop menu (Appendix Table D.1). ALMANAC was run to 

simulate the AGB production for 2009 and 2010. Peak AGB yields for years 2009 and 

2010 were overestimated by ALMANAC. The model output results were 22.44 and 

22.78 Mg ha-1 for 2009 and 2010, respectively, whereas the observed yields were 

13.99 Mg ha-1 and 18.76 Mg ha-1, respectively (Fig. 3.7A and C). Leaf area index of 

green area for 2009 and 2010 was also overestimated when compared to the observed 

peak values. The LAI simulated for years 2009 and 2010 were, respectively, 8.36 and 

9.44 m2 m-2, and the observed LAI values were 4.90 and 4.70 m2 m-2, respectively 

(Fig. 3.7B and D). The simulated AGB yields were very similar for both years because 

the standard crop input file assigned 1 for parameter CLAIYR (number of years for 

maximum LAI attained) (Appendix table D.1), which resulted in maximum LAI 

attained in the second year (2009). Switchgrass generally achieves maximum LAI in 

its third season (McLaughlin and Kzos, 2005). Higher AGB yield was measured in 

2010 (third year) than in 2009 (second year) despite the more ideal growing conditions 

in 2009. Therefore, the CLAIYR value was modified to 2 in order to maximize the 

LAI and AGB being achieved in 2010. 
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Fig. 3.7. Graphs A and C illustrate calibrated and ALMANAC default daily simulated 

values contrasting with actual average yield for 2009 and 2010. Graphs B and D 

illustrate calibrated and ALMANAC default daily simulated values contrasting with 

actual LAI of green area for 2009 and 2010. Error bars denote standard deviations of 

average observed yields. Error bars denote the standard error of  the mean, n=6. 

 

3.3.3.1. Potential heat units (PHU)  

Phenological development of the crop is based on daily heat unit accumulation. 

The crop grows from emergence to maturity until the heat unit accumulation is equal 

to the PHU parameter value.  Phenological development is computed using equations 

3.3 and 3.4 (Sharpley and Williams, 1990; and Williams et al., 1984):  

HUk =  (
Tmx,k +  Tmn,k

2
) −  Tbj   ,       HUk ≥ 0     [3.3] 

HUIi =  
(∑ HUk

i
k=1 )

PHUj
                                                   [3.4] 
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where HU, Tmx, Tmn are the values of heat units, maximum temperature, and minimum 

temperature (°C) on day k; and TB and TG are the crop-specific optimal and minimum 

growth temperature (°C) for crop j. The heat unit index (0-1, HUI) is considered 0 at 

planting and 1 at physiological maturity. Nevertheless, we considered that HUI value 

of 1 was achieved when LAI value was reduced to zero at the end of the senescence 

period rather than at plant maturation. ALMANAC assumes that physiological 

maturity and total leaf senescence occur at the same time (Kiniry et al., 1992). This 

assumption is true for some annual crops such as corn (Zea mays L.) where grain 

maturation occurs concomitantly with total leaf senescence. Conversely, switchgrass 

reaches seed maturation earlier than total leaf senescence. Furthermore, setting the 

ending of the growing season based on observed total leaf senescence rather than seed 

maturation is more appropriate for switchgrass simulations because the objective is to 

simulate AGB rather than seed production. The PHU value in the management input 

file was modified from 1750 to 1922 (Appendix Table C.1). According to observed 

LAI data in 2009, photosynthetically active leaves were observed until November 11 

(DOY 329) when the total heat unit accumulation from plant emergence was 1922. 

Additionally, no changes in TB and TG values were performed because these default 

values resulted in satisfactory simulation of the day of switchgrass emergence and heat 

unit accumulation through the growing season. 

3.3.3.2. Growing season fraction for LAI decline (DLAI) 

ALMANAC simulates LAI growth from plant emergence until the HUI value 

equals the DLAI parameter value. Afterwards, the model simulates loss of LAI. The 

DLAI is the fraction of the growing season where LAI starts to decline; therefore it is 
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the ratio of heat units accumulated until day of maximum LAI and PHU (Kiniry et al., 

1992). 

The maximum observed LAI in 2009 was on July 3 (DOY 184) when the heat 

unit accumulation achieved 821. Therefore, the ratio of 821 and 1922 was 0.42, which 

was considered the new DLAI parameter value. The maximum observed LAI in 2010 

was on August 2 (DOY 214), which was 30 days later than values observed in 2009. 

In 2010, the crop was under drought stress in June, which delayed the attainment of 

maximum LAI. Therefore, the 2010 LAI data were considered improper for 

calibrating DLAI.  

3.3.3.3. Leaf area of green tissue simulation  

During net growth accumulation (i.e., emergence to peak yield), LAI growth is 

simulated based on a sigmoidal-3-parameter function where the independent (x-axis) 

and dependent variables (y-axis) are HUI and LAI at zero-to-one scales, respectively 

(Kiniry et al., 1992; Fig. 3.8A). In this case, ALMANAC calibrates the LAI growth 

curve for different plant species based on two parameters such as DLAP1 and DLAP2. 

Those two parameters are the first and the second points on the optimal leaf area 

development curve. The value before the decimal point is percentage of the growing 

season in heat units, and percentage of the maximum potential LAI is stated after the 

decimal (Kiniry et al., 1992).  The observed LAI in 2009 followed a sigmoidal-3-

parameters pattern over the growth period, which fit within the 95% prediction 

interval of the modeled potential LAI growth simulation (Fig. 3.8B). However, the 3-

parameter values estimated from the 2009 LAI data did not describe the potential LAI 

growth parameters. 
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Fig. 3.8. Graphs A and C illustrate, respectively, the general ALMANAC functions for 

simulating LAI of green growth (A) and senescence (C). Graphs A and C are reprints 

from Kiniry et al. (1992). DLAP1 and 2 are two points in the optimal LAI of green 

curve in graph A, DLAI is the fraction of the season in heat unit index where 

senescence starts, and RLAD is the parameter that describes the shape of LAI of green 

reduction in graph D. Graphs B and D illustrate calibrated daily simulated values 

contrasting with actual LAI of green area, its best nonlinear fit, and 95% prediction 

interval during net growth accumulation period (B) and senescence period (D) in 

2009. Error bars denote the standard error of the mean, n=6. 
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The potential LAI growth equation parameters might be estimated from plants 

that underwent ideal soil and weather conditions. No temperature, soil water, N, P, and 

aeration stresses were present in the 2009 simulation of LAI and AGB. Nevertheless, 

the total solar radiation of some days was low because of clouds and rain (Appendix 

Fig. A.1), which reduced the LAI simulation to lower values than the ideal LAI. Under 

this circumstance, different values of DLAP1 and DLAP2 were tested by trial-and-

error to find the ideal LAI growth equation. Once the ALMANAC simulated LAI 

values were within the 95% prediction interval of the observed LAI regression, the 

values of DLAP1 and DLAP2 were considered the correct ones for simulating the 

potential LAI under growth trial soil and weather conditions. After several attempts, 

the best estimated values for DLAP1 and DLAP2 were, respectively, 10.40 and 90.88. 

Figure 3.8A illustrates the agreement of simulated and observed LAI values after the 

correct DLAP1 and DLAP2 values were inputted to ALMANAC. Drought stress 

during the 2010 growing season resulted in LAI losses, therefore LAI in 2010 did not 

show any trend and could not be used for calibrating the plant growth model (Fig. 

3.5D).  

The LAI losses are calculated from the day that HUI exceeds the DLAI 

parameter value to the day that the HUI is equal to one (PHU value is achieved) 

(Kiniry et al., 1992, Fig. 3.8C). The equations that described how ALMANAC LAI 

simulation declines in late season are described in detail by Kiniry et al. (1992). The 

most important parameter of those equations that modifies leaf area loss decline was 

RLAD, where its value determined the LAI decline shape (Fig. 3.8C). The best fit for 
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the senescence period in 2009 was a second degree polynomial, and a RLAD value of 

0.25 was the best value to illustrate this decline pattern (Fig. 3.8D).   

Accurate simulation of light interception relies on precise simulation of LAI, 

which is very sensitive to plant population density. Higher plant population density 

results in higher LAI values, and this increment in modeled to follow a sigmoidal-3-

parameter pattern (Kiniry et al., 1992). This S-curve is similar to that which describes 

LAI growth as a function of HUI (Fig. 3.8A). The only difference is the x-variable 

represents plant population density rather than HUI. The standard PPL1 and PPL2 for 

Alamo switchgrass is 1.12 and 6.96, respectively. According to PPL2, 96% of 

potential LAI is achieved at the low plant density of 6 plants m-2. Conversely, annual 

grasses such as sorghum [Sorghum bicolor (L.) Moench] achieve 88% of its potential 

LAI at the high plant population of 25 plants m-2. A reasonable explanation for Alamo 

switchgrass’s low plant population density is its compensation ability, which is 

achieved by increasing plant crown diameter via tillering over time (Cassida et al., 

2005). Switchgrass crown density readings (crowns m-2) in both cultivar trials for all 

tested switchgrass varieties such as Alamo, C75, C77, NSL, SL93 were poorly 

correlated with AGB over 4 years (Fig. 3.9). The highest correlation was found in the 

first year at Pinetree, AR (r = 0.50), and the correlation tended to decrease in later 

years. The overall crown density average and standard deviation was 12.8 ±7.8 and 6.9 

±2.2 plants m-2 in Pinetree and Decatur, AR, respectively. 
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Fig. 3.9. Correlation (r) between crown density and dry biomass yields for four 

switchgrass cultivars including ‘Alamo’ for seasons 2009-2012 and in two locations 

Decatur (Trial3) and Pinetree (Trial 4). 

 

Those crown density values are greater than 6 plants m-2, which was the 

proposed PPL2 value for achieving 96% of potential LAI; and, therefore, those 

average crown density values could result in the maximum potential LAI (factor 

equals 1, Fig.3.8C ) if inputted as values for the plant population parameter (plants m-

2, PLANTPO) located at management input file (Appendix Table C.1). The standard 

switchgrass PLANTPO value was set to 50 plants m-2, which nullified the effect of 

plant population on potential LAI simulation. In addition, observed data showed that 

the crown density effect in switchgrass potential LAI was minor. Therefore, the 

standard PLANTPO value of 50 plants m-2 was kept for simulating Alamo switchgrass 

for Arkansas locations. 

3.3.3.4. Biomass-energy ratio (WA) 

The radiation use efficiency (RUE, g MJ-1) is the parameter that converts 

simulated LAI to AGB (aboveground biomass). The simulated LAI is used to calculate 

the total amount of photosynthetically active radiation absorbed in a day (MJ, APAR) 
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that is converted to the total amount of biomass accumulated in a day when multiplied 

by RUE. The RUE parameterizes the whole photosynthesis and respiration system, 

and therefore integrates soil and weather conditions. The standard ALMANAC WA 

value for Alamo switchgrass is 4.9 g MJ-1 (Appendix D.1), which was based on 

switchgrass cultivated on a Houston black clay soil (fine, montmorillonitic, thermic 

Udic Pellustert) and located in central Texas (Kiniry et al., 1999). Nevertheless, the 

estimated biomass-energy ratio parameter was 3.1 g MJ-1. This WA value was 

estimated based on the calculated RUE (2.26 g MJ-1, Fig. 3.10), accounting for the 

estimated root:shoot ratio (0.37, Fig. 3.11) from emergence to maximum LAI period. 

Root biomass must be accounted in the WA value because WA is an ALMANAC crop 

parameter that converts LAI to BIOM (roots and aboveground biomass). After several 

simulation runs with WA values close to 3.1 g MJ-1, the WA value that best simulated 

AGB was 2.9 g MJ-1. The Houston black clay soil series describes very deep and well 

drained soils which have a moderate productivity and are cultivated with cotton 

(Gossypium spp.), corn, sorghum or pasture (OSD, 2014). Conversely, the growth trial 

was on a shallow and root-limiting soil (Table 1.2). Therefore, lower AGB production 

was expected in the growth trial.  
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Fig. 3.10. Radiation use efficiency calculation based on early Alamo switchgrass 

development (black dots). Late-growing-season values (gray dots) were not accounted 

for, thereby avoiding underestimation of radiation use efficiency. 
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Fig. 3.11. Partitioning of Alamo switchgrass mass of shoots and roots and cumulative 

root and shoot mass (A) and root fraction (B) simulated by ALMANAC during early 

growing season (emergence to maximum LAI).  

 

3.3.3.5. Calibration Results 

The final modified model was able to simulate AGB within the prediction 

confidence interval of the best regression fit, i.e., sigmoidal-3-parameters during the 

growth accumulation period (Fig 3.12A). Additionally, the linear regression between 
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observed (x-axis) and simulated (y-axis) AGB values had intercept (-0.05, p-value = 

0.96), and slope (1.03, p-value = 0.83) not significantly different from 0 and 1, 

respectively (Fig. 3.13A). Therefore, the modified model was considered calibrated 

for simulating switchgrass AGB during the net growth accumulation period. 

Conversely, the AGB values during senescence did not fall within the individual 95% 

prediction interval of the best regression fit, which was linear. In addition, the linear 

regression between observed (x-axis) and simulated (y-axis) AGB values had intercept 

(-30.41, p-value = 0.03), and slope (3.18, p-value = 0.04) significantly different from 0 

and 1, respectively (Fig. 3.13B). Therefore, the modified model did not improve 

senescence simulation. The simulated AGB was equal to the AGB peak yield (DOY 

240) from peak yield to late-December (DOY 356), and abruptly reduced to zero 

afterward. During the senescence period, the ALMANAC simulation of biomass loss 

is driven only by frost damage, which follows an S-curve pattern similar to LAI (Fig. 

3.8A), where the independent variable is minimum daily temperature (Tmn) and the 

dependent variable is a biomass-reducing factor indexed in a zero-to-one scale (Kiniry 

et al., 1992). Improvements in AGB simulation during the senescence period will be 

presented in Chapter 5. All the modified parameters are listed in Table 3.3.  
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Fig. 3.12. Graphs A and B illustrate calibrated daily simulated values contrasting with 

actual average yield, its best nonlinear fit, and 95% prediction interval during the net 

growth accumulation period (A) and senescence period (B) in season 2009. Error bars 

denote the standard error of the mean, n=6. 

 

 

Fig. 3.13. Model estimates of aboveground biomass during net growth accumulation 

(A) and senescence period (B). The dashed lines in the plots represent 1:1 agreement 

between simulated and observed yields. 
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Table 3.3. ALMANAC input parameters. Default values are the unmodified values 

and the calibrated values are the modified values. 

Parameter Definition Input File 
Default 

value 

Calibrated 

value 

WA Biomass-energy ratio   

(dg MJ-1) 

Crop 49 29 

DLAI Heat unit fraction for LAI† 

decline 

Crop 0.7 0.42 

DLAP1  First point of LAI† S-curve Crop 10.2 10.40 

DLAP2 Second point of LAI†S-

curve 

 80.95 90.88 

GSI Maximum stomatal 

conductance (m s-1) 

Crop 0.0074 0.0013 

PHU Potential heat units Management 1500 1922 

†Leaf area of green matter 

 

3.3.4. Validation 

After inputting site-specific data in the soil input file (Appendix Tables B.1, 

B.2, and B.3), actual weather data (NOAA, 2014), and the correct description of the 

field management (Appendix Tables C.1, C.2 and C.3), ALMANAC was run to 

estimate the AGB production for years 2010 in Trial 1, 2011 and 2012 in Trial 2, and 

2008 – 2012 for Trials 3 and 4 using its standard and calibrated crop input file for 

Alamo switchgrass (Appendix Table D.1). 

The simulated AGB values using the ALMANAC default parameters resulted 

mostly in overestimation of AGB yield (Fig. 3.14A); which was reduced when the 

calibrated parameters were used (Fig. 3.14B). In the observed vs. simulated 

comparison for all locations, the default model regression had an intercept value that 

was moderately different from zero (β0 = -4.52, p-value = 0.08) and slope significantly 

different from one (β1 = 1.64, p-value < 0.01). The regression using the calibrated 

model had an intercept that was, again, moderately different from zero (β0 = 4.26, p-
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value = 0.07), but a slope that was not significantly different from one (β1 = 0.71, p-

value = 0.12). Furthermore, the overall average yield of the calibrated simulation (14.0 

Mg ha-1, star symbol in Fig. 3.14B) was numerically closer to the observed average 

yield (13.6 Mg ha-1) than was the default simulated yield (17.8 Mg ha-1). Therefore, I 

judge the calibrated model to have significantly improved the simulation of Alamo 

switchgrass biomass yield within the range of yields observed in these trials. 

 

Fig. 3.14. Model estimates of aboveground biomass ALMANAC default settings (A) 

and calibrated (B). The diagonal lines in the plots represent 1:1 agreement between 

modeled and observed yields. 
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3.4. Conclusions 

Soil water content was underestimated when comparing default-simulated with 

observed SW in Trials 1 and 2. Low simulated SW values could lead to low AGB 

simulation because low SW could erroneously decrease the crop growth regulator 

factor (REG) (Sharpley and Williams, 1990) and lead to a biased calibration of the 

ideal crop growth. To correct this problem, the parameters CN2, FFC, FC, U, and GSI 

were identified as the parameters that most affect the default SW simulation, and they 

were calibrated based on field measurements and pertinent literature review. The 

calibrated parameters resulted in agreeable values between observed and simulated 

SW, and, consequently, in a correct calculation of REG. 

After correcting the SW simulation for Trials 1 and 2, the ideal ALMANAC 

plant growth algorithm was calibrated by modifying PHU, RLDA, DLAI, DLAP1, 

DLAP2, PLANTPO, and WA. The standard values for those parameters were 

calculated based on empirical research for Texas conditions (Kiniry et al., 2005). 

Therefore, those parameters were calibrated based on empirical research conducted 

under Arkansas soil and weather conditions (Trial 1). The calibrated values of PHU, 

RLDA, DLAI, DLAP1, DLAP2, PLANTPO, and WA for Arkansas conditions were, 

respectively, 1922, 0.25, 0.42, 10.40, 90.88, 50 plants m-2, and 2.9 g MJ-1. 

Furthermore, the calibrated parameter values for Alamo switchgrass for Arkansas 

condition were validated for Arkansas based on comparisons between observed and 

simulated AGB yields for two locations located at two different eco-regions: Ozark 

high lands (Decatur, AR) and Bottom land and terrace (Pinetree, AR). 
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CHAPTER IV 

SIMULATING ALAMO SWITCHGRASS NITROGEN AND 

PHOSPHORUS REMOVAL BY ENHANCING ALMANAC 

MODEL LOGICS  

 

4.1. Introduction 

Interest in biofuels and other renewable fuels has been driven by polices 

intended to decrease foreign fossil fuel dependence and reducing greenhouse gas 

emissions.  The 2013 Renewable Fuels Standards (U.S. EPA, 2014a) affirmed the 

nation’s commitment to producing cellulosic biofuel at prices competitive with 

petroleum. Cellulosic biofuels, which are derived from the plant fibers cellulose, 

hemicellulose and lignin, hold promise as an alternative fuel, diminishing greenhouse 

gas (GHG) emissions by 60%, and increasing rural economic development (U.S. EPA, 

2014b).  The conversion of dedicated energy crops such as switchgrass (Panicum 

virgatum L.) to usable energy is versatile because they can be combusted directly for 

heat and electrical power or converted to liquid fuels (McLaughlin et al., 1996). 

The U.S. Department of Energy (DOE) Bioenergy Development Program 

identified switchgrass as a model herbaceous crop thanks to its ability to produce high 

biomass yields with low nutrient requirements, and its compatibility with conventional 

farming practices (McLaughlin and Walsh, 1998; McLaughlin et al., 1999). The 

emerging biofuel industry demands inexpensive cellulosic feedstock in order to 

produce fuels at a competitive price. Economic analysis has indicated switchgrass as a 

favorable feedstock option for bioenergy production. POLYSYS, an agricultural 

economics model, was used to compare costs and returns of different energy crop 
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candidates including switchgrass, sorghum [Sorghum bicolor (L.) Moench], corn (Zea 

mays L.), poplar (Populos alba L.), and switchgrass was the least expensive crop with 

estimated production cost of $55 dry ton-1 of biomass (Walsh et al., 1998). The low 

requirement of switchgrass for nitrogen (N), phosphorus (P), and water partially 

explains the low production costs. Switchgrass has a deep root system resulting in 

high nutrient and water extraction from deep soil layers. When entering the fall 

senescence period, N and other nutrients translocate to the crown, rhizome, and root 

organs, which then provide growth substrate for the following growing season and 

lessen the need for fertilizer (McLaughlin and Kzos, 2005). 

A complete system for switchgrass feedstock and biofuel production has not 

yet been developed in the U.S. Management practices for different environments such 

as method of establishment, amounts of fertilization, timing of harvest, and logistics of 

harvesting, transport and processing must be refined to increase the crop’s reliability 

and to lower costs of biofuel production. There is interest in predicting the mass 

removal of macronutrients N, P, and potassium (K) in harvested biomass because 

fertilizer needs in subsequent years depend partly on the necessity of replacing 

removed nutrients and on the ability of the crop to recycle nutrients into and out of 

storage. The economics of biomass production are strongly affected by time of harvest 

and fertilizer needs (Cahill et al., 2014); therefore, modifying ALMANAC to predict 

biomass yield and nutrient removal in response to nutrient supply would aid producers 

and contractors in economically optimizing the date of harvest and amount of 

fertilization. ALMANAC does not have logic for K uptake, therefore this research 

focuses on N and P uptake only. 
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ALMANAC (Agricultural Land Management Alternative with Numerical 

Assessment Criteria) is a process-oriented crop simulator that can predict growth of 

various crops including switchgrass (Kiniry and Spanel, 2006). ALMANAC simulates 

the ideal dry biomass accumulation for each day based on an ideal crop growth model, 

which can be modified by plant growth constraint parameters (0 to 1) such as air 

temperature, soil water, aeration, N, and P (Sharpley and Williams, 1990; Williams et 

al., 1984). The amount of N uptake from soil is assumed to be limited by mass flow of 

N to the roots, and it can be calculated as a function of plant transpiration, soil N, and 

soil water content. In contrast, the amount of P uptake is simulated based on the labile 

P concentration (P%) in soil, and uptake is calculated from a labile soil P factor and 

daily plant P demand based on an optimal P% in plant tissue. The N and P uptake 

algorithms were developed merely to calculate plant growth-constraint values, not to 

simulate the mass of N and P removal. Growth-constraint values are calculated as a 

ratio of the N and P uptake values to the optimal N and P tissue concentrations in a 

day. The optimal N and P tissue concentrations are calculated as a function of 

cumulative potential heat units by using an exponential decay 3-parameters equation 

proposed by Jones (1983). No N and P translocation to crown, rhizomes, and root 

logic is present in ALMANAC because the N and P uptake logic ceases when the crop 

reaches maturation and plant growth constraints are no longer calculated. In other 

words, ALMANAC considers crop maturation to be the end of the growing season. 

The goal of this research was to develop logic for ALMANAC to simulate 

‘Alamo’ switchgrass N removal (Nrem) and P removal (Prem) in harvested biomass of 

switchgrass by enhancing the existing uptake logics developed for calculation of 
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growth constraints. Developing and testing logic for N and P concentrations in the 

harvested biomass were necessary for developing logic for N and P removal. Data 

collected from switchgrass fields representing different Arkansas ecoregions such as 

Ozark Highlands (Fayetteville, AR and Haskell, OK) and Bottomland and Terrace 

(Pinetree, AR) were used for developing, verifying, and calibrating the N and P logic.  

4.2. Material and Methods 

4.2.1 Research trials description 

Trials to be used as sources of data for calibrating and validating model 

alterations are presented below with a brief description. Table 4.1 lists trial sites in 

relation to objectives. 

Table 4.1 Description of trials sites and association with objectives. 

Trial 

number 

Trial name Location Pertinent objective 

1 Growth curve Fayetteville, AR Development/Verification 

2 Senescence Fayetteville, AR Validation 

5 N rate trial Fayetteville, AR Validation 

6 N rate trial Pinetree, AR Validation 

7 Poultry litter Fayetteville, AR Validation 

8 Poultry litter Haskell, OK Validation 

9 P rate trial Pinetree, AR Development/Verification 

 

4.2.1.1. Switchgrass growth and calibration trials, Fayetteville, AR (Trials 1 and 

2)  

A study was initiated in July of 2008 and conducted for 5 years at Arkansas 

Agricultural Research and Extension Center, University of Arkansas, Fayetteville, AR 

(36°6’N, 94°10’W). The soil was mapped as Captina silt loam (fine-silty, siliceous, 

active, mesic, Typic Fragiudults). The protocol for establishment and first year (2009-

2010) data collection is from Ashworth (2010), whose data were reanalyzed in this 
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dissertation using a more in-depth treatment of model components. The stand was 

established by drilling seed of switchgrass cv. Alamo in 4.57-m long rows with 0.60 m 

row spacing on 1 July 2008. Biomass growth was not harvested in 2008, but was 

burned on 17 February 2009. Fertilization consisted of broadcasting urea [CO(NH2)2] 

on 1 April 2009 at 67 kg ha-1 of N.  Soil test levels of P and K were considered 

"medium" (Table 3.2, Chapter 3), thus these nutrients were not applied. The herbicide 

Weedmaster® (dimethylamine salt of dicamba; 3,6-dichloro-o-anisic acid-12.4% + 

dimethylamine salt of 2,4 dichlorophenoxyacetic acid-35.7%) was applied at 2.27 L 

ha-1 in April of 2009 and 2010, but not in subsequent years. 

Trial 1 was in a randomized complete block design with 6 replications in the 

2009 and 2010 growing seasons, with each replication comprising 12, 3-m × 1.2-m 

harvest plots. The 12 harvest plots corresponded to 12 biomass harvest dates, of which 

7 dates were considered in-season with days of year (DOY) for harvests targeted at 

121, 142, 163, 184, 212, 240, and 274 (i.e. expected to follow the classic S-shaped 

accumulation curve), and 5 dates were considered post-season with DOY for harvests 

targeted at 301, 329, 356, 384, 413 (i.e. senescent and post-senescent periods). 

Trial 2 consisted of a completely randomized design with 6 replications in 

2011 and 2012, and was performed on remnants of the same switchgrass stand as Trial 

1. Treatments consisted of 5 harvests with DOY for harvests at 241, 270, 300, 326, 

and 354. The DOY 241 (29 Aug.) corresponded to expected date of peak biomass 

yield and peak Nrem and Prem. The subsequent two harvest intervals corresponded to 

periods of crop maturation and nutrient retranslocation to roots and crown. Day of 

year 326 (22 Nov.) corresponded to post-killing frost and a high degree of plant 
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senescence. Day of year 354 (20 Dec.) occurred when significant amounts of biomass 

yield were lost via leaf droppage. 

4.2.1.2. Nitrogen Rate Trials: Fayetteville, AR (Trial 5) / Pinetree, AR (Trial 6). 

LOCATIONS: 

1. Trial 5: Arkansas Agricultural Research and Extension Center, 

University of Arkansas, Fayetteville, AR (36°6’N, 94°10’W). 

2. Trial 6: Pinetree Branch Station, University of Arkansas (35°7’N, 

90°55’W), 12 km west of Colt, AR, which is in the alluvial Mississippi 

Delta of east Arkansas. 

FIELD DESCRIPTION: Trial 5 was established by drilling seed in 3 m × 8 m 

plots with 18 cm row spacing in 2 July 2008 at the Arkansas Agricultural Research 

and Extension Center, Fayetteville on a Captina silt loam. No fertilizer was applied in 

2008. Plots were not harvested in 2008, but they were harvested in middle of October 

in 2009 and 2010. The plots were burned before spring green-up in early March in 

each year that harvests were made.  

For Trial 6, soil was subsoiled to a depth of 0.9 m in early November 2008 and 

disked to a depth of 0.15 m in mid-April 2009. Alamo switchgrass seed was broadcast 

in mid-May 2009. Switchgrass biomass was not harvested in 2009, but was harvested 

in mid-October of 2010, 2011, and 2012. 

EXPERIMENTAL DESIGN: In both locations, plots were 3.6 m x 8 m and 

arranged in a randomized complete block design with 4 treatments. Trial 5 had 5 

replications and Trial 6 had 4 replications. The treatments in both trials were 0, 50, 
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100, and 150 kg ha-1 of N applied in April of each year as urea. Samples were 

collected in early October by cutting to a 10-cm stubble height. 

4.2.1.3. Litter trials: Fayetteville, AR (Trial 7) / Haskell, OK (Trial 8) 

LOCATIONS: 

1. Trial 7: Arkansas Agricultural Research and Extension Center, 

University of Arkansas, Fayetteville, AR (36°6’N, 94°10’W). 

2. Trial 8: Oklahoma Eastern Agricultural Experiment Station, Oklahoma 

State University, Haskell, OK (35°44’N, 95°38’W). 

FIELD DESCRIPTION: Trials 7 and 8 were conducted from 2007 to 2012. 

The soil in Trial 7 was mapped as Captina silt loam, whereas the soil in Trial 8 was 

mapped as Taloka silt loam (fine, mixed, active, thermic Mollic Albaqualfs). Both 

fields were subjected to the same management. Different rates of N as 0, 100, and 200 

kg ha-1 were applied annually as poultry litter. Sweet sorghum [Sorghum bicolor (L.) 

Moench], biomass sorghum, switchgrass experimental population ‘NSL 2001-1’, and 

switchgrass cv. Alamo were planted in June 2007. Only data from switchgrass cv. 

Alamo were used for this research. Alamo was planted by drilling seed in 3 m × 8 m 

plots with 18 cm row spacing in 2007. The biomass was completely removed in 

October of each year, and no herbicides was applied. 

EXPERIMENTAL DESIGN: In both locations, a split-plot design was used to 

accommodate the 3 N rates (applied as broiler litter in whole plots), and the 4 plant 

varieties (subplot) in four replications arranged in blocks. 
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4.2.1.4. Phosphorus Rate Trials, Pinetree, AR (Trial 9) 

LOCATION:  Pinetree Branch Station, same as Trial 6. 

FIELD DESCRIPTION: Trial 9 was established in 2009. Soil was subsoiled to 

a depth of 0.9 m deep in early November 2008 and disked to a depth of 0.15 m in the 

middle of April 2009. Alamo switchgrass seed was broadcast in middle of May 2009. 

Switchgrass biomass were not harvested in 2009, but was harvested in middle of 

October of 2010, 2011, and 2012. 

EXPERIMENTAL DESIGN: In both locations, plots were 3.6 m x 8 m and 

arranged in a randomized complete block design with 5 treatments, and four 

replications. The treatments were 0, 30, 60, 90, and 120 kg ha-1 of P applied in April 

of each year as P2O5. Samples were collected in early October by cutting to a 10-cm 

stubble height. 

4.2.2. Measurements 

4.2.2.1. Aboveground matter, and N and P removal 

Switchgrass was harvested in 2, 3-m rows per plot (3.60 m2) at a 10-cm stubble 

height every year in all trials. After determining fresh weight, a subsample of around 

750 g was weighed, dried at 60°C to constant weight, and then reweighed to determine 

water content and to correct the total fresh weight to a dry matter basis. Then, the dry 

samples were ground to pass a 1-mm screen followed by laboratory analysis of total N 

by combustion (Campbell, 1992) and total P (P%) and N concentration (N%) by 

inductively coupled Argon plasma (ICAP). Finally, N and P removal was calculated as 

AGB × nutrient concentration. 
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4.2.2.2. Crown N and P concentration   

Belowground crown tissue (the interconnecting mass of roots, rhizomes, and 

shoot bases) to 10-cm soil depth was sampled using 5-cm diameter soil cores in the 

center of plants in 6 random locations per plot. Crown samples were only collected in 

2012 at Trial 2 where the harvests were targeted at DOY 270, 300, and 354. It was 

assumed that the majority of N and P retranslocated belowground resides in the upper 

10 cm of crown. Cores within plots were bulked, and soil and dead matter were 

separated from live tissue by washing with cold tapwater. The live tissue was dried, 

weighed, ground, and analyzed for N and P. 

4.2.2.3. Weather data  

Daily weather data were acquired from the closest available weather station of 

each trial. For Trials 1 and 2, total solar radiation, maximum/minimum air 

temperature, relative humidity, and wind speed were acquired from the Arkansas 

Agricultural Research and Extension Center micro-meteorological weather station, 

located less than 500 m from the trial sites, Fayetteville, AR. In addition, precipitation 

was recorded on site using volumetric rain gauges (Appendix Figures A.1 to A.4).  

For trials 5, 6, 7, 8, and 9, weather data were acquired from the National 

Oceanic and Atmospheric Administration, U.S. Department of Commerce database 

(NOAA, 2014) corresponding to the closest weather station, except for rainfall, which 

was measured on site. 

4.2.3. Model adjustments and alterations 

For each location, the daily weather crop input file in ALMANAC was 

generated based on the collected weather data described in item 4.2.2.3. The 
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ALMANAC soil input file for each location was modified according to in-situ soil 

descriptions and chemical analyses when they were available. The ALMANAC 

management file of each site was generated according to the information described in 

item 4.2.1 (Appendix Tables C.1, C.2, and C.3). Finally, the calibrated crop 

parameters for Arkansas conditions (Appendix Table D.1) were based on actual results 

and pertinent literature.  

4.2.4. Statistical Analysis 

First order decay-kinetics equations were fitted as a function of cumulative 

potential heat units (PHU) (Jones, 1983) to describe in-season changes in N% and P% 

(PHU ≤1750). A reduced model (i.e. common equation proposed for both seasons) 

was hypothesized; however, an alternative full model (i.e. unique equation proposed 

for each season) was considered if the reduced model was rejected (α = 0.05) based on 

F-test for the difference of sum of square errors (reduced ‘minus’ full model). 

Furthermore, linear equations as a function of DOY were fitted for N% and P% during 

the senescence period (PHU ˃1750). All regression models were fitted using JMP Pro 

10.0.0 (SAS Inst. Inc., Cary, NC). 

Verification consisted of comparing fitted regressions of N% and Nrem with 

predicted values generated from the developed mathematical model within Trials 1 

and 2. Agreement with the model was considered acceptable if modeled values fit 

within the 95% confidence interval of the individual regression lines, or fell within 

one standard deviation unit. Validation consisted of testing the ability of the verified 

model to simulate variables in Trials 5-8, i.e. environments different from those used 

for calibration and verification. The model was considered validated if the linear 



Texas Tech University, Alexandre Caldeira Rocateli, December 2014 

88 

 

regression of average observed N% and Nrem (independent variable) and simulated 

AGB yields (dependent variable) had intercept and slope values not significantly 

different from zero and one, respectively, at α=0.05. Finally, the best-fit models were 

chosen for average AGB, N%, Nrem, P%, Prem as functions of N application for 

Trials 5, 6, 7, and 8; and as functions of Prem in Trial 9. 

4.3. Results and Discussion 

4.3.1. Data Analysis 

4.3.1.1. Aboveground biomass, nitrogen and phosphorus concentrations and 

removal during in-season (from emergence to peak yield). 

Seasonal trends in AGB, N%, and Nrem are illustrated in Figure 4.1 A-F. The 

data on AGB were also shown in Chapter 3 Fig. 3.5, but are repeated here to provide a 

context for the discussion on nutrient concentration and removal. Changes in N% were 

similar in the two years (Fig. 4.1 C and F). The N% had its highest value at the 

beginning of the growing season and decreased through the growing seasons following 

first order decay kinetics. This pattern reflects dilution of N with more carbonaceous 

mass as plants develop . N concentration was numerically higher in 2009 than in 2010 

season from early May to middle of June (early season), and numerically lower in 

2009 than in 2010 from middle June to middle February of the next year. 

Roots and crowns were likely more developed in 2010 than in 2009 season, 

therefore switchgrass plants could recycle considerable amounts of N, which increased 

the Nrem during late season in 2010 relative to 2009. Furthermore, switchgrass 

underwent drought stress due to lower SW during 19 days from late June to early 

August in 2010 (Fig. 3.6, Chapter 3). 
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Fig. 4.1. Alamo switchgrass aboveground biomass, nitrogen removal and nitrogen 

concentration in different days in 2009 and 2010 trial 1 at Fayetteville, AR. Error bars 

are standard errors of the mean, n= 6. 

As a consequence, plant growth decreased but similar N uptake was 

maintained, resulting in higher N%. This process might explain the higher N% in July 

2010 than in 2009. In a similar study, Stroup et al. (2003) also reported higher N% in 

switchgrass biomass during drought. The authors also argued that the increase in N% 

was caused by plant growth decreasing while N uptake was maintained. 

The rate of decline of N% during the growing season (from emergence to peak 

yield) in 2009 and 2010 diminished with time as proposed by Jones (1983). This trend 

is computed as a function of cumulative (PHU) by using an exponential decay-3-

parameters equation (Sharpley and Williams, 1990): 

𝐶𝑁𝐵𝑖 = 𝑏𝑛1 + 𝑏𝑛2 exp(−𝑏𝑛3 𝐻𝑈𝐼𝑖)                                      [4.1] 
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where CNBi is the N% in day i, bn1, bn2, and bn3 are crop parameters expressing N%, 

and HUI is the fraction of the growing season for day i. Different bn1, bn2, and bn3 

parameters were considered for each season because the hypothesized reduced model, 

which used the same parameters values for both seasons, was rejected (p-value < 0.01, 

Tables 4.2, 4.3, and 4.4). Therefore the full model, which considered the different bn1, 

bn2, and bn3 estimates for each season, was accepted. The soil and weather variability 

between seasons previously discussed might be the plausible explanation for different 

fitted parameters. Figure 4.2 illustrates the N% fitted equations for both seasons. 

Furthermore, the N% at peak yield were higher in 2012 than in 2009. The N% values 

at peak yield were respectively 0.57% ±0.02, 0.64% ±0.03, 0.80% ±0.04, 0.85% ±0.04 

in seasons 2009, 2010, 2011, and 2012. 

Table 4.2. F-test for the difference of sum of square errors (SSE) (Reduced ‘minus’ 

Full model) of first order-decay-kinetics regression equations of aboveground biomass 

N concentration (y,%) of Alamo switchgrass as a function of potential heat unit factor 

(x). The reduced model described common equation proposed for both seasons, and 

the full model proposed distinct equations proposed for each season in Trial 1. DFE is 

error degrees of freedom, MSE is mean square error, NDF and DDF are respectively 

the numerator and denominator degrees of freedom for F-table.  

Model SSE DFE MSE    

Full 2.23 10-4 72 3.15 10-6      

Reduced (bn1, 

 bn2, bn3) 
6.66 10-4 75 8.86 10-6      

Hypothesized Alternative SSE NDF DDF F-ratio Prob > F 

Reduced Full 4.4 10-3 3 72 46.24 >0.01  
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Table 4.3. Regression equations of aboveground biomass N concentration (y,%) of 

Alamo switchgrass as a function of potential heat unit factor (x) in 2009 and 2010 

(Trial 1), and their sum of square errors (SSF), degrees of freedom (DF), mean square 

error (MSE), and root mean square error (RMSE). 

Year Equation type 
Solutions 

Parameters SSE DF MSE RMSE 

2009 y = bn1 + bn2 e-bn3x  y=6.1 10-3+ 6.1 10-2 e-8.1x 8.2 10-5 39 2.2 10-6 1.4 10-3 

2010 y = bn1 + bn2 e-bn3x y=7.8 10-3 + 3.1 10-2 e-7.7x 1.4 10-4 33 4.4 10-6 2.1 10-3 

 

Table 4.4.  Parameter estimate, standard errors, and lower and upper 95% mean 

confidence interval for first order decay-kinetics regression equations aboveground 

biomass N concentration (y, %) of Alamo switchgrass as a function of potential heat 

unit factor (x) in 2009 and 2010 in Trial 1. 

Year Parameter Estimate Standard Error 
95%  Lower 

C.I. 
95% Upper C.I. 

2009 

bn1 6.1 10-3 3.4 10-4 5.4 10-3 6.8 10-3 

bn2 6.1 10-2 4.0 10-3 5.4 10-2 7.1 10-2 

bn3 8.1 0.5 6.7 9.3 

2010 

bn1 7.8 10-3 5.6 10-4 6.6 10-3 9.0 10-3 

bn2 3.1 10-2 4.3 10-2 2.4 10-2 4.3 10-2 

bn3 7.7 1.3 5.3 10.8 
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Fig. 4.2. Switchgrass aboveground biomass nitrogen concentration patterns during in-

season and post-season in different years in Growth (Trial1) and Senescence (Trial 2), 

Fayetteville, AR. 

 

The aboveground biomass P% decreased exponentially during the growing 

season for 2009 and 2010 in Trial 1 (Fig. 4.3). The in-season P% decline is explained 

by a similar equation proposed for N% decline (Sharpley and Williams, 1990): 

𝐶𝑁𝑃𝑖 = 𝑏𝑝1 + 𝑏𝑝2 exp(−𝑏𝑝3 𝐻𝑈𝐼𝑖)                                      [4.2] 

where CNPi is the AGB P% in day i, bp1, bp2, and bp3 are crop parameters expressing 

P%, and HUI is the fraction of the growing season for day i. Different bp1, bp2, and 

bp3 parameters were considered for each season, because the reduced model, which 
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used same parameters values for both seasons, was rejected (p-value >0.01, Tables 

4.5, 4.6, 4.7).  

 

Fig. 4.3. Alamo switchgrass aboveground biomass, phosphorus removal and 

phosphorus concentration in different days in 2009 and 2010 trial 1 at Fayetteville, 

AR. Error bars are standard errors of the mean, n= 6. 

 

Therefore, the full model that considered the bp1, bp2, and bp3 estimates for 

each season was accepted. The 2009 season had higher P% values than 2010 early in 

the season (i.e., from DOY 121 to 184) (Fig. 4.3 C and F). Soil P depletion might be 

the cause of low P% in 2010 because no P application was performed from 2008 to 

2010. Additionally, the P% at peak yield did not increased continuously from 2009 to 
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2010. The P% at peak yield was respectively 0.116% ±0.006, 0.098% ±0.004, 0.121% 

±0.004, and, 0.123% ±0.008 in 2009, 2010, 2011, and 2012. Figure 4.4 illustrates the 

AGB P% fitted equations for both seasons.  

Table 4.5. F-test for the difference of sum of square errors (SSE) (Reduced ‘minus’ 

Full model) of first order-decay-kinetics regression equations of aboveground biomass 

P concentration (y,%) of Alamo switchgrass as a function of potential heat unit factor 

(x). The reduced model described common equation proposed for both seasons, and 

the full model proposed distinct equations proposed for each season in Trial 1. DFE is 

error degrees of freedom, MSE is mean square error, NDF and DDF are respectively 

the numerator and denominator degrees of freedom for F-table. 

Model SSE DFE MSE     

Full 3.09 10-6 72 4.29 10-8     

Reduced 8.85 10-6 75 1.18 10-7     

Hypothesized Alternative SSE NDF DDF F-ratio Prob > F 

Reduced Full 
5.7 10-

6 3 72 44.73 >0.01 

 

Table 4.6. Regression equations of aboveground biomass P concentration (y,%) of 

Alamo switchgrass as a function of potential heat unit factor (x) in 2009 and 2010 

(Trial 1), and their sum of square errors (SSF), degrees of freedom (DF), mean square 

error (MSE), and root mean square error (RMSE). 

 

 

 

 

 

 

 

Year Equation type 
Solutions 

Parameters SSE DF MSE RMSE 

2009 y = bn1 + bn2 e-bp3x  y = 1.2 10-3 + 4.4 10-3 e-5.4x 1.9 10-6 39 4.9 10-6 2.2 10-4 

2010 y = bn1 + bn2 e-bp3x y =  9.0 10-4+ 2.8 10-3 e-4.5x 1.1 10-6 33 3.4 10-8 1.8 10-4 
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Table 4.7.  Parameter estimate, standard errors, and lower and upper 95% mean 

confidence interval for first order decay-kinetics regression equations aboveground 

biomass P concentration (y,%) of Alamo switchgrass as a function of potential heat 

unit factor (x) in 2009 and 2010 in Trial 1. 

Year Parameter Estimate Standard Error 95%  Lower C.I. 95% Upper C.I. 

2009 

bp1 1.2 10-3 6.4 10-5 1.0 10-3 1.3 10-3 

bp2 4.4 10-3 3.3 10-4 3.8 10-3 5.2 10-3 

bp3 5.4 0.6 4.3 6.8 

2010 

bp1 9.0 10-4 7.2 10-5 7.1 10-4 9.8 10-4 

bp2 2.8 10-3 1.8 10-5 2.5 10-3 3.2 10-3 

bp3 4.5 0.6 3.3 5.9 

 

 

 

 

Figure 4.4. Switchgrass aboveground biomass phosphorus concentration patterns 

during in-season and post-season in different years in Growth (Trial 1) and 

Senescence (Trial 2), Fayetteville, AR 
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4.3.1.2. Aboveground biomass, nitrogen and phosphorus concentrations and 

removal during senescence (after peak yield) 

During the senescence period (post-season), the N% tended to decrease 

linearly from the value at peak yield to the minimum value of 0.40% at DOY 356 from 

2009 to 2012 seasons in the Growth (Trial 1) and Senescence (Trial 2) trials (Fig. 4.2). 

The N% was plotted as a function of DOY rather than HUI because heat unit 

accumulation is negligible during the N retranslocation period (i.e., air temperature is 

lower than minimum temperature for growth on most days, 12 C) (Tables 4.8 and 4.9).  

As mentioned previously, AGB in later years had a higher N% at peak yield, which 

was always reduced to 0.40% at DOY 356. This fact might be evidence that 

switchgrass plants are recycling more N every year and continuously taking N from 

soil; therefore plants might be gaining more N than losing it by harvest removal in 

later years. These stands were still in early years of development (1-4 years), so older 

stands would likely reach an equilibrium of N absorption from the soil.  

Since total crown mass was not measured, it was not possible to quantify the N 

mass retranslocated to the crown. Aboveground biomass and crown N% were 

measured three times during the senescence period in 2012 (Fig. 4.5). Aboveground 

biomass N% decreased 0.37 percentage units from peak yield (0.80%) to DOY 356 

(0.43%), and crown N% increased 0.20% units during the same period (from 0.76 to 

0.96%); therefore the fraction of N% between crown and AGB was 0.54. 

Nevertheless, it is not certain that the crown/AGB N% fraction value found in 2012 

was the same in the previous years. A similar result was reported for Alamo 

switchgrass in southern U.S. According to Parrish et al. (2003), the N% in crown, 

rhizome, and root tissues increased 0.34 percentage units. The authors asserted that the 
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belowground N% increased thanks to retranslocation of aboveground biomass N late 

during senescence.  

Table 4.8. Regression equations of aboveground biomass N concentration (y, %) of 

Alamo switchgrass as a function of days of year from 2009 to 2010, and their 

coefficient of determination (R2), model significance, and years significance. 

Year 
Solutions 

Parameters R2 Model significance Years significance 

2009 y = 1.1 10-2 – 2.3 10-5 x 0.42 <0.01 

0.03 
2010 y = 1.5 10-2 – 3.2 10-5 x 0.67 <0.01 

2011 y = 1.7 10-2 – 3.9 10-5 x 0.83 <0.01 

2012 y = 2.3 10-2 – 5.5 10-5 x 0.82 <0.01 

 

Table 4.9.  Parameter estimates, standard errors (S.E.), lower and upper 95% mean 

confidence interval for linear regression equations of aboveground biomass N 

concentration (y, %) of Alamo switchgrass as a function of days of years (x) from 

2009 and 2012 in Trials 1 and 2. 

Year Parameter Estimate 
Standard 

Error 

95% Confidence 

Interval S.E. 

significance 
Lower Upper 

2009 
A 1.1 10-2 1.7 10-3 7.7 10-3 1.5 10-2 <0.01 

B -2.3 10-5 5.6 10-6 -3.4 10-5 -1.1 10-5 <0.01 

2010 
A 1.5 10-2 1.5 10-3 1.1 10-2 1.8 10-2 <0.01 

B -3.2 10-5 4.8 10-6 -4.2 10-5 -2.2 10-5 <0.01 

2011 
A 1.7 10-2 9.9 10-4 1.5 10-2 1.9 10-2 <0.01 

B -3.9 10-5 3.3 10-6 -4.6 10-5 -3.2 10-5 <0.01 

2012 
A 2.3 10-2 2.1 10-3 1.9 10-2 2.8 10-2 <0.01 

B -5.5 10-5 6.9 10-6 -6.95 10-5 -4.0 10-5 <0.01 
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Fig. 4.5. Switchgrass nitrogen concentration changes in aboveground biomass and 

crown during 2012 post-season in Senescence trial (Trial 2), Fayetteville, AR. Error 

bars are standard errors of the mean, n = 6. 

 

The aboveground biomass P% decreased linearly during the senescence period 

(Fig. 4.4.). In contrast to N% , the minimum P% value achieved in late December 

(DOY 356) did not converge to a minimum value and did not follow an increasing 

pattern in later seasons (Tables 4.10, 4.11). The minimum P% achieved in late 

December was respectively 0.058% ±0.002, 0.042% ±0.004, 0.068% ±0.005, and 

0.053% ±0.003 in 2009, 2010, 2011, and 2012 (Fig. 4.4).  However, research might be 

necessary to elucidate the factors that drive aboveground biomass P% decline during 

senescence. As for N, the aboveground and crown P% were measured three times 

during the senescence period in 2012 (Fig. 4.6). The aboveground P% decreased by 
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0.076 percentage units from peak yield (0.123%) to DOY 356 (0.053%), and crown 

P% increased 0.024 percentage units during the same period (from 0.084 to 0.011%); 

therefore the fraction of P% between crown and AGB was 0.34. Nevertheless, it is not 

certain that the crown/AGB P% fraction value found in 2012 was the same in the 

previous years.  

Table 4.10. Regression equations of aboveground biomass P concentration (y, %) of 

Alamo switchgrass as a function of days of year from 2009 to 2010, and their 

coefficient of determination (R2), model significance, and years significance. 

Year 
Solutions 

Parameters R2 Model significance Years significance 

2009 y = 3.2 10-3–7.4 10-6 x 0.55 <0.01 

0.04 
2010 y = 2.9 10-3–7.1 10-6 x 0.72 <0.01 

2011 y = 2.6 10-3–5.5 10-6 x 0.67 <0.01 

2012 y = 3.9 10-3 –9.9 10-6 x 0.81 <0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Alexandre Caldeira Rocateli, December 2014 

100 

 

Table 4.11.  Parameters estimate, standard errors, lower, and upper 95% mean 

confidence interval for linear regression equations of aboveground biomass P 

concentration (y, %) of Alamo switchgrass in function of days of years (x) from 2009 

and 2012 in Trials 1 and 2. 

Year Parameter Estimate Standard Error 
95% Confidence Interval 

Prob > F 
Lower Upper 

2009 
a 3.2 10-3 4.5 10-4 2.3 10-3 4.2 10-3 <0.01 

b -7.4 10-6 1.4 10-6 -1.03 10-5 -4.5 10-6 <0.01 

2010 
a 2.9 10-3 2.9 10-4 2.3 10-3 3.5 10-3 <0.01 

b -7.1 10-6 9.4 10-7 -9.0 10-6 -5.11 10-6 <0.01 

2011 
a 2.6 10-3 2.2 10-4 2.2 10-3 3.1 10-3 <0.01 

b -5.5 10-6 7.2 10-7 -7.0 10-6 -4.0 10-6 <0.01 

2012 
a 3.9 10-3 4.0 10-4 3.1 10-3 4.8 10-3 <0.01 

b -9.9 10-6 1.3 10-6 -1.3 10-5 -7.15 10-6 <0.01 
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Fig. 4.6. Switchgrass phosphorus concentration changes in aboveground biomass and 

crown during 2012 post-season in Senescence trial (Trial 2), Fayetteville, AR. Error 

bars are standard errors of the mean, n = 6. 

 

4.3.1.3. Nitrogen and phosphorus fertilization effects on AGB, N and P removal 

and concentration 

Results from Trials 5, 6, 7, and 8 indicate that AGB tended to increase in all 

years and locations at higher N application levels, except for the Litter trial (Trial 7) at 

Fayetteville (Fig. 4.7 and 4.8). In this location, AGB did not increase as N application 

as poultry litter rate increased. Different authors have reported positive responses of 

switchgrass yield to N fertilization; however, the response magnitudes differed for 

years and locations owing to environment variability such as precipitation and initial 

soil N content (Vogel et al., 2000; Lemus et al., 2008; and Stroup et al., 2003). In 

addition, Nrem also tended to increase at higher N rate applications for most years and 
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locations. Two exceptions occurred: Nrem at N rate in Fayetteville, AR (Trial 5) had 

its lowest value at 100 kg ha-1 N rate application in 2012, and Nrem in Trial 7 did not 

increase as N application rate increased in 2010. However, N% in all locations only 

increased at higher N application rates when N% at zero N application rate treatments 

(control) were considered low (0.40%). Conversely, the N% did not increase at higher 

N application rates when N% of control treatments was considered higher than 0.50%. 

Furthermore, the N% never exceeded 0.90%. Our findings agreed with previous works 

when the N% was within the range of 0.46 to 0.60%. In this range N% was positively 

linearly or curvilinearly related to N fertilization (Lee et al., 2007; Madakadze et al., 

1999; Thomanson et al., 2004; and Vogel et al., 2000). However, the N% did not 

increase as a function of N fertilization in the higher N% range. In addition, the N% in 

any N application rate had a higher value in later years, except in the litter trial at 

Fayetteville, AR in 2010. In this case, the N% at N rate of 200 kg ha-1 had a similar 

value to that observed in 2009. This finding was also observed in Trials 1 and 2 at the 

beginning of senescence as previously discussed.   
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Fig. 4.7. Aboveground biomass, nitrogen removal and concentration changes in 

function of different nitrogen rates application in different years at Fayetteville (trial 

5) and Pinetree (trial 6). Fitted regression only displayed when significant (α=0.05). 
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Fig. 4.8. Aboveground biomass, nitrogen removal and concentration changes in 

function of different nitrogen rates application in different years at Fayetteville, AR 

(Trial 7) and Haskell, Ok (Trial 8). Fitted regression only displayed when significant 

(α=0.05). 

 

Aboveground biomass, Prem, and P% were not affected by P application rate 

in Pinetree, AR in 2012 (Fig. 4.9). Furthermore, P% was higher in 2012 than 2011 for 

all P rate treatments. 
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Fig. 4.9. Aboveground biomass, phosphorus removal and concentration changes in 

function of different phosphorus rates application in different years at Pinetree, AR 

(trial 9). Fitted regression is only displayed when significant (α=0.05). 
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4.3.2. Mathematical model development. 

4.3.2.1. Nitrogen concentration and removal 

4.3.2.1.1. Aboveground biomass N removal simulation during in-season (from 

emergence to physiological maturity) 

The aboveground N% can be calculated as the ratio between soil N 

uptake/removed by plants and the total AGB (Eq. 4.3): 

BNi =  
∑ UNk

i−1
k=1

BIOMi −  RW1i
                                    [4.3] 

where BNi
 is the N% in day i (expressed in fraction), UNk

 is the rate of N uptake by 

plant (kg ha-1 d-1), BIOMi is the total cumulative dry biomass (shoots + roots, kg ha-1) 

in day i, and RW1i is the total cumulative root weight (kg ha-1) in day i. The values of 

BIOMi and RW1i are ALMANAC daily outputs. 

The amount of N uptake from soil is assumed to be limited by mass flow of N 

to the roots, and N uptake can be calculated by Eq. 4.4 (Sharpley and Williams, 1990). 

Physiological maturity is achieved when the heat unit index (HUI) is equal to one. 

Heat unit index was calculated according to Sharpley and Williams (1990). 

UNi =  ui (
TNi

SWi
),         HUIi  ≤ 1                   [4.4]    

where UNi
 is the rate of N uptake (kg ha-1 d-1) in day i, ui is the corrected water use in 

day i (mm), TNi is the total N present in the soil profile (kg ha-1) in day i, which is an 

ALMANAC daily output is the amount of soil N (kg ha-1) in day i, and SWi is the soil 

water content (mm) in day i. The SW can be estimated by using the Eq. 4.5: 

SWi =  SWi × RDi                                             [4.5] 
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where SWi is soil water fraction in the soil profile (mm mm-1) in day i, and RDi is the 

root depth (mm) in day i. Both SWi and RDi are daily ALMANAC outputs.  

The corrected water use rate (u) is calculated based on the potential water use 

rate (up), which is reduced when soil water storage is less than 25% of total plant 

available soil water by using the equations 4.6 to 4.9 (Sharpley and Williams, 1990):  

up =  [(
Epi

1− e−Ʌ) (1 −  e
−Ʌ

RDi
 RDmax)]          [4.6] 

u0.25 =  up e5 [ 4 (
SWCi−WP

FC−WP
)−1]

                 [4.7] 

u =  up,             SWCi  ≥  
FC − WP

4
+  WP         [4.8] 

u =  u0.25,    SWCi  <  
FC − WP

4
+  WP         [4.9]      

where Epi is the plant transpiration in day i (mm), Ʌ is the water distribution 

parameter rate (3.065 for most soils), RDi is the root depth (m) in day i, RDmax is the 

maximum root depth achieved in the current season, u0.25 is the reduced plant 

transpiration (mm) when soil water storage is less than 25% of total plant available 

soil water (Jones and Kiniry, 1986), WP is the permanent wilting point (m m-1), and 

FC is the soil field capacity (m m-1). The values of WP and FC are ALMANAC soil 

inputs. 
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4.3.2.1.2. Simulation of Nitrogen removal from harvested biomass during 

senescence (from physiological maturity to end of the year) 

Nitrogen is mainly retranslocated from senescing leaves/stems to roots/crowns 

during senescence (physiological maturity to end of year). For the purposes of 

modeling, N retranslocation starts when heat unit fraction reaches 1, which defines 

crop maturation, consequently the beginning of senescence. N retranslation is 

calculated by equations 4.10 and 4.11: 

BNi = {BNHUI=1 − [(
BNHUI=1 −  BNmin

DOYmin − DOYHUI=1
) (DOYi − DOYHUI=1)]} Rf, 

 DOYHUI=1 < DOYi  ≤ DOYmin,      [4.10] 

BNi = BNmin, DOYi  > DOYmin     [4.11] 

where BNi is the N% in day i (expressed in fraction), BNHUI=1 is the N% in the day 

that heat unit factor reaches 1, BNmin is the minimum observed N% for a specific plant 

species, DOYmin is the day of year that minimum N% is achieved, DOYHUI=1 is the day 

of year that heat unit index reaches 1, DOYi is the current i day of year, and Rf is the N 

retranslocation factor which is the fraction of AGB N that returns to root and shoots. 

According to our findings, the values of BNmin, DOYmin , and Rf are respectively 

0.004, 356, and 0.54 for Alamo switchgrass under Arkansas conditions. Those values 

were selected based on the discussion presented in items 2.3.1.1 and 2.3.1.2. 

Finally, the Nrem during senescence is calculated by Eq. 4.12:  

UNi = (BIOMi − RWi) BNi,      [4.12] 

where UNi is the amount of N uptake by plants in day i, BIOMi is the total 

cumulated dry biomass (shoot+roots, kg ha-1) in day i, and RW1i is the total cumulated 
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root weight (kg ha-1) in day i. The values of BIOMi and RW1i are ALMANAC daily 

outputs. The final UNi value for the season is the starting value to the next season. 

4.3.2.2. Simulation of Phosphorus removal in harvested biomass during in-season 

(from emergence to physiological maturity) 

No mathematical model was developed for predicting AGB Prem and P%. 

Aboveground biomass P uptake is merely based on an optimal P% and calculated 

based on Eq. 4.2 during in-season in ALMANAC. If the soil P supply is not able to 

meet the P demand, plant growth and biomass yield are decreased by a stress factor in 

the next day. Therefore, the simulated P% is always equal to the minimum P% based 

on empirical values and expressed by Eq. 4.2, and the AGB Prem may decrease only 

as a result of reduction in biomass yield.  

Other crop growth models such as DSSAT uses a similar approach where the 

aim is to develop on P stress factor rather than quantification of Prem (Dzotsi et al., 

2010). In DSSAT, the simulation is based on two empirical threshold P% values 

(optimum and minimum) where AGB simulation is reduced if the soil supply is lower 

than the amount of P demanded by the plant on a specific day.  

It was clear that P% reduces after peak yield, and that a portion of the 

aboveground biomass P retranslocated to roots and crowns. Nevertheless, variables 

such as DOY, SW, and PHU were not correlated to aboveground P% changes, 

therefore it was not possible to develop a simulation tool.  

4.3.3. Model verification 

The mathematical model previously described for simulating Nrem and N% 

for Alamo switchgrass was adapted from the EPIC model (Sharpley and Williams, 
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1990) or was developed based on growth trial data analysis. Therefore, the 

mathematical model was verified for the Growth trial conditions. In both 2009 and 

2010 seasons, the simulated N% was within the 95% prediction interval during in-

season and senescence periods, except for the first 61 days of senescence in 2009 (Fig. 

4.10 and 4.11). During those days, the simulated N% was slightly higher and outside 

the 95% individual confidence interval (Fig 4.10C). The simulated Nrem was within 

the 95% individual confidence interval during 2009 and 2010 in-season and 2010 

senescence period (Fig 4.10B, 4.11B and D). In contrast, the simulated Nrem was 

higher and outside of the 95% individual confidence interval during 2009 senescence 

period (4.10D). High simulated Nrem values were expected during 2009 senescence 

period because Nrem is function of the ALMANAC AGB simulation during 

senescence (Eq. 4.12). The simulated AGB (BIOM ‘minus’ RW1) during senescence 

is considered constant and equal to peak yield value, as discussed previously (item 

3.3.3.5, Chapter 3). During the 2010 season, the simulated and observed Nrem values 

were in agreement because the observed AGB values did not decreased from late 

August to late December (Fig. 4.10 D) and agreed with simulated AGB values. 

Therefore, the developed model for simulation Nrem and N% was verified, and the 

overstimulated Nrem during the 2009 senescence period was consequence of AGB 

oversimulation during same period. Aboveground dry matter losses simulation must 

be improved for a better simulation of Nrem during senescence period. 
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Fig. 4.10. Calibrated and simulated values of switchgrass aboveground biomass N 

concentration, and removal contrasting with their actual average values, their best 

nonlinear fit, and 95% individual confidence interval during in-season (A and B) and 

senescence period (C and D) in 2009, n=6.  
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Fig. 4.11. Calibrated and simulated values of switchgrass aboveground biomass N 

concentration, and removal contrasting with their actual average values, their best 

nonlinear fit, and 95% individual confidence interval during in-season (A and B) and 

senescence period (C and D) in 2010, n=6.  
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4.3.4. Model Validation 

The validation exercise indicated poor agreement between observed and 

simulated values. The simulated Nrem values showed intercept significantly (-0.18, p-

value ˂ 0.01) different from zero; and slope (0.70, p-value ˂ 0.01) significantly 

different from 1 when regressed on the observed values from Trials 5, 6, 7, and 8 (Fig 

4.12). However, the overall simulated Nrem average was not significantly different 

from the observed Nrem (85.3 kg ha-1 vs. 79.6 Kg ha-1, p-value = 0.74, Fig. 4.12 ). 

Hence, the simulated N% values showed significantly different intercept (48.76, p-

value ˂ 0.01) from zero; and significantly slope (0.49, p-value ˂ 0.01) from 1 when 

contrasted with the observed values in all locations. The simulated Nrem values using 

the proposed model were mostly overestimated when compared to the observed values 

for different years in Trials 5, 6, 7, and 8 (Fig. 4.12). The overestimated simulated 

Nrem values occurred because Nrem samples were collect mostly in late October 

when switchgrass biomass typically declines owing to weathering losses (Adler et al., 

2006; Ashworth, 2010; Sanderson et al. 1999). Since ALMANAC lacks the logic to 

predict AGB losses during senescence, it maintains the maximum simulated AGB 

yield during the entire senescence period.   

The proposed model for N% was not accurate enough to simulate values that 

agreed with observed values in different years for Trials 2, 5, 6, 7, and 8 (Fig. 4.13). 

Hence, the simulated N% values showed intercept (0.47, p-value ˂ 0.01) slope (0.17, 

p-value ˂ 0.01) deviations from zero and 1 when regressed on observed values in all 

locations. However, the overall simulated average was not significantly different from 

the observed value (85.3 kg ha-1 vs. 75.0 kg ha-1, p-value = 0.16).  
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Since the overall simulated N% and Nrem averages were not significantly 

different from the observed overall averages, the proposed model seems apt to 

simulate the regional N% and Nrem average for Arkansas conditions. However, 

further improvement is necessary for improving site-specific simulation. 

 

Fig. 4.12. Observed and simulated estimates of aboveground biomass nitrogen 

removal. The dashed diagonal line represents 1:1 agreement between simulated and 

observed yields. The regression equation describes the fit of simulated (y) vs. 

observed (x) N removal for trials 5, 6, 7, and 8. 
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Fig. 4.13. Observed and simulated estimates of aboveground biomass nitrogen 

concentration. The dashed diagonal line represents 1:1 agreement between simulated 

and observed yields. The regression equation describes the fit of simulated (y) vs. 

observed (x) N concentration for trials 5, 6, 7, and 8. 

 

4.4. Conclusion 

Aboveground biomass N% followed the exponential decay-3-parameters 

equation as a function of heat units during the growing season in Trial 1 as proposed 

by Jones (1983). However, the fitted regressions for seasons 2009 and 2010 were 

statistically different from each other. The N% during peak yield tended to be higher 

in later seasons when analyzing four seasons (2009-2012) at Trials 1 and 2 

(Fayetteville, AR). During the senescence period, N% declined linearly in relation to 

DOY, and a minimum value of 0.40% was achieved at the end of all years (DOY 356). 

Based on these findings, a mathematical model for simulating switchgrass for daily 

N% and Nrem was developed by adding new logic to the ALMANAC N constraints-

factor algorithm. The modified model was able to accurately simulate switchgrass 

within the 95% prediction interval of N% and Nrem for Trial 1 for most of the days, 
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therefore the model was considered verified. Aboveground biomass Nrem was 

overestimated during the late season in 2009 because AGB during senescence was 

simulated as a constant and equal to peak yield; however, observed AGB decreased 

during the same period. Therefore, logic for biomass losses must be incorporated into 

ALMANAC in order to improve AGB Nrem simulation. Nevertheless, the developed 

mathematical model was not statistically validated for Arkansas conditions. Different 

factors are responsible for the low agreement between observed and predicted N% 

values: 1) use of default ALMANAC soil input due to lack of soil characterization, 

and 2) important factors affecting N% was not considered in the model because they 

were not elucidated by data analysis. 

Aboveground biomass P% also followed the exponential decay-3-parameters 

equation as a function of heat unit accumulation in Trial 1; however, the fitted 

regressions for both seasons were statistically different from each other. During 

senescence, the N% declined linearly as a function of DOY. No trend across years was 

elucidated when analyzing P data for Trials 1 and 2, therefore no new logic could be 

developed for Prem and P%. In addition, the P logic in ALMANAC for the P constrain 

factor calculation could not be adapted to simulate daily Prem and P%.  
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CHAPTER V 

 ENHACING EXISTING FROST-DAMAGE LOGIC IN ALMANAC 

FOR IMPROVING ABOVEGROUND BIOMASS LOSSES  

SIMULATION DURING POST-SEASON 

 

5.1. Introduction 

The 2013 Renewable Fuels Standards (U.S. EPA, 2014a) affirmed the 

cellulosic biofuel industry continues to make significant progress towards producing 

cellulosic biofuel at prices competitive with petroleum fuel. Currently, the cellulosic 

biofuel industry is transitioning from research and development to commercial scale 

facilities; and it is expected a small production of approximately 22.7 106 L ethanol-

equivalent of cellulosic biofuel in 2013 (U.S. EPA, 2014a). Therefore, cellulosic 

biofuels, which are derived from cellulose, hemicellulose and lignin, still hold the 

promise as an alternative fuel, diminishing GHG emissions by 60%, and increasing 

rural economic development (U.S. EPA, 2014b). 

The U.S. Department of Energy (DOE) Bioenergy Development Program has 

identified switchgrass as a model herbaceous crop thanks to its ability to produce high 

biomass yields with low nutrient requirements, and its compatibility with conventional 

farming practices (McLaughlin and Walsh, 1998; McLaughlin et al., 1999). The 

emerging biofuel industry demands inexpensive cellulosic feedstock in order to 

produce fuels at a competitive price. Economic analysis also indicated switchgrass as a 

favorable feedstock option for bioenergy production. POLYSYS, an agricultural 

economic model, was used to compare costs and returns of different energy crop 

candidates including switchgrass, sorghum [(Sorghum bicolor (L.) Moench], corn 
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(Zea mays L.), poplar (Populos alba L.), etc., and switchgrass was the least expensive 

crop with estimated production cost of $55 dry ton-1 of biomass (Walsh et al., 1998). 

A complete system for switchgrass feedstock and biofuel production has not 

yet been developed in the U.S. Management practices for different environments such 

as method of establishment, amounts of fertilization, timing of harvest, and logistics of 

harvesting, transport and processing must be refined to increase the crop’s reliability 

and to lower costs of biofuel production. Additionally, accurate decision–making tools 

to predict switchgrass yield and its losses during post-season would aid managers of 

biomass production and processing in optimizing the allocation of harvesting. 

ALMANAC (Agricultural Land Management Alternative with Numerical 

Assessment Criteria) is a process-oriented crop simulator that can predict growth of 

various crops including switchgrass (Kiniry and Spanel, 2006). ALMANAC simulates 

the ideal dry biomass accumulation for each day based on an ideal crop growth model, 

which can be modified by plant growth constraint parameters (0 to 1) such as air 

temperature, soil water, aeration, N, and P (Sharpley and Williams, 1990; and 

Williams et al., 1984). ALMANAC simulates aboveground biomass losses during 

senescence based only in response to frost damage. Biomass droppage by frost 

damage is estimated based on a sigmoidal-three-parameters function (s-curve) similar 

to the optimal LAI s-curve described in figure 3.8A in Chapter 3, where the 

independent variable is are minimum daily temperature (Tmn.) and the dependent 

variable is a biomass-reducing factor responsive to frost on a zero-to-one scale. 

(Kiniry et al., 1992). In this case, ALMANAC calculates biomass-reducing factor 

based on the two parameters FRST1 and FRST2 which are the first and the second 
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points on the biomass-reducing factor curve. In the model input file the decimal place 

is percentage of the biomass lost and the value before the decimal is the corresponding 

Tmn stated as a positive value. The FRST1 and FRST2 for switchgrass values are 

respectively 1.01 and 3.95; therefore 1% of BIOM is lost when Tmm is equal to -1°C, 

and 95% of BIOM lost when Tmn is equal to -3°C. The total amount of biomass 

accumulated in a day (BIOM) is multiplied by the biomass-reducing factor, which 

decreases the BIOM in the next day. 

According to ALMANAC simulations performed in Chapter 1, simulated 

aboveground biomass (AGB) losses are premature and overestimated. The goal of this 

research was to improve existing frost-damage logic in ALMANAC for improving 

AGB losses simulation during post-season. Data collected from switchgrass field at 

Fayetteville, AR were used for suggesting improvements. 

5.2. Material and Methods 

5.2.1. Research trial description 

Two trials were used for improving the simulation of biomass losses, which 

were the switchgrass growth and calibration trial (Trials 1 and 2) located at 

Fayetteville, AR. A brief description of those trials is presented below:  

A study was initiated in July of 2008 and conducted for 5 years at Arkansas 

Agricultural Research and Extension Center, University of Arkansas, Fayetteville, AR 

(36°6’N, 94°10’W). The soil was mapped as Captina silt loam (fine-silty, siliceous, 

active, mesic, Typic Fragiudults). The protocol for establishment and first year (2009-

2010) data collection is from Ashworth (2010), whose data were reanalyzed in this 

dissertation using a more in-depth treatment of model components. The stand was 
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established by drilling seed of switchgrass cv. Alamo in 4.57-m long rows with 0.60 m 

row spacing on 1 July 2008. Biomass growth was not harvested in 2008, but was 

burned on 17 February 2009. Fertilization consisted of broadcasting urea [CO(NH2)2] 

on 1 April 2009 at 67 kg ha-1 of N.  Soil test levels of P and K were considered 

"medium"(Table 3.2, Chapter 3), thus these nutrients were not applied. The herbicide 

Weedmaster® (dimethylamine salt of dicamba; 3,6-dichloro-o-anisic acid-12.4% + 

dimethylamine salt of 2,4-dichlorophenoxyacetic acid-35.7%) was applied at 2.27 L 

ha-1 in April of 2009 and 2010, but not in subsequent years. 

Trial 1 was in a randomized complete block design with 6 replications in the 

2009 and 2010 growing seasons, with each replication comprising 12, 3-m × 1.2-m 

harvest plots. The 12 harvest plots corresponded to 12 biomass harvest dates targeted 

at 121, 142, 163, 184, 212, 240, 274, 301, 329, 356, 384, and 413 (i.e. expected to 

follow the classic S-shaped accumulation curve). However, only the last 7 dates were 

analyzed in this research (from DOY 240 to 413). The DOY 240 (Aug. 28) 

corresponded to expected date of peak biomass yield and peak removal of N and P 

(begin of senescence), and the DOY 356 (Dec. 22) corresponded to post-killing frost 

(end of senescence) when significant amounts of biomass yield would be lost from 

leaf droppage. 

Trial 2 consisted of a completely randomized design with 6 replications in 

2011 and 2012, and was performed on the same switchgrass stand as Trial 1. 

Treatments consisted of 5 harvests with DOY for harvests targeted at 241, 270, 300, 

326, and 354. The DOY 241 (29 Aug.) corresponded to expected date of peak biomass 

yield and peak removal of N and P (begin of senescence). The subsequent four dates 
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corresponded to periods of leaf senescence and nutrient retranslocation to roots and 

crown. Day of year 354 (Dec. 20) corresponded to post-killing frost (end of 

senescence) when significant amounts of biomass yield would be lost from leaf 

droppage. 

5.2.2. Data collection 

5.2.2.1. Aboveground biomass yield, and N and P concentration and removal 

Two pools of aboveground switchgrass biomass were measured: attached and 

detached. The aboveground biomass attached to the plant (AGBat) was harvested in 

two, 3-m rows per plot (3.60 m2) at a 10-cm stubble height. After determining fresh 

weight, a subsample of around 750 g was weighed, dried at 60°C to constant weight, 

and then reweighed to determine water content and to correct the total fresh weight to 

a dry matter basis. The aboveground biomass detached from the plant (AGBdet) was 

collected only in Trial 2. Fallen switchgrass leaves were collected on two, 3-m long 

nylon screens placed on the soil surface in two-row spacings of each plot. This 

material is referred to here as leaves, even though it included small amounts of stem 

and panicle. The leaves were dried at 60°C to constant weight, and then weighed to 

determine dry biomass.  

The AGBat and AGBdet samples were ground to pass a 1-mm screen and 

analyzed for total N by combustion (Campbell, 1992) and total P and K by inductively 

coupled argon plasma (ICAP). Finally, N removal (Nrem), P removal (Prem), and K 

removal (Krem) were calculated as AGB (attached or detached) × nutrient 

concentration. 
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5.2.2.2. Weather data  

Weather data such as total solar radiation, maximum/minimum air temperature, 

relative humidity, and wind speed were acquired from Arkansas Agricultural Research 

and Extension Center micro-meteorological weather station, located less than 500 m 

from the trial sites. Precipitation was recorded on site using volumetric rain gauges 

(Fig. A.1 to A.4, Appendix A).  

5.2.3. Model adjustments and alterations  

The daily weather input file was generated based on the collected weather data 

described in item 3.2.2.2. The soil input file was modified according to in-situ soil 

description and chemical analysis previously described in Table 3.2, Chapter 3. The 

management file of each site was generated according to the information described in 

item 3.2.1 (Table C.1, Appendix C). Finally, the calibrated crop parameters for 

Arkansas conditions (Table D.1, Appendix D) where based on current findings and 

pertinent literature. 

5.2.4. Statistical Analysis 

Data were analyzed separately in two periods: senescence and post-senescence. 

Senescence period was considered from peak yield, i.e., potential heat units (PHU) of 

approximately 1750 to mid-December (killing frost), and post-senescence was 

considered all data collected from mid-December to mid-February. Changes in 

AGBat, AGBdet, and their N, P, and K concentrations and removals in both trials 

were analyzed based on average and standard errors (AVG ±SE) comparisons. 

Additionally, best fit regression models were determined for all measurements as 

function of DOY in each period. 
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5.3. Results and Discussion 

5.3.1. Changes in attached and detached aboveground biomass 

During the senescence period, AGBat tended to decrease linearly at the rate of 

26 kg ha-1 d-1 only in the first full year of switchgrass production (2009) (p-value = 

0.028, Table 5.1, Fig 5.1A). However, no significant linear relationship between DOY 

and AGBat was found for years 2010, 2011, and 2012 (p-value > 0.05, Table 5.1); 

therefore, AGBat was considered constant during the senescence period for those 

years (Fig 5.1B and C). Similar results were reported by Casler and Boe (2003), for 

which they proposed two explanations: (i) The biomass response during senescence 

tended to become more positive in later years because the plots harvested yearly at the 

onset of senescence had higher soil cover losses than plots harvested later in the 

senescence period. The authors argued that the soil cover losses might be related to 

less nutrient and carbohydrate translocation to roots and crowns when plants were 

harvest at peak yield. (ii) The authors also cited that the plant stand was not 

homogenous in maturation, and some plants were not mature during peak yield 

harvest; consequently, immature plants would continue to grow and potentially 

maintain/increase yield later during the senescence period. According to visual 

observations in Trials 1 and 2, switchgrass maturity was not homogeneous, and 

immature plants were observed after peak yield. 
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Table 5.1. Regression equations of aboveground biomass (y, Mg ha-1) of Alamo 

switchgrass as a function of the day of year (x) in 2009, 2010, 2011 and 2012 during 

senescence and post-senescence periods, and for two pools of aboveground biomass: 

attached and detached from plants. 

Season 
Regression 

equation 

Slope /Model 

 significance 
R2 Lack of 

Fit 
 

Attached AGB to plant during senescence period 

2009 y = 20.1 - 0.026x 0.028 0.16 0.93  

2010 y = 14.8 + 0.010x 0.549 0.013 0.58  

2011 y = 14.3 + 0.002x 0.910 0.0004 0.89  

2012 y = 16.3 - 0.012x 0.542 0.02 0.76  

Attached AGB to plant during post-senescence period 

2009 y = 20.7 - 0.028x 0.053 0.21 0.61  

2010 
y = 946.38 – 4.77x 

+ 0.0061x2 0.001 0.59 0.58  

Detached AGB to plant during senescence period 

2011 y = -2.56 + 0.014x <0.001 0.78 0.07  

2012 y = -0.53 + 0.005x <0.001 0.95 0.06  
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Fig. 5.1. Attached and detached switchgrass aboveground biomass to the plant during 

senescence and post- senescence periods. Senescence period start when accumulated 

heat units from emergence reached 1750 and finished at killing frost. Error bar denotes 

standard error of the mean, n=6.  
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The AGBdet tended to increase linearly, but at the low rates of 14 and 5 kg ha-1 

d-1 in 2011 and 2012, respectively (p-value <0.001, Table 5.1). The highest amount of 

AGBdet was 2.38 ± 0.06 Mg ha-1, which was observed on DOY 349 (Dec 15) in 2011.  

This AGBdet value only accounted for 13.0% of the total AGB (attached + detached). 

Similar findings were reported in two different locations in Texas where Alamo 

switchgrass biomass yield losses of 12 to 19% were observed when harvested in 

November rather than September from 1993 to 1996 (Sanderson et al., 1999). 

For all years, switchgrass was completely senesced (no green tissue) by late 

December when temperatures dropped below 0°C for several days (killing frost). After 

killing frost, AGBat reduction was observed in both 2009 and 2010 (Figure 5.1E and 

F). In 2009, AGBat decreased by 21.3% from late December (11.13 ± 1.4 Mg ha-1) to 

mid-January (8.76 ± 0.8 Mg ha-1); and by 50.4% in 2010 from 17.64 ± 2.3 to 8.9 ± 8.9 

Mg ha-1. There was apparently no further decline in AGBat from mid-January to mid-

February in both seasons. The sudden decrease in AGBat during post-senescence 

likely reflected a greater proneness of leaf shattering due to frost damage compared 

with greater retention of partially senesced leaves before the killing frost (Parrish and 

Fike, 2005). Unfortunately, lack of AGBdet data in 2009 and 2010 prevents 

explanation of the fate of the lost AGBat during post-senescence. After mid-January, 

the AGBat stabilized at approximately 9.0 Mg ha-1, consisting largely of lodging-

resistant stems. 

5.3.2. Nitrogen, phosphorus and potassium concentrations and removal in 

detached biomass senescence 

The N, P, and K concentrations tended to be constant or to increase in 2011 

and to decrease in 2012 (Fig. 5.2B and E). In 2011, N% did not change in later days, 
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and its linear regression over days (DOY) was not significant (p-value = 0.18, Table 

5.2.); however, N% tended to increased linearly at the rate of 0.0039% d-1 in 2012 (p-

value < 0.01, Table 5.2). The P% decreased curvilinear in 2011 (p-value <0.01, Table 

5.2) and to increase linearly at the rate of 0.00035% d-1 in 2012 (p-value <0.01, Table 

5.2). Finally, the K% tended to decrease 0.0020% d-1 and 0.0025% d-1 linearly in 

seasons 2011 (p-value <0.01) and 2012 (p-value <0.01, Table 5.2), respectively. 

Nitrogen removal and Prem tended to increase in both years. In 2011, AGBdet 

increased linearly at the rate of 14 kg ha-1 d (Table 5.1, Fig 5.2A) which overrode the 

low negative rates of nutrient concentration over days (DOY). In contrast, Krem did 

not changed over days in 2011 (Table 5.2C). In 2012, Nrem and Prem also increased 

at later days, but at lower rates than 2011 (Fig 5.2F). In addition, the 2012 Krem was 

constant over days and similar to 2011 values. Although Nconc and Pconc tended to 

increase over days in 2012, the AGBdet-increase rate was substantially lower (5 kg ha-

1 d-1) than in 2011 (14 kg ha-1 d-1) (Table 5.1), resulting in lower values of Nrem and 

Prem.  
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Table 5.2. Regression equations of N, P, K concentration and removal (y) of Alamo 

switchgrass as a function of day of year (x) in 2011 and 2012 during the senescence 

period for aboveground biomass detached from plant. 

Season Regression equation 
Slope/Model 

significance 
R2 Lack of fit  

AGBdet† N concentration (%) 

2011 y = 1.38 - 7.9 10-4 x 0.18 0.06 0.09  

2012 y = 0.04 + 3.9 10-3 x <0.01 0.62 <0.01  

AGBdet† P concentration (%) 

2011 y = 0.64 - 3.4 10-3 x - 5.4 10-4 x2 <0.01 0.46 0.06  

2012 y = 0.02 + 3.5 10-4 x <0.01 0.46 <0.01  

AGBdet† K concentration (%) 

2011 y = 0.87 - 2.0 10-3 x <0.01 0.55  <0.01  

2012  y = 1.15 - 2.5 10-3 x <0.01 0.54 <0.01  

AGBdet† N detached (kg ha-1) 

2011 y = -26.9 + 0.15 x <0.01 0.61 0.04  

2012 y = 0.04 + 3.9 10-3 x <0.01 0.62 <0.01  

AGBdet† P detached (kg ha-1) 

2011 y = -2.11 + 1.3 10-2 x < 0.01 0.56 0.03  

2012 y = 0.02 + 3.5 10-4 x <0.01 0.46 0.04  

AGBdet† K detached (kg ha-1) 

2011  y = 1.3 + 8.4 10-3 x 0.27 0.08 0.12  

2012 y = 1.15 - 2.5 10-3 x <0.01 0.54 <0.01  

†Aboveground biomass detached from the plant 
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Figure 5.2., Nitrogen (N), Phosphorus (P), and Potassium (K) concentration and 

removal in removal in Aboveground biomass detached from the plant in 2011 and 

2012 senescence period at Fayetteville (trial 2).  
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5.3.3. Simulation of biomass shattering: limitations and improvement 

The default FRST1 and FRST2 values for switchgrass in ALMANAC are the 

same default values set for most warm-grasses such as big bluestems (Andropogon 

gerardii V.), black grama (Bouteloua eriopoda T.), blue grama (Bouteloua gracilis 

L.), buffalograss (Bouteloua dactyloides N.), and eastern gamagrass (Tripsacum 

dactyloides L.) (Kiniry and Spanel, 2006). According to the ALMANAC frost-damage 

algorithm, switchgrass biomass may decline on any day from emergence to post-

senescence when the Tmin is lower than -1°C. However, low biomass droppage 

(AGBdet) and constant values of AGBat were observed during senescence periods in 

Trials 1 and 2 at Fayetteville, AR as discussed previously. Additionally, switchgrass 

biomass started to be very prone to shattering just after mid-December (after killing 

frost) in Trial 1 (Fig 5.1 E and F). According to Parrish and Fike (2005), switchgrass 

AGB is very resistant to shattering during senescence, and leaves become prone to 

shattering only after killing frost, which demands several days of frost (< 0°C). 

Therefore, the ALMANAC frost-damage algorithm anticipates biomass losses 

prematurely, as illustrated by the solid line in Fig. 5.3. Other issues related to 

simulating frost-induced biomass losses using the default frost-damage algorithm are: 

(i) The biomass losses can reach 100% in a few days, which do not agree with 

observed data in Fig. 5.1. As discussed previously in item 5.3.1, AGBat was reduced 

to approximately 9.0 Mg ha-1 from mid-December to mid-January and was constant 

until mid-February. (ii) The AGBat drop is abrupt from one day to the next when Tmn 

is lower than -1°C. After frost, AGBat should be considered prone to shattering; 
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however, the actual shattering should be gradual and related to physical damages such 

as wind, snow, ice 

In order to improve the ALMANAC frost-damage algorithm, it is proposed 

that the algorithm commences after five consecutive days of Tmn, lower than zero 

rather than in the first day that Tmn reaches -1°C. Another proposed modification is to 

reduce the AGBat values to a minimum of 9 Mg ha-1 rather than to zero. This second 

modification might work for mature stands, with peak yield of at least 14 Mg ha-1. 

Figure 5.3 illustrates the simulation in Trial 1 after the proposed modifications. 

Finally, more investigative work is necessary to elucidate the proportion of 

switchgrass AGB that is prone to loss after killing frost, and the types and magnitudes 

of physical damages to AGB. 
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Fig. 5.3. Graphs A and C illustrate observed, default, and modified values of 

aboveground biomass during senescence in 2009 and 2010 at Fayetteville, AR. Graphs 

B and D illustrate minimum temperature during 2009 and 2010 senescence periods at 

the same location. Error bars denote standard deviations of the mean average for 

observed yields, n=6. 

 

5.4. Conclusions 

Aboveground biomass attached to the plant was constant during senescence in 

2010, 2011 and 2012; however, it decreased linearly at low rates in 2009 (first full 

year of switchgrass production). Furthermore, the mass of AGBdet collected in 2011 

and 2012 suggested that AGB losses by shattering were low during senescence. Leaf 

tissues were only partially dry, which might confer shattering resistance during 
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senescence, as opposed to completely dry leaves. In addition, switchgrass might 

compensate for AGB losses by continuing the growth of immature plants and tillers 

within plants after peak yield. Conversely, AGBat abruptly decreased from mid-

December to mid-January in 2009 and 2010. After mid-January, AGBat stabilized at 

9.0 Mg ha-1 in both seasons. Consecutive days at Tmn below zero were observed in 

mid-December in both years, thereby accentuating the frost damage of leaves and 

making them more prone to shattering. Unfortunately, lack of AGBdet data in 2009 

and 2010 prevented explanation of the fate of the lost AGBat during post-senescence. 

The amounts of N and P in the AGBdet increased during senescence in 2011 

and 2012 owing to the increase of AGBdet rather than to increases in N and P 

concentrations. Nitrogen and P concentrations in AGBdet were constant during 

senescence. In contrast, the amount of K in the AGBdet was constant during 

senescence because the increase in AGBdet was compensated by the decrease in K 

concentration. 

Finally, suggestions are proposed for improving the simulation of ALMANAC 

biomass losses by the frost-damage algorithm: (i) frost-damage algorithm may 

commence after 5 consecutive days of Tmn of -1°C or below, rather than starting at the 

first day that Tmn reaches -1°C. (ii) A minimum amount of AGBat may remain after 

killing frost, which are mainly the lodging resistant stems; however, the amount of 

AGB resistant to shattering for different stands is still unknown and considered as 9.0 

Mg ha-1 for years 2009 and 2010. (iii) The frost-damage algorithm may only simulate 

the amount of AGBat prone to shattering rather than dictating the actual mass of AGB 
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shattering in the next day. The actual mass of shattering should be gradual and related 

to physical damages such as wind speed, snow, and ice. 
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CHAPTER VI 

FINAL CONCLUSION AND SYNTHESIS: ALMANAC 

MODIFICATIONS, IMPROVEMENTS, AND LIMITATIONS. 

 

6.1. Soil water content simulation 

Improving the ALMANAC crop model for simulating switchgrass biomass 

yield and N and P removal called for comprehensive study of the model’s algorithms 

to identify parameters that directly and indirectly affect switchgrass. Since water is a 

major determinant of plant growth, soil water simulation is essential for accurate 

biomass yield prediction. The simulation of soil water availability relies on the 

accuracy of soil hydrology parameters such as SAN, SIL, BD, FFC, FC, and U (see 

definitions of abbreviations on page xiv). Those parameters are difficult and/or 

expensive to measure in-situ; therefore, ALMANAC defaults to using often-inaccurate 

soil survey values. Such inaccuracies can lead to unrealistic simulations despite 

optimization of the crop growth algorithms.  

In this research, I measured such soil parameters and modify their values in the 

ALAMANAC soil input file resulting in an agreeable soil water simulation. Future 

users might be aware that the default soil input values in ALMANAC, which 

originated from soil survey, might be inaccurate for their specific site of interest. In 

Chapter 3, I identified and demonstrated an approach for improving soil simulation for 

the benefit of future users.  
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6.2. Ideal crop growth model calibration and validation for Arkansas 

conditions 

The parameters directly affecting switchgrass yield simulation (PHU, RLDA, 

DLAI, DLAP1, DLAP2, PLANTPO, WA) were calibrated and validated based on 

field measurements (Chapter 3). In addition to modifying the value for PHU, I altered 

its interpretation to reflect the growth habit of switchgrass for its target use as a 

perennial biomass crop. The ALMANAC definition of PHU was the number of 

seasonal heat units accumulated until physiological maturity of seed, which was 

consistent with a grain crop such as corn (Zea mays L.). For switchgrass biomass, 

PHU was defined as the accumulated heat units achieved until total leaf senescence, 

which normally occurs after seed maturation. In addition, the plant population logic 

contained in the model was considered inappropriate and nullified for switchgrass 

simulation because data demonstrated no correlation between plant population and 

biomass yield. 

Finally, the use of the calibrated WA value is limited to the range of soil in 

which it was calibrated and validated because the WA parameterizes the whole 

photosynthesis and respiration system, and therefore integrates soil and weather 

conditions. The soils evaluated in this research were considered marginal soils for cash 

crops. Consequently, the propose WA value may underestimate yield simulation for 

switchgrass cultivated on non-limiting soils. An expanded validation accounting for 

more productive soils might be interesting. It is recommended that users check the 

Appendix B tables for learning the types of soil for which the current validation was 

limited.  
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6.3. Almanac N and P removal logic. 

Logic for simulating N removal was proposed based on ALMANAC equations 

for N uptake and a new equation for N translocation (Chapter 4). The proposed logic 

was not validated, and therefore more improvement is necessary. The reasons for its 

inaccuracy are: 1) default ALMANAC soil input values were used owing to lack of 

detailed soil characterization in the validation sites, and 2) important factors affecting 

N removal were not considered in the model because they were not elucidated by data 

analysis.  New studies for revealing the factors that affect N removal are essential for 

improving the proposed equations. 

Unfortunately, no logic for P removal was proposed because P uptake 

simulation in ALMANAC is empirically based on an optimal P% in switchgrass and 

no trend across years was observed when analyzing P data. Other models such as 

DSSAT might be investigated for finding reliable P removal logics that can be inserted 

to ALMANAC. 

6.4. ALMANAC biomass losses logic. 

In Chapter 5, suggestions were made for improving the simulation of biomass 

losses during crop senescence. ALMANAC only considers single-day frost damage as 

a biomass loss factor. My data suggested that significant biomass losses occurred only 

after a killing frost consisting of five consecutive days of minimum temperatures 

below to -1 C. Nevertheless, only a portion of aboveground biomass is susceptible to 

shattering after a sustained killing frost. Studies investigating physical factors 

responsible for leaf shattering are essential for the logic improvement. Other existing 
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models such as RUSLE2 might be investigated for finding reliable logic for biomass 

losses to be inserted to ALMANAC.   

6.5. Putting the results into practices. 

The crop and management input parameters that were modified in Chapter 3 

for calibrating and validating ALMANAC for Alamo switchgrass simulation (Table 

3.3) will be used for developing a new crop file in ALMANAC 2012 Version 1.0.3 

Beta 2, (ARS, 2012). The new crop file option will be available for users worldwide 

which can then be tested as an option for simulations that meet weather and soil 

conditions similar to those described herein. It will also allow an expanded validation 

of our calibration according to users’ feedback. 

Unfortunately, soil water simulation relies on realistic values for the soil 

parameters: SAN, SIL, BD, FFC, FC, and U, which are not well represent by the 

default values. Including the methodology developed in Chapter 3 in the ALMANAC 

userguide will allow users to collect the right soil data in field and calibrate the soil 

water simulation for their own interests. 

Finally, the new logics developed for N removal and biomass losses still need 

to be improved for an accurate simulation. The next steps are (1) to explore other 

models such as DSSAT and RUSLE2 for finding logics that can be inserted to 

ALMANAC, and (2) to review newly published research that contains information 

revealing physiological processes related to N removal and biomass losses. After 

improvement of those logics, they need to be incorporated into the ALMANAC 

program for the benefit of future users.   
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APPENDIX A 

WEATHER DAILY VALUES PARAMETERS FOR GROWTH 

AND SENESCENCE TRIALS (TRIALS 1 AND 2). 

 

Fig. A.1. Daily total solar radiation (MJ), maximum/minimum temperature (°C), and 

precipitation at Agricultural Research and Extension Center, University of Arkansas, 

Fayetteville, AR during 2009 season. 
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Fig. A.2. Daily total solar radiation (MJ), maximum/minimum temperature (°C), and 

precipitation at Agricultural Research and Extension Center, University of Arkansas, 

Fayetteville, AR during 2010 season. 
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Fig. A.3. Daily total solar radiation (MJ), maximum/minimum temperature (°C), and 

precipitation at Agricultural Research and Extension Center, University of Arkansas, 

Fayetteville, AR during 2011 season. 
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Fig. A.4. Daily total solar radiation (MJ), maximum/minimum temperature (°C), and 

precipitation at Agricultural Research and Extension Center, University of Arkansas, 

Fayetteville, AR during 2012 season. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Alexandre Caldeira Rocateli, December 2014 

149 

 

APPENDIX B 

ALMANAC SOIL INPUT FILE PARAMETERS FOR ALL 

TRIALS. 

Table B.1. ALMANAC soil input file parameters for Trials 1 and 2 (Fayetteville, AR). 

Standard values are the parameters according to ALMANAC database and the 

modified values are the parameters values according to initial soil analysis measured 

in field. Zero values are read as ‘unknown value’ by the model. 
Component Attributes 

Parameter Description Standard Value Modified Value 

NLAYER Number of layers 5 5 

HSG Hydrologic soil group C C 

SALB Soil albedo 0.23 0.23 

TSLA Max. number of soil layers 10 10 

ZQT Thickness layer (m) 0 0 

ZF Minimum soil profile 

thickness (m) 

0 0 

FFC† Initial soil water (m m-1) 0.75 1 

WTMN Maximum depth to water 

table (m) 

0 0 

WTMX Minimum depth to water 

table (m) 

0 0 

WTBL Initial depth to water table 

(m) 

0 0 

XIDS Soil weathering code 0 0 

RFTT Sub surface flow (days) 0 0 

Layer Attributes 

Parameter Description Standard value Modified Value 

LAYER Layer number 1 2 3 4 5 1 2 3 4 5 

Z† Depth of layer (m) 0.01 0.20 0.51 1.37 1.52 0.15 0.30 0.45 0.80 0.90 

BD† Soil bulk density (g cm-3) 1.35 1.35 1.45 1.53 1.53 1.57 1.50 1.44 1.21 1.21 

U† Perm. wilt point (m m-1) 0.09 0.09 0.17 0.15 0.13 0.04 0.07 0.14 0.15 0.24 

FC† field capacity (m m-1) 0.25 0.25 0.30 0.26 0.22 0.35 0.33 0.45 0.55 0.55 

SAN† Sand content (%) 14.2 14.2 6.7 6.8 6.8 40.9 35.3 30.1 12.0 12.0 

SIL† Silt content (%) 71.8 71.8 67.3 63.2 63.2 41.2 33.1 31.0 19 19 

WN Org. N conc. (mg kg-1) 0 0 0 0 0 0 0 0 0 0 

pH† Soil pH 5.5 5.5 4.8 4.8 4.8 5.8 6.1 6.1 4.5 4.8 

SMB Sum bases (cmol Kg-1) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

CBN Organic carbon (%) 1.18 1.18 0.44 0.15 0.15 1.18 1.18 0.44 0.15 0.15 

CAC Calcium carbonate (%) 0 0 0 0 0 0 0 0 0 0 

CEC Cation exch. (cmol kg-1) 22.5 22.5 0 0 0 22.5 22.5 0 0 0 

ROK Coarse fragment (%) 0 0 0 0 8 0 0 0 3 8 

WNO3 Nitrate  (mg kg-1) 0 0 0 0 0 0 0 0 0 0 

AP Labile P  (mg kg-1) 0 0 0 0 0 0 0 0 0 0 

RSD Crop residue (Mg ha-1) 0 0 0 0 0 0 0 0 0 0 

BDD Bulk density dry (g cm-3) 1.41 1.41 1.52 1.62 1.63 1.41 1.41 1.52 1.62 1.63 

PSP Ps sorption ratio 0 0 0 0 0 0 0 0 0 0 

SC Sat. conduct. (mm h-1) 32.4 32.4 32.4 3.6 3.6 32.4 32.4 32.4 3.6 3.6 

RT Subsurface flow  (day) 0 0 0 0 0 20 0 0 0 0 

WP Organic P  (g/t) 0 0 0 0 0 0 0 0 0 0 

† modified parameters 
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Table B.2. ALMANAC soil input file parameters for trial 3 (Decatur, AR). Standard 

values are the parameters according to ALMANAC database and the modified values 

are the parameters values according to initial soil analysis measured in field. Zero 

values are read as ‘unknown value’ by the model. 
 Component Attributes 

Parameter Description Standard Value  Modified Value 

NLAYER Number of layers 5 5 

HSG Hydrologic soil group C C 

SALB Soil albedo 0.23 0.23 

TSLA Max. number of soil 

layers 

10 10 

ZQT Min. thickness soil layer 

(m) 

0 0 

ZF Minimum soil profile 

thickness (m) 

0 0 

FFC† Soil water (m m-1) 0.75 1 

WTMN Maximum depth to water 

table (m) 

0 0 

WTMX Minimum depth to water 

table (m) 

0 0 

WTBL Initial depth to water table 

(m) 

0 0 

XIDS Soil weathering code 0 0 

RFTT Sub surface flow (days) 0 0 

 Layer Attributes 

Parameter Description Standard value  Modified Value 

LAYER Layer number 1 2 3 4 5 1 2 3 4 5 

Z† Depth of layer (m) 0.01 0.18 0.53 0.76 1.22 0.2 0.4 0.6 0.8 1 

BD† Bulk density (g cm-3)  1.35 1.35 1.45 1.53 1.53 1.4 1.37 1.37 1.4 1.39 

U† Perm wilt point  0.09 0.09 0.17 0.15 0.13 0.08 0.09 0.165 0.15 0.13 

FC† Field capacity (m m-1)  0.25 0.25 0.30 0.26 0.22 0.35 0.45 0.45 0.55 0.55 

SAN Sand content (%) 14.2 14.2 7.1 6.8 6.8 25 20 22 29 28 

SIL Silt content (%) 71.8 71.8 65.4 63.2 63.2 67 60 51 47 47 

WN Org. N conc. (mg kg-1) 0 0 0 0 0 1400 600 500 400 400 

pH Soil pH 5.3 5.3 5.3 5.3 5.3 5.4 5.5 5.2 4.9 5 

SMB Sum bases (cmol Kg-1) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

CBN Organic carbon (%) 0.74 0.74 0.44 0.15 0.15 0.74 0.74 0.44 0.15 0.15 

CAC Calcium carbonate (%) 0 0 0 0 0 0 0 0 0 0 

CEC Cation exch. (cmol kg-1) 0 0 0 0 0 0 0 0 0 0 

ROK Coarse fragment (%) 0 0 0 3 8 0 0 0 3 8 

WNO3 Nitrate  (mg kg-1) 0 0 0 0 0 0 0 0 0 0 

AP Labile P  (mg kg-1) 0 0 0 0 0 0 0 0 0 0 

RSD Crop residue (Mg ha-1) 0 0 0 0 0 0 0 0 0 0 

BDD Bulk density (g cm-3) 1.41 1.41 1.52 1.62 1.63 1.41 1.41 1.52 1.62 1.63 

PSP P sorption ratio 0 0 0 0 0 0 0 0 0 0 

SC Sat cond. (mm h-1) 32.4 32.4 32.4 3.6 3.6 32.4 32.4 32.4 3.6 3.6 

RT Subsurface flow (day) 0 0 0 0 0 0 0 0 0 0 

WP Organic P  (g/t) 0 0 0 0 0 0 0 0 0 0 

† modified parameters 
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Table B.3. ALMANAC soil input file parameters for trial 4 (Pinetree, AR). Standard 

values are the parameters according to ALMANAC database and the modified values 

are the parameters values according to initial soil analysis measured in field. Zero 

values are read as ‘unknown value’ by the model. 
 Component Attributes 

Parameter Description Standard Value  Modified Value 

NLAYER Number of layers 4 4 

HSG Hydrologic soil group C C 

SALB Soil albedo 0.23 0.23 

TSLA Max. number of soil layers 10 10 

ZQT Min. thickness soil layer (m) 0 0 

ZF Minimum soil profile thickness (m) 0 0 

FFC Initial soil water (m m-1) 0.75 0.75 

WTMN Maximum depth to water table (m) 0 0 

WTMX Minimum depth to water table (m) 0 0 

WTBL Initial depth to water table (m) 0 0 

XIDS Soil weathering code 0 0 

RFTT Sub surface flow (days) 0 0 

 Layer Attributes 

Parameter Description Standard value Modified Value 

LAYER Layer number 1 2 3 4 1 2 3 4 

Z† Depth of layer bottom (m) 0.1 0.33 0.51 1.22 0.1 0.4 0.6 1 

BD† Soil bulk density (g cm-3) 1.48 1.48 1.48 1.45 1.65 1.65 2.3 2.3 

U† Perm. wilting point (m m-1) 0.13 0.13 0.13 0.16 0.13 0.16 0.16 0.15 

FC† Soil field capacity (m m-1) 0.28 0.28 0.28 0.31 0.34 0.34 0.35 0.34 

SAN† Sand content (%) 11.7 11.7 11.4 7.1 11 15 13 11 

SIL† Silt content (%) 69.8 69.8 68.6 64.9 70 61 61 68 

WN† Organic N conc. (mg kg-1) 0 0 0 0 1300 1300 1300 400 

pH† Soil pH 5.6 5.6 5.6 5.3 5.6 5.3 5.4 5.1 

SMB Sum of bases (cmol Kg-1) 0 0 0 0 0 0 0 0 

CBN Organic carbon (%) 0.74 0.74 0.44 0.15 0.74 0.74 0.44 1.15 

CAC Calcium carbonate (%) 0 0 0 0 0 0 0 0 

CEC Cation exchange capacity (cmol kg-1) 10 10 10 0 10 10 10 0 

ROK Coarse fragment content (% vol.) 0 0 0 0 0 0 0 0 

WNO3 Nitrate concentration (mg kg-1) 0 0 0 0 0 0 0 0 

AP Labile P concentration (mg kg-1) 0 0 0 0 0 0 0 0 

RSD Crop residue (Mg ha-1) 0 0 0 0 0 0 0 0 

BDD Bulk density oven dry (g cm-3) 1.55 1.55 1.55 1.52 1.55 1.55 1.55 1.52 

PSP Phosphorus sorption ratio 0 0 0 0 0 0 0 0 

SC Saturated conductivity (mm h-1) 32.4 32.4 32.4 3.6 32.4 32.4 32.4 3.6 

RT Subsurface flow travel time (days) 0 0 0 0 0 0 0 0 

WP Organic P concentration (g/t) 0 0 0 0 0 0 0 0 

† modified parameters 
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Table B.4. ALMANAC soil input file parameters for trial 5 (N rate trial, Fayetteville, 

AR). Standard values are the parameters according to ALMANAC database. Zero 

values are read as ‘unknown value’ by the model. 

Parameter Description Values 

NLAYER Number of layers 5 

HSG Hydrologic soil group B 

SALB Soil albedo 0.23 

TSLA Max. number of soil layers 10 

ZQT Min. thickness soil layer (m) 0 

ZF Minimum soil profile thickness (m) 0 

FFC Initial soil water (m m-1) 0.75 

WTMN Maximum depth to water table (m) 0 

WTMX Minimum depth to water table (m) 0 

WTBL Initial depth to water table (m) 0 

XIDS Soil weathering code 0 

RFTT Sub surface flow (days) 0 

Parameter Description Value 

LAYER Layer number 1 2 3 4 5 

Z Depth of layer bottom (m) 0.01 0.20 0.38 0.61 1.63 

BD Soil bulk density (g cm-3)  1.40 1.40 1.40 1.53 1.55 

U Perm. wilting point (m m-1) 0.12 0.12 0.11 0.18 0.22 

FC Soil field capacity (m m-1)  0.27 0.27 0.26 0.312 0.32 

SAN Sand content (%) 13.7 13.7 13.7 7 8.4 

SIL Silt content (%) 69.3 69.3 69.3 64.5 53.1 

WN Organic N conc. (mg kg-1) 0 0 0 0 0 

pH Soil pH 5.0 5.0 5.0 5.0 5.0 

SMB Sum of bases (cmol Kg-1) 2.5 2.5 2.5 2.5 2.5 

CBN Organic carbon (%) 1.03 1.03 0.59 0.18 0.18 

CAC Calcium carbonate (%) 0 0 0 0 0 

CEC Cation exchange (cmol kg-1) 22.5 22.5 0 0 0 

ROK Coarse fragment (% vol.) 0 0 0 0 3 

WNO3 Nitrate  (mg kg-1) 0 0 0 0 0 

AP Labile P  (mg kg-1) 0 0 0 0 0 

RSD Crop residue (Mg ha-1) 0 0 0 0 0 

BDD Bulk density dry (g cm-3) 1.46 1.46 1.46 1.6 1.63 

PSP Phosphorus sorption ratio 0 0 0 0 0 

SC Saturated conduct. (mm h-1) 32.4 32.4 32.4 32.4 32.4 

RT Subsurface flow travel (day) 0 0 0 0 0 

WP Organic P  (g/t) 0 0 0 0 0 

 

 

 

 

 

 



Texas Tech University, Alexandre Caldeira Rocateli, December 2014 

153 

 

Table B.5. ALMANAC soil input file parameters for trials 6 (N rate trial, Pinetree, 

AR). Standard values are the parameters according to ALMANAC database. Zero 

values are read as ‘unknown value’ by the model. 

Parameter Description Values 

NLAYER Number of layers 4 

HSG Hydrologic soil group C 

SALB Soil albedo 0.23 

TSLA Max. number of soil layers 10 

ZQT Min. thickness soil layer (m) 0 

ZF Minimum soil profile thickness (m) 0 

FFC† Initial soil water (m m-1) 0.75 

WTMN Maximum depth to water table (m) 0 

WTMX Minimum depth to water table (m) 0 

WTBL Initial depth to water table (m) 0 

XIDS Soil weathering code 0 

RFTT Sub surface flow (days) 0 

Parameter Description Value 

LAYER Layer number 1 2 3 4 

Z Depth of layer bottom (m) 0.01 0.33 0.51 1.22 

BD Soil bulk density (g cm-3)  1.48 1.48 1.48 1.45 

U Perm. wilting point (m m-1) 0.13 0.13 0.13 0.166 

FC Soil field capacity (m m-1)  0.28 0.28 0.28 0.308 

SAN Sand content (%) 11.7 11.7 11.4 7.1 

SIL Silt content (%) 69.8 69.8 68.6 64.9 

WN Organic N conc. (mg kg-1) 0 0 0 0 

pH† Soil pH 5.6 5.6 5.6 5.3 

SMB Sum of bases (cmol Kg-1) 0 0 2.5 2.5 

CBN Organic carbon (%) 0.74 0.78 0.44 0.15 

CAC Calcium carbonate (%) 0 0 0 0 

CEC Cation exchange (cmol kg-1) 10 10 10 0 

ROK Coarse fragment (% vol.) 0 0 0 0 

WNO3 Nitrate  (mg kg-1) 0 0 0 0 

AP Labile P  (mg kg-1) 0 0 0 0 

RSD Crop residue (Mg ha-1) 0 0 0 0 

BDD Bulk density dry (g cm-3) 1.55 1.55 1.55 1.52 

PSP Phosphorus sorption ratio 0 0 0 0 

SC Saturated conduct (mm h-1) 32.4 32.4 32.4 3.6 

RT Subsurface flow travel (day) 0 0 0 0 

WP Organic P  (g/t) 0 0 0 0 
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Table B.6. ALMANAC soil input file parameters for trial 7 (Poultry litter, 

Fayetteville, AR). Standard values are the parameters according to ALMANAC 

database. Zero values are read as ‘unknown value’ by the model. 

Parameter Description Values 

NLAYER Number of layers 5 

HSG Hydrologic soil group C 

SALB Soil albedo 0.23 

TSLA Max. number of soil layers 10 

ZQT Min. thickness soil layer (m) 0 

ZF Minimum soil profile thickness (m) 0 

FFC† Initial soil water (m m-1) 0.75 

WTMN Maximum depth to water table (m) 0 

WTMX Minimum depth to water table (m) 0 

WTBL Initial depth to water table (m) 0 

XIDS Soil weathering code 0 

RFTT Sub surface flow (days) 0 

Parameter Description Value 

LAYER Layer number 1 2 3 4 5 

Z Depth of layer bottom (m) 0.01 0.20 0.51 1.37 1.52 

BD Soil bulk density (g cm-3)  1.35 1.35 1.45 1.53 1.53 

U Perm. wilting point (m m-1) 0.09 0.09 0.17 0.15 0.13 

FC Soil field capacity (m m-1)  0.25 0.25 0.30 0.26 0.22 

SAN Sand content (%) 14.2 14.2 6.7 6.8 6.8 

SIL Silt content (%) 71.8 71.8 67.3 63.2 63.2 

WN Organic N conc. (mg kg-1) 0 0 0 0 0 

pH Soil pH 5.5 5.5 4.8 4.8 4.8 

SMB Sum of bases (cmol Kg-1) 2.5 2.5 2.5 2.5 2.5 

CBN Organic carbon (%) 1.18 1.18 0.44 0.15 0.15 

CAC Calcium carbonate (%) 0 0 0 0 0 

CEC Cation exchange (cmol kg-1) 22.5 22.5 0 0 0 

ROK Coarse fragment (% vol.) 0 0 0 0 8 

WNO3 Nitrate  (mg kg-1) 0 0 0 0 0 

AP Labile P  (mg kg-1) 0 0 0 0 0 

RSD Crop residue (Mg ha-1) 0 0 0 0 0 

BDD Bulk density dry (g cm-3) 1.41 1.41 1.52 1.62 1.63 

PSP Phosphorus sorption ratio 0 0 0 0 0 

SC Saturated conduct. (mm h-1) 32.4 32.4 32.4 3.6 3.6 

RT Subsurface flow travel (day) 0 0 0 0 0 

WP Organic P  (g/t) 0 0 0 0 0 
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Table B.7. ALMANAC soil input file parameters for trial 7 (Poultry litter, Haskell, 

AR). Standard values are the parameters according to ALMANAC database. Zero 

values are read as ‘unknown value’ by the model. 

Parameter Description Values 

NLAYER Number of layers 5 

HSG Hydrologic soil group D 

SALB Soil albedo 0.23 

TSLA Max. number of soil layers 10 

ZQT Min. thickness soil layer (m) 0 

ZF Minimum soil profile thickness (m) 0 

FFC† Initial soil water (m m-1) 0.75 

WTMN Maximum depth to water table (m) 0 

WTMX Minimum depth to water table (m) 0 

WTBL Initial depth to water table (m) 0 

XIDS Soil weathering code 0 

RFTT Sub surface flow (days) 0 

Parameter Description Value 

LAYER Layer number 1 2 3 4 5 

Z† Depth of layer bottom (m) 0.01 0.33 0.51 0.89 1.60 

BD† Soil bulk density (g cm-3)  1.40 1.40 1.40 1.55 1.55 

U† Perm. wilting point (m m-1) 0.14 0.14 0.12 0.27 0.27 

FC† Soil field capacity (m m-1)  0.29 0.29 0.28 0.35 0.33 

SAN† Sand content (%) 26.5 26.5 26.5 23.3 5.5 

SIL† Silt content (%) 53.5 53.5 53.5 29.2 47 

WN Organic N conc. (mg kg-1) 0 0 0 0 0 

pH† Soil pH 5.6 5.6 5.6 7.3 7.3 

SMB Sum of bases (cmol Kg-1) 0 0 0 0 0 

CBN Organic carbon (%) 1.18 1.18 0.44 0.29 0.29 

CAC Calcium carbonate (%) 0 0 0 0 0 

CEC Cation exchange (cmol kg-1) 12 12 12 28 28 

ROK Coarse fragment (% vol.) 0 0 0 0 0 

WNO3 Nitrate  (mg kg-1) 0 0 0 0 0 

AP Labile P  (mg kg-1) 0 0 0 0 0 

RSD Crop residue (Mg ha-1) 0 0 0 0 0 

BDD Bulk density dry (g cm-3) 1.46 1.46 1.46 1.93 1.93 

PSP Phosphorus sorption ratio 0 0 0 0 0 

SC Saturated conduct. (mm h-1) 33.0 33.0 33.0 0.78 0.78 

RT Subsurface flow travel (day) 0 0 0 0 0 

WP Organic P  (g/t) 0 0 0 0 0 
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APPENDIX C 

ALMANAC MANAGEMENT INPUT FILE PARAMETERS FOR 

ALL TRIALS 

Table C.1. ALMANAC management input file parameters. Parameters values 

selection were based on the field management applied in trial 1 (Growth) and trial 2 

(Senescence) from 2008 to 2012, Fayetteville, AR. 
Operation Date Parameters Value Description 

Year 1: 2008 

Planting 07/03 COD (Operation) 17: PLANT DR Planting with drill 

  CRP (Crop input file) 27 Alamo switchgrass 

  PHU (Potential heat units) 1750 °C† / 

1922°C‡  

--- 

  PLANTPO (plant population) 50 plants m-2 --- 

Year 2: 2009 

Burning 02/01 COD (Operation) 23: Burned Burning without 

killing  

Fertilization 04/01 FN (Nitrogen fertilizer 

applied) 

67 kg ha-1 --- 

Year 3: 2010 

Harvesting 03/01 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Fertilization 04/01 FN (Nitrogen fertilizer 

applied) 

67 kg ha-1 --- 

Year 4: 2011 

Harvesting 03/01 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Fertilization 04/01 FN (Nitrogen fertilizer 

applied) 

67 kg ha-1 --- 

Year 5: 2012 

Harvesting 05/03 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Fertilization 05/05 FN (Nitrogen fertilizer 

applied) 

67 kg ha-1 --- 

† Standard parameter value 

‡Calibrated parameter value 
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Table C.2. ALMANAC management input file parameters. Parameters values 

selection were based on the field management applied in trial 3 (Cultivar) from 2007 

to 2012, Decatur, AR. 
Operation Date Parameters Value Description 

Year 1: 2007 

Planting 05/29 COD (Operation) 17: PLANT DR Planting with drill 

  CRP (Crop input file) 27 Alamo switchgrass 

  PHU (Potential heat units) 1750°C†/1922°C‡  --- 

  PLANTPO (plant population) 50 plants m-2 --- 

Year 2: 2008 

Burning 02/28 COD (Operation) 23: Burned Burning without 

killing 

Fertilization 05/07 FN (N fertilizer applied) 75 kg ha-1 --- 

Year 3: 2009 

Burning 02/28 COD (Operation) 23:Burned Burning without 

killing 

Fertilization 05/11 FN  N fertilizer applied) 75 kg ha-1 --- 

Year 4: 2010 

Burning 02/28 COD (Operation) 23:Burned Burning without 

killing 

Fertilization 04/25 FN (N fertilizer applied) 75 kg ha-1 --- 

Year 5: 2011 

Burning 02/28 COD (Operation) 23:Burned Burning without 

killing 

Fertilization 04/22 FN (N fertilizer applied) 75 kg ha-1 --- 

Year 6: 2012 

Burning 02/28 COD (Operation) 23:Burned Burning without 

killing 

Fertilization 04/12 FN (N fertilizer applied) 75 kg ha-1 --- 

† Standard parameter value 

‡Calibrated parameter value 
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Table C.3. ALMANAC management input file parameters. Parameters values 

selection were based on the field management applied in trial 4 (Cultivar) from 2007 

to 2012, Decatur, AR. 
Operation  Date Parameters Value Description 

 Year 1: 2007 

Planting  05/14 COD (Operation) 17: PLANT DR Planting with drill 

   CRP (Crop input file) 27 Alamo switchgrass 

   PHU (Potential heat units) 1750°C†/1922°C‡  --- 

   PLANTPO (plant 

population) 

50 plants m-2 --- 

 Year 2: 2008 

Harvesting  04/01 COD (Operation) 48: HARHAY90 90% biomass 

harvested  

Fertilization  05/12 FN (Nitrogen fertilizer) 84 kg ha-1 --- 

Harvesting  11/01 COD (Operation) 48: HARHAY90 90% biomass 

harvested  

 Year 3: 2009 

Fertilization  05/10 FN (Nitrogen fertilizer) 75 kg ha-1 --- 

Harvesting  11/01 COD (Operation) 48: HARHAY90 90% biomass 

harvested  

 Year 4: 2010 

Fertilization  05/02 FN (Nitrogen fertilizer) 75 kg ha-1 --- 

Harvesting  11/01 COD (Operation) 48: HARHAY90 90% biomass 

harvested  

 Year 5: 2011 

Fertilization  05/07 FN (Nitrogen fertilizer) 75 kg ha-1 --- 

   FP (Phosphorus fertilizer) 100 kg ha-1 --- 

Harvesting  11/01 COD (Operation) 48: HARHAY90 90% biomass 

harvested  

 Year 6: 2012 

Fertilization  05/02 FN (Nitrogen fertilizer) 75 kg ha-1 --- 

Harvesting  11/01 COD (Operation) 48: HARHAY90 90% biomass 

harvested  

† Standard parameter value 

‡Calibrated parameter value 
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Table C.4. ALMANAC management input file parameters. Parameters values 

selection were based on the field management applied in the N rate trial, Fayetteville 

(trial 5) from 2008 to 2012. 
Operation Date Parameters Value Description 

Year 1: 2009 

Planting 07/03 COD (Operation) 17: PLANT DR Planting with drill 

  CRP (Crop input file) 27 Alamo switchgrass 

  PHU (Potential heat units) 1922°C  --- 

  PLANTPO (plant population) 50 plants m-2 --- 

Year 2: 2010 

Burning 02/01 COD (Operation) 23: Burned Burning without 

killing  

Fertilization 04/01 FN (N fertilizer applied) 0, 50, 100,150 kg ha-1‡ --- 

Year 3: 2011 

Burning 02/01 COD (Operation) 23: Burned Burning without 

killing  

Fertilization 04/01 FN (N fertilizer applied) 0, 50, 100, 150 kg ha-1‡ --- 

Year 4: 2012 

Burning 02/01 COD (Operation) 23: Burned Burning without 

killing  

Fertilization 04/23 FN  (N fertilizer applied) 0, 50, 100,150 kg ha-1‡ --- 

Year 5: 2012 

Burning 02/01 COD (Operation) 23: Burned Burning without 

killing  

Fertilization 05/21 FN (N fertilizer applied) 0, 50, 100,150 kg ha-1‡ --- 

† Standard parameter value 

‡ Different N fertilization rate treatment  
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Table C.5. ALMANAC management input file parameters. Parameters values 

selection were based on the field management applied in the N rate trial, Pinetree (trial 

6) from 2009 to 2012. 
Operation Date Parameters Value Description 

Year 1: 2009 

Planting 07/03 COD (Operation) 17: PLANT DR Planting with drill 

  CRP (Crop input file) 27 Alamo switchgrass 

  PHU (Potential heat units) 1922°C  --- 

  PLANTPO (plant population) 50 plants m-2 --- 

Year 2: 2010 

Burning 02/01 COD (Operation) 23: Burned Burning without 

killing  

Fertilization 04/01 FN ( N fertilizer applied) 65 kg ha-1‡ --- 

Harvesting 10/01 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 3: 2011 

Fertilization 04/01 FN ( N fertilizer applied) 0, 50, 100,150 kg ha-1‡ --- 

Harvesting 10/01 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 4: 2012 

Fertilization 04/01 FN ( N fertilizer applied) 0, 50, 100,150 kg ha-1‡ --- 

Harvesting 10/01 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

† Standard parameter value 

‡ Different N fertilization rate treatment  
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Table C.6. ALMANAC management input file parameters. Parameters values 

selection were based in the field management applied in Poultry Litter, Fayetteville 

from 2007 to 2012. 
Operation Date Parameters Value Description 

Year 1: 2007 

Planting 04/10 COD (Operation) 17: PLANT DR Planting with drill 

  CRP (Crop input file) 27 Alamo switchgrass 

  PHU (Potential heat units) 1922°C  --- 

  PLANTPO (plant population) 50 plants m-2 --- 

Burning 02/01 COD (Operation) 23: Burned Burning without 

killing  

Year 2: 2008 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 3: 2009 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 4: 2010 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 5: 2011 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 5: 2012 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

† Standard parameter value 

‡ Different N fertilization rate treatment  
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Table C.7. ALMANAC management input file parameters. Parameters values 

selection were based in the field management applied in the Poultry litter trial, Haskell 

from 2007 to 2012. 
Operation Date Parameters Value Description 

Year 1: 2007 

Planting 04/10 COD (Operation) 17: PLANT DR Planting with drill 

  CRP (Crop input file) 27 Alamo switchgrass 

  PHU (Potential heat units) 1922°C  --- 

  PLANTPO (plant population) 50 plants m-2 --- 

Burning 02/01 COD (Operation) 23: Burned Burning without 

killing  

Year 2: 2008 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 3: 2009 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 4: 2010 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 5: 2011 

Fertilization 04/01 FN ( N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

Year 5: 2012 

Fertilization 04/01 FN (N fertilizer applied) 0, 100, 200 kg ha-1‡ --- 

Harvesting 10/15 COD (Operation) 47:HARHAY85 85% biomass 

harvested 

† Standard parameter value 

‡ Different N fertilization rate treatment  
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APPENDIX D 

DEFAULT VS. CALIBRATED ALMANAC CROP INPUT FILES 

PARAMETERS FOR ALL TRIALS 

Table D.1. ALMANAC crop input file parameters. Standard values are the parameters 

according to ALMANAC database for ‘Alamo’ switchgrass and the modified values 

are the parameters values according to field measurements. 
Parameter Description Standard Value Calibrated Value 

WA† Biomass-energy ratio (101 Kg MJ-1) 49 29* 

HI Harvest index (Mg Mg-1) 001 001 

TB Optimal growth temperature (°C) 25 25 

TG Minimum growth temperature (°C) 12 12 

DMLA Maximum potential LAI (m2 m-2) 12 12 

DLAI† Growing season fraction for LAI decline 0.7 0.42 

DLAP1† First point of leaf area dev. curve (°C.mm-2) 10.2 10.40 

DLAP2† Second point of leaf area dev. curve (°C.mm-2) 80.95 90.88 

RLAD† Leaf area index decline rate parameter (0-1) 1 0.25 

RBMD Biomass energy ratio decline rate parameter (0-10) 1 1 

ALT Aluminum tolerance index (0-1) 4.1 4.1 

PPL1 Plant population parameter 1 (plants m-2.m2 m-2) 1.12 1.12 

PPL2 Plant population parameter 2 (plants m-2.m2 m-2) 6.96 6.96 

CAF Critical aeration factor (m2 m-2) 0.85 0.85 

SDW Normal planting rate (kg ha-1) 6 6 

HMX Maximum crop height (m) 2.5 2.5 

RDMX Maximum root depth (m) 2.2 2.2 

CNY Normal N fraction N in yield (g g-1) 0.016 0.016 

CPY Normal P fraction N in yield (g g-1) 0.002 0.002 

BN1 Normal N fraction biomass at emergence(g g-1) 0.035 0.035 

BN2 Normal N fraction biomass at mid-season(g g-1) 0.015 0.015 

BN3 Normal N fraction biomass at maturity (g g-1) 0.0038 0.0038 

BP1 Normal P fraction biomass at emergence (g g-1) 0.0014 0.0014 

BP2 Normal P fraction biomass at mid-season(g g-1) 0.001 0.001 

BP3 Normal P fraction biomass at maturity (g g-1) 0.00007 0.00007 

BW1 Wind erosion factor standing biomass (0.4 - 3.5) 3.39 3.39 

BW2 Wind erosion factor crop residue (0.4 – 3.5) 3.39 3.39 

BW3 Wind erosion factor flat residue (0.4 – 3.5) 3.39 3.39 

FRST1 First point on frost damage curve ( %.°C) 1.01 1.01 

FRST2 Second point on frost damage curve ( %.°C) 3.95 3.95 

CLAIYR† Number of years for max. LAI attained (years) 1 2 

VPD2 Slope of WA:Vapor pressure deficit (MJ KPa m-2) -6.5 -6.5 

GSI† Maximum stomatal conductance (m s-1) 0.0074 0.0013 

EXTINC Extinction coefficient of light interception 0.33 0.33 

† modified parameters 

 


