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ABSTRACT 

High Biomass Sorghum (HBS) has potential for production as a biofuel feedstock 

in Missouri, but little is known of the crop’s yield and appropriate nitrogen (N) 

management for optimizing ethanol yields, especially in a low-input cropping system on 

marginal lands. This dissertation is a collection of four studies examining the potential for 

HBS (Sorghum bicolor (L.) Moench) to be adopted as a biofuel feedstock for ethanol 

production in the Midwestern U.S.  

Limited research exists of studying HBS crop yield response to N fertilizer in the 

Midwest to determine the optimum N rate for maximizing N recovery efficiency (NRE) 

and N use efficiency (NUE). The first study tested the effects of five N fertilizer rates (0, 

56, 112, 168, 224 kg N ha-1) on the production of two HBS hybrids (ES 5200 and ES 

5201) over two years in central Missouri. Yields of stem and leaf dry matter (DM), and 

lignocellulosic ethanol (LEY) were measured. Tissue N concentration of leaves and 

stems were used to calculate N content, NRE, and physiological NUE. Yield of HBS was 

greatest at 56 kg N ha-1 and above, but NRE and NUE decreased at higher N rates. 

Reduced rainfall in the second year contributed to no N response in yield.  

The second study determined the corresponding HBS leaf and stem concentration 

and contents of 11 macro- and micronutrients from the first study above. Response to N 

fertilizer rate was controlled by differences between years in rainfall. Reduced DM in the 

second year resulted in increased concentrations, but less elemental uptake and a resultant 

delayed N response demonstrate the strong link between nutrient uptake and plant growth 

following the precipitation.  
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A desire to test HBS yield against other annual bioenergy crops led to the third 

study, which included establishing long-term research plots at two marginal sites, in 

central Missouri and southwest Missouri, comparing HBS to maize (Zea mays L.) and 

sweet sorghum for potential ethanol yield in five years (2010-2014) given minimal 

inputs. Each crop was planted in a two-year rotation with soybean (Glycine max L.). 

Theoretical ethanol yields of sweet sorghum and HBS were similar and greater than 

maize at both locations. Drought severely limited yields of all three crop rotations, but 

HBS was the most stable in yield across the five years. These results provided a 

beginning understanding of the stability of HBS on marginal Missouri cropland. 

Study four involved collecting soil cores from each of the crop plots in study three 

in 2010, 2011, and 2014 to understand the impact of HBS, compared to maize and sweet 

sorghum, on soil organic carbon (SOC) concentration and stock, as well as the labile soil 

carbon fraction (AC). Concentrations of SOC and AC within all crop plots decreased 

over the first two years at both sites, but after five years the SOC concentrations returned 

to levels similar to initial 2010 levels, while the AC concentrations decreased. The 

southwestern Missouri site had a slight positive trend in AC concentration from 2011 to 

2014, suggesting beneficial effects from the biofuel feedstocks. Due to the occurrence of 

drought during the study, the findings have relevance for evaluating land management 

impacts on SOC in a changing climate.  

High biomass sorghum is a high-yielding biomass feedstock that shows promise for 

production in Missouri, especially on marginal lands. Even moderate rates of N fertilizer 

have the potential to positively increase DM and theoretical ethanol yield in adequate 
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rainfall years. However, intensive nutrient management may prove necessary with 

continual DM removal. The short-term trend of HBS stemming SOC loss compared to 

maize production on marginal sites provides support for continued research into the 

potential for HBS production in Missouri. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

Missouri ranks number six in U.S. maize (Zea mays) production (Univ. of 

Missouri Extension), and more than half of the grain produced is converted to ethanol, 

which supplements the transportation fuel supply. Currently, the U.S. produces more than 

50 million liters of ethanol per year (Renewable Fuels Association), and because of a 

high domestic demand importation of ethanol from Brazil and other countries has 

increased to meet the growing use in fuel blends at the petrol pump. Missouri, despite 

high maize production compared to other states, is a Midwestern state with a great area 

yielding less than 6 metric tons per hectare of maize per year (Sorghum Checkoff). This 

land includes marginal lands that have flooding, slope, and soil texture limitations that 

impede yields of maize and soybean (Glycine max L.), the state’s two most economically 

important crops.  

Current production of grain sorghum (Sorghum bicolor (L.) Moench) in Missouri, 

which ranks eighth nationally, comprises about 20,000 hectares per year, but peaked at 

over 400,000 hectares of production in the early 1980s (Univ. of Missouri Extension). 

Yield of grain sorghum is often less than 6 metric tons per hectare. This low yield is 

likely because the crop is used as an irregular choice for poorly-yielding cropland with 

minimal inputs of irrigation or fertilizers. Grain sorghum can serve as a maize substitute 

in ethanol conversion plants, but has a slightly lower conversion efficiency (Univ. of 

Missouri Extension). The lower conversion efficiency is often compensated by price 

differentials between maize and grain sorghum. Sweet sorghum, grown for its tall, thick 

sugary stems, has a long history of production as a poor man’s sugar source in the Ozark 

region. Limited market potential and lack of private investment for product development, 
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as well as several competing sugar sources, including maize, sugarcane (Saccharum 

officinarum), and sugar beet (Beta vulgaris), has resulted in it losing favor among 

producers.  

Other forms of sorghum common to Missouri include forage types that are grown 

for cattle feed. These include photoperiod sensitive (PS) sorghums that do not flower at 

long day lengths, but remain vegetative during the summer growing months to maximize 

green biomass accumulation (Ritter et al., 2008; Smith et al., 2015, Rocatelli et al., 

2012). Generally, these sorghum types are grown for the leafy biomass. Plants with the 

brown-midrib (BMR) mutation have a physically-distinguishable feature on the plant 

leaves that accompany a reduced lignin content and softer stems which animals can more 

easily digest. Brown-midrib cultivars are most often employed in the beef and dairy 

industries. Forage types can ratoon for increased harvest potential. When following an 

early- to mid-season cutting the plant may produce new stems for one or two additional 

harvests in one crop season. Only a small, variable percentage of acreage is committed to 

forage sorghum in Missouri (Univ. of Missouri Extension). 

Rising fuel prices a decade ago and high maize grain commodity prices resulted 

in a renewed interest in potential alternative sources of sugar for ethanol production. One 

factor spurring the focus was the 2007 farm bill that resulted in production thresholds set 

for renewable fuel production in the U.S. While much of the federal Renewable Fuels 

Standard for increased U.S. domestic production of renewable fuels has been supplied by 

maize-based ethanol, the legislation includes direction to research, develop, and produce 

advanced, or second-generation, renewable fuel sources. This continues to result in large 
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public and private re-investment into developing pipelines for alternative fuel sources, 

including crops other than maize, which are termed fuel crops, or biofuel feedstocks.  

Sorghum is a highly productive C4 grass that has proven potential for various 

bioenergy applications (Zegada-Lizarazu and Monti, 2012). Sweet sorghum was first 

considered because of the sugary stems that may be squeezed to remove the juice. 

Extracted stem juice can be easily cleaned and digested into ethanol. After removing the 

stem juice for conversion to ethanol, the remaining stems, or bagasse, may be fed to 

livestock or used for the production of lignocellulosic ethanol. There is great interest by 

public and private partners in the use of lignocellulosic feedstocks for ethanol production 

to more efficiently use the whole sorghum plant as a source of biofuel.  

Forage sorghum and sorghum x sudangrass varieties, often bred for multi-cut 

forage use, have been considered for bioenergy feedstock programs for many years and 

may have greater lignin concentrations than sweet sorghum if they are non-BMR 

varieties (Buxton et al., 1999). Sorghum breeders have turned to new photoperiod-

sensitive (PS) sorghum x sorghum hybrid breeding, resulting in energy sorghum or high 

biomass sorghum (HBS) with increased yield potentials. These new hybrids may then 

serve as dedicated energy crops with selection criteria in breeding programs focusing on 

increased stem diameter and plant height, with reduced stem lodging. Hybrids of HBS are 

PS to remain vegetative when day lengths are greater than 12 h such that vegetative 

biomass accumulation continues beyond that of certain forage and sweet sorghum 

genotypes which transition to reproductive growth (Blade Energy Crops, 2010; Olsen et 

al., 2012; Rooney et al., 2007; Turhollow et al., 2010). 
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Initial research of PS sorghum was published from Texas in the last few decades 

of the twentieth century (Buxton et al., 1999; Hons et al., 1986), following the Oil 

Embargo that served as the jump-starter to much of the current U.S. investment into 

bioenergy feedstocks. Through continued breeding efforts by several programs, 

principally in southern U.S. states, HBS yield potentials now can reach and exceed 30 

Mg ha-1 with some irrigated and fertilized trials topping 40 Mg ha-1 (Olsen et al., 2012; 

Rocatelli et al., 2012; Tamang et al., 2011). This has been sparsely reported for the 

central states, where shorter seasons have limited the southern-bred varieties from 

achieving these potential yield goals. Reports of trials conducted in Kansas (Propheter et 

al., 2010) and Illinois (Maughan et al., 2012) presented yields in excess of 30 Mg ha-1 

demonstrating that the Midwest could implement HBS production and expect moderate 

to high yield compared to southern states, despite one study in Oklahoma study 

(Haankuku et al., 2014) harvested much less DM under dryland production. This has 

been shown by another six-state, five-year study across the central U.S., which reported 

that DM yields are highly dependent upon annual rainfall (Gill et al., 2014).  

Biofuel feedstock production systems need to efficiently utilize N for economic 

and environmental sustainability (Barbanti et al., 2006). By matching fertilizer 

recommendations to expected yield goals within specific environments HBS production 

could become more efficient. The lack of known N responses by HBS cultivars outside of 

Texas, and especially in the Midwest, necessitated experiments aimed at identifying yield 

responses and optimum N rates with consideration of the N uptake and use efficiency by 

the crop (Chapter 2). 
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Beyond the plant’s N use, there are likely strong relationships among N fertilizer 

rates, the accompanying plant-N, and the uptake of other important plant nutrients, based 

on similar studies in sweet sorghum (Erickson et al., 2012; Singh et al., 2012) and early 

PS sorghum hybrids in Texas (Hons et al., 1986). Large plants like HBS with high 

amounts of leafy biomass are known to uptake great amounts of potassium (K) and high 

levels of other macro- and micronutrients, including calcium (Ca), and magnesium (Mg), 

and iron (Fe). Characterizing HBS uptake of the eleven commonly-measured plant 

mineral nutrients in additional to N (P, K, Ca, Mg, S, Na, Fe, Mn, Zn, Cu, B) is valuable 

for lignocellulosic conversion as well as managing nutrient removal from the field in 

harvested biomass. In both combustion and conversion, high levels of alkaline metals 

may lead to scoring and ash buildup in furnaces or impede the lignocellulosic conversion 

process (Boateng et al., 2015; Helsel and Wedin, 1983; Monti et al., 2008). Tissue-N is 

usually too low in endemic materials for optimum ethanol conversion by yeast, and so N 

is artificially added to the system. Managing HBS for optimum NUE in crop production, 

while considering elemental uptake in soil nutrient management and ethanol conversion, 

may create contradictory end-goals which should be more closely considered. Therefore, 

accompanying the testing of HBS yield for N response it is highly valuable to evaluate 

the HBS material for the concomitant elemental harvesting (Chapter 3). 

The response in DM production in HBS to N rates is highly dependent upon over-

arching environmental conditions. Drought tolerance or drought avoidance are actively 

pursued traits. Sorghum, more so than maize, is known for its drought tolerance 

(Propheter et al., 2010;Yimam et al., 2015). In Missouri, great variability in seasonal 

rainfall is common and incurs intermittent droughts that impair yields of soybeans and 



 
 

6 

maize. Marginal lands then have other yield impairments, such as shallow water tables, 

slope correlating to high erositivity, or poor soil texture, which often result in attenuating 

any drought effects (Janzen, 2006; Page et al., 2013). Little is known about HBS 

productivity on marginal lands differing in soil textures and other marginal land 

impairments over the course of several years. Given the considerable area of cropland in 

Missouri that are considered marginal and known to return low maize yield, investigation 

of HBS productivity under these conditions is of great interest. Comparison of HBS 

productivity on marginal lands with that of sweet sorghum and maize, other potential 

annual lignocellulosic crops could provide valuable insights into the suitability and 

productivity of these crops relative to each other (Chapter 4). 

Implementing long-term production of HBS in Missouri may impact soil soil 

organic carbon (SOC) content. The resulting impact of HBS production will be 

influences not only by the crop’s characteristics, but by management practices as well, 

including tillage, which cannot be prevented, but can be monitored and likely managed to 

minimize negative environmental impacts that result from increased biofuel feedstock 

production. Conversion of marginal lands that are in perennial forage or conservation 

systems to annual bioenergy feedstocks systems likely will reduce soil organic carbon 

stocks as a result of oxidation of carbon pools (Buxton et al., 1999; Dweikat et al., 2012; 

Gopalakrishnan et al., 2011). Introducing crops that produce large DM yields may result 

in the sequestration of carbon dioxide into the labile carbon pools that could convert to 

more stable carbon forms over time (Fernandez et al., 2003; Janzen, 2006; Meki et al., 

2013). The potential of HBS, let alone maize or sweet sorghum, to sequester carbon 

through root growth and above-ground residue lacks proof, but comes with many 
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environmental hopes. Little data exists on the impact of HBS production on soil carbon 

pools. Generation of such data will be valuable in developing models to predict and 

recommend appropriate biofuel crop selection and placement for the most 

environmentally-neutral or beneficial impacts. It is therefore needed to evaluate the short- 

and long-term impact of HBS on SOC stocks (Chapter 5). 

Overall, HBS holds potential for high yield and minimal negative environmental 

impact as a biofuel feedstock. Unfortunately, little focus of HBS has preceded the 

research described herein. The studies described in the following chapters attempt to 

answer a few initial questions regarding N rate yield response, NRE, NUE, mineral 

nutrient uptake, and comparative yields of HBS to maize and sweet sorghum on marginal 

lands and the resultant impacts on soil carbon pools. This then lays the foundation for 

further HBS investigation beyond the scope of this dissertation. 
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CHAPTER 2: Nitrogen Use Efficiency and Yield Response of High 

Biomass Sorghum in the Lower Midwest* 

ABSTRACT 

High biomass sorghum (Sorghum bicolor (L.) Moench) could potentially produce 

high yields in the Midwestern U.S. with minimal fertilizer inputs. However, little is 

known about the yield response, nitrogen (N) uptake, N use efficiency (NUE), and N 

recovery efficiency (NRE) of high biomass sorghum (HBS) at varying N fertilization 

rates when grown for lignocellulosic ethanol. The objectives of this two-year study were 

to determine the effect of five N rates (0, 56, 112, 168, 224 kg N ha-1) on the dry matter 

(DM) yield and lignocellulosic ethanol yield (LEY), and the NRE and NUE of two HBS 

varieties in the Midwestern U.S. The two varieties responded similarly for most measured 

parameters. Total DM yield averaged 13.1 Mg ha-1 and estimated LEY averaged 5519 L 

ha-1 across N rates when grown in central Missouri. Nitrogen rates between 56 and 224 

kg N ha-1 resulted in similar DM yield and LEY in 2010, and there were no yield 

differences among N rates ranging from 0 to 224 kg N ha-1 in 2011. The greatest N 

removal in DM was at or above 56 kg N ha-1. Nitrogen recovery efficiency and NUE 

differed by year, where low rainfall and a shortened growing season in the second year 

resulted in reduced NRE and NUE. Lack of NUE and DM yield differences at N rates 

above 56 kg N ha-1 indicates the potential for producing high biomass sorghum with 

minimal amounts of fertilizer N in the Midwest. 

*A similar form of this chapter has been accepted for publication in Agronomy Journal Vol. 109, 
Pg 1-7. 
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INTRODUCTION 

Recent emphasis to develop biofuel feedstocks for lignocellulosic ethanol requires 

that total DM yield per unit land area be maximized (Rooney et al., 2007). Sorghum 

(Sorghum bicolor (L.) Moench.) is a highly productive C4 grass that has potential for 

various bioenergy applications (Zegada-Lizarazu and Monti, 2012). Sweet and forage 

sorghums produce large amounts of lignocellulosic biomass that can be converted to 

liquid fuel. Sorghum, is adaptable across most U.S. latitudes and is known for high water 

use efficiency and NUE (Gardner et al., 1994; Hao et al., 2014; Yimam et al., 2015). 

Further, it is known to be drought tolerant (Propheter et al., 2010a) and has shown 

tolerance to short-term flooded conditions (Houx et al., 2013; Promkhambut et al., 2011). 

These traits suggest that sorghum can be grown on marginal land less suitable for maize 

(Zea mays L.) or soybean (Glycine max Merr.) production (Rooney et al., 2007).  

Forage sorghum and sorghum x sudangrass varieties, often bred for multi-cut 

forage use, have been considered for bioenergy feedstock programs for many years. 

Recent sorghum crop development has resulted in energy sorghum, or high biomass 

sorghum, with higher yield potentials than forage-type sorghum (Ritter et al., 2008; 

Smith et al., 2015, Rocatelli et al., 2012). High biomass sorghum is a dedicated biofuel 

crop characterized by tall, thick stems, and photoperiod sensitivity (PS) that allows for 

biomass accumulation beyond that of many forage and sweet sorghum types, because 

they remain vegetative in environments with greater than 12 h in day length (Blade 

Energy Crops, 2010; Olsen et al., 2012; Rooney et al., 2007; Snider et al., 2012; 

Turhollow et al., 2010). Recent studies of HBS in the Midwestern US report DM yield 

and LEY of 26 Mg ha-1 and 14,500 L ha-1 in Iowa (Goff et al., 2010), and 28.2 Mg ha-1 
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and 8313 L ha-1 in Kansas (Propheter et al., 2010a). In Illinois, HBS DM yield averaged 

35.1 Mg DM ha-1(Maughan et al., 2012), and in Oklahoma it averaged 11.4 Mg DM ha-1 

(Haankuku et al., 2014). High biomass sorghum yield in Alabama ranged from 26.0 to 

30.1 Mg DM ha-1 (Rocatelli et al., 2012), and in a 6-state, 5-year study, Gill et al. (2014) 

found that DM yields of HBS variety ES 5200 (Ceres, Inc., Thousand Oaks, California) 

ranged from 2.8 to 41.1 Mg ha-1 with an average of 17.9 Mg ha-1. 

Biofuel feedstock production systems need to efficiently utilize N for both 

economic and environmental sustainability. Barbanti et al. (2006) recommend matching 

fertilizer recommendations for sorghum to specific environments in which it is grown. 

For instance, in Texas, PS sorghum responds to low N rates (67 kg N ha-1) with an 

optimum N rate of 108 kg N ha-1 (Tamang et al., 2011) at Lubbock, but at College 

Station early biomass hybrids reached maximum DM at rates between 84 to 168 kg N ha-

1 (Hons et al., 1986). Additionally, Hao et al. (2014) reported optimum N rates of 183 

and 148 kg N ha-1 in 2010 and 2011, respectively, yielding 12 and 18 Mg DM ha-1 using 

furrow irrigation at Bushland, Texas. Meanwhile, in Illinois, Maughan et al. (2012), 

working with PS sorghum, obtained maximum DM yields of 30.1 Mg ha-1 with a 

minimum N application of 50 kg N ha-1, with no additional yield gains at higher N rates 

up to 224 kg N ha-1. The optimum N rate for DM yield of ES 5200 in Oklahoma was 

about 100 kg N ha-1 (Haankuku et al., 2014). Further, Ceres, Inc. recommends 130 kg N 

ha-1 for their released varieties ES 5200 and ES 5201 (Blade Energy Crops, 2010). 

However, this recommendation would likely be a starting point for determining 

application rates at specific locations.  
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To increase the NUE in cropping systems, Cassman et al. (2002) argued that 

limiting losses from the rooting zone is essential to increasing a crop’s efficiency of N -

fertilizer uptake and NRE. The efficiency with which crops utilize N is affected by the 

amount of N that is available to the crop. Few studies examine NUE of HBS, but Hao et 

al. (2014) reported NUE of 78 and 90 kg DM kg-1 N in Texas in two years. Olsen et al. 

(2013) provided valuable insight into specific phenotypic traits related to NUE, and 

demonstrated that HBS remobilizes N from senescing lower leaves to the upper leaves, 

and produces large quantities of stem DM from limited N pools.  

Despite the importance of optimizing yield while minimizing inputs into biofuel 

feedstock production systems, only limited data exists for DM yield, N response, and 

NUE for recently-released HBS varieties grown in the Midwest. The objective of this 

study was to evaluate the effect of five N fertilization rates on DM and LEY yield, NRE, 

and NUE of HBS grown for biofuel production in the Midwestern US. 

MATERIALS AND METHODS 

Site description, experimental design, and crop management  

This study was conducted in 2010 and 2011 at the Bradford Research Center 

(BRC) in central Missouri (38° 53” N; 92° 12” W) on a Mexico silt loam (fine, smectitic, 

mesic, Vertic Epiaqualf) soil. An on-site weather station recorded and provided data on 

environmental conditions through the Missouri Agricultural Weather Database. 

The experiment was arranged as a randomized complete block design with a split 

plot factorial with four replications. Main plots consisted of five N rates and subplots 

were two HBS varieties. Each main plot measured 9.2 m x 15 m, and subplots were 4.6 m 

wide and 15 m long. At the beginning of the experiment, soil tests indicated the 
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following: soil pH 6.3; SOM 2.8%; and Mehlich 3 extraction for P, K, Ca, Mg were 60.5, 

400, 5480, 672.5 kg ha-1, respectively. Soil-N was not measured for the study.  

Prior to planting each year the same field was uniformly disked to approximately 

0.15 m depth to prepare the seedbed. High biomass sorghum varieties ‘ES 5200’ and ‘ES 

5201’ (Ceres, Inc., Thousand Oaks, California) were sown (0.02 m deep) for target 

populations of 125,000 plants ha-1 in rows 0.76 m apart in both years. Post-emergence 

herbicide 2,4-D was applied for early weed control, followed by hand weeding as needed 

later in the season. The crop was planted on 18 June in 2010 and on 1 June in 2011, but a 

hailstorm on 13 June, 2011 extensively damaged the plants, prompting a replant on 23 

June which resulted in a shorter growing season. 

Nitrogen rates were chosen based on N rates previously reported to maximize 

sweet sorghum DM yield in different environments, while also considering a high N rate 

such as that used for the production of maize in Missouri. Nitrogen rates of 0, 56, 112, 

168, and 224 kg N ha-1 were applied each year in the form of SuperU pelletized urea N 

(Koch Fertilizer, Wichita, KS). For the 56 and 112 kg N ha-1 rates, the entire N fertilizer 

amount was applied at planting, while the 168 and 224 kg N ha-1 rates were split-applied, 

with 112 kg N ha-1 at planting and the balance of N fertilizer applied two weeks after 

emergence. All N fertilizer was applied using a hand spreader. Hereafter the N rates will 

be referred to as 0N, 56N, 112N, 168N, and 224N.   

End-of-season whole-plant samples were manually cut at 0.05 m above the soil 

surface from 1.0 m row length of two adjacent rows in the center of each plot for a total 

of 2.0 m of plants, corresponding to an area of 1.52 m2. These harvests were scheduled to 

occur after the first killing frost and were conducted on 25 Oct. 2010 (129 DAP) and 12 
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Oct. 2011 (111 DAP). All plants cut from each plot were bundled and the fresh bundle 

weight was immediately recorded. Subsamples of three plants were weighed and 

fractionated into leaves and stems which were weighed separately. Stems were lightly 

cracked with a hammer to facilitate drying, and then dried in a forced-air dryer at 55°C 

until sample dry weight stabilized. Dry weights of subsample stems and leaves and fresh 

weight of corresponding 2.0 m sample were used to extrapolate to stem and leaf DM and 

total DM yield was determined by summing leaf and stem dry weights. As these 

sorghums are photoperiod sensitive, no grain was produced in either year. 

Lignocellulosic ethanol yield was estimated using a conversion of 415 L EtOH Mg-1 DM 

(Li et al., 2013). At the end of the season remaining plant material was removed from all 

plots with a forage harvester (0.05-m stubble height). 

Dry samples of leaves and stems were ground to pass a 2-mm screen using a 

Wiley Mill (Thomas Scientific, Swedesboro, N.J.) and then ground a second time using a 

UDY Cyclone Mill (UDY Corp., Fort Collins, CO) to pass a 1.0 mm screen. Subsamples 

of evenly-mixed ground tissue were analyzed using a LECO Auto Analyzer (LECO 

Corp., St. Joseph, MI) to determine leaf and stem N concentrations. Total N (TN) 

removal as leaf and stem tissue was calculated as the product of DM yield and N 

concentration.  

Nitrogen recovery efficiency by the difference method is a relative measure of 

fertilizer-N uptake efficiency by the plant. Nitrogen recovery efficiency (NRE) was 

calculated according to Nash and Johnson (1967) as: 

% 𝑁𝑅𝐸 =
(𝑃𝑙𝑎𝑛𝑡 𝑁 𝑎𝑡 𝑁𝑥 − 𝑃𝑙𝑎𝑛𝑡 𝑁 𝑎𝑡 𝑁0)

𝑁𝑥

 × 100 
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where Nx is the fertilizer application rate, N0 is the control plot with zero added N, and 

Plant N is the above-ground plant N content in kg ha-1. 

 Physiological N use efficiency as calculated according to Zweifel et al. (1987), is 

a ratio of yield to plant N content. This is determined by the plant N uptake at each N 

rate, and is independent of the available N in the soil. Nitrogen use efficiency was 

calculated as: 

𝑁𝑈𝐸 =  
𝑌𝑖𝑒𝑙𝑑 𝑎𝑡 𝑁𝑥

𝑃𝑙𝑎𝑛𝑡 𝑁 𝑎𝑡 𝑁𝑥

 

where Nx is the fertilizer application rate and Plant N is the above-ground plant N content 

in kg ha-1. 

Statistical Analysis 

Analysis of variance (ANOVA) was performed using the PROC MIXED 

procedure of SAS (SAS Institute, 2009) software with year and replication as random and 

N rate and variety as fixed effects. Dependent variables included leaf DM, stem DM, 

total DM, LEY, leaf N concentration, stem N concentration, leaf N content, stem N 

content, NRE, and NUE, and were analyzed across the two years. Since variety and N 

rate x variety interactions were not significant, further ANOVA was conducted with data 

pooled across the two varieties. Given significant year effects for most dependent 

variables, N rate effects were further analyzed by year, and treatment means were 

compared using t-tests provided by the ADJUST=Tukey option in SAS.  

RESULTS AND DISCUSSION 

Weather conditions  

Temperatures across the two study years were similar and matched 30-yr averages 
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Table 2.1. Precipitation and mean minimum and maximum temperatures during the growing season in 

2010 and 2011, and 30-year averages near Columbia, MO. 

 2010  2011  30-year Average 

Month Min Max Rain  Min Max Rain  Min Max Rain 

 -------- °C -------- mm  -------- °C -------- mm  -------- °C -------- mm 

June 19.1 30.4 83.8  18.3 29.8 77.2  17.1 28.3 113.5 

July 20.4 31.5 203.9  22.0 34.1 59.4  19.4 30.9 111.0 

August 19.1 31.8 105.2  18.7 31.8 60.7  18.6 30.6 110.7 

September 13.6 26.0 175.8  11.1 24.9 45.7  13.6 26.0 98.3 

October 6.8 22.8 10.7  6.8 21.9 25.9  7.2 19.5 84.1 

Average/ 

Total 15.9 28.5 579.4  15.4 28.6 269.0  15.2 27.1 517.7 
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for high and low temperatures (Table 1). The main exceptions were above-average 

temperatures from late June through early August 2011, which coincided with 

precipitation which was below the 30-yr average and lower than in 2010. In-season 

precipitation for 2011 was reduced by 41% compared to the previous year’s total 

seasonal precipitation. A hail event occurred on 13 June 2011 and prompted the need for 

re-planting. Aside from the distinctions in weather conditions, the differences in planting 

date due to hail may have contributed to the significant year and year x N rate effects that 

were revealed by ANOVA (Tables 2 and 4). Year x N rate interactions were significant 

for all yield parameters, except leaf DM (Table 2). Significant year effects were present 

in most of the tissue N concentrations and contents, although only leaf N concentration 

displayed a year x N rate interaction, such that N rate response was fairly consistent 

across the two years for these traits (Table 4). Given the apparent environmental 

differences between the two seasons, the significant interaction effects in yield traits were 

not surprising and led to further analysis of the data aimed at evaluating treatment 

differences by year for all traits (Tables 2 and 4). 

Dry Matter Yield 

 Year, N rate, and year x N rate affected stem and total DM, and N rate affected 

leaf DM (Table 2). Total DM was approximately 50% greater in 2010 than in 2011 

(P<0.0001), ranging from 8.0 to 20.9 Mg ha-1 and from 6.7 to 9.8 Mg ha-1, respectively 

(Table 3). In 2010, N rates at or above 56N increased stem and total DM yield above 

yield at 0N, but with no benefit to N rates above 56N (Table 3). In contrast, N rate was 

not significant in 2011 for stem and total DM. Leaf DM was greater in both crop years 

when N was applied at 112 kg N ha-1 (2010) or 168 kg N ha-1 (2011) relative to no N
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Table 2.2. Results of ANOVA for high biomass sorghum yields in 2010 and 2011 near Columbia, MO. 

Effect df 

Stem Dry Matter 

(Mg ha-1) 

Leaf Dry Matter  

(Mg ha-1) 

Total Dry Matter  

(Mg ha-1) 

Lignocellulosic EtOH 

(L ha-1) 

  -------------------------------------------------- P>F -------------------------------------------------- 
Year 1 <0.0001 0.5229 <0.0001 <0.0001 
N rate 4 0.0038 0.0122 0.0046 0.0046 

Year x N 4 0.0005 0.7982 0.0049 0.0049 
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Table 2.3. High biomass sorghum dry matter yields with five 
N fertilizer rates in 2010 and 2011 near Columbia, MO.† 

N rate (kg ha-1) 2010 2011 

Stem Dry Matter Yield 
 --------------------- Mg ha-1 -------------------- 
0 5.8 b‡ 4.2 a 
56 14.4 a 4.5 a 
112 16.5 a 5.5 a 
168 16.5 a 5.2 a 
224 14.1 a 5.1 a 
Year Means 13.5 A 4.9 B 

Leaf Dry Matter Yield 
   --------------------- Mg ha-1 ------------------- 
0 2.62 b 2.62 b 
56 4.14 ab 4.14 ab 
112 4.47 a 3.59 ab 
168 4.37 ab 4.39 a 
224 4.36 ab 4.36 ab 
Year Means 3.99 A 3.82 A 

Total Dry Matter Yield 
   ---------------------- Mg ha-1 ------------------- 
0 8.0 b 6.7 a 
56 18.5 a 8.7 a 
112 20.9 a 9.1 a 
168 19.8 a 9.8 a 
224 18.0 a 9.1 a 
Year Means 17.5 A 8.7 B 
† Values are averaged across ‘ES 5200’ and ‘ES 5201’ varieties 
‡ Means within a column and section followed by the same 

lowercase letter and means within a row followed by the same 
uppercase letter are not significantly different at P=0.05 
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applied, and leaf DM was similar in both years. 

The much lower total DM yields in 2011 compared to 2010 and the lack of a yield 

response to N rate in 2011 largely may be attributable to the disparate environmental 

conditions between the two years (Table 1), especially precipitation. This is consistent 

with results from Oklahoma where differences in rainfall resulted in a range in DM 

production from 4.3 to 32.5 Mg ha-1 (Yimam et al., 2015). Further, observations of 

reduced or no N response in environments with limited rainfall are common in the 

literature (Hoffman and Rooney, 2014; Hao et al., 2014; Haankuku et al., 2014, Gill et 

al., 2014; Maughan et al., 2012; Yimam et al., 2015). Despite the observed 

environmental effects, DM yield was similar to results for ES 5201 in Virginia (15.0 Mg 

ha-1; Smith et al. 2015). Rocatelli et al. (2012) showed that shortening the growing 

season of a PS sorghum from 168 to 98 days decreased DM production. Thus, in addition 

to reduced rainfall in 2011 versus 2010, lack of N rate effects and lower stem and total 

DM production may also be a result of the shortened growing season (111 d in 2011 and 

129 d in 2010). Based on Olsen et al. (2012), the similarity in leaf DM in 2010 and 2011 

may have resulted because most leaf growth occurs in the first 60 days after emergence. 

Thus, leaf response to N rate and leaf growth may not have been affected by the reduced 

precipitation that occurred later in the growing season in 2011. Ratios of stem:leaf DM 

increased 46% from 0N to 56N in 2010 (data not shown), but no N effect was observed in 

2011. Stem:leaf DM ratios observed in 2010 (3.23) were comparable to, but lower than, 

the approximate ratio of 3.5 reported by Olsen et al. (2012) for ES 5200 grown in Texas 

with a longer crop season. Thus, applying 56 kg N ha-1 or greater increased total DM 

yield compared to 0N in 2010, but the lack of an N response in 2011 demonstrates that a 
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strong environmental effect on HBS yield may be expected in the Midwest in years with 

reduced rainfall. 

Lignocellulosic Ethanol Yield 

 Across N rates and years, LEY based on a published conversion factor of 415 L 

EtOH Mg-1 DM (Li et al., 2013) revealed a range from 2801 to 8794 L EtOH ha-1 (Figure 

1). Since LEY is estimated from total DM production, statistical results for LEY mirror 

those of total DM (Table 2). In 2010, LEY of the 56N rate was 2.3-fold greater than that 

of the 0N rate, with no additional increase in LEY at greater N rates. As with DM, N rate 

did not affect LEY at P≤0.05 in 2011, but, at P=0.057, LEY was greater at 168N 

compared to 0N.  

Tissue Nitrogen Concentrations 

Leaf and stem N concentrations both differed by N rate and year, and a significant 

year x N rate interaction occurred in stem N concentration as well (Table 4). Stem N 

concentration was not affected by N rate in 2010, but in 2011 concentrations were greater 

at 168N and 224N than at 0N and 56N (Table 5). Leaf N concentrations in both years 

were greater at 112N, 168N, and 224N than at 0N, but N concentration was similar at 

rates between 56N and 224N in 2010, and at rates between 112N and 224N in 2011. Both 

stem and leaf N concentrations in 2011 were 83% and 61% greater, respectively, than in 

2010.  

Previous studies have documented the effects of N fertilization on tissue N 

concentration in forage sorghum (Beyaert and Roy, 2005; Barbanti et al., 2006; Hons et 

al., 1986), but little is known regarding N fertilization effects on HBS. In the present 

study, the average N concentration across years at 168N (7.76 g kg-1) is slightly greater 
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Figure 2.1. Lignocellulosic ethanol yields of high biomass sorghum by N fertilizer treatment in 2010 and 2011 near Columbia, 

MO. Error bars represent means are significantly different at P ≤ 0.05. 
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Table 2.4. Results of ANOVA for N analysis traits in high biomass sorghum in 2010 and 2011 near Columbia, 

MO. 

Effect df 

Stem N Conc.  

(g kg-1) 

Leaf N Conc.  

(g kg-1) 

Stem N Content  

(kg ha-1) 

Leaf N Content  

(kg ha-1) 

Total N Content  

(kg ha-1) 

  ---------------------------------------------------------- P>F ---------------------------------------------------------- 

Year 1 <0.0001 <0.0001 <0.0001 <0.0001 0.2375 
N rate 4 <0.0001 <0.0001 0.0022 0.0006 0.0016 

Year x N 4 <0.0001 0.4175 0.6667 0.3447 0.6135 
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Table 2.5. High biomass sorghum stem and leaf N traits in 2010 and 2011 
near Columbia, MO.† 

N rate (kg ha-1) 2010 2011 2010 2011 

 Stem N Concentration Stem N Content 
 -------------- g kg-1 -----------   ------------ kg ha-1 ---------- 

0 2.61 a‡ 3.61 b 14.0 b 15.0 b 
56 2.65 a 4.43 b 39.6 a 20.0 ab 
112 2.79 a 5.07 ab 48.8 a 28.1 ab 
168 2.83 a 6.04 a 46.4 a 30.9 a 
224 2.95 a 6.26 a 46.2 a 32.4 a 
Means 2.77 B 5.08 A 39.0 A 25.3 B 

 Leaf N Concentration Leaf N Content 

 ------------- g kg-1 ------------   ------------ kg ha-1 ---------- 

0 7.3 b 12.4 c 15.8 b 32.9 b 
56 9.5 ab 14.7 bc 43.1 ab 61.4 ab 
112 10.5 a 16.8 ab 46.7 a 61.0 ab 
168 11.2 a 18.2 a 48.5 a 85.4 a 
224 11.2 a 18.0 a 49.5 a 78.4 a 
Means 9.95 B 16.0 A 40.8 B 63.8 A 
† Values are averaged across ‘ES 5200’ and ‘ES 5201’ varieties 
‡ Means within a column and section followed by the same lowercase letter 

and means in a row followed by the same uppercase letter are not 
significantly different at P=0.05 
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than that reported for a PS sorghum by Propheter et al. (2010b) at similar N rates at two 

Kansas locations and for two years (4.4-6.3 g N kg-1 DM), suggesting greater N 

availability and subsequent uptake in this study, even in the dry 2011 season. Carryover 

from the previous crop year or greater N fertilizer availability as a result of increased 

breakdown of the polymer coat of the urea fertilizer for the replanted crop in 2011 

because of the later replant, may have contributed to high 2011 leaf N concentrations. 

The likeliest cause may be the effect of reduced precipitation on stem growth later in the 

season. Consequently, N that was taken up early could not be utilized for stem growth as 

usual, and may have caused leaf N concentration to remain high throughout the growing 

season because the N concentration was not remobilized or diluted by further growth. 

Plant Nitrogen Content 

Tissue and whole-plant N content was calculated based on leaf and stem N concentration 

and DM yield. Across years, stem, leaf, and total N content responded to N rate, but 

unlike individual stem and leaf N content measurements, total plant N content was 

similar each year (Table 4). Total plant N increased above 0N in both years in response to 

N application, such that rates from 56-224N similarly increased N content (Figure 2). 

Stem N and leaf N contents were greatest at rates of 168N and 224N in both years, with 

increases in leaf N and stem N contents measured at N rates as low as 112N and 56N, 

respectively, in 2010 (Table 5). This was not the case for both stem and leaf N content in 

2011. 

Despite a 45% greater stem N concentration in 2011 across N rates, stem DM 

yield was half that measured in 2010 such that stem N removal in 2010 was greater than 

in 2011. In contrast, leaf N accumulation was greater in 2011 than 2010. A stem:leaf N
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Figure 2.2. Total N content of high biomass sorghum by N fertilizer treatment in 2010 and 2011 near Columbia, MO. Error bars 

represent means are significantly different at P ≤ 0.05. 
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content ratio of 0.93 in 2010 indicates that leaves contained more than 50% of total plant 

N in 2010. In 2011, the stem:leaf N content ratio ranged from 0.36 to 0.50, such that 

leaves on average accumulated 72% of the total plant N (data not shown). Olsen et al. 

(2013) reported stem:leaf N content ratios of 0.50 at a fertilizer rate of 100 kg N ha-1, 

with greater stem DM, plant height, and total N removal (140 kg N ha-1) than determined 

in this study at 112N in 2010 (95.5 kg N ha-1). Double the total N removal has been 

reported (Barbanti et al., 2006; Grennel, 2014), but removal rates are similar to those 

found in Tamang et al. (2011). While not reported for HBS specifically, a previous study 

by Barbanti et al. (2006) found that for a PS sorghum rates of 60 and 120 kg N ha-1 

significantly increased N uptake over the 0N control. It is clear from this study and the 

literature that different growing environments influence N uptake. Results clearly 

demonstrate that HBS plant N uptake increases with N fertilization regardless of 

decreased rainfall and DM growth. 

Nitrogen Recovery Efficiency 

 The NRE by HBS ranged from 104% to 28% across the two years. In 2010, NRE 

was 15% greater than in 2011 (Table 6). The NRE in 2010 was significantly greater at 

56N than at 168N and 224N. While no differences in NRE with N rate were found for 

2011, a general trend demonstrates decreasing NRE with increasing N fertilizer in both 

years. Reduced NRE with increasing N application is commonly observed and associated 

with N fertilizer loss. An alternative explanation may be that NRE is a function of 

reduced crop demand for additional fertilizer, as demonstrated by the lack of additional 

DM accumulation at rates greater than 56N or 0N in 2010 and 2011, respectively. 

 Results presented here were similar to those reported for a PS sorghum by
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Table 2.6.  Nitrogen recovery efficiency (NRE) and nitrogen use efficiencies of dry matter 

(NUE-DM) and lignocellulosic ethanol (NUE-LEY) in 2010 and 2011 near Columbia, MO.† 

 
NRE NUE-DM NUE-LEY 

N Rate 

(kg ha-1) 2010 2011 2010 2011 2010 2011 

 -------------- % ------------ ------------ kg kg-1 --------- ------------- L kg-1 ------------- 
0 - - - - 229 a 144 a 72.9 a 44.7 a 
56 104 a‡ 59.7 a 239 a 111 b 74.2 a 34.5 b 

112 59.6 ab 36.8 a 223 a 108 b 69.5 a 33.6 b 
168 39.0 b 40.7 a 220 a 87.9 b 68.4 a 27.3 b 

224 30.0 b 28.0 a 217 a 88.7 b 67.5 a 27.6 b 
Means 56.3 A 41.3 B 227 A 108 B 70.6 A 33.6 B 

 ---------------------------------------------- P>F --------------------------------------------------- 

Year 0.0348 <0.0001 <0.0001 
N rate 0.0150 0.0008 0.0008 

Y x N 0.2390 0.0592 0.0592 
† Values are averaged across ‘ES 5200’ and ‘ES 5201’ varieties 
‡  Means within a column and section followed by the same lowercase letter and means in a row 
followed by the same uppercase letter are not significantly different at P=0.05 
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Tamang et al. (2011) which showed that NRE declined from 54% to 16% when N rates 

increased from 67 to 168 kg N ha-1. Research on sorghum x sudangrass by Beyaert and 

Roy (2005) demonstrated NRE ranging from 93% to 35% with N fertilization increasing 

from 50 to 250 kg N ha-1. Therefore, a clear decrease in HBS NRE with increasing N 

fertilization demonstrates similar responses across bioenergy sorghums. 

Nitrogen Use Efficiency 

 The physiological NUE was calculated as the amount of DM accumulated per unit 

of N in the plant. Mean NUE-DM differed by N rate and year. Nitrogen rate did not 

affect NUE-DM in 2010 when NUE was similar across all N rates including the 0N 

(Table 6). However, in 2011, N rates between 56N and 224N resulted in NUE-DM that 

was less than that at 0N. Mean NUE-DM in 2010 was 2.1x greater than in 2011, and the 

favorable environmental conditions for growth allowed maintenance of high NUE-DM at 

high N rates in 2010. In contrast, less favorable conditions in 2011, resulted in reduced 

growth and a noticeable reduction in NUE-DM from 0N to 56N. In Ohio, Grennel (2014) 

estimated that the NUE of ES 5200 at 100 kg N ha-1 was 120 kg DM kg-1 N, which is 

similar to our 2011 results for the 56N (111 kg DM kg-1 N) and 112N (108 kg DM kg-1 

N) treatments, but still only half of the NUE observed in 2010. Olsen et al. (2013), 

explained the range of reported NUEs from 111 to 370 kg DM kg-1 N when fertilized 

with 100 kg N ha-1 as a function of season length. They found that NUE increased with 

season length, and reported a maximum NUE at 180 days after planting (370 kg DM kg-1 

N). Yet, for a season length more closely fitting Missouri (120-150 days), Olsen et al. 

(2013) measured NUE-DM ranging from approximately 250 to 280 kg DM kg-1 N, 
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which, while still greater than the greatest NUE (239 kg DM kg-1 N) in this study, is 

closer to the 2010 results. 

 The NUE-LEY was calculated as the volume of estimated LEY per unit of plant 

N. Similar N rate and year effects were measured in NUE-LEY as for NUE-DM (Table 

6). Based on the conversion factor of 415 L EtOH Mg-1 DM and the N contents observed 

in this study, the calculated NUE-LEY ranged from 67.5 to 74.2 L EtOH kg-1 N in 2010 

and from 27.3 to 44.7 L EtOH kg-1 N in 2011. To our knowledge, this is the first study to 

report NUE-DM and NUE-LEY results for HBS in response to a range of N fertilizer 

rates. 

CONCLUSIONS 

Results from this study indicate a strong modulation of HBS DM production 

responses to N fertilization by prevailing environmental conditions. While limited DM 

production and LEY responses to the application of 56 kg N ha-1 were observed in one 

year, no N rate effects on DM production and LEY were found in the second year, which 

was characterized by reduced rainfall and an 18-day shorter season. Significant impacts 

of N fertilizer on plant N concentration and removal directly impacted NRE and NUE of 

HBS in this study. Given the contrasting prevailing environmental conditions and the 

associated differences in the observed N responses, additional research is needed before 

N rate prescriptions for HBS production can be defined. While the newly-developed HBS 

varieties employed in this study appear to be well suited for biofuel feedstock production 

in similar environments and/or when grown on marginal lands, further research should 

also refine and improve management and N fertilization to enhance biomass production, 

NRE, and NUE in the Midwest. Considering the low N fertilizer amounts required to 
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maximize biomass yields documented in this two-year study, it is likely that the N rates 

resulting in optimal production would be considerably lower than that used for other 

current bioenergy feedstocks, such as maize. 
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CHAPTER 3: Nitrogen Fertilization of High Biomass Sorghum Affects 

Macro- and Micronutrient Uptake 

ABSTRACT 

High biomass sorghum (Sorghum bicolor (L.) Moench) is an emerging biofuel 

feedstock that can produce high yields in the Midwestern U.S. and is known for high N 

use efficiency at low N fertilizer input. Crop uptake of soil-available nutrients is often 

dependent upon N fertilizer rates, but little is known on the nutrient uptake response of 

high biomass sorghum (HBS). The objectives of this two-year study were to determine 

the effect of five N fertilization treatments (0, 56, 112, 168, 224 kg N ha-1) on the plant 

uptake of 11 macro and micro nutrients by two photoperiod sensitive HBS varieties in 

central Missouri. Separate leaf, stem, and whole-plant nutrient concentrations and 

contents were determined and relationships of the 11 nutrients to plant-N were evaluated. 

Few differences were identified between the two varieties. Response to N fertilizer rate 

was highly influenced by environment, such that reduced biomass accumulation in the 

crop year with reduced rainfall resulted in increased concentrations, but less nutrient 

uptake and reduced N response. This study suggests a strong relationship between HBS 

nutrient content and precipitation, except for P, which was similar both years. Removal of 

K was the greatest in the HBS compared to the other measured nutrients. This study 

demonstrates the relationships among HBS mineral nutrient uptake, environment, and 

applied-N fertilizer rates.   
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INTRODUCTION 

Biofuel feedstock production systems need to efficiently utilize soil and fertilizer 

nutrients for economic and environmental sustainability. Tissue mineral nutrient 

concentrations and total removal of nutrients in the plant material upon harvest can affect 

the long-term suitability and sustainability of cropping systems, as well as the conversion 

efficiencies of bioenergy feedstocks by combustion or fermentation (Monti et al., 2008; 

Singh et al., 2012). Previous research indicates species- and environment-dependent 

tissue elemental concentration and plant nutrient removal of bioenergy feedstocks 

(Buxton et al., 1999; Monti et al., 2008; Propheter and Staggenborg, 2010b). Several 

researchers have explored plant element concentrations and removal for perennial crops 

such as switchgrass (Panicum virgatum L.), miscanthus (Miscanthus sinensis X 

Giganteus), and giant reed (Arundo donax L.), as well as for annual crops including 

maize (Zea mays L.) and sorghum (Sorghum bicolor (L.) Moench) (Houx et al., 2016; 

Monti et al., 2008; Mourtzinis et al., 2016; Propheter and Staggenborg, 2010b).   

Sorghum is a highly productive annual C4 grass as sweet sorghum and HBS 

possess desirable traits as potential biofuel feedstocks (Zegada-Lizarazu and Monti, 

2012), and produce large amounts of lignocellulosic biomass that can be combusted or 

converted by fermentation to liquid fuel. Sorghum is generally adapted to most U.S. 

latitudes, demonstrates high water and N use efficiencies (Gardner et al., 1994; Hao et 

al., 2014; Yimam et al., 2015), is considered to be drought tolerant (Propheter et al., 

2010a) and exhibits limited flood tolerance (Houx et al., 2013; Promkahambut et al., 

2011). Consequently, especially on marginal croplands, sorghum may serve as an 
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alternative or addition to maize and soybean (Glycine max Merr.) cropping systems in the 

U.S. Midwest (Rooney et al., 2007). 

High biomass sorghum, or energy sorghum, is a thick-stemmed, tall dedicated 

energy crop that remains vegetative when day lengths are greater than 12 h (photoperiod 

sensitive; PS), and therefore continues to accumulate biomass beyond that of many 

forage and sweet sorghum genotypes (Blade Energy Crops, 2010; Olsen et al., 2012; 

Rooney et al., 2007; Snider et al., 2012; Turhollow et al., 2010). Recent studies of HBS 

in the US Midwest report dry matter yields (DM) up to 20.9 Mg ha-1 in Missouri (Maw et 

al., 2017), 26 Mg ha-1 in Iowa (Goff et al., 2010), and 28.2 Mg ha-1 in Kansas (Propheter 

et al., 2010a). Literature demonstrates that dry matter yields vary greatly by N rate and 

environment (Gill et al., 2014; Hao et al., 2014; Maughan et al., 2012; Maw et al., 2017; 

Propheter and Staggenborg, 2010b), illustrating, as recommended by Barbanti et al. 

(2006), that N fertilizer recommendations need to be matched to specific environments. 

The optimum N rate for HBS in Oklahoma was reported to be about 100 kg N ha-1 

(Haankuku et al., 2014). Recent research in Missouri demonstrated a high N fertilizer use 

efficiency at low N rates, with no yield benefit to additional fertilizer above 56 kg N ha-1 

(Maw et al., 2017).  

Low biomass N and P concentrations can lower energy combustion or 

fermentation values, while high concentrations of other elements (alkali metals) often 

negatively affect combustion efficiency (Boateng et al., 2015; Helsel and Wedin, 1983; 

Monti et al., 2008). The interaction between soil-N availability, plant-N, and the uptake 

of other mineral nutrients is therefore an important consideration, but little has been 

reported regarding this interaction in sorghum. Previous N rate studies in sweet and 
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forage sorghums have focused mostly on P and K uptake, but previous published research 

describing the full macro- and micronutrient content in HBS does not exist. For example, 

Singh et al. (2012) applied 135 kg N ha-1 to sweet sorghum and measured total P and K 

uptake of 28 and 81 kg ha-1, respectively, with 23% and 19% of P and K contained in the 

leaves. In Florida, N rate did not affect sweet sorghum P concentrations in leaf or stem or 

total P uptake when rates of 45-180 kg N ha-1 were applied (Erickson et al., 2012). In 

Iowa, Buxton et al. (1999) reported that increasing N fertilizer rates (0-280 kg N ha-1) 

and N concentrations decreased K concentrations in a sorghum-sudangrass hybrid. For an 

early PS sorghum hybrid in Texas, element removal of P, K, Ca, Mg, Fe, and Zn 

increased from 0 to 84 kg N ha-1 applied fertilizer (Hons et al., 1986). Previous 

evaluation of sweet sorghum nutrient uptake by N rate in Missouri determined an N 

response in whole plant uptake of Ca, Mg, Fe, and Zn (Holou, 2010).  

Analyzing plant tissues separately is valuable because leaves often contain greater 

element concentrations than stems (Han et al., 2011; Holou, 2010; Monti et al., 2008). A 

positive relationship of N rate exists to leaf element concentrations of P, K, Ca, Mg, and 

Na in sweet sorghum (Serrao et al., 2012). High biomass sorghum has a high stem-leaf 

ratio and leaves may contain from 50-70% of the total plant-N (Maw et al., 2017). The 

crop often remains vegetative throughout the crop season such that higher concentrations 

of nutrients may be measured in the leaves, implying sustainable harvesting techniques 

include removing the leaves from fuel conversion and returning them to the field for 

nutrient recycling, as suggested for sweet sorghum (Singh et al., 2012). 

Optimizing yield and long-term sustainability is important when considering HBS 

production, yet nothing is reported for the element uptake and removal of the 11 
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important macro and micro plant nutrients in newer HBS. The main objective of this 

study was to determine the influence of five N fertilization treatment levels on HBS 

uptake of five macro- and six micronutrients. 

MATERIALS AND METHODS 

Site description, experimental design, and crop management  

This study was conducted in 2010 and 2011 at the Bradford Research Center 

(BRC) in central Missouri (38° 53’ 45” N; 92° 12’ 55” W) on a Mexico Silt Loam soil 

(fine, smectitic, mesic, Vertic Epiaqualf) (CARES, 2012). An on-site weather station 

recorded and provided data on environmental conditions through the Missouri 

Agricultural Weather Database. Total 30-yr average in-season precipitation at BRC 

(1981-2010) is 518 mm with average minimum and maximum temperatures of 15.2 and 

27.1 °C. Total in-season precipitation (May-Oct.) compared to the 30-yr mean was 12% 

greater (579 mm) in 2010 but only about half (269 mm) in 2011. Monthly minimum and 

maximum temperatures were within 2 °C of 30-year means throughout most of the crop 

growth in 2010 and 2011, except for prolonged above-average temperatures in July 2011. 

Further detailed weather data are provided in Maw et al. (2017).    

The experiment was a randomized complete block design with a split plot 

factorial in four replications with main plots assigned to the five N fertilizer rates (0, 56, 

112, 168, and 224 kg N ha-1) and subplots assigned to the two HBS varieties ‘ES 5200’ 

and ‘ES 5201’ (Ceres, Inc., Thousand Oaks, California). At the beginning of the 

experiment, a soil test indicated the following: pHs 6.3; SOM 28 g kg-1; and Mehlich 3 

extraction for P, K, Ca, Mg were 60.5, 400, 5480, 672.5 kg ha-1, respectively. Soil was 

not tested for S, Na, Fe, Mn, Zn, Cu, or B. Full experimental design and management 
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details are provided in Chapter 2. Hereafter the N treatments will be referred to as 0N, 

56N, 112N, 168N, and 224N.   

End-of-season harvests occurred following the first killing frost on 25 Oct. 2010 

(129 DAP) and 12 Oct. 2011 (111 DAP). Detailed plant harvesting, yield determination, 

and processing methods are described in Chapter 2. In brief, whole plant samples of 2.0 

m row lengths were hand cut from each plot and fresh weight was measured. A 

subsample of three representative plants was selected, fresh weight determined, separated 

into leaves and stems, dried, weighed dry, and each plant tissue fraction was ground 

separately to pass a 1.0 mm screen. Subsamples of evenly-mixed ground stem and leaf 

tissue were analyzed by Inductively Coupled Plasma-Optical Emission Spectrometry 

(ICP-OES; Varian Inc., USA) to determine leaf and stem concentrations of 11 elements 

(P, K, Ca, Mg, S, Na, Fe, Mn, Zn, Cu, and B). Nutrient content in leaf, stem, and total 

plant tissue was calculated as the product of respective DM yields and element 

concentrations.  

Statistical Analysis 

Analysis of variance (ANOVA) using the PROC MIXED procedure of SAS (SAS 

Institute, 2009) software was run with year and block as random and variety and N rate as 

fixed effects. Dependent variables included leaf element concentration, stem element 

concentration, leaf nutrient content, stem nutrient content, and total nutrient content. 

Using t-tests at P ≤ 0.05 with Tukey’s HSD provided by the ADJUST=Tukey option 

revealed variety was only significant in stem Ca and Fe concentrations. There were four 

year x cultivar interactions for stem K concentration and Mn contents in leaf, stem, and 

total plant. As well, only in leaf Na content did an N rate x variety interaction appear. 
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Based on these results, data for the two varieties were pooled for further ANOVA as 

presented in Tables 3.1-3.3. This second analysis revealed that most dependent variables 

were strongly influenced by year as well, prompting ANOVA and mean separation by 

year. When appropriate, across-year similarities and variety differences are described 

herein but are not broadly presented. PROC CORR was used to identify correlative 

relationships between the macro- and micronutrients, including plant-N (data previously 

reported by Maw et al., 2017), with significant relationships identified at P ≤ 0.05. 

RESULTS AND DISCUSSION 

Concentration of Macronutrients in Leaf and Stem Tissues 

Except for P, leaf macronutrient (K, Ca, Mg, S) concentrations differed between years, 

and N treatment influenced leaf Mg and S, but not P, K, and Ca concentrations (Table 

3.1). A significant year by N treatment interaction was only observed for K, the 

concentration of which was greater in 0N than all other treatments in 2010, but not 

influenced by N treatments in 2011.  The average leaf concentration across the two years 

was greatest for K (11.9 g kg-1) followed by Ca (6.1 g kg-1), Mg (3.1 g kg-1), P (2.1 g kg-

1), and S (0.85 g kg-1). When analyzed across both years, Mg and S concentrations 

increased with N treatment, but only Mg concentration increased with N treatment when 

years were analyzed separately (Table 3.1). In both years, Mg concentration was greater 

in 112N and above than in the 0N treatment. Across year ANOVA did not reveal a N 

treatment effect for Ca concentration, but mean separation for N treatments in 2011 

revealed that the Ca concentration in 224N was less than in 112N and 168N (Table 3.1). 

Concentrations of K, Ca, Mg, and S (13%, 19%, 42%, and 31%, respectively) were 

greater in 2011 than in 2010. 
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Table 3.1. Macronutrient concentrations (g kg-1) in separate leaf and stem tissues of high biomass sorghum and accompanying 

ANOVA results across five N fertilizer rates in 2010-2011 near Columbia, MO.†  

N rate (kg ha-1) P K Ca Mg S 

Leaf Tissue  ------------------------------------------------------------ g kg-1 ------------------------------------------------------------ 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 
0   2.20 a‡ 2.27 a 13.5 a 12.4 a 5.02 a 6.35 ab 1.40 b 3.22 b 0.629 a 0.900 a 

56   2.11 a 2.23 a 10.8 b 12.3 a 5.57 a 6.87 ab 2.03 ab 3.73 ab 0.677 a 0.926 a 
112   2.13 a 2.25 a 10.3 b 12.5 a 5.71 a 7.06 a 2.58 a 4.35 a 0.736 a 1.04 a 
168   1.99 a 2.23 a 10.4 b 13.1 a 5.39 a 7.16 a 2.63 a 4.25 a 0.718 a 1.10 a 

224   1.80 a 1.96 a 10.3 b 13.4 a 5.36 a 6.03 b 2.64 a 4.01 a 0.735 a 1.09 a 
Means   2.04 A 2.19 A 11.0 B 12.7 A 5.41 B 6.69 A 2.25 B 3.91 A 0.699 B 1.01 A 

        
Effect df  ------------------------------------------------------------ P>F -------------------------------------------------------------- 
   Year 1  0.0981 <0.0001 <0.0001 <0.0001 <0.0001 

   N rate 4  0.5820 0.0646 0.1070 <0.0001 0.0171 
   Y x N 4  0.9549 0.0006 0.3409 0.8148 0.4271 

        
Stem Tissue  ------------------------------------------------------------ g kg-1 ------------------------------------------------------------ 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 

0   1.75 a 1.20 a 14.0 a 7.93 a 1.52 a 1.98 b 0.971 b 1.80 b 0.544 a 0.484 a 
56   1.23 ab 1.11 a 9.05 b 6.76 a 1.11 bc 2.32 a 0.980 b 2.14 ab 0.430 b 0.486 a 
112   1.13 b 0.995 a 7.12 bc 6.40 a 1.34 ab 2.39 a 1.22 a 2.44 a 0.411 b 0.511 a 

168   0.884 b 0.976 a 5.36 c 6.44 a 1.03 c 2.39 a 1.04 ab 2.41 a 0.363 b 0.541 a 
224   0.715 b 0.801 a 5.01 c 6.24 a 1.00 c 2.12 ab 1.09 ab 2.41 a 0.351 b 0.491 a 

Means   1.14 A 1.02 B 8.12 A 6.75 B 1.20 B 2.24 A 1.06 B 2.24 A 0.420 B 0.503 A 
        
Effect df  ------------------------------------------------------------ P>F -------------------------------------------------------------- 

   Year 1  0.0355 0.0015 <0.0001 <0.0001 <0.0001 
   N rate 4  0.0077 0.0004 0.0216 <0.0001 0.0163 

   Y x N 4  0.0039 <0.0001 <0.0001 0.0043 <0.0001 
† Values are averaged across ‘ES 5200’ and ‘ES 5201’ varieties 
‡ Means in a column within a section followed by the same lowercase letter and means in a row within a section followed by the same 

uppercase letter are not significantly different at P≤0.05 
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 Stem concentrations of all five macronutrients varied by year, N rate, and year x 

N rate (Table 3.1). Within years, all five macronutrients responded to N treatment in 

2010; whereas, only Ca and Mg differed according to N treatment in 2011 (Table 3.1). In 

2010, all stem macronutrient concentrations decreased with increasing N rate, except for 

Mg, for which the concentration was greatest at 112N. The greatest responses to N 

treatment were observed for stem P and K concentrations in 2010 with 2.4 and 2.8-fold 

lower concentrations observed in 224N compared to 0N. In 2011, P, K, and S remained 

constant across N rates, while Ca concentration increased 17% from 0N to 56N, and Mg 

concentration at 112N was 35% greater than at 0N. Similar to the leaf tissue, stem 

concentrations of Ca, Mg, and S were greater in 2011 than 2010. In contrast, stem P and 

K concentrations were lower in 2011 than 2010. 

Interestingly, while P, K, Ca, and S concentrations in stem tissue decreased at 

higher compared to lower N rates, Mg stem concentration showed the opposite response. 

Greater Mg concentrations than at 0N were found in leaf tissues at N rates of 112-224N. 

Thus, Mg uptake was enhanced by N fertilization and tissue Mg concentration was not 

subject to growth dilution which was observed for stem P, K, Ca, and S. When analyzed 

across both years, leaf S concentration also increased with additional N fertilizer, but, 

unlike Mg, a significant reduction in stem S concentration was associated with the 

addition of N fertilizer in one of the two years.  

Nutrient concentrations are known to decrease in sweet sorghum tissue as 

biomass increases, an effect attributed to growth dilution (Fernandes et al., 2014). 

Although rainfall during the 2011 growing season was lower than in 2010, leaf DM was 

similar in both years. In contrast, mean stem DM in 2010 was 2.8x greater than in 2011 
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(Maw et al., 2017). As expected, the greater stem DM in 2010 was associated with lower 

stem Ca, Mg, and S concentrations, and although leaf DM did not differ between years, 

Ca, Mg, and S concentrations were also lower in leaves in 2010 as compared to 2011. 

Stem growth, indicated by stem:leaf content ratios, were lower in 2011 (1.33) compared 

to 2010 (3.23), possibly limiting the translocation of nutrients from leaf to stem tissues in 

2011, resulting in high leaf macronutrient concentrations regardless of N rate.  

Research on the leaf and stem mineral nutrient composition of forage, biomass, and sweet 

sorghums has been very limited. Nitrogen response for leaf P and K concentrations in 

HBS in this study are comparable to previous sweet sorghum studies (Ahmed et al., 

2015; Buxton et al., 1999; Erickson et al., 2012; Soileau and Bradford, 1985). Soileau 

and Bradford (1985) suggested that native N-P-K soil nutrients were sufficiently 

available for plant uptake, resulting in no or limited N response in sweet sorghum. 

Despite reporting no change in P concentrations with N rate, K concentrations reported 

by Ahmed et al. (2015) increased by 23%, by increasing N fertilizer from 0 to 80 kg N 

ha-1. This was not the case for K in this study, which decreased at greater N fertilizer 

rates in 2010 and remained constant in 2011. Few studies have reported mineral nutrient 

concentrations of bioenergy sorghums. Powell et al. (1991) presented P and K 

concentrations for a forage sorghum, Grassl, grown in Texas. Concentrations of P were 2 

and 1.2 g kg-1 in leaf and stem, respectively. Stem K was almost double (12.9 g kg-1) the 

mean HBS stem K concentration in this study, while HBS K leaf concentrations were 

similar (15 g kg-1).  

Concentration of Micro Nutrients in Leaf and Stem Tissues 

Leaf micronutrient concentrations were highly variable in response to N rate. 
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Concentrations of Na, Fe, and Zn in leaves were similar across N rates in both years and 

significant year x N rate interactions were observed for Cu and B leaf concentrations, 

while the concentration of Mn was significantly influenced by N rate in both years (Table 

3.2). Concentrations of Cu and B increased in response to N fertilizer addition in one of 

the two years. Interestingly, Cu concentration was responsive to N in 2011, increasing 

more than 30% from 0N to 112N, while leaf Mn concentration nearly doubled from 112N 

to 224N. Boron was the only micronutrient to increase with N rate in 2010, when the 

concentration increased by 84% from 0N to 168N. All six micronutrient concentrations in 

2011 were consistently greater than in 2010 across all N rates. 

In stem tissue, N rate was only significant for Na and Zn. Year x N interactions 

were found for Na, Mn, Zn, Cu, and B, indicating modulation of the influence of N 

availability on stem micronutrient status by environmental conditions (Table 3.2). In 

2010, Mn, Zn, and B concentrations in the stem tissue generally decreased at high N 

rates, while in 2011 Na and Cu concentrations were significantly greater at ≥168N than 

for 0N. Notable was the five-fold increase in Na concentration from 0N to 168N in 2011, 

which was the greatest elemental concentration change with N rate observed in this study. 

The mean stem Na concentration in 2011 was 5x greater than in 2010, which is a year to 

year difference greater than for any other elemental concentration. Except for Cu, 

micronutrient concentrations in stem tissue were greater in 2011 than 2010.  

Previous sweet sorghum research reported flag-leaf Mn concentration generally 

increased from 74 to 130 mg kg-1 with increasing N rate 0 to 180 kg N ha-1 (Soileau and 

Bradford, 1985), but the reported concentrations are generally more than double that 

determined for leaf Mn concentration in this study. A lack of comparative literature limits 
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Table 3.2. Micronutrient concentrations (mg kg-1) in separate leaf and stem tissues of high biomass sorghum and accompanying 

ANOVA results across five N fertilizer rates in 2010-2011 near Columbia, MO.†  

N rate (kg ha-1) Na Fe Mn Zn Cu B 

Leaf Tissue  ----------------------------------------------------------------- mg kg-1 ------------------------------------------------------------------ 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 
0   5.75 a‡ 17.8 a 54.8 a 68.6 a 23.8 a 26.1 ab 12.8 a 14.6 a 5.80 a 5.51 b 0.919 b 2.67 a 

56   4.20 a 10.4 a 57.5 a 70.5 a 30.6 a 30.6 ab 13.8 a 14.6 a 5.41 a 6.60 ab 1.52 ab 2.55 a 
112   3.69 a 6.39 a 58.1 a 78.0 a 22.6 a 23.2 b 15.9 a 16.1 a 6.45 a 7.32 a 1.51 ab 2.75 a 
168   4.31 a 8.64 a 60.6 a 74.8 a 26.9 a 39.5 ab 14.5 a 15.8 a 6.21 a 7.67 a 1.69 a 2.68 a 

224   3.39 a 7.69 a 54.3 a 74.7 a 33.1 a 44.4 a 14.4 a 16.1 a 5.91 a 7.89 a 1.75 a 2.35 a 
Means   4.27 B 10.2 A 57.1 B 73.3 A 27.4 B 32.8 A 14.3 B 15.4 A 5.96 B 7.00 A 1.48 B 2.60 A 

         
Effect df  -------------------------------------------------------------------  P>F ------------------------------------------------------------------ 
   Year 1  <0.0001 <0.0001 0.0054 0.0079 <0.0001 <0.0001 

   N rate 4  0.1082 0.6114 0.0357 0.1075 0.0008 0.3956 
   Y x N 4  0.2042 0.8469 0.1422 0.7334 0.0370 0.0012 

         
Stem Tissue  ----------------------------------------------------------------- mg kg-1 ------------------------------------------------------------------ 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 

0   5.94 a 12.1 b 69.9 a 70.0 a 24.6 a 22.1 a 22.8 a 17.1 a 3.32 a 2.32 b 0.597 a 0.846 a 
56   6.68 a 24.3 ab 50.9 a 66.6 a 18.1 ab 26.5 a 12.8 bc 15.3 a 2.66 a 2.65 ab 0.501 ab 0.817 a 
112   10.7 a 33.7 ab 52.8 a 73.2 a 13.9 b 14.6 a 14.6 b 17.5 a 2.69 a 3.01 ab 0.516 ab 0.819 a 

168   6.20 a 65.1 a 44.3 a 67.2 a 11.9 b 24.6 a 8.79 c 16.9 a 2.65 a 3.32 a 0.442 ab 1.14 a 
224   9.27 a 65.9 a 58.7 a 72.4 a 15.8 ab 28.3 a 9.23 bc 18.6 a 3.04 a 3.34 a 0.402 b 0.996 a 
Means   7.75 B 40.2 A 55.3 B 69.9 A 16.9 B 23.2 A 13.6 B 17.1 A 2.87 A 2.93 A 0.492 B 0.922 A 

         
Effect df  -------------------------------------------------------------------  P>F ------------------------------------------------------------------ 

   Year 1  <0.0001 <0.0001 <0.0001 <0.0001 0.6589 <0.0001 
   N rate 4  0.0027 0.5021 0.2371 0.0054 0.1241 0.4374 
   Y x N 4  <0.0001 0.1634 0.0027 <0.0001 0.0015 0.0008 
† Values are averaged across ‘ES 5200’ and ‘ES 5201’ varieties 

‡ Means in a column within a section followed by the same lowercase letter and means in a row within a section followed by the same 
uppercase letter are not significantly different at P≤0.05 
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further discussion. Except for Cu stem concentration, concentrations in the leaf and stem 

were greater in 2011 versus 2010. Given the greater biomass accumulation in 2010, the 

lower tissue concentrations relative to 2011 may be attributed to growth dilution. 

Interestingly, increases in Na and Zn stem concentrations were observed in response to N 

fertilization in 2011, suggesting enhanced Na and Cu uptake with greater availability of 

N.   

Macro Nutrient Content 

Nutrient contents in the leaf tissue and stem tissue were calculated as the products 

of macro- or micronutrient concentrations of the DM associated with the respective 

tissues. Discussed more thoroughly in Chapter 2, and here in brief, stem DM increased 

2.5-fold from 0N to 56N in 2010, with no additional N benefit at greater N rates, and, in 

2011, no N response was observed. Leaf DM increased from the control by 71% at 112N 

in 2010 and by 68% at 168N in 2011. The DM yields were highly dependent upon 

environmental conditions, where average stem DM in 2010 (13.5 Mg ha-1) was 2.8-fold 

greater than in 2011 (4.9 Mg ha-1), and average leaf DM was similar for both years (avg. 

3.91 Mg ha-1). Lower stem DM yields observed in 2011 were likely the result of reduced 

precipitation and an 18-day shorter season prior to the first killing frost. 

Leaf macronutrient contents of K, Ca, Mg, and S generally increased with N rate 

across years (Tables 3.3; Figure 3.1). Despite across-year N rate response for P content, 

no N rate response was measured within either year. There was no N effect in 2010 to K 

content, but in 2011 levels nearly doubled from 0N to 168N. Leaf tissue Ca, Mg, and S 

contents in the 168N treatment were approximately double and up to nearly 4-fold those 

of the 0N treatments in both years. Although 2011 leaf K, Ca, and Mg elemental 
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Table 3.3. Results of ANOVA for leaf tissue, stem tissue, and total plant macro- and micronutrient content of high biomass sorghum 

across five N fertilizer rates in 2010-2011 near Columbia, MO. 

Effect df 

P 

(kg ha-1) 

K 

(kg ha-1) 

Ca 

(kg ha-1) 

Mg 

(kg ha-1) 

S 

(kg ha-1) 

Na 

(g ha-1) 

Fe 

(g ha-1) 

Mn 

(g ha-1) 

Zn 

(g ha-1) 

Cu 

(g ha-1) 

B 

(g ha-1) 

Leaf Tissue 
 

------------------------------------------------------------------------- P>F -------------------------------------------------------------------
----- 

Year 1 0.4964 0.0757 0.0553 <0.0001 0.0005 0.0003 0.0464 0.2116 0.8638 0.1520 <0.0001 
N rate 4 0.1577 0.0452 0.0051 <0.0001 0.0053 0.5831 0.0021 0.0088 0.0082 <0.0001 0.0497 

Year x N 4 0.8955 0.6460 0.8644 0.9836 0.7152 0.6940 0.9689 0.2173 0.7317 0.6299 0.9255 
             
Stem Tissue             

Year 1 <0.0001 <0.0001 <0.0001 0.0003 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0010 
N rate 4 0.1830 0.3124 0.0050 0.0007 0.0319 0.0021 0.0651 0.2009 0.0669 0.0226 .0694 

Year x N 4 0.0290 0.0438 0.1027 0.0522 0.0099 0.0018 0.0016 0.2450 0.0372 0.015 0.1492 
             
Total Plant             

Year 1 <0.0001 <0.0001 0.8049 0.3688 0.0008 <0.0001 <0.0001 0.0040 <0.0001 <0.0001 0.1076 
N rate 4 0.1182 0.1458 0.0037 0.0007 0.0064 0.0032 0.0095 0.0463 0.0507 0.0037 0.0269 

Year x N 4 0.0686 0.0596 0.4817 0.5217 0.0713 0.0068 0.0116 0.1974 0.0365 0.3191 0.5238 
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Figure 3.1. Macronutrient content in leaf, stem, and total plant in high biomass sorghum 

across five N fertilizer rates in 2010-2011 near Columbia, MO.  Error bars represent 

significant differences at P ≤ 0.05.
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concentrations were slightly greater in 2011 versus 2010, the mineral nutrient contents 

were similar each year as the leaf DM yields were similar but with sufficient error to 

remove any possible uptake differences between the two years. Only Mg and S contents 

differed between years, with respective differences of 5% and 39% greater in 2011 versus 

2010 (Table 3.3, Fig. 3.1).  

Stem contents of Ca, Mg, and S responded positively to increasing N rate across 

the two years, although Ca and S did not respond to N in the second year (Table 3.3, 

Figure 3.1). Levels of P and K were not affected by N rate in either crop year. Stem 

concentrations of Mg increased the most consistently across the two years in response to 

N fertilization. Moderate rates of N fertilizer (56N & 112N) were sufficient to induce a 

significant increase of Mg content in stems, with no additional increase in content at 

greater N rates. Indeed, Mg was the only macronutrient to respond to N in 2011, despite 

greater macronutrient concentrations in that year. For K and Ca contents the 

environmental conditions modulated the N rate response as indicated by the year x N rate 

interaction. Stem contents of P, K, and S in 2010 were almost 3-fold greater than in 2011, 

and Ca and Mg contents were 30% and 26% greater, respectively (Fig. 3.1). 

Environmental conditions resulted in reduced stem DM accumulation and significantly 

lower macronutrient contents in 2011 compared to 2010. 

Total plant content for the individual macronutrients was calculated as the sum of 

the leaf and stem tissue contents. Contents of P and K were not affected by N rate when 

analyzed across both years, but increased at 56N in 2010, as did Ca, Mg, and S (Table 

3.3, Figure 3.1). Total plant contents of P and K were constant across N rates in 2011, 

even though N differences exist for leaf contents, but not for stem contents, reflecting the 
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greater contribution of stem DM to total DM. The total content of a single macronutrient 

in the above-ground plant tissue was greatest for K (111 kg ha-1) , followed by Ca, Mg, P, 

and S, averaging 38, 26, 18, and 7 kg ha-1, across years and N treatments, respectively. In 

2011, Ca, Mg, and S responded to N rate. Increases in Mg total content of 85% occurred 

by increasing the N rate from 0N to 112N, and Ca and S increased 82% and 78% from 

0N to 168N. Of interest is the lack of year differences for both Ca and Mg, while P, K, 

and S each removed 62%, 66% and 27% greater in 2010 than 2011, respectively.  

Previous research in Kansas of a PS sorghum demonstrated similar or slightly 

greater P uptake (23-42 kg P ha-1) and nearly triple the K uptake (303-411 kg K ha-1), 

although this is likely explained by double the total DM (22.2-26.8 Mg DM ha-1) at high 

N rates of 168 kg N ha-1 or 180 kg N ha-1 (Propheter and Staggenborg, 2010b). For a 

forage sorghum fertilized with 112 kg N ha-1 and DM yields again almost double HBS 

DM yields (23.2 Mg ha-1), Powell et al. (1991) reported contents of 30.3 and 287.2 kg ha-

1 P and K, respectively. Comparing these two studies with ours it is evident the apparent 

positive relationship K uptake has on total DM accumulation, while P uptake is relatively 

constant regardless of N rate and slightly less sensitive than K uptake to reduced 

precipitation across a whole season (as seen in 2011).  

Total P and K removed by sweet sorghum in Florida was 27.6 and 81.4 kg ha-1, 

respectively, given 135 kg N ha-1 fertilizer (Singh et al., 2012). In that study, leaves 

removed 23% and 19% of P and K, and stems removed 34% and 61%, respectively, with 

the balance of plant P and K in the grain. In comparison, in the present study, leaves 

contained 37% of the P and 31% of the K content in 2010, and 63% and 60% in 2011, 

respectively, with no grain production. Singh et al. (2012) suggest returning sweet 
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sorghum leaf residues to the field to reduce nutrient removal from soils and P and K 

fertilizer needs. Given the large fraction of P and K found in leaves in the drier crop year 

2011, and the large proportion of macronutrient removal in both years in the leaves there 

may be great value in separating leaves from stems and depositing in the field. 

This is the first study to report mineral nutrient content of HBS in response to N 

rate. For sweet sorghum, reports on mineral nutrient content in response to N rate are 

mixed. For example, total P removal by sweet sorghum (17 kg P ha-1) was not affected by 

N rate in Florida (Erickson et al., 2012), suggesting that P did not limit plant biomass 

accumulation response to N, a result consistent with the data reported here. In contrast, 

Ahmed et al. (2015), determining only leaf P and K in sweet sorghum, reported P and K 

increased 2.7x and 3.1x, respectively, with increasing N fertilizer from 0 to 80 kg N ha-1, 

which does not align with our results. In maize stover, which is used for cellulosic 

conversion as well, when 168 kg N ha-1 was applied, Mourtzinis et al. (2016) reported 

stover DM yield similar to 2011 HBS yield in this study (and half of 2010 yield). 

Nutrient removal amounts of P, K, Ca, and Mg in the maize stover were less than half 

what was removed in the HBS in this study, but comparable S contents. This suggests 

HBS macronutrient concentrations are generally greater than in maize stover. Nutrient 

removal in maize grain, the main crop product used in ethanol conversion, is worth 

noting in comparison to HBS, as well. From a maize grain yield of 9,220 kg ha-1 in a 

previous study near to this study’s location by Houx et al. (2016) the grain removed 

similar rates of P (24.5 kg ha-1) but much less than HBS removal of other macronutrients. 

This direct crop comparison between HBS and maize demands more future research 

attention. To reduce macronutrient removal in a normal crop year (2010) 0N resulted in 
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the least removal of mineral nutrients, with increased removal at 56N, suggesting that 

producing high yields at 56N or above may result in greater mineral nutrient removal. If 

this occurs, then requisite fertilizer applications may follow. And added elemental uptake 

could be detrimental to lignocellulosic ethanol conversion. Although it may be feasible to 

return leaves to the field to allow for nutrient recycling. 

Micro Nutrient Content 

Leaf and stem contents of Na, Fe, Mn, Zn, Cu, and B are the products of their 

concentration and the respective DM and are reported in g ha-1. Analysis of variance 

revealed that leaf Na, Fe, and B, but not Mn, Zn, and Cu contents differed according to 

the year, and all measured micronutrients, except Na, were influenced by N rate (Table 

3.3). Averaged across years, the micronutrient present in the largest amount in leaf tissue 

was Fe (262 g ha-1), the quantity of which was more than twice that of Mn (123 g kg-1). 

Among the other micronutrients, Zn content (60 g kg-1) was greatest, B content (8 g kg-1) 

was lowest, and Na (26 g kg-1) and Cu (26 g kg-1) contents were intermediate, across 

years. The leaf content of all micronutrients except Na was influenced by N rate in both 

years. The biggest increases in leaf micronutrient removal occurred between 0N and 56N, 

however, response to N from levels at 0N either occurred at 168N and 224N or was 

absent. 

Removal of four micronutrients in the leaves was greater in 2011 than in 2010 

(Fig. 3.2). Interestingly, leaf tissue Na concentration and, consequently, Na content were 

over two-fold greater in 2011, the drier crop year, compared to 2010. This difference in 

concentration and content between the two years is greater than for any other micro- or 
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macronutrients. As well, Na is the only micronutrient for which no N response in the leaf 

tissue content was observed in either year.  

The contents of all stem micronutrients differed by year, and for all except Mn 

and B, a year by N rate interaction was observed (Table 3.3). A significant N rate main 

effect on stem micronutrient removal occurred only in Na and Cu. As in leaves, stem Fe 

content was the greatest among the micronutrients. The significant year by N rate 

interaction found for Na, Fe, Zn, and Cu contents were associated with significant N rate 

effects in 2010 but not in 2011. In 2010, N rate was significant for each of the 

micronutrients, but in 2011 only Na and Cu responded to N rate (Figure 3.2). In 2010, 

except for Cu, which increased 2.7-fold from 0N to 224N, increases in stem mineral 

nutrient contents above 0N levels were significant at moderate N rates of 56 or 112N. 

Interestingly, stem Na content in 2011 increased 6.7-fold from 0N to 168N, 

demonstrating a strong response of Na uptake to N rate in this drier crop year. 

Stem contents of Fe, Mn, Zn, Cu, and B in 2010 were approximately double those 

in 2011 (Fig. 3.2), largely a function of the 2.8x greater stem DM in 2010, which 

compensated for micronutrient concentrations and which were generally lower in 2010 

than in 2011. Only Na maintained the same yearly difference in concentration and 

content, such that 2011 stem Na content was 85% greater than in 2010.  

Summing the leaf and stem micronutrient contents, the total plant contents 

differed by year, except for B, and all six mineral nutrients exhibited an N treatment 

response, albeit slight for Cu (P = 0.0507) (Table 3.3). Significant year x N rate 

interactions were observed for Na, Fe, and Zn, such that the response to N rate was not 

consistent in both crop years, where Fe and Zn did not respond to N in 2011. Three 
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Figure 3.2. Micronutrient content in leaf, stem, and total plant in high biomass sorghum 

across five N fertilizer rates in 2010-2011 near Columbia, MO. Error bars represent 

significant differences at P ≤ 0.05. 
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micronutrients, Na, Mn, and Cu, increased with N rate in both years, while Fe, Zn, and B 

responded only in 2010 at ≥56N rate (Fig. 3.2). Only Cu responded to the same N rate in 

both years, while in 2011 total Na and Mn displayed N response only at 168N and 224N, 

respectively. 

Following stem tissue micronutrient content, total plant micronutrient contents 

were greater in 2010 than 2011, except for Na. Sodium content in total biomass differed 

from all other macro- and micronutrients in that it was the only one that was greater in 

2011 than in 2010 (Fig. 3.2). As well, 85% of the Na content, regardless of year was in 

the stem tissue, which is the greatest percentage of any macro- or micronutrient content 

distribution in the stem tissue. Similar to Na, total Fe and Zn contents were greater in 

stem versus leaf tissue in both years. In contrast, more of the Mn, Cu, and B were found 

in stems compared to leaves in 2010, but this relationship reversed in 2011.  

This is the first study to report HBS micronutrient contents by N rates, with no 

comparable study in sweet sorghum. Therefore it is important to consider the 

micronutrient removal from the soil through the production of HBS and recognize that 

producing ethanol from maize grain would ultimately remove much less amounts of 

micronutrients (Houx et al., 2016). The least micronutrient removal occurred at the 0N 

rate in 2010, as similarly measured in macronutrient removal. This indicates that 

producing high DM at 56N or above may result in greater mineral nutrient removal that 

could be detrimental to ethanol conversion. 

Correlations to N uptake 

Defining the relationships of plant-N to the other 11 macro- and micronutrients 

across the five N rates is important for HBS management in general as well as to 
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optimize management with regard to HBS plant composition as related to combustion or 

lignocellulosic ethanol conversion efficiencies. Leaf, stem, and total plant-N 

concentrations and contents were reported in Maw et al. (2017) and the correlative 

relationships across all N rates between N and each of the 11 macro- and micronutrient 

concentrations and contents are presented in Table 3.4.  

Across all N rates, leaf N concentration was significantly correlated (r ≥ |0.50|; P ≤ 0.05) 

to leaf concentrations of Ca, Mg, S, Fe, Cu, and B (Table 3.4). At the 0N only Ca, Mg, S, 

and B concentrations were strongly positive to N concentration, but the relationships 

strengthen with increased N rate and concomitantly increasing N concentration, such that 

at 224N, the greatest N rate, K and S concentrations both expressed the strongest 

relationships to N concentration (r = 0.90). In stem tissue across all N rates only Ca, Mg, 

Na, and B concentrations had relationships to N concentration. Concentrations of Ca, Mg, 

and Na maintained strongly positive relationships to N concentration at each N rate (r ≥ 

0.70), while K and Cu concentrations were negatively related to N concentration at 0N. 

Potassium concentration was strongly positive at 224N and Cu displayed a positive 

relationship at 112N and 168N as well. Concentration of P was never strongly correlated 

to N. The N rate with the most elements strongly correlated to N was 168N.  

Correlations of leaf mineral nutrient removal with leaf N content revealed strong 

relationships (r ≥ |0.50|; P ≤ 0.05) to 10 of the 11 measured nutrients, excepting Na (r = 

0.338). Although Na followed N content at 56N and 112N. Interestingly, Mn leaf content 

at 112N did not maintain a linear relationship to N, but decreased by 40% at 112N, but is 

unique in response amongst all the nutrients. In stem tissues across all N rates, the 

relationships between N and the other 11 nutrients was similar to leaf content, with Na 



 
 

 

62 

 

 

 

Table 3.4. Pearson correlation coefficients (r) and probability (P < F ) of nitrogen to eleven macro- and micronutrients in high 

biomass sorghum across five N fertilizer rates in 2010-2011 near Columbia, MO.†  

 P K Ca Mg S Na Fe Mn Zn Cu B 

Leaf Tissue Concentrations 
r 0.05447 0.39816 0.51549 0.82557 0.91526 0.16177 0.59481 0.42853 0.41936 0.62885 0.69396 

P > F 0.6449 0.0004 <.0001 <.0001 <.0001 0.1715 <.0001 0.0001 0.0002 <.0001 <.0001 

            
Stem Tissue Concentrations 

r -0.34645 -0.28523 0.71609 0.86681 0.42462 0.90759 0.26314 0.33965 0.27746 0.38237 0.64801 

P > F 0.0018 0.0108 <.0001 <.0001 <.0001 <.0001 0.0208 0.0022 0.0133 0.0005 <.0001 

            
Leaf Tissue Content 
r 0.73518 0.90326 0.85104 0.91739 0.97771 0.33755 0.8653 0.75443 0.8453 0.89335 0.88457 

P > F <.0001 <.0001 <.0001 <.0001 <.0001 0.0035 <.0001 <.0001 <.0001 <.0001 <.0001 

            

Stem Tissue Content 
r 0.79174 0.66312 0.92366 0.88005 0.84703 0.7597 0.46701 0.53826 0.67813 0.70727 0.91509 

P > F 0.0003 0.0051 <.0001 <.0001 <.0001 0.0006 0.0682 0.0315 0.0039 0.0022 <.0001 

            
Total Plant Content 

r 0.46181 0.48861 0.87085 0.92886 0.84576 0.67106 0.61351 0.64088 0.5469 0.78535 0.87698 

P > F <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

† Strong correlations coefficients in bold, identified at r ≥ |0.5| and significant when P ≤ 0.05. 
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content independent of N uptake, except for at low N rates of 0N and 56N. Although 

unclear as to the reason, Fe at 0N did not significantly correlate to N content. Total 

nutrient correlations to total N removal are quite variable by N rate. Although P and K 

relationships are significant, all but P and K total contents displayed strong relationships 

to N content across N rates, although P and K relationships are significant. At 0N, only P, 

Ca, Mg, S, Fe, and B had significant relationships, but only Ca, Mg, S, and B maintained 

consistent relationships to N content across all N rates. Interestingly, all but Fe were 

positively correlated to N at 224N, while Na was correlated at both 56N and 224N, but no 

other levels.     

CONCLUSIONS 

Nutrient uptake in HBS is highly affected by N fertilizer rate and environment. 

Generally, macro- and micronutrient concentrations displayed more consistent year to 

year differences, than N rate response. Reduced rainfall and an 18-day shorter growing 

season in 2011 likely were the causes for increased leaf and stem elemental 

concentrations, except for P and K stem concentrations. But stem nutrient contents were 

greater in 2010 because of reduced uptake in the second year despite greater 

concentrations. Only plant Na content increased in the second year, suggesting some 

stress response by the plant. But similar leaf DM each year resulted in similar or even 

greater leaf tissue contents in 2011 compared to 2010. Inconsistent N rate effects were 

observed for mineral nutrient uptake, but increasing N rate generally resulted in an 

increase in concentrations and contents of nutrients in 2010, except for stem 

macronutrient concentrations of P, K, Ca, and S in 2010, which diluted at higher N rates. 

In 2011, concentrations and contents were either unaffected by N rate or mostly increased 



 
 

 64 

at high N rates of 168N and 224N. This is the first study to present a full analysis of 11 

macro- and micronutrients removed in HBS across a broad range of N rates. The results 

demonstrate an important link of HBS mineral nutrient uptake to environment and 

applied-N fertilizer rates that demands future investigation.   
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Supplemental Table 3.1S. Macronutrient content (kg ha-1) in separate leaf and stem tissues and total plant of high 

biomass sorghum across five N fertilizer rates in 2010-2011 near Columbia, MO.†  

N rate (kg ha-1) P K Ca Mg S 

Leaf Tissue  ----------------------------------------------------------- kg ha-1 ----------------------------------------------------------- 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 
0   5.11 a 6.2 a 30.7 a 32.5 b 11.8 b 16.9 b 3.3 b 8.8 b 1.44 b 2.41 b 

56   9.33 a 9.3 a 47.3 a 50.9 ab 24.9 a 28.5 ab 9.4 ab 15.5 ab 3.01 ab 3.87 ab 
112   9.06 a 8.3 a 45.6 a 45.4 ab 25.3 a 25.7 ab 11.6 a 16.0 ab 3.26 a 3.80 ab 
168   9.21 a 10.3 a 48.9 a 61.3 a 25.6 a 32.8 a 12.7 a 19.5 a 3.45 a 5.14 a 

224   7.93 a 8.6 a 45.7 a 58.2 a 23.1 ab 26.1 ab 11.6 a 17.2 ab 3.22 a 4.80 a 
Means   8.13 A 8.6 A 43.6 A 49.7 A 22.2 A 26.0 A 9.7 B 15.4 A 2.88 B 4.00 A 

        
Stem Tissue  ----------------------------------------------------------- kg ha-1 ----------------------------------------------------------- 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 

0   9.2 a 5.12 a 75 a 33 a 7.9 b 8.0 a 5.0 b 7.3 b 2.86 b 2.04 a 
56   16.9 a 4.99 a 122 a 30 a 16.2 ab 10.5 a 14.6 a 9.7 ab 6.04 a 2.19 a 
112   18.5 a 5.44 a 117 a 35 a 22.0 a 13.1 a 20.1 a 13.5 a 6.73 a 2.81 a 

168   14.0 a 5.08 a 84 a 33 a 16.9 a 12.4 a 17.2 a 12.4 a 5.84 ab 2.80 a 
224   11.5 a 4.21 a 81 a 33 a 16.0 ab 11.2 a 17.7 a 12.5 a 5.67 ab 2.60 a 

Means   14.0 A 4.97 B 96 A 33 B 15.8 A 11.0 B 14.9 A 11.1 B 5.43 A 2.49 B 
        
Total Tissue  ----------------------------------------------------------- kg ha-1 ----------------------------------------------------------- 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 
0   12.7 b 11.3 a 93 b 65 a 18.3 b 24.9 b 7.4 b 16.1 b 3.70 b 4.45 b 

56   27.6 a 14.3 a 176 a 81 a 42.3 a 39.0 ab 25.3 a 25.2 ab 9.52 a 6.06 ab 
112   26.8 ab 13.8 a 157 ab 80 a 46.7 a 38.8 ab 31.6 a 29.5 a 10.00 a 6.61 ab 
168   23.9 ab 15.4 a 139 ab 95 a 42.7 a 45.2 a 29.9 a 31.9 a 9.44 a 7.94 a 

224   19.4 ab 13.2 a 127 ab 93 a 39.1 ab 38.2 ab 29.3 a 30.2 a 8.90 a 7.54 a 
Means   22.1 A 13.6 B 138 A 83 B 37.8 A 37.2 A 24.7 A 26.6 A 8.31 A 6.52 B 
† Values are averaged across ‘ES 5200’ and ‘ES 5201’ varieties 
‡ Means in a column within a section followed by the same lowercase letter and means in a row within a section followed by 
the same uppercase letter are not significantly different at P=0.05 
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Supplemental Table 3.2S. Micronutrient content (g ha-1) in separate leaf and stem tissues and total plant of high biomass sorghum across five 

N fertilizer rates in 2010-2011 near Columbia, MO.† 

N rate (kg ha-1) Na Fe Mn Zn Cu B 

Leaf Tissue  ----------------------------------------------------------------- g ha-1 ------------------------------------------------------------------ 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 
0   12.5 a 42.0 a 124 b 181 b 53 b 66 b 29.7 b 38.6 b 13.1 b 14.4 b 2.2 b 6.7 a 
56   18.1 a 45.7 a 267 a 296 ab 137 ab 129 ab 61.9 ab 60.2 ab 24.4 ab 27.5 ab 6.7 ab 10.7 a 
112   16.0 a 25.0 a 259 a 292 ab 108 ab 77 b 69.9 a 59.3 ab 29.0 a 26.9 ab 6.6 ab 10.3 a 
168   21.0 a 39.0 a 288 a 345 a 132 ab 184 a 72.8 a 73.0 a 29.4 a 35.8 a 8.2 a 12.5 a 
224   15.2 a 30.0 a 243 a 322 ab 150 a 197 a 63.9 a 70.9 ab 26.0 ab 34.8 a 7.9 a 10.5 a 
Means   16.6 B 36.3 A 236 B 287 A 116 B 130 A 59.6 A 60.4 A 24.4 A 27.9 A 6.3 B 10.1 A 
         

Stem Tissue  ----------------------------------------------------------------- g ha-1 ------------------------------------------------------------------ 

   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 
0   31 b 49 c 369 b 385 a 129 b 86 a 115 b 68 a 17.8 b 9.5 b 3.29 b 3.40 a 
56   114 a 108 bc 711 ab 302 a 264 a 119 a 178 ab 69 a 37.9 ab 11.9 ab 7.61 ab 3.71 a 
112   154 a 188 abc 880 a 406 a 234 a 79 a 241 a 97 a 44.8 ab 16.7 a 8.48 a 4.46 a 
168   102 a 329 a 720 ab 340 a 200 a 127 a 139 ab 86 a 43.5 ab 17.0 a 7.08 ab 5.89 a 
224   134 a 323 ab 837 a 363 a 246 a 149 a 151 ab 96 a 48.0 a 17.0 a 6.69 ab 5.15 a 
Means   107 B 199 A 704 A 360 B 215 A 112 B 165 A 83 B 38.4 A 14.4 B 6.63 A 4.52 B 
         
Total Tissue  ----------------------------------------------------------------- g ha-1 ------------------------------------------------------------------ 
   2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 2010 2011 
0   38 b 86 c 419 b 567 a 158 b 152 b 130 b 107 a 28.2 b 23.9 b 4.8 b 10.0 a 
56   143 a 154 bc 1023 a 599 a 424 a 248 ab 254 ab 129 a 65.4 ab 39.4 ab 14.9 a 14.4 a 
112   183 a 213 abc 1110 a 698 a 328 a 155 b 306 a 156 a 73.8 a 43.6 a 14.7 a 14.8 a 
168   124 a 368 a 1025 a 685 a 351 a 311 ab 227 ab 159 a 75.1 a 52.8 a 15.0 a 18.4 a 
224   149 a 350 ab 1080 a 695 a 396 a 352 a 215 ab 170 a 74.0 a 52.7 a 14.6 a 16.3 a 
Means   127 B 234 A 931 A 649 B 331 A 244 B 226 A 144 B 63.3 A 42.5 B 12.8 A 14.8 A 
† Values are averaged across ‘ES 5200’ and ‘ES 5201’ varieties 

‡ Means in a column within a section followed by the same lowercase letter and means in a row within a section followed by the same uppercase letter 
are not significantly different at P=0.05 
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CHAPTER 4: Maize, Sweet Sorghum, and High Biomass Sorghum 

Production on Marginal Lands in the Midwest 

ABSTRACT 

Emerging biofuel feedstock systems are well suited for use on less productive 

marginal soils in the Midwestern USA. The systems could replace commodity crop 

agriculture that may not be economically feasible on these soils with current input and 

output prices and meet a growing renewable energy demand. Three annual bioenergy 

crops, maize (Zea mays L.), sweet sorghum (Sorghum bicolor (L.) Moench), and high 

biomass sorghum (HBS) were grown in rotation with soybean (Glycine max L.) for five 

years on marginal soils at two locations. Maize aboveground dry matter (DM) yield and 

grain yield, sweet sorghum aboveground DM yield, and juice yield and Brix, and high 

biomass sorghum DM yield were evaluated in this study. These traits were used to 

calculate theoretical ethanol yields from maize grain, sweet sorghum juice, and DM of 

the three crops. Intermittent drought occurred at both sites during three of the five years 

notably reducing yield; a terminal drought in 2011 reduced sorghum yields and inhibited 

maize grain development at both sites. Theoretical ethanol yields averaged across years 

from sweet sorghum and high biomass sorghum were greater than from maize at both 

locations. The central Missouri site maintained greater dry matter yield (DM), and 

theoretical ethanol yield than the southwestern Missouri site. Due to the occurrence of 

drought during the study, the findings have relevance for evaluating marginal land 

management for annual bioenergy crops in differing rainfall patterns with climate change. 
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INTRODUCTION 

Marginal lands that are used for traditional commodity cropping systems and 

belong to Natural Resource Conservation Service (NRCS) Land Capability Class IIs and 

IIw, as well as some Class IIIs, may be better utilized in low-input annual biofuel 

cropping systems. These marginal lands have limited production potential for major 

Midwestern USA crops because of drought, flooding, soil conditions, and landscape 

position. Additionally, loss of soil carbon, enhanced erosion, and reduced water-use 

efficiency are likely to occur on marginal lands, mostly as a result of tillage and land-use 

changes (Janzen, 2006; Page et al., 2013). These concerns will then need careful attention 

when changing marginal land use to biofuel cropping systems (Buxton et al., 1999; 

Dweikat et al., 2012; Gopalakrishnan et al., 2011). Transferring marginal areas to biofuel 

cropping systems, albeit forage or row crops, could reduce negative environmental 

impacts from row crop production on these lands by reducing fertilizer requirements 

while increasing land productivity through the intended biofuel crop relative to 

commodity crops, and by relegating commodity crops to more productive lands (Gelfrand 

et al., 2013).   

Sweet sorghum and high biomass sorghum (HBS) are annual C4 crops proposed 

for biofuel feedstock production on marginal lands where environmental factors may 

limit maize and soybean yields. Sweet sorghum and HBS are known for large dry matter 

(DM) yields, sugary stems, and drought hardiness (Maw et al., 2016; Maw et al., 2017; 

Parish et al., 1985; Propheter et al., 2010; Putnam et al., 1991; Massacci et al., 1996; 

Tamang et al., 2011). Sorghum stem juice can be directly converted to ethanol while the 

DM has potential for lignocellulosic ethanol conversion. However, in contrast to sweet 
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sorghum, development of HBS has focused primarily on maximizing DM production for 

the potential lignocellulosic ethanol conversion with little attention given to stem juice 

production. Current HBS varieties are photoperiod sensitive and do not flower until day 

length is less than 12 h, allowing for maximum biomass accumulation (Blade Energy 

Crops, 2010).  

Few direct two-way comparisons exist between maize and sweet sorghum, while 

no previous studies are known to focus on comparing maize, sweet sorghum, and HBS. 

Previous research reveals that sweet sorghum often yields more total fermentable 

carbohydrates than maize, and HBS has the potential to yield much greater DM than both 

maize and sweet sorghum (Parish et al., 1985; Propheter et al., 2010; Putnam et al., 1991; 

Tamang et al., 2011). Yields of all three crops are influenced differently by 

environmental factors and site conditions such as drought, soil, and latitudinal gradient, 

yet few studies have investigated this topic. Under drought conditions, Putnam et al. 

(1991) reported 33% greater sweet sorghum ethanol yields than maize and Geng et al. 

(1989) found that sweet sorghum required only 36% of the nitrogen required by maize. 

Similar sweet sorghum biomass yields across a broad USA latitudinal gradient from 

Michigan to Mississippi were reported by Smith et al. (1987) and reveal the broad 

latitudinal adaptability of sorghum. This was also demonstrated for HBS by Gill et al. 

(2014).  In their six-state, five-year study HBS DM of variety ES 5200 ranged from 2.8 to 

41.1 Mg ha-1 with an average of 17.9 Mg ha-1. 

This research project was undertaken to evaluate the relative productivity of two 

sorghum bioenergy cropping systems compared to a traditional maize cropping system on 

two marginal land sites. To do this, aboveground herbaceous dry matter production, 
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potential lignocellulosic ethanol production, maize grain ethanol production, and sweet 

sorghum ethanol production were determined, and the total ethanol production potential 

of these three cropping systems were compared.  

MATERIALS AND METHODS 

Site description and crop management 

Two sites across a latitudinal gradient and frost zones from mid-Missouri, USA to 

southwestern Missouri, USA were selected for this study. Fields were located on 

marginal lands at the University of Missouri (MU) Horticulture and Agroforestry 

Research Center in New Franklin, MO (39° 02’ N, 92° 76’ W) and the MU Southwest 

Research Center near Mount Vernon, MO (37° 08’ N, 93° 86’ W). Each site was 

considered marginal for row crop production because of landscape position, soil physical 

characteristics, and environmental limitations (Gopalakrishnan et al., 2011; Kang et al., 

2013), with each site posing different production limitations. The New Franklin site is a 

ridge top to back slope site with well-drained Sibley silt loam (fine-silty, mixed 

superactive, mesic Typic Argiudolls) weathered from loess parent material with a mean 

pH of 6.7. This site is labeled as marginal and is considered a NRCS Class IIIe because 

of 2 to 9% slope and the potential for erosion. Adjacent private land of similar Class IIIe 

is currently row-cropped with maize and soybean. At Mount Vernon, the soil is a Dapue 

silt loam (fine-silty, mixed, active, mesic Fluvertic Hapludolls) with alluvium parent 

material. The soil has a mean pH of 6.6 and 0-2% slope and is a NRCS class IIw and IIs 

and is classified as marginal because of occasional flooding and highly variable soil 

texture including gravel, stone, and heavy clay. Irrespective of these limitations 

neighboring producers grow maize and soybean in adjacent fields. Prior to initiation of 
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this study in 2010, both sites were managed as mixed perennial grasses, predominantly 

tall fescue (Lolium arundinaceum Schreb.). The New Franklin site was previously an 

aging apple orchard and the Mount Vernon site did have recent cultivation for alfalfa 

(Medicago sativa L.) over part of the study area during the previous crop year. 

Weather data including mean monthly precipitation and monthly maximum and 

minimum temperatures were recorded for the growing season of 1 May to 31 October for 

each site-year. Mount Vernon and New Franklin weather data were recorded daily and 

downloaded from nearby NOAA weather stations, located within 3 km and 1 km, 

respectively, from each research site.    

Experimental plots were established in the spring of 2010, with each site having 

four replications in a randomized complete block design. Sweet sorghum-soybean, 

maize-soybean, and HBS-soybean crop rotations were established at the two sites 

beginning in late May 2010. Plots measured 18 m x 18 m and were split into 9 m by 18 m 

half-plots with one half of the plot planted to a commercial maize hybrid (Pioneer 

33M16, years 1-3; Pioneer 32D79, years 4-5), sweet sorghum (cv. M-81E, MSU Cares), 

or HBS (ES5200) and the other half planted to a single commercial soybean variety 

within year, but changing varieties over the course of the study. Soybeans were 

established to mimic the standard rotation with maize in the region, and included in the 

sorghum systems to mimic the rotation as well. Each spring, soybean was rotated with 

each half-plot of sorghum or maize, such that sweet sorghum, HBS, and maize were 

established on the half-plots planted to soybean the previous year and soybean planted on 

the half-plots where maize or sorghum were grown. One exception to the rotation in HBS 

occurred in the first two study years, where another HBS variety was in the rotation in 
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place of soybean, but soybean was substituted into the rotation in year three to match the 

maize and sweet sorghum crop rotations. 

Prior to planting, plots were disked (~0.15 m deep) at each location. Immediately 

following soil preparation, all crops were planted 0.02 m deep on 0.76-m row spacing. 

For each cropping system, one half of the plot contained 8 rows of either maize, sweet 

sorghum, or high biomass sorghum and the other half consisted of 8 rows of soybean. 

The sweet sorghum target population was 208,000 plants ha-1, the maize target population 

was 79,000 plants ha-1, and the HBS was 125,000 plants ha-1. Soybean was planted for a 

target population of 325,000 plants ha-1. 

Pelletized urea was broadcast at planting, with maize receiving 200 kg N ha-1 and 

sweet sorghum and HBS each receiving 100 kg N ha-1. Soybean was not fertilized with N 

fertilizer. Pre-and post-emergent herbicide applications of glyphosate were used for the 

maize and soybean plots as needed. Pre-emergent herbicide applications of Dual II 

Magnum (S-metolachlor) were applied to the sweet sorghum and HBS plots at the most 

restrictive label rate depending on the particular site, followed by post-emergent 

herbicide applications of 2,4-D with additional in-season manual weed control. Following 

sampling at the end of the growing season, plots were cleared of above-ground biomass 

to simulate biomass removal associated with proposed production systems for 

lignocelluslosic ethanol production. 

Biomass, juice, and grain yield measurements and ethanol yield calculations  

Maize grain yield was determined at maturity based on ears harvested from 10 m 

of row per plot. Ears husked, grain separated from cobs, weighed, and grain yield 

adjusted to a moisture of 155 g kg-1. Theoretical grain-derived ethanol yield (MEY) was 
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calculated following Putnam et al. (1991), using a conversion factor of 417 L Mg-1 grain. 

To determine maize dry matter yield, plants from 5 m of row maize were cut at 0.01 m 

above the ground, dried at 60° C to constant weight, and DM yield calculated. 

Theoretical lignocellulosic ethanol yield (LEY) of maize was estimated according to 

McAloon et al. (2000), using the conversion factor of 311 L Mg-1 DM. Total ethanol 

yield (TEY) from maize was determined as the sum of MEY and LEY.   

Sweet sorghum biomass yield was determined after the first killing-frost from 

randomly selected 0.5 m sections of plants in two adjacent rows in each plot. Plants were 

cut 0.01 m from the soil surface and sample fresh weights recorded. Plants were then 

crushed with a three-roller sugarcane press to extract stem juice. The stem juice was 

filtered through cheesecloth to remove stem parts and weight and volume of the extracted 

stem juice were recorded. Juice Brix was determined with an r2 mini handheld 

refractometer (Reichert Technologies, Inc., Buffalo, NY) immediately after extraction. 

Subsamples of bagasse (crushed leaves and stems after juice extraction) were weighed 

and dried at 60° C to constant weight and used to calculate DM yield. The conversion 

factor of 415 L Mg-1 DM (Li et al., 2013), was used to estimate LEY of sweet sorghum. 

Sweet sorghum stem juice yield (SJY), fermentable sugar yield, (FSY), theoretical juice-

derived ethanol yield (JEY), LEY, and TEY were calculated. To this end, Brix readings 

were multiplied by SJY to calculate FSY, assuming sugars account for 75% of Brix 

(Putnam et al., 1991; Wortmann et al., 2010) and an 80% ethanol conversion efficiency 

of 1.76 kg sugars L-1 stem juice (Putnam et al., 1991; Smith et al., 1987) was used to 

calculate JEY. Total ethanol yield from sweet sorghum was calculated by summing LEY 

and JEY.  
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Similar field harvest procedures as described for sweet sorghum were used for 

HBS as for sweet sorghum, and fresh weights of whole samples were recorded. From 

each whole sample a representative subsample of three plants was then chosen, fresh 

weight recorded, and then dried similar to sweet sorghum to calculate DM yield. 

Estimates of LEY of high biomass sorghum were determined using the same conversion 

factor as used for sweet sorghum bagasse. 

Statistical Analysis 

Analysis of variance was performed using the PROC MIXED procedure of the 

SAS software (SAS Institute, 2007) with replication and all interactions with replicatio n 

as random effects. Data were analyzed initially analyzed across sites and then sites 

separated to elucidate location differences. Yield variables included DM, SJY, FSY, 

grain yield, MEY, JEY, LEY, and TEY. Treatment means were compared using t-tests 

provided by the LSMEANS option ADJUST=Tukey at α ≤ 0.05. ANOVA is presented 

for all measured yield components in Table 4.1. 

RESULTS AND DISCUSSION 

Weather 

Temperatures and precipitation varied considerably among years at both New 

Franklin and Mount Vernon. Compared to thirty-year means for both sites, total annual 

rainfall was below average in three of the five years at New Franklin and four of the five 

years at Mount Vernon (Tables 4.2 and 4.3). New Franklin precipitation totals in 2011, 

2012, and 2013 were 30%, 50%, and 15% below thirty-year means, respectively. In 

contrast, in 2010 and 2014 precipitation totals were 47% and 26% greater than thirty-year 

averages, respectively. Rainfall distribution throughout each year at New Franklin was 
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Table 4.1. Results of ANOVA for yields of maize, sweet sorghum, and high biomass 

sorghum yields in 2010-2014 at New Franklin, MO and Mount Vernon, MO. 

Effect df 

DM 

(Mg ha-1) 

LEY 

(L ha-1) 

TEY  

(L ha-1) 

  ---------------------------------------- P>F ---------------------------------------- 

Site 1 <0.0001 <0.0001 <0.0001 
Crop 2 <0.0001 <0.0001 <0.0001 

S x C 2 0.0009 0.0009 0.0921 
Year 4 <0.0001 <0.0001 0.0023 
S x Y 4 0.0769 0.0769 0.0931 

C x Y 8 <0.0001 <0.0001 <0.0001 
S x C x Y 8 <0.0001 <0.0001 <0.0001 

Effect df 

Maize Grain 

(kg ha-1) 

MEY 

(L ha-1) Brix 

SJY 

(L ha-1) 

FSY 

(kg ha-1) 

JEY 

(L ha-1) 

  ---------------------------------------- P>F ----------------------------------------  

Site 1 0.0198 0.0099 <0.0001 0.0033 0.0023 0.0023 
Year 4 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

S x Y 4 0.0010 0.0014 <0.0001 <0.0001 <0.0001 <0.0001 
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Table 4.2. Monthly precipitation (mm) and total growing season precipitation and mean monthly minimum and maximum temperature (°C) and 

mean growing season minimum and maximum temperatures for study years 2010-2014, and 30-year averages near New Franklin, MO. 

 2010  2011  2012  2013  2014  30-Year Average 

Month Min Max Rain  Min Max Rain  Min Max Rain  Min Max Rain  Min Max Rain  Min Max Rain 

 ----- °C ----- mm  ----- °C ----- mm  ----- °C ----- mm  ----- °C ----- mm  ----- °C ----- mm  ----- °C ----- mm 

May 12.3 22.8 180  11.3 22.2 171  14.7 26.8 32  11.6 22.6 216  12.9 24.4 39  11.8 23.5 130 

June 19.8 29.9 142  18.7 29.3 99  16.9 30.4 26  17.7 27.9 83  18.5 27.8 178  16.9 28.3 128 

July 21.1 30.7 331  23.0 33.7 33  21.5 35.8 29  18.0 29.4 38  17.1 28.3 65  19.2 30.9 107 

Aug 19.8 31.4 101  19.2 31.0 91  16.4 32.4 12  18.0 28.9 65  19.2 29.7 168  18.2 30.4 112 

Sept 14.1 26.1 203  11.2 24.3 52  12.6 25.5 133  14.2 27.7 74  13.3 25.1 100  12.8 25.9 101 

Oct 6.3 22.0 17  5.5 21.6 17  5.6 18.0 102  5.9 19.2 86  7.7 19.9 286  6.3 19.7 86 

Avg./ 

Total 15.6 27.2 973  14.8 27.0 463  14.6 28.2 335  14.2 25.9 562  14.8 25.9 837  14.2 26.5 664 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3. Monthly precipitation (mm) and total growing season precipitation and mean monthly minimum and maximum temperature (°C) and 

mean growing season minimum and maximum temperatures for study years 2010-2014, and 30-year averages near Mount Vernon, MO. 

 2010  2011  2012  2013  2014  30-Year Average 

Month Min Max Rain  Min Max Rain  Min Max Rain  Min Max Rain  Min Max Rain  Min Max Rain 

 ----- °C ----- mm  ----- °C ----- mm  ----- °C ----- mm  ----- °C ----- mm  ----- °C ----- mm  ----- °C ----- mm 

May 13.1 25.0 195  11.2 23.0 154  13.1 27.6 121  12.7 24.9 201  13.3 24.9 88  12.1 24.1 132 

June 20.1 32.1 52  20.1 31.7 26  16.7 30.9 37  17.4 29.1 129  18.2 28.1 230  16.9 28.6 141 

July 21.8 33.3 82  21.9 36.6 56  21.0 37.6 8  17.9 29.2 134  16.8 29.4 39  19.3 31.9 95 

Aug 20.9 36.1 23  20.1 35.1 61  16.7 34.0 55  18.5 28.4 122  19.0 33.3 24  18.6 31.9 98 

Sept 16.1 28.5 218  11.4 26.8 125  14.0 27.4 136  15.2 27.8 62  14.4 26.7 109  13.5 27.1 127 

Oct 7.3 23.1 22  6.0 22.0 29  5.1 19.6 129  7.7 19.1 137  8.5 21.5 152  7.1 20.9 89 

Avg./ 

Total 16.5 29.7 592  15.1 29.2 451  14.4 29.5 487  14.9 26.4 786  15.1 27.4 643  14.6 27.4 682 
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variable. In 2011 and 2013 approximately 58% and 53% of the total seasonal rainfall was 

recorded in the first two months, usually corresponding to the first five to six weeks of 

the crops’ growth depending on planting date each year. September rainfall in 2010 was 

the greatest of the five years, and almost double the thirty-year average. Precipitation at 

Mount Vernon was below average in all but one year (2013). Compared to New Franklin, 

annual rainfall at Mount Vernon was consistently closer to thirty-year average, such that 

2010 and 2014 were only 13% and 6% below average. This was in contrast to 2011 and 

2012 rainfall totals, which were 34% and 29% less than average. In 2013, when 15% 

greater rainfall was recorded, high accumulation of rainfall in May caused some 

temporary site flooding at Mount Vernon. Distribution of rainfall within a season was 

more consistent at Mount Vernon than at New Franklin. 

Temperatures varied by site and year, but monthly temperatures were generally 

consistent for each month across years at each site and did not deviate greatly from 30-

year averages. Exceptions included average maximum sustained temperature above 30°C 

in 2011 and 2012 at both sites which, along with reduced precipitation compounded plant 

stress. At New Franklin, July 2012 average maximum temperature was five degrees 

above the thirty-year mean, with 21 days with maximum temperature at 35 ᵒC or greater. 

At Mount Vernon, July average maximum temperature was approximately five and six 

degrees Celsius above thirty-year means in 2011 and 2012, respectively, reaching 

maximum temperatures ≥ 35 ᵒC in 26 and 29 days in each respective year. These high 

temperatures during maize anthesis for both years likely contributed to zero maize grain 

yield in 2011 and much reduced grain yield in 2012. The environmental conditions 
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during this five-year study encompassed a broad range of conditions for observing rain-

fed production on marginal lands in the Midwest USA. 

Crop Yields 

Dry Matter Yield 

Final crop DM of maize stover, sweet sorghum bagasse, and HBS aboveground 

growth were determined in each of the five years. However, no maize data were collected 

in 2011, when combined abiotic stresses of drought and heat at both locations severely 

impaired plant development and reproductive growth such that a total crop loss occurred. 

In 2013 at Mount Vernon, no HBS measurements were collected because of poor stand 

establishment as a result of an early season flood that, compounded by weed pressure, 

destroyed the emerging crop. Mean DM across species and years at New Franklin (16.0 

Mg ha-1) was nearly double that at Mount Vernon DM (8.1 Mg ha-1) (Table 4.4). Across-

year DM means at New Franklin for maize, sweet sorghum, and HBS were 6.1, 19.4, and 

20.8 Mg DM ha-1, respectively, with similar DM for sweet sorghum and HBS which both 

produced more than three-fold greater DM than maize. A similar relationship occurred at 

Mount Vernon, with across-year DM means of 2.7, 11.7, and 8.7 Mg DM ha-1 for maize, 

sweet sorghum, and HBS, respectively. 

Analysis of DM was separated by site and year to evaluate crop stability across 

the years within each site. At New Franklin, maize DM was similar each year. Within 

each year at New Franklin, maize DM was less than that of sweet sorghum and HBS, 

except in 2014 when lodging of sweet sorghum reduced yield such that maize and sweet 

sorghum DM were similar. Sweet sorghum DM at New Franklin was stable across the 

first three years, despite disparate rainfall each year, but in 2013 and 2014, DM decreased 
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Table 4.4. Dry matter yield of maize, sweet sorghum, and high biomass sorghum in study years 
2010-2014 at New Franklin, MO and Mount Vernon, MO. 

Crop Dry Matter Yield 

 2010 2011 2012 2013 2014 Across Years 

 --------------------------------------------- Mg ha-1 --------------------------------------------- 
New Franklin             

Maize 5.3 bA -  5.8 bA 2.9 bA 8.7 bA 6.1 b 
Sweet Sorghum 24.5 aA 24.8 aA 24.4 aA 10.0 bB 13.6 aB 19.4 a 
HBS 28.4 aA 13.0 bB 20.8 aAB 21.6 aAB 20.0 aAB 20.8 a 
Means 19.4 A 18.9 A 17.0 AB 11.5 C 14.1 BC 16.0  
 

Mount Vernon 
Maize 2.3 bA -  3.3 aA 3.4 aA 2.0 aA 2.7 b 
Sweet Sorghum 20.3 aA 11.0 aAB 9.0 aB 5.0 aB 11.6 aAB 11.7 a 
HBS 9.6 bA 8.8 aA 7.1 aA -  10.5 aA 8.7 a 
Means 10.5 A 9.9 A 6.5 AB 4.2 B 8.4 AB 8.1  
† Means in a column within a section followed by the same lowercase letter and means in a row followed 
by the same uppercase letter are not significantly different at P=0.05 
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60% and 45% from 2010-2012 yields, respectively. On 1 Sept. 2014 heavy winds caused 

nearly 80% stem lodging of sweet sorghum during anthesis that reduced yields. However 

reasons for the decline in yield in 2013 are unclear. Sweet sorghum and HBS DM were 

similar in three out of five years at New Franklin, but HBS DM accumulation in 2011 

was only about half that of sweet sorghum DM. In 2013, sweet sorghum DM was 54% 

less than HBS DM, likely because HBS, was able to take advantage of late-season rains 

in October to continue biomass accumulation until first frost, unlike sweet sorghum.   

At Mount Vernon, DM production was consistently lower than at New Franklin. 

Although maize DM at Mount Vernon was lowest of the three crops across years, in the 

final three years maize, sweet sorghum, and HBS DM were similar and maize and HBS 

DM was similar in 2010. Despite large apparent differences in mean DM, large 

variability in soil texture at Mount Vernon likely reduced the crop effect. This similarity 

in DM yield is consistent with the yield depression experienced in both sorghum crops at 

Mount Vernon compared to New Franklin. Although not significantly different from DM 

yields in 2011 and 2014, a maximum sweet sorghum DM production of 20.3 Mg ha-1 was 

observed in 2010. Sweet sorghum DM declined 56% and 75% from the 2010 yield in 

2011 and 2012, respectively, which were the two driest years at the Mount Vernon site. 

Dry matter of HBS was similar each of the four years in which the crop was harvested, 

and was similar to that of sweet sorghum across years and in each year, except in 2011 

when HBS DM was 53% less than sweet sorghum DM. 

Comparison with previously reported results is hampered by the lack of long-term 

studies comparing the three crops. In our study, maize DM was consistently lower than 

that reported in other Midwestern conventional field studies (Culman et al., 2013; Holou 
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and Stevens, 2011; Propheter et al., 2010; Putnam et al., 1991). However, sweet sorghum 

DM yields at New Franklin approached those reported from Kansas (28.6-32.6 Mg DM 

ha-1) for the same genotype (cv. M81-E; Propheter et al., 2010), and the across-year mean 

is similar to DM yields observed in Iowa (19 Mg ha-1; Goff et al., 2010) at similar N rates 

(123 kg ha-1). Sweet sorghum DM yields at Mount Vernon were below most reported 

values, except for one year near Lubbock, Texas at a similar fertilizer rate (9.6 Mg ha-1; 

Tamang et al., 2011). In Nebraska, Soileau and Bradford (1985) reported sweet sorghum 

DM yields of 8.4-15.0 Mg ha-1 when 90 kg N ha-1 fertilizer was applied to the crop on a 

low-pH (5.0) silt loam soil with low cation exchange capacity. These reported soil 

conditions by Soileau and Bradford (1985) present different limitations, but similar or 

slightly greater DM yields than the mean five-year DM yield measured in this study at 

Mount Vernon. Noticeable site and year variation in sweet sorghum DM yield has been 

previously noted by Wortmann et al. (2010) in Nebraska, where DM yields ranged from 

7.5 to 23.4 Mg ha-1 across seven site-years. Similar variation in HBS DM yield was noted 

by Gill et al. (2014) across research sites. In Texas, a photoperiod sensitive sorghum 

fertilized with 84 kg N ha-1 yielded 10.9 Mg ha-1 (Hons et al., 1986), which was close to 

HBS DM yields at Mount Vernon. Only in 2010 at New Franklin did HBS DM approach 

the maximum HBS DM yield of 30.1 Mg ha-1 reported by Maughan et al. (2012) in 

Illinois, although the Illinois site was not reported as marginal. Consistent with similar 

sweet sorghum and HBS DM yields for most years in this study, Propheter et al. (2010) 

found similar DM in one year of a two-year study between a photoperiod sensitive 

sorghum and sweet sorghum in Kansas. In the same study, Propheter et al. (2010) 
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reported that DM yields of both sweet and photoperiod sensitive sorghum were more than 

double maize DM yields.  

Maize Grain Yield 

Grain yield of maize across years averaged 4.46 Mg ha-1 at New Franklin and 

1.82 Mg ha-1 at Mount Vernon. Maize was not harvested in 2011 as heat and drought 

during anthesis resulted in poor pollination and a lack of ear development at both sites. 

The greatest grain yields at New Franklin were observed in 2010 and 2014, with both 

year’s yields greater than corresponding yields at Mount Vernon (Table 4.5). Grain yield 

was similar each year at Mount Vernon, but 2014 resulted in the greatest overall yield of 

maize grain across both sites. Sufficient early and mid-season precipitation supported 

maize grain development at New Franklin in 2010 and 2014. The lack of in-season 

rainfall at Mount Vernon in 2010, and at both sites in other years, resulted in absent or 

greatly reduced grain yield, despite consistent maize DM each year. 

Grain yields observed in this study were less than average maize yields for the 

state of Missouri (7.66, 7.09, 4.58, 8.54, and 11.67 Mg ha-1 for years 2010-2014, 

respectively; USDA NASS, 2014). Grain yields were also less than those in published 

Midwestern maize studies (Propheter et al., 2010; Putnam et al., 1991; Wortmann et al., 

2010). Grain yields at New Franklin in 2010 and 2014 were similar to yields (7.36-8.38 

Mg ha-1) reported by Wortmann et al. (2010) for rain-fed Nebraska maize, but below the 

average grain yield of 10.80 Mg ha-1 in a two-year Kansas study at similar N rates. Given 

the marginal soils at the New Franklin and Mount Vernon sites, it was not surprising that 

maize grain and DM yields observed in this five-year study were less than grain yield 

targets for Missouri and comparative literature. 
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Table 4.5. Maize grain yield and estimated grain-derived ethanol yield (MEY) in 
study years 2010-2014 at New Franklin, MO and Mount Vernon, MO. 

 2010 2011 2012 2013 2014 
Across 
Year 

Grain Yield (kg ha-1) 
New Franklin 7067 aA† -  323 aB 622 aB 9834 aA 4461 a 
Mount Vernon 1872 bA -  338 aA 1151 aA 3917 bA 1820 b 
Means 4470 B -  330 C 866 C 6876 A 3141  
 
MEY (L ha-1) 

New Franklin 2947 aA -  124 aB 259 aB 4101 aA 1858 a 
Mount Vernon 781 bA -  163 aA 480 aA 1634 bA 764 b 
Means 1864 B -  143 C 369 C 2867 A 1311  
† Means in a column within a section followed by the same lowercase letter and means in 
a row followed by the same uppercase letter are not significantly different at P=0.05 
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Sweet Sorghum Juice, Brix, and Sugar Yield 

Sweet sorghum plants were processed with a three-roller sugarcane press to 

extract juice. Immediately upon juice extraction, Brix, a measure of suspended solids, or 

sugars, was taken on each juice sample. Mean values were 15.5 Brix across years at New 

Franklin and 13.3 Brix at Mount Vernon, following the same trend of DM and SJY 

differences between the two sites (Table 4.6). The greatest Brix at New Franklin was 

observed in 2011 (17.8), which was 24% and 36% greater than Brix in 2010 and 2014, 

when the lowest values were measured. Brix at Mount Vernon in 2010 and 2014 were 

similar to those at New Franklin, but lower than any other year. Brix at Mount Vernon 

was lowest in 2012, but similar in the other four years. 

During the five years, average SJY for the two locations ranged from of 202 L ha-

1 in 2013 to 7072 L ha-1 in 2011, with a maximum SJY of 10362 L ha-1
 at New Franklin 

in 2011 (Fig. 4.1). Five-year average SJY at New Franklin (4471 L ha-1) was more than 

twice that at Mount Vernon (2161 L ha-1). Similar to sweet sorghum DM production, SJY 

depends on timely and adequate rainfall. As such, SJY followed similar annual 

differences as DM. At New Franklin, SJY was less in 2012-2014 than in 2010 and 2011, 

which were similar. At Mount Vernon, the maximum SJY was observed in 2010, which 

was similar to that in 2011 but 25 times greater than in 2013. 

Total fermentable sugars in the juice, FSY, is calculated based on SJY and Brix. 

Similar to SJY and Brix, the five years mean FSY at New Franklin (531 kg ha-1) was 

57% greater than at Mount Vernon (229 kg ha-1) (Fig. 4.1). At New Franklin, 2011 FSY 

was 65% greater than 2010 FSY, and 4.7 to 58 times greater than the 2012-2014 FSY. 

The greater FSY in 2011 resulted from high SJY and high Brix in that year. Juice yield is 
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Table 4.6. Sweet sorghum Brix in study years 2010-2014 at New Franklin, MO and Mount 
Vernon, MO. 

Site 2010 2011 2012 2013 2014 Across Year 

New Franklin 14.4 aBC† 17.8 aA 15.7 aAB 16.6 aAB 13.1 aC 15.5 a 
Mount Vernon 14.5 aA 14.7 bA 10.1 bB 13.9 bA 13.2 aA 13.3 b 
Means 14.5 BC 16.2 A 12.9 D 15.2 AB 13.1 CD 14.4  
† Means in a column within a section followed by the same lowercase letter and means in a row 
followed by the same uppercase letter are not significantly different at P=0.05 
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Figure 4.1. Sweet sorghum stem juice yield, fermentable sugar yield, and juice ethanol 

yield in 2010-2014 at New Franklin, MO and Mount Vernon, MO. Error bars represent 

significant differences at P ≤ 0.05. 
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the dominant variable in the calculation of FSY. Therefore, despite high Brix in some of 

the other years, FSY was lower because SJY generally was less as well. At Mount 

Vernon, FSY values were highest in 2010, but not significantly greater than 2011. In 

2013, low SJY yield at Mount Vernon resulted in FSY that was lower than that in 2010 

and 2011.  Despite low Brix in 2012, FSY was similar among 2012-2014.  

Brix values observed in this study were comparable to those observed in recent 

Missouri studies (Holou and Stevens, 2011; Houx and Fritschi, 2013; Maw et al., 2016), 

but SJY and FSY were greatly decreased at the marginal sites compared to the high-

productivity field sites used in these previous sweet sorghum studies. This variance of 

Brix by year supports the previous Missouri sweet sorghum research that annual weather 

appears to greatly determine the Brix levels (Maw et al., 2016). Other Midwestern studies 

report FSY from two- to four-fold greater than those measured in this study (Propheter et 

al., 2010; Soileau and Bradford, 1985; Tamang et al., 2011; Wortmann et al., 2010), 

except for FSY in 2011 at New Franklin, when high SJY and Brix resulted in the greatest 

estimated FSY observed in this study. Unlike several previous Midwestern sweet 

sorghum studies (Holou and Stevens, 2011; Soileau and Bradford, 1985; Wortmann et 

al., 2010), Brix closely related to total annual rainfall, such that in the two years with 

greatest rainfall, 2010 and 2014, the lowest Brix was generally measured. As well, the 

similarity between the two sites for SJY in three years and FSY in four years was 

previously unreported for sweet sorghum in the Midwest. 

Ethanol Yield 

Maize Grain Ethanol Yield 
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Estimates of MEY, according to grain yield converted by the factor of 417 L 

EtOH Mg-1 grain (Putnam et al., 1991), were determined for four out of the five years as 

no grain was produced in 2011 at either site. Across years, New Franklin MEY (1858 L 

ha-1) was 2.4x greater than Mount Vernon MEY (764 L ha-1) (Table 4.5). The greatest 

overall MEYs were observed at New Franklin in 2010 and 2014, while at Mount Vernon 

all MEY estimates were similar each year.   

Sweet Sorghum Juice Ethanol Yield 

Estimates of sweet sorghum JEY demonstrated a strong site effect, as New 

Franklin JEY (302 L ha-1) was 2.3 fold greater than Mount Vernon JEY (130 L ha-1) 

across years (Fig. 4.1). At New Franklin, JEY ranged from 14 L ha-1 in 2013 to 784 L ha-

1 in 2011. In 2011, JEY was 39% greater than in 2010, which 2010 JEY than in 2012-

2014. At Mount Vernon JEY ranged from 11 L ha-1 in 2013 to 331 L ha-1 in 2010. 

Maximum JEY at Mount Vernon was observed in 2010, but it was not different from JEY 

in 2011. Juice ethanol yields were not different from each other in 2012-2014, and 

averaged only 28 L ha-1 for these three years. 

Both sites’ JEY were below published values (Holou and Stevens, 2010; Maw et 

al., 2016; Propheter et al., 2010; Tamang et al., 2011), except for New Franklin JEY in 

2010 and 2011, when estimated yields were similar to or greater than one year (527 L ha-

1) in the Tamang et al. (2011) study at a similar N rate. These generally low JEYs 

demonstrate the limitations associated with the marginal nature of the sites as well as the 

prevailing weather conditions as compared to optimum field and weather conditions 

reported in previous Missouri studies. For instance, JEY from the New Franklin site in 

2010 and 2011 was comparable to M-81E planted late in early- and mid-July on more 
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productive sites in mid-Missouri (Houx and Fritschi, 2013).  This suggests that the 

limited productivity of this site is akin to establishing a crop during the difficult growing 

conditions of July in the region. 

Lignocellulosic Ethanol Yield 

Lignocellulosic ethanol yields were calculated based on the DM yields for each 

crop, using the conversion factor 311 L EtOH Mg-1 DM (McAloon et al., 2000) for maize 

and 415 L EtOH Mg-1 DM (Li et al., 2013) for both sweet sorghum and HBS. Therefore, 

statistical separation for LEY is identical to that of DM. Estimated LEY was greater for 

each crop at New Franklin compared to Mount Vernon (Table 4.7). At New Franklin, 

sweet sorghum and HBS LEY were similar and more than three times greater than maize 

LEY across years. Maize LEY was similar each year, but sweet sorghum LEY was 

greater in 2010-2012, than in 2013 and 2014. For HBS at New Franklin, the greatest LEY 

was in 2010, more than double the lowest LEY in 2011, while 2012-2014 were not 

statistically different from either 2010 or 2011. 

At Mount Vernon across years, sweet sorghum and HBS LEY were similar and 

more than 4.3x and 3.2x that of maize LEY, respectively (Table 4.7). Within years, maize 

LEY was similar. Sweet sorghum LEY at Mount Vernon was greatest in 2010, almost 

2.3x and 4.2x greater than in 2012 and 2013, respectively, which were the two lowest 

annual yields. As indicated by a lack of annual differences, HBS LEY was stable across 

the five years at Mount Vernon. Except for 2010 when sweet sorghum LEY was greater 

than that of HBS, LEY of the two sorghum types were similar.  

Few studies report LEY for the three crops, although a few more recent studies 

focus on stover quality of maize and sorghum. Except for the much less LEY estimated in 
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Table 4.7. Estimated lignocellulosic ethanol yield of maize, sweet sorghum, and high biomass 
sorghum in study years 2010-2014 at New Franklin, MO and Mount Vernon, MO. 

Crop Lignocellulosic Ethanol Yield 

 2010 2011 2012 2013 2014 Across Years 
 ----------------------------------------------- L ha-1 ------------------------------------------------ 

New Franklin             

Maize 2180 bA -  2398 bA 1198 bA 3624 bA 2524 b 
Sweet Sorghum 10159 aA 10275 aA 10119 aA 3997 bB 5638 abB 8256 a 
HBS 11801 aA 5411 bB 8647 aAB 8978 aAB 8282 aAB 8624 a 
Means 8047 A 7838 A 7055 AB 4736 C 5848 BC 6689  
 
Mount Vernon 
Maize 966 bA -  1374 aA 1407 aA 825 aA 1128 b 
Sweet Sorghum 8443 aA 4549 aAB 3743 aB 2026 aB 4795 aAB 4858 a 
HBS 3907 bA 3655 aA 2947 aA -  4277 aA 3622 a 
Means 4367 A 4102 A 2688 AB 1717 B 3474 A 3357  
† Means in a column within a section followed by the same lowercase letter and means in a row followed 
by the same uppercase letter are not significantly different at P=0.05 



 
 

 95 

2013 at New Franklin, LEY in this study is comparable to previous sweet sorghum LEY 

in mid-Missouri, when fertilized with 112 kg ha-1 urea-N (Maw et al., 2016). In Kansas, 

maize and photoperiod sensitive sorghum LEY differed from year to year, such that they 

were similar in one year of a two-year study (Propheter et al., 2010), although both were 

less than sweet sorghum LEY estimated here. Tamang et al. (2011) reported differences 

between sweet and photoperiod sensitive sorghums in both years of a two-year study in 

Texas. While similarities in LEYs of maize, sweet sorghum, and HBS were prevalent at 

Mount Vernon, both sweet sorghum LEY and HBS LEY were greater than maize LEY in 

three out of five years at New Franklin. 

Total Ethanol Yield 

Total estimated ethanol yield, TEY, is the sum of LEY and MEY for maize and 

LEY and JEY for sweet sorghum. For HBS, LEY is equivalent to TEY, and is discussed 

here for direct comparison among all three crops. Sweet sorghum and HBS TEYs are 

similar and greater than maize TEY across years (Fig. 4.2). Across both sites and five 

years, HBS LEY was the most stable of the three ethanol sources, regardless that TEY of 

HBS and sweet sorghum are similar. Both TEYs of sweet sorghum and HBS were greater 

than maize TEY at both sites. While TEYs of all three crops were greater at New 

Franklin than at Mount Vernon, all TEYs were generally highly variable from year to 

year. 

At New Franklin, sweet sorghum and HBS TEY was 8102 and 8624 L ha-1, 

respectively, and was approximately twice that of maize TEY across years (4209 L ha-1) 

(Fig. 4.2). Maize TEY was greatest in 2014 which was 51% greater than TEY in 2010 

and over three-fold greater than maize TEY in 2012 and 2013. Sweet sorghum TEY 
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Figure 4.2. Total estimated ethanol yield for maize, sweet sorghum, and high biomass 

sorghum in 2010-2014 at New Franklin, MO and Mount Vernon, MO. Error bars 

represent significant differences at P ≤ 0.05.
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estimates in 2011 and 2012 were the greatest, more than double the 2013 and 2014 TEY, 

despite the low mid-season rainfall. High sweet sorghum DM and LEY at New Franklin 

resulted in the greatest TEY. For HBS, 2010 TEY estimates were more than double the 

2011 yield, but was not different from TEY in the final three years of the study. 

At Mount Vernon across years, sweet sorghum and HBS TEY were similar, and 

more than 2.6-fold and 1.9-fold greater, respectively, than maize TEY. Maize TEY was 

greatly reduced compared to that at New Franklin, and similar in each of the four years. 

Sweet sorghum TEY in 2010, was more than twice as great as the average of the 

following four years. This is primarily due to the sharp decline in DM production and 

accompanying LEY, although JEY was also greater in 2010 than in other years. HBS 

TEY was similar each year at Mount Vernon. 

Mount Vernon TEYs demonstrate depressed potential across the five-year study, 

compared to New Franklin. Indeed, while similar to LEY trends, which makes up the 

greatest proportion of the TEY estimate, New Franklin sweet sorghum and HBS TEY 

were similar in three of the five years. The two exceptions, 2011 and 2013, resulted in 

decreased HBS yield in 2011 relative to sweet sorghum and timely late-season rainfall in 

2013 that allowed the photoperiod-sensitive HBS to yield greater than both maize and 

sweet sorghum. Except for significantly greater sweet sorghum TEY than HBS and maize 

TEY in 2010, TEYs observed at Mount Vernon were not different between any of the 

three crops in four of the five years.  

Maize DM, grain yield, and ethanol yield were consistently less at both sites than 

results given in comparative literature, while sweet sorghum and HBS yields only at 

Mount Vernon were less than published studies. Since ethanol yield from both sweet 
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sorghum and HBS are not based on grain production, but predominately on LEY, yields 

may be less sensitive to drought and heat that can dramatically affect maize grain yield. 

Maize sensitivity to heat and drought during anthesis is well known. Consequently, low 

yields in years with droughts in mid-summer, such as 2011 and 2012, are not surprising. 

The impact of unfavorable weather conditions was exacerbated on the marginal sites in 

this study, such that across-year sweet sorghum and HBS TEY means were greater than 

that in maize. 

Although DM and ethanol yields of HBS were largely similar to those of sweet 

sorghum at both sites, HBS has the ability to respond to late-season rainfall due to its 

photo-period sensitivity and indeterminate growth, as observed in 2013 and 2014 at New 

Franklin. On the other hand, the determinate nature of both maize and sweet sorghum are 

more affected by intermittent drought, and yields can be drastically reduced. If climate 

change predictions for the central USA (i.e., growing seasons featuring above-average 

temperatures with irregular, below-average precipitation during the growing season) 

prove to be accurate, these observed species-environment interactions will likely result in 

more variable yields. Results from this study indicate that a sorghum-based crop rotation 

may be a suitable alternative to a maize-based rotation as the plant’s drought tolerance 

and development allows greater DM and sugar accumulation and ultimately greater TEY 

than maize. 

Conclusion 

To our knowledge, this is the first extended study comparing sweet sorghum, 

HBS, and maize-based rotations on marginal lands that are used for conventional row 

crop production in the Midwest. On these marginal lands, maize grain and biomass 
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production is highly variable and subject to environmental vagaries that were pronounced 

during the study years. As such, sweet sorghum and high biomass sorghum production 

for ethanol may be less variable and better suited than traditional row cropping ventures 

based upon more stable DM and ethanol yields at the two marginal sites over this five 

year study. Further research must determine any long-term effects resulting from the 

conversion from conventional forage or row cropping to annual biofuel feedstock 

production. Careful consideration of management practices is likely critical when 

switching marginal lands to annual biofuel feedstock crops.  
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Supplemental Table 4.1S. Sweet sorghum stem juice yield (SJY), fermentable sugar yield 
(FSY), and juice ethanol yield (JEY) in study years 2010-2014 at New Franklin, MO and 
Mount Vernon, MO. 

 2010 2011 2012 2013 2014 Across Year 

SJY (L ha-1) 

New Franklin 7831 aA† 10362 aA 1044 aB 192 aB 2924 aB 4471 a 
Mount Vernon 5318 aA 3783 bAB 861 aBC 211 aC 631 bB 2161 b 
Means 6574 A 7072 A 952 B 202 B 1778 B 3316  
 

FSY (kg ha-1) 
New Franklin 836 aB 1379 aA 121 aC 24 aC 294 aC 531 a 
Mount Vernon 582 aA 414 bAB 65 aBC 20 aC 63 aBC 229 b 
Means 709 A 897 A 93 B 22 B 179 B 380  
 
JEY (L ha-1) 

New Franklin 475 aB 784 aA 69 aC 14 aC 167 aC 302 a 
Mount Vernon 331 aA 235 bAB 37 aBC 11 aC 36 aBC 130 b 
Means 403 A 510 A 53 B 13 B 102 B 216  
† Means in a column within a section followed by the same lowercase letter and means in a row 
followed by the same uppercase letter are not significantly different at P=0.05 
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Supplemental Table 4.2S. Total estimated ethanol yield for maize, sweet sorghum, and high biomass 
sorghum (HBS) in study years 2010-2014 at New Franklin, MO and Mount Vernon, MO. 

Location & 
Crop 

Total Ethanol Yield 
-------------------------------------------- L ha-1 -------------------------------------------- 

 2010 2011 2012 2013 2014 Across Years 

New Franklin 
Maize 5127 bB† -  2565 bC 1421 bC 7724 aA 4209 b 
Sweet Sorghum 8701 abAB 11059 aA 10188 aA 4044 bB 5805 aB 8102 a 
HBS 11801 aA 5411 bB 8647 aAB 8978 aAB 8282 aAB 8624 a 
Mean 8663 A 7555 A 7447 A 5488 A 7270 A 7165  
 
Mount Vernon 

Maize 1747 bA -  1524 aA 1887 aA 2458 aA 1904 b 
Sweet Sorghum 8774 aA 4784 aABC 3780 aBC 2073 aC 4831 aABC 4994 a 
HBS 3907 bA 3655 aA 2947 aA -  4277 aA 3622 a 
Mean 4906 A 3539 A 2790 A 2401 A 4033 A 3505  
† Means in a column within a section followed by the same lowercase letter and means in a row followed by the 
same uppercase letter are not significantly different at P=0.05 
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CHAPTER 5: Soil Carbon Changes Following Land-Use Conversion to 

Annual Biofuel Feedstock Production on Marginal Lands 

ABSTRACT 

Emerging biofuel feedstock systems could impact Midwestern USA marginal 

soils by altering soil organic carbon (SOC) concentrations, and these alterations may be 

exasperated by climate change. The effects of converting marginal forage systems to 

annual bioenergy production on soil carbon pools were determined by growing maize 

(Zea mays), sweet sorghum (Sorghum bicolor (L.) Moench), and high biomass sorghum 

(HBS), in rotation with soybean (Glycine max L.) for five years at two Missouri sites. 

Analyses of soil samples were collected in the first, second, and fifth years, and 

demonstrated differences among crop rotations in their influence on SOC and active 

carbon fraction (AC) concentrations and stocks over five years. Concentrations of SOC 

and AC decreased over the first two years at both sites, but after five years the SOC 

concentrations returned to levels similar to initial levels, while the AC concentrations 

decreased. The central Missouri site maintained greater SOC and AC concentrations than 

the southwestern Missouri site. The southwestern Missouri site had a slight positive trend 

in AC concentration from year two to year five, suggesting beneficial effects from the 

biofuel feedstocks. Results indicate that continued production of HBS in rotation could 

have beneficial carbon sequestration at depth (100-200 mm) compared to a maize-

soybean rotation. 
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INTRODUCTION 

Perennial grasslands or pastures often occupy marginal lands and conversion to 

annual biofuel crops, such as maize (Zea mays L.) and sorghum (Sorghum bicolor (L.) 

Moench), may create a ‘carbon debt’, where the systems become sources of atmospheric 

CO2 (de Vries et al., 2010). Loss of sequestered C, enhanced erosion, and reduced water-

use efficiency are concerns for annual biofuel feedstocks (Buxton et al., 1999; Dweikat et 

al., 2012; Gopalakrishnan et al., 2011), and these concerns mainly results from tillage 

and land-use changes which incur soil organic carbon (SOC) losses (Janzen, 2006; Page 

et al., 2013).  

Current biofuel feedstock research primarily focuses on increasing above-ground 

biomass yields, while the below-ground effects of these energy cropping systems are 

largely unknown. To avoid the fuel versus food controversy, biofuel feedstock production 

is being targeted toward marginal lands where drought, flooding, soil conditions, and 

landscape position limit yield stability of major Midwestern USA crops. This necessitates 

the definition of specific landscape and soil characteristics for marginal classification 

(Richards et al., 2014). Converting marginal crop lands to sustainable biofuel cropping 

systems in the central USA may increase SOC as the crop-soil systems become potential 

carbon ‘sinks’ (Janzen, 2006). The sequestration of carbon in soils planted to biofuel 

feedstocks may produce large above-ground biomass yields and concomitantly sequester 

more CO2 in SOC through increased photosynthesis and root growth (Fernandez et al., 

2003; Janzen, 2006; Meki et al., 2013). 

Sweet sorghum and HBS are alternative annual C4 crops to maize proposed for 

use on marginal lands where a bevy of environmental factors limit maize yields. Both 
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sorghum types are known for large dry matter (DM) yields, sugary stems, and drought 

hardiness, and the extracted stem juice can be directly converted to ethanol and the DM 

has potential for lignocellulosic ethanol conversion (Massacci et al., 1996; Maw et al., 

2016 & unpublished data; Parish et al., 1985; Propheter et al., 2010; Putnam et al., 1991; 

Tamang et al., 2011). Direct comparisons of sweet sorghum to maize reveal that sweet 

sorghum often yields more total fermentable carbohydrates than maize (Parish et al., 

1985; Propheter et al., 2010; Putnam et al., 1991). Chapter 4 discussed yield data from 

the two sites included in this study and documents that sweet sorghum and HBS produced 

similar DM and returned greater theoretical ethanol yield over five years than maize. 

Above and belowground biomass DM of the three annual crops are likely influenced 

differently by environmental factors and site conditions such as drought, soil texture, and 

latitude, with only a few studies having investigated these topics (Gill et al., 2014; 

Putnam et al., 1991; Smith et al., 1987). 

Substituting sweet sorghum or HBS in place of maize may induce SOC changes 

different from those observed under long-term maize systems (Dweikat et al., 2012; 

Mirsky et al., 2008). Early twentieth century USA agriculture included sorghum as a 

popular rotation crop for cotton (Cowgill, 1930) that is still commonly used. One year of 

energy sorghum production was reported to increase SOC after long-term cotton 

production in a recent Texas study with 100% DM removal (Cotton et al., 2013). If 

biofuel feedstocks are considered for total DM removal year after year, long-term 

reductions in SOC may occur, perhaps stymieing enlargement of soil carbon sinks (Meki 

et al., 2013; Janzen, 2006; Wortmann et al., 2010). Further research is needed to identify 

possible sweet sorghum and HBS-based rotation effects on SOC pools. 
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Labile carbon fractions, also known as light or active, are more sensitive to 

decomposition than total SOC. Therefore, changes in labile SOC fractions may indicate 

short-term changes in total SOC (Gosling et al., 2013; Janzen et al., 1992). Prior to Dou 

et al. (2008) suggesting that total SOC is a strong indicator of management changes, 

Chan et al. (2001) proposed adopting soil analysis procedures to separate labile fractions 

to gain a clearer understanding of the influence of different cropping strategies on SOC.  

One SOC fraction that has been shown to predict carbon changes is the labile, or 

active-carbon, pool. The AC fraction is quantified by the potassium permanganate 

oxidation method presented by Blair et al. (1995), and later adapted by Weil et al. (2003) 

into a quick, relatively safe method. The AC fractionation method correlates well to 

common soil test procedures for total SOC, including the Walkley-Black method (Chan 

et al., 2001), and known labile carbon constituents, including particulate organic matter 

(Mirsky et al., 2008). These studies suggest the AC could better identify SOC changes 

than other labile fractionation methods from management changes. 

It is critical to consider the role of climate change on biofuel feedstock systems, 

especially on marginal cropland. Current predictions for warmer temperatures and 

reduced summer precipitation for the Midwestern USA (Pryor et al., 2014) could acerbate 

intermittent drought effects on marginal lands, such as occurred during this study.  

In this study, sweet sorghum, HBS, and maize were each grown in rotation with 

soybeans at two Missouri sites over five years under rainfed conditions. The objectives of 

the study were to: 1) evaluate effects of these three crop rotations on SOC and AC pools 

after five years following the conversion of marginal lands to annual bioenergy crop 
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rotations, and 2) determine if the AC fraction is a reliable short-term predictor of long-

term SOC changes across soil depths in these systems. 

MATERIALS AND METHODS 

Site description and crop management 

Two sites across a latitudinal gradient and frost zones from mid-Missouri, USA to 

southwestern Missouri, USA were selected for this study. The locations were marginal 

lands and included fields at the University of Missouri (MU) Horticulture and 

Agroforestry Research Center in New Franklin, MO (39° 02’ N, 92° 76’ W) and the MU 

Southwest Research Center near Mount Vernon, MO (37° 08’ N, 93° 86’ W).  

Each site was considered marginal for row crop production because of landscape 

position, soil physical characteristics, and environmental limitations (Gopalakrishnan et 

al., 2011; Kang et al., 2013), with each site posing different production limitations. The 

New Franklin site is a ridge top to back slope site with well-drained Sibley silt loam 

(fine-silty, mixed superactive, mesic Typic Argiudolls) weathered from loess parent 

material with a mean pH 6.7. This site is labeled marginal and is considered a NRCS 

Class IIIe because of 2 to 9% slopes that increase the potential for erosion. Adjacent 

private farmland of similar Class IIIe is currently row-cropped with maize and soybean 

using terracing. At Mount Vernon, the soil is a Dapue silt loam (fine-silty, mixed, active, 

mesic Fluvertic Hapludolls) with alluvium parent material. The soil has a mean pH 6.6 

and 0-2% slope and is a NRCS class IIw and IIs and is classified as marginal because of 

occasional flooding and highly variable soil texture. Neighboring producers grow maize 

and soybean in adjacent fields. Prior to initiation of this study in 2010, both sites were 

managed as mixed perennial grasses, predominantly tall fescue (Lolium arundinaceum 
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Schreb.). New Franklin was previously an aging apple orchard and the Mount Vernon 

site had cultivation for alfalfa (Medicago sativa) over part of the study area during the 

previous crop year. 

Weather data including total in-season precipitation and average monthly 

temperatures for the growing season from 1 May to 31 October were downloaded from 

NOAA weather stations, located within 3 km and 1 km of the Mount Vernon and New 

Franklin sites, respectively. 

Experimental plots were established in the spring of 2010 at the sites, with each 

having four replications in a randomized complete block design. Sweet sorghum-

soybean, maize-soybean, and HBS-soybean crop rotations were established at the two 

sites beginning in late May 2010. Two-year rotations were designed including soybeans 

to mimic the standard maize-soybean rotation in the region. All plots measured 18 m x 18 

m and were split into 9 m by 18 m half-plots in year one to establish the two-year 

rotations such that one half plot was planted to maize (Pioneer 33M16, years 1-3; Pioneer 

32D79, years 4-5), sweet sorghum (cv. M 81E, MSU Cares), or HBS (ES5200, Ceres, 

Inc.) and the other half plot planted to a commercial soybean variety that changed each 

year. In the first two study years, a second HBS variety was in the rotation instead of 

soybean, but in years three through five soybean was included in the rotation to match the 

sweet sorghum and maize rotations. Each spring, soybean was rotated with each half-plot 

of sorghum or maize, such that sweet sorghum, HBS, and maize were established on the 

half-plots planted to soybean the previous year and soybean planted on the half-plots 

where maize or sorghum were grown. Following harvest each year, plots were cleared of 

above-ground biomass to simulate stover removal associated with proposed production 
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systems for lignocellulosic ethanol production. Undisturbed perennial grass controls were 

maintained within each replicated block to then compare the crop rotation effects to the 

undisturbed control. 

Soil Sampling and Soil Analyses 

To capture any SOC changes under the three crop rotations, concentrations of 

SOC and C were quantified for the first, second, and fifth year of the study to examine 

biofuel cropping rotation effects on SOC pools. Bulk densities were determined 

following the fifth year, 2014, in each plot and the undisturbed control adjoining the plot 

treatments. No bulk density in the maize treatment at Mount Vernon was measured. To 

measure bulk density, six vertical soil cores were extracted per plot or control with a 

Giddings machine (Giddings Machine Company, Inc., Windsor, CO), with each core 

divided into the three sample layers (0-50 mm, 50-100 mm, and 100-200 mm). Each 

respective layer from all six cores were composited, weighed, and oven-dried at 60 °C 

until weights stabilized and then bulk density was calculated. Samples collected from the 

undisturbed control were then kept for SOC and AC determination. Three soil core 

samples from the inter-row of each crop treatment plot were collected following the first, 

second, and fifth crop years for SOC and AC determination using the same core 

extraction method and soil layer dividing protocol as for bulk density measurements, 

except these were air-dried not oven-dried. Soil samples for carbon analysis were ground 

and sieved through a 2 mm screen to remove visible roots and rocks. Soil organic carbon 

sampling was limited to the chosen soil depth to elucidate more dynamic SOC changes in 

the upper rooting and tillage zones. 
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The SOC concentration in each soil sample was determined by combustion on 

ignition using a ELEMENTAR vario MAX CNS combustion analyzer (Elementar 

Analysis Systems, Hanau, Germany). The potassium permanganate oxidation method 

adapted from Weil et al. (2003) was used to measure AC, where 2.5 g of soil was reacted 

with 20.0 ml of 0.02M KMnO4. Briefly, soil and permanganate solution were added to 

50-ml screw-top plastic centrifuge tubes and placed on a mechanical horizontal shaker for 

15 min at 200 rpm followed by separation in a table-top centrifuge for 5 min at 3000 rpm. 

A supernatant aliquot of 0.5 ml was diluted in 49.5 ml of deionized water and light 

absorption of the diluted solution at 550 nm was recorded using a Genesis 10uv 

spectrophotometer (Thermo Electron Corporation, Madison, WI). If the absorbance 

reading for any sample was less than 0.01, the analysis was repeated with double the 

solution (40.0 ml) of 0.02 KMnO4. Concentrations of AC were calculated using the 

equation presented in Weil et al. (2003):  

𝐿𝑎𝑏𝑖𝑙𝑒  𝐶 (𝑚𝑔 𝑘𝑔−1)

= [0.02 𝑚𝑜𝑙 𝐿−1 – (𝑎  +  𝑏𝑧)] ×  (9000 𝑚𝑔 𝐶 𝑚𝑜𝑙−1) ×  (
0.02 𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

0.0025 𝑘𝑔 𝑠𝑜𝑖𝑙
) 

where 0.02 mol L-1 is the concentration of the KMnO4 solution before reaction, a is the 

intercept of the standard curve, b is the slope of the standard curve, z is the absorbance 

value of the diluted supernatant, 9000 mg C mol-1 is the assumed mass of C oxidized by 1 

mol of MnO4 reducing from Mn7+ to Mn4+, 0.02 L is the volume of KMnO4 solution 

reacted, and 0.0025 kg is the reacted soil mass. 

Total baseline stocks of SOC and AC were then calculated on an areal basis by 

including the measured SOC and AC concentrations, respective soil layer bulk densities, 

and the depth of each respective soil layer, which provided the total SOC and AC 
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amounts in Mg ha-1 and kg ha-1, respectively, in each of the three soil layers in the fifth 

year, 2014, in each crop plot and respective undisturbed control within each block. 

Statistical Analysis 

Analysis of variance was performed using the PROC MIXED procedure in SAS 

9.3 software (SAS Institute, 2009) with year, location, and crop as random effects and 

soil layer as fixed effect. Soil variables were SOC concentration and AC concentration in 

2010, 2011, and 2014, and SOC and AC stock in 2014. Treatment means were compared 

using t-tests provided by the LSMEANS option and ADJUST=Tukey at α ≤ 0.05. Any 

differences between undisturbed controls and crop treatment were evaluated by the 

difference between concentrations and contents of SOC and AC within each crop 

treatment and corresponding undisturbed control within each block. Correlations between 

the soil carbon parameters and relationships to associated crop DM yield were calculated 

using PROC CORR with strong correlations identified as r ≥ |0.5|. 

RESULTS AND DISCUSSION 

Weather 

Variable temperatures and precipitation occurred at both New Franklin and Mount 

Vernon across the five-year study. Compared to thirty-year means for both sites, total 

annual rainfall was below average in three of the five years at New Franklin and four of 

the five years at Mount Vernon (Fig. 5.1). At New Franklin, both 2010 and 2014 rainfall 

totals were 47% and 26% greater than thirty-year averages, respectively, while total 

precipitation in 2011, 2012, and 2013 were 30%, 50%, and 15% below thirty-year means, 

respectively. Rainfall distribution throughout each year at New Franklin was variable. In 

2011 and 2013 approximately 58% and 53% of the total seasonal rainfall was recorded in  
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Figure 5.1. Annual total precipitation (mm) and mean minimum and maximum 

temperatures (°C) for each growing season (May – October) in 2010 through 2014, and 

30-year averages near New Franklin, MO (NF) and Mount Vernon, MO (MV).
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the first two months, usually during the first five to six weeks of crop growth depending 

on planting date each year. September rainfall in 2010 was the greatest of the five years, 

and almost double the thirty-year average. Mount Vernon precipitation was below 

average in all but one year, 2013, but annual rainfall was consistently closer to thirty-year 

means. Precipitation amounts at Mount Vernon in 2010 and 2014 were only 13% and 6% 

below average, while 2011 and 2012 rainfall were 34% and 29% below average. In 2013, 

when 15% greater rainfall was recorded, high accumulation of rainfall in May caused 

some temporary site flooding. Distribution of rainfall across the months at Mount Vernon 

was more consistent than at New Franklin.  

Temperatures varied by site and year, but monthly temperatures were generally 

consistent for each month across years at each site and did not differ much from 30-year 

averages. Exceptions included average maximum temperatures in 2011 and 2012 at both 

sites, such that despite decreased mid-season rainfall in July-August in those years, plant 

stress was compounded by sustained high temperatures above 30°C (Fig. 5.1). At New 

Franklin, July 2012 average maximum temperature was five degrees above the thirty-year 

mean, with 21 days with maximum temperature at 35 °C or greater. At Mount Vernon 

July average maximum temperature was approximately five and six degrees above thirty-

year means in 2011 and 2012, respectively, reaching maximum temperatures at or above 

35 °C in 26 and 29 days in each respective year. This exceptional heat during maize 

anthesis in both years likely contributed to no maize grain yield in 2011 and the much 

reduced yield in 2012. The environmental conditions during this five-year study provided 

exceptional circumstances for observing rainfed growing conditions on marginal lands in 
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Missouri. Thus, the crop yield collected may afford some insight about the influence of 

climatic changes predicted for the region (Pryor et al., 2014). 

Carbon Concentrations 

Concentrations of SOC and AC were determined for the first, second, and fifth 

years in crop plots of maize, sweet sorghum, and HBS and the adjoining undisturbed 

grass control was sampled in year five. The total sampled profile from surface to a 200 

mm depth was separated by soil depth into layers of 0-50mm, 50-100mm, and 100-

200mm, referred to as Layer 1 (L1), Layer 2 (L2), and Layer 3 (L3), respectively.  

Concentrations of both carbon fractions differed by site as indicated by ANOVA 

(Table 5.1), so data from each site were separated to focus on layer and crop treatment 

effects. The ANOVA by site revealed that SOC concentrations at New Franklin and 

Mount Vernon varied among years and soil layer, with a year x soil layer interaction at 

Mount Vernon (Table 5.1). Results of AC concentration differed by year and soil layer at 

the two sites, with a year x soil layer interaction at New Franklin. The crop treatments of 

maize, sweet sorghum, and HBS similarly affected SOC and AC concentrations across 

the years and soil layers within each site, irrespective of the undisturbed control, which 

was only sampled in year five. 

Soil Organic Carbon Concentration 

At New Franklin, SOC concentrations were greatest in L1, intermediate in L2, 

and the least in L3 in each year (Table 5.2), where L1 concentrations were more than 

double L3 SOC concentrations. Among years the SOC concentrations in L1 were similar. 

Decreased SOC concentrations at New Franklin in L2 and L3 in 2011, compared to 2010



 
 

118 
 

Table 5.1. Results of initial ANOVA (top) soil organic carbon 

concentrations (SOC) and active carbon concentrations (AC) for 

study years 2010, 2011, and 2014 in crop treatments of maize, sweet 

sorghum, and HBS across two sites. Results of secondary ANOVA 

divided by site (bottom) near New Franklin, MO (NF) and Mount 

Vernon, MO (MV). 

Effect df 

SOC Concentration 

 (g kg-1) 

AC Concentration 

(g kg-1) 

  ------------------------ P>F ------------------------ 

Site (S) 1 0.0197 0.0052 
Year (Y) 2 0.0046 0.0008 
S x Y 2 0.0942 <0.0001 

Soil Layer (L) 2 <0.0001 <0.0001 
S x L 2 <0.0001 <0.0001 

Y x L 4 0.1312 0.0023 
S x Y x L 4 0.2638 0.0003 
Crop (C) 2 0.9422 0.5442 

S x C 2 0.9682 0.4460 
Y x C 3 0.6770 0.0916 

S x Y x C 3 0.0271 0.0002 
L x C 3 0.9609 0.7471 
S x L x C 3 0.9698 0.7857 

Y x L x C 8 0.9071 0.9612 
S x Y x L x C 8 0.8238 0.8510 

   

Effect df 

SOC Concentration 

 (g kg-1) 

AC Concentration 

(g kg-1) 

  NF MV NF MV 

  ------------------------ P>F ------------------------ 
Year 2 0.0319 0.0063 0.0078 0.0007 

Soil Layer 2 <0.0001 <0.0001 <0.0001 <0.0001 
Y x L 4 0.4674 0.0008 0.0002 0.0696 
Crop 2 0.9983 0.7679 0.9312 0.1326 

Y x C 4 0.1019 0.2549 0.0011 0.3034 
L x C 4 0.9766 0.8402 0.7896 0.5452 

Y x L x C 8 0.7707 0.9821 0.9089 0.7958 
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Table 5.2. Soil organic carbon and active carbon concentrations among 

three soil layers near New Franklin, MO, in 2010, 2011, and 2014. 

Soil Layer  2010 2011 2014 

  Soil Organic Carbon 

  --------------------------- g kg-1 ----------------------- 

Layer 1 (0-50 mm)  25.6 a† A‡ 21.3 a A 24.2 a A 
Layer 2 (50-100 mm)  17.2 b A 13.1 b B 17.1 b A 

Layer 3 (100-200 mm)  11.0 c A 9.3 b B 10.6 c AB 
   

  Active Carbon 

  -------------------------- g kg-1 ------------------------- 
Layer 1 (0-50 mm)  2.13 a A 1.80 a B 1.37 a C 
Layer 2 (50-100 mm)  1.29 b A 1.00 b A 1.04 a A 

Layer 3 (100-200 mm)  0.74 c A 0.63 c AB 0.55 b B 
   

†Significant differences within each year and column indicated by plain 

text, lowercase letters at P ≤ 0.05. 
‡Significant differences among years across columns within each 

respective row indicated by plain text at P ≤ 0.05. 
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and 2014, suggesting mixed long-term changes that resulted in similar results across the 5 

years, while maize SOC decreased by 2.5 g kg-1. 

At Mount Vernon, SOC concentrations in 2010 were 50% and 69% greater in L1 

than in L2 and L3, respectively (Table 5.3). The initial decreases in L1 and L3 from 2010 

to 2011 were apparently reversed by 2014, as SOC concentrations increased again in 

2014 to similar concentrations in 2010. Additions of plant DM through root and stover 

likely were the primary causes for this stabilization in SOC concentrations after the initial 

loss in year two of the study. A 20% increase in SOC concentration from 2010 to 2014 

was measured in L2. These changes over the five years indicate the treatment effects that 

resulted in an SOC increase regardless of crop.   

After the fifth year, SOC concentrations of the three cropping treatments were 

analyzed against the undisturbed tall fescue system managed within the undisturbed 

controls. The SOC concentrations varied by soil layer at New Franklin, but there were no 

differences among the crop treatments and control (Table 5.4). At Mount Vernon, one 

difference was measured between the control and crop treatment in L1, where control 

SOC concentration was greater than each of the three crop treatments (Table 5.5). The 

lack of treatment differences, except for in L1 at Mount Vernon, suggests that there was 

little negative impact on SOC concentration from the tillage and annual bioenergy crop 

production after five years compared to the control. 

Comparable studies that focused on SOC concentration changes under annual 

biofuel feedstock production are limited, especially on marginal lands. However, several 

studies have examined the long-term effects of continuous grain sorghum or rotations of 

grain sorghum and soybean on soil properties. These studies concur with our results
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Table 5.3. Soil organic carbon and active carbon concentrations among 

three soil layers near Mount Vernon, MO, in 2010, 2011, and 2014. 

Soil Layer  2010 2011 2014 

  Soil Organic Carbon 

  ---------------------- g kg-1 ---------------------- 

Layer 1 (0-50 mm)  16.9 a† A‡ 13.8 a B 18.3 a A 
Layer 2 (50-100 mm)  11.2 b B 10.8 b B 13.5 b A 

Layer 3 (100-200 mm)  10.0 b A 8.0 c B 9.6 c A 
   

  Active Carbon 

  ---------------------- g kg-1 ---------------------- 

Layer 1 (0-50 mm)  1.27 a A 0.84 a B 1.15 a A 
Layer 2 (50-100 mm)  0.94 b A 0.61 b B 0.91 b A 

Layer 3 (100-200 mm)  0.81 b A 0.41 b B 0.58 c B 
   

†Significant differences within each year and column indicated by 

lowercase letters at P ≤ 0.05. 
‡Significant differences across columns within each respective row 

indicated by uppercase letters at P ≤ 0.05. 



 
 

122 
 

Table 5.4. Results of ANOVA for soil organic carbon (SOC) and 

active carbon (AC) concentrations following year five (2014) 

comparing undisturbed control to crop treatments of maize, 

sweet sorghum, and high biomass sorghum, near New Franklin, 

MO (NF) and Mount Vernon, MO (MV). 

Effect df 

SOC Concentration 

 (g kg-1) 

AC Concentration 

(g kg-1) 

  ------------------------ P>F ------------------------ 

NF   

Soil Layer (L) 2 <0.0001 <0.0001 

Crop (C) 3 0.4698 0.0053 
L x C 6 0.1549 0.3886 
    

MV   

Soil Layer (L) 2 <0.0001 <0.0001 
Crop (C) 3 0.3068 0.3532 

L x C 6 <0.0001 0.0661 
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Table 5.5. Soil organic carbon stocks (SOC) among treatments of 

maize, sweet sorghum, high biomass sorghum, and the undisturbed 

control following year five (2014) across three soil horizons near 

New Franklin, MO (NF) and Mount Vernon, MO (MV). 

Crop NF MV 

 ------------ g kg -1 ----------- 

 Layer 1, 0-50 mm depth 

Maize 23.7 a†  19.0 b  

Sweet Sorghum 23.3 a  18.2 b  
High Biomass Sorghum 25.7 a  17.6 b  

Control 29.7 a  23.7 a  
Mean 25.6 a A‡ 19.6 a B 

     

 Layer 2, 50-100 mm depth 

Maize 16.1 a  13.6 a  
Sweet Sorghum 17.5 a  13.9 a  
High Biomass Sorghum 17.7 a  13.0 a  

Control 16.8 a  11.4 a  
Mean 17.0 b A 13.0 b B 

     
 Layer 3, 100-200 mm depth 

Maize 10.2 a  10.0 a  
Sweet Sorghum 10.2 a  9.6 a  
High Biomass Sorghum 11.4 a  9.3 a  

Control 10.4 a  9.3 a  
Mean 10.5 c A 9.6 c A 

     

†Significant differences among crop treatments within each respective 
soil layer and column, or in bold across soil layers, indicated by 

lowercase letters at P ≤ 0.05. 
‡Significant differences of means between sites across columns 
indicated by bold uppercase letters at P ≤ 0.05. 
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which supports the evidence of a positive maintenance of SOC concentrations in the 

upper portion of the soil profile (Wright and Hons, 2005a; 2005b; Franzluebbers 1995; 

Varvel 1994; 2006). For example, Wright and Hons (2005b) found that, after 20 years of 

continuous grain sorghum production, the SOC concentration was slightly greater in the 

top 50 mm than in the lower 50-150 mm under conventional tillage. In Nebraska, Varvel 

(1994) observed that under maize-soybean and grain sorghum-soybean rotations SOC 

concentrations generally increased in the top 75 mm over an eight year time period, 

although SOC concentrations decreased in the lower 75-300 mm. Interestingly, decreases 

observed in L2 and L3 from 2010-2011 in the present study were greater than those 

reported in other studies, although these studies do not report major land-use changes.  

Tillage and stover removal prior to crop establishment each year likely stimulated 

increased SOC mineralization, resulting in the greater losses of SOC concentration in the 

first two years than those observed by Varvel (1994), and is consistent with commonly 

observed reductions in SOC as a result of tillage (Page et al., 2013). Additionally, limited 

crop DM in multiple years associated with drought and heat conditions likely exacerbated 

SOC concentration reduction at these marginal sites in the first two years. Importantly, 

the increase in SOC concentration throughout the measured soil layers by the fifth year, 

and the similarity between the crop treatments and the control, except for in L1 at Mount 

Vernon, suggest a potential to at least maintain, if not sequester, SOC at depth in these 

marginal sites under bioenergy feedstock production. 

Active Carbon Concentration 

Concentrations of AC differentiated among the soil layers in similar trends to the 

SOC concentrations, such that L1 at New Franklin contained greater AC concentrations 
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than L2 and L3 for the first two years. However, by the fifth year the AC in L1 decreased 

such that L1 and L2 AC concentrations were similar, although still greater than in L3 

(Table 5.2). Active carbon concentrations decreased through the five years in L1 and L3 

by 36% and 26% from 2010 to 2014, respectively.  

At Mount Vernon, AC concentrations decreased from year one to year two within 

each soil layer (Table 5.3). While L1 concentrations were greater than L2 and L3 AC 

concentrations, in the first two years, no differences existed between these two soil layers 

within either year. By year five, AC concentrations increased to return similar levels as in 

2010 in L1 and L2. Concentration of AC did not return to 2010 levels in L3 at Mount 

Vernon, such that the L3 in 2014 was 50% and 36% less than L1 and L2 concentrations. 

Following the fifth year, the AC concentrations in the crop treatments and the 

control differed by soil layer at New Franklin and Mount Vernon, while there was a 

significant cropping treatment effect at New Franklin (Table 5.4). New Franklin AC 

concentrations were greater than at Mount Vernon only in L1, by 19%, while similar 

concentrations were determined in L2 and L3 across sites (Table 5.6). At New Franklin in 

L1, the control and HBS were similar to each other and greater than the AC in maize and 

sweet sorghum treatments. In L3 at New Franklin, the HBS treatment AC concentration 

was 62% greater than maize AC concentrations, although not significantly greater than 

concentrations in sweet sorghum and control. At Mount Vernon, no treatment effects 

were measured in L2 and L3, but in L1 the AC concentrations were similar to sweet 

sorghum, but 14% and 18% greater than in the maize and HBS treatments, respectively. 

This suggests that not maintaining a perennial cover on the soil and annual tillage 

incurred negative effects to the AC concentration in the top 50 mm at Mount Vernon.
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Table 5.6. Soil active carbon stocks (AC) among treatments of 

maize, sweet sorghum, high biomass sorghum, and the undisturbed 

control following year five (2014) across three soil horizons near 

New Franklin, MO (NF) and Mount Vernon, MO (MV). 

Crop NF MV 

 ------------------------ g kg -1 ---------------------- 

 Layer 1, 0-50 mm depth 

Maize 1.26 b†  1.14 b  

Sweet Sorghum 1.28 b  1.21 ab  
High Biomass Sorghum 1.56 a  1.09 b  

Control 1.57 a  1.33 a  
Mean 1.42 a A‡ 1.19 a B 

     

 Layer 2, 50-100 mm depth 

Maize 0.90 a  0.91 a  
Sweet Sorghum 0.96 a  0.98 a  
High Biomass Sorghum 1.27 a  0.83 a  

Control 1.03 a  0.79 a  
Mean 1.04 b A 0.88 b A 

     
 Layer 3, 100-200 mm depth 

Maize 0.43 b  0.62 a  
Sweet Sorghum 0.52 ab  0.62 a  
High Biomass Sorghum 0.70 b  0.51 a  

Control 0.58 ab  0.62 a  
Mean 0.56 c A 0.59 c A 

     

† Significant differences among crop treatments within each respective 
soil layer and column, or in bold across soil layers, indicated by 

lowercase letters at P ≤ 0.05. 
‡Significant differences of means between sites across columns and 
across all soil layers indicated by uppercase letters at P ≤ 0.05. 
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Mirsky et al. (2008) investigated AC concentrations in maize-soybean and 

continuous maize cropping systems, and AC concentration decreases observed after two 

years of cropping are similar to values measured in this study. Additionally, Mirsky et al. 

(2008) found no differences in AC levels beyond the second crop year. Unfortunately, a 

detailed comparison to our study is not possible as no clear crop treatment or fertility 

effects were differentiated by Mirsky et al. (2008). Results in this study suggest a tillage 

and treatment sensitivity in AC concentration by the decrease through the five years at 

New Franklin not seen at Mount Vernon, likely because of the greater native AC 

concentrations at the central Missouri site. Although, in L1 at Mount Vernon, both maize 

and HBS treatments did not maintain AC concentrations to the same level as the control. 

The HBS treatment concentration was similar to the control in L1 and L3 at New 

Franklin in the fifth year, and greater than the maize and sweet sorghum in the top 50 

mm, and maize in L3, at New Franklin. These results suggest that, similarly to SOC 

concentrations results, producing annual bioenergy feedstocks, especially HBS, has 

potential to maintain or increase AC concentrations on these marginal lands. 

Carbon Stocks 

Bulk densities of each of the sites, soil layers, and cropping systems and 

undisturbed control were determined in 2014 following five years of the study (Table 

5.7), and used to calculate SOC and AC stocks together with the respective 

concentrations. Stocks within each layer and the total sampled profile stocks (0-200 mm) 

were measured and analysis of variance conducted to discover any study effect 

differences. Significant site differences occurred for SOC stock (P = 0.0237) and AC 

stock (P = 0.0461), and stocks differed among soil layers at both sites. Cropping
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Table 5.7. Soil bulk density in each crop and undisturbed alley following year 

five (2014) near New Franklin, MO (NF) and Mount Vernon, MO (MV). 

Depth Maize 

Sweet 

Sorghum 

High Biomass 

Sorghum Control 

 ------------------------------------ g cm-3 -----------------------------------  
NF  

0-50 mm 1.076 1.253 1.224 1.126 

50-100 mm 1.392 1.438 1.439 1.402 
100-200 mm 1.431 1.447 1.431 1.422 

  

MV  

0-50 mm - 1.242 1.240 1.243 
50-100 mm - 1.476 1.442 1.493 

100-200 mm - 1.488 1.456 1.481 
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treatment was insignificant in SOC and AC stocks, with exceptions in AC stocks at New 

Franklin and a soil layer x crop interaction in SOC stocks at Mount Vernon (Table 5.8). 

Upon analyzing the total stocks, significant site differences occurred, and only the total 

AC stocks at New Franklin differed by cropping treatment (Table 5.8). 

Soil Organic Carbon Stocks 

Stock of SOC in the fifth year was greater in L1 and L2, as well as total stock, at 

New Franklin than at Mount Vernon (Table 5.9). At New Franklin, L1 and L3 SOC 

stocks were similar, and both about 25% greater than L2 stocks, which is interesting 

considering L3 soil layer is double the thickness of L1 and L2. No significant cropping 

treatment was measured at New Franklin, whereby maize, sweet sorghum, and HBS 

contained similar SOC levels as in the control. At Mount Vernon, L1 and L3 SOC stocks 

were similar, and 34% and 50% greater than L2 SOC stocks, respectively. Stocks in the 

maize treatment was not determined at Mount Vernon, so comparing the sweet sorghum 

and HBS to the control, no cropping treatment impact occurred. 

Active Carbon Stocks 

Stocks of AC were greater through L1 and L2, and the total sampled depth, at 

New Franklin then at Mount Vernon, which is similar to results for SOC stocks (Table 

5.10). At New Franklin, AC stocks contained in L1 were 15% greater than L2 stocks, but 

not L3, which contained twice the soil volume. Within L1 at New Franklin, HBS stock 

was similar to the control, and 41% and 27% greater than in the maize treatment, 

respectively. Greater AC stocks in the HBS plots than the maize plots of 64% and 50% 

were measured in L3 and the total AC stocks at New Franklin, respectively (Table 5.10). 

At Mount Vernon, AC stock in L3 was 13% greater than in L1, because of the AC loss in
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Table 5.8. Analysis of variance for soil organic carbon (SOC) and active 

carbon (AC) stocks among soil layers (top), and analysis of variance for 

total SOC and AC stocks summed across all soil layers (bottom), following 

year five (2014) among crop treatments of maize, sweet sorghum, high 

biomass sorghum, and the undisturbed control, near New Franklin, MO 

(NF) and Mount Vernon, MO (MV). 

Effect df 

SOC Stock 

 (Mg ha-1) 

AC Stock 

(kg ha-1) 

  ------------------------ P>F ------------------------ 

NF   

Soil Layer (L) 2 0.0017 0.0111 
Crop (C) 3 0.5103 0.0092 
L x C 6 0.2506 0.6413 

    
MV   

Soil Layer (L) 2 <0.0001 0.0142 

Crop (C) 2 0.2363 0.0883 
L x C 6 0.0293 0.2876 

    

Effect df 

SOC Stock 

 (Mg ha-1) 

AC Stock 

(kg ha-1) 

Total Stocks (0-200 mm)  ------------------------ P>F ------------------------ 

NF    

Crop 3 0.5117 0.0092 
MV    

Crop 2 0.2362 0.0883 
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Table 5.9. Soil organic carbon stocks (SOC) among treatments of 

maize, sweet sorghum, high biomass sorghum, and the undisturbed 

control following year five (2014) across three soil horizons near 

New Franklin, MO (NF) and Mount Vernon, MO (MV). 

Crop NF MV 

 ------------ Mg ha -1 ----------- 

 Layer 1, 0-50 mm depth 

Maize 13.1 a†  --   

Sweet Sorghum 15.6 a  11.4 b  
High Biomass Sorghum 16.2 a  10.8 b  

Control 16.7 a  14.8 a  
Mean 15.4 a A‡ 12.3 a B 

     

 Layer 2, 50-100 mm depth 

Maize 11.3 a  --   
Sweet Sorghum 12.8 a  10.1 a  
High Biomass Sorghum 13.1 a  9.0 a  

Control 11.7 a  8.5 a  
Mean 12.2 b A 9.2 b B 

     
 Layer 3, 100-200 mm depth 

Maize 14.7 a  --   
Sweet Sorghum 14.8 a  14.0 a  
High Biomass Sorghum 16.5 a  13.5 a  

Control 14.8 a  13.8 a  
Mean 15.2 a A 13.8 a A 

     
 Total, 0-200 mm depth 

Maize 39.1 a  --   
Sweet Sorghum 43.2 a  35.5 a  

High Biomass Sorghum 45.8 a  33.3 a  
Control 43.2 a  37.1 a  
Mean 42.8  A 35.3  B 

       

† Significant differences among crop treatments within each respective 
soil layer and column, or in bold across soil layers, indicated by 

lowercase letters at P ≤ 0.05. 
‡Significant differences of means provided in each column and across 
all soil layers indicated by uppercase letters at P ≤ 0.05. 
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Table 5.10. Soil active carbon stocks (AC) within treatments of 

maize, sweet sorghum, high biomass sorghum, and the undisturbed 

control, following year five (2014) across three soil horizons near 

New Franklin, MO (NF) and Mount Vernon, MO (MV). 

Crop NF MV 

 ------------ kg ha -1 ----------- 

 Layer 1, 0-50 mm depth 

Maize 697 b†  --   

Sweet Sorghum 857 ab  758 ab  
High Biomass Sorghum 983 a  667 b  

Control 884 a  824 a  
Mean 855 a A‡ 750 ab B 

     

 Layer 2, 50-100 mm depth 

Maize 632 a  --   
Sweet Sorghum 701 a  709 a  
High Biomass Sorghum 924 a  575 a  

Control 721 a  587 a  
Mean 745 b A 623 b B 

     
 Layer 3, 100-200 mm depth 

Maize 616 b  --   
Sweet Sorghum 759 ab  892 a  
High Biomass Sorghum 1016 a  735 a  

Control 827 ab  910 a  
Mean 804 ab A 846 a A 

     
 Total, 0-200 mm depth 

Maize 1945 b  --   
Sweet Sorghum 2317 ab  2359 a  

High Biomass Sorghum 2922 a  1977 a  
Control 2432 ab  2322 a  
Mean 2404  A 2219  B 

       

† Significant differences among crop treatments within each respective 
soil layer and column, or in bold across soil layers, indicated by 

lowercase letters at P ≤ 0.05. 
‡Significant differences of means provided in each column and across 
all soil layers indicated by uppercase letters at P ≤ 0.05. 

 

 



 
 

133 
 

the tilled crop plots versus the control in L1. While no crop treatment in L2 and L3 

occurred, control AC stock was 24% greater than stock in the HBS plot. Total AC stock 

did not reveal any treatment effects at Mount Vernon.    

Correlations 

Crop yields for 2010-2014 in plots of maize, sweet sorghum, and HBS from both 

sites are reported in Chapter 4. It is likely that above-ground DM yield may closely relate 

to measured SOC and AC differences observed after five years. As well, an objective of 

this study was to determine if there is a correlative relationship between long-term SOC 

and AC changes. Therefore, cumulative DM yield from the five years, as well as SOC 

and AC concentrations and stocks, were analyzed for any correlative relationships. 

Upon testing for Pearson Correlation Coefficients, several strong relationships (r 

≥ |0.50| and P ≤ 0.05) were found across sites and depths. New Franklin DM had no 

significant correlation to SOC or AC across all depths (Table 5.11). Although, when 

analyzed separately, DM positively correlated to AC concentration (r = 0.708) and AC 

stock (r = 0.604) in L1, but the relationships reversed to strongly negative correlations in 

L2 and L3. This inverse relationship is in response to decreasing AC levels at the lower 

soil layers, for which the DM could not positively limit at New Franklin.  

At Mount Vernon DM negatively related to AC stock across soil layers, but AC 

concentrations decreased with increasing DM in L2, following the trend of decreasing 

AC concentration within deeper soil layers. Among soil layers at Mount Vernon, no 

strong correlations were present to DM in L1, but in L2 DM positively correlated to 

increasing SOC concentration (r = 0.583) and SOC stock (r = 0.926). This was similarly 

determined in L3, as well.
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Table 5.11. Pearson Correlation Coefficients for crop dry matter (DM) to SOC 

and AC measurements in study years 2010-2014 at New Franklin, MO (top) 

and Mount Vernon, MO (bottom). Significant coefficients (r ≥ |0.50|) marked 

in bold. 

New Franklin, MO 

 [SOC] [AC] SOC AC 

DM 
0.15178 0.09444 -0.15232 -0.26884 

NS NS NS NS 

[SOC] 
1 0.91567 0.39185 0.31807 

 *** ** * 

[AC] 
 1 0.23282 0.4918 

  NS ** 

SOC 
  1 0.61649 

   *** 

     
Mount Vernon, MO 

 [SOC] [AC] SOC AC 

DM 
0.3268 -0.46519 0.44873 -0.61216 

NS ** * * 

[SOC] 
1 -0.85299 0.99116 0.82251 

 *** *** *** 

[AC] 
 1 -0.8663 0.88032 

  *** *** 

SOC 
  1 0.90498 

   *** 

† *,**,*** indicate significance at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.0001, respectively; 

NS, not significant. 
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Indicating similar trends in changes of SOC and AC, concentrations of SOC and 

AC, and each respective stock, possessed strongly positive relationships after 5 years at 

New Franklin (Table 5.11). This relationship between SOC and AC stocks was 

determined at Mount Vernon as well, as stocks of each followed a similar trend through 

the soil layers. Following five years of the crop treatments upon the marginal lands these 

results differ greatly from correlations calculated following the first two years, when 

SOC concentrations across sites were negatively correlated (r = -0.667) to AC 

concentrations and had no relationship to DM yield. As well, total crop DM was weakly 

correlated (r = 0.540) with AC concentration at the end of 2011. 

The strong correlation of SOC to AC provides an opportunity to predict long-term 

SOC change on these marginal lands under annual bioenergy feedstock production. 

Results here demonstrate AC is a sensitive indicator for crop management and land-use 

change compared to only evaluating SOC changes. This echoes a previous study by 

Culman et al. (2013), which was the first to relate the potassium permanganate AC 

analysis to C mineralization in of a maize-soybean-wheat crop rotation in long and short 

collection intervals. While significant positive relationships were established by both 

Culman et al. (2013) and in the present study, coefficients of correlation were weaker 

between DM and SOC stock (r = 0.428) than in the aforementioned maize-soybean-wheat 

rotation. 

CONCLUSIONS 

Across the two study sites, SOC and AC concentrations varied by soil depth from 

0-200 mm. Concentrations and stocks of SOC and AC were positively correlated. While 

no cropping effects were observed after the first two years of land-use conversion to 
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biofuel feedstock production, after five years both concentrations of SOC and AC began 

to differentiate more clearly by crop treatment. The greatest losses in AC occurred in the 

maize. In HBS plots from 50-200 mm, AC concentrations were slightly greater than for 

maize. This study encompasses years with considerable differences in precipitation and 

temperature conditions, and these differences were reflected in the broad range of 

observed crop DM production and total maize grain yield.  

Careful consideration of management practices is therefore critical when 

converting marginal lands to annual biofuel feedstock crops. Stemming SOC losses from 

these systems may be possible by only removing a portion of the above-ground biomass, 

implementing winter cover crops, and using reduced-tillage options. To our knowledge, 

this is the first study comparing sweet sorghum-, HBS-, and maize-based rotation effects 

on SOC and AC pools on marginal lands. 

A long-term benefit of HBS, especially over maize, may prove to provide 

continued SOC maintenance and potential sequestration coupled with greater yield 

stability. This study demonstrates that transitioning marginal lands in the central USA 

states to annual biofuel feedstock cropping systems will likely result in SOC loss, 

especially within the first several years. However, as illustrated by this study, choosing a 

crop rotation based upon sweet sorghum or HBS may be a suitable alternative to maize as 

sorghum’s drought tolerance allows it to accumulate greater biomass and limit SOC 

losses relative to maize-based systems. Examining SOC changes deeper in the soil profile 

will be necessary to more fully understand the impacts of the cropping systems on soil 

SOC stocks and may identify differences not observed in the shallow soil layers sampled 

in this study. Indeed, cropping effects may have a greater impact on carbon stocks below 
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200 mm because of lower native SOC at depths and absence of soil disturbance by 

tillage. 
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CHAPTER 6: CONCLUSION AND REVIEW 

High Biomass Sorghum (HBS) has the potential in Missouri for production as a 

biofuel feedstock, but prior to this collection of studies contained herein for this 

dissertation, little if anything was known regarding agronomic or environmental 

interaction HBS yields have in Missouri. As well, little was known of the crop’s yields 

and appropriate nitrogen management for optimizing ethanol yields, especially in a low-

input crop system on marginal lands. The four studies contained in this dissertation is an 

effort to conduct early examination of the potential for HBS to be adopted as a biofuel 

feedstock for ethanol production in the Midwest, specifically Missouri.  

Due to the occurrence of drought during the study, the findings have relevance for 

evaluating land management impacts on SOC in a changing climate. High biomass 

sorghum is a high-yielding biomass feedstock that shows promise for production in 

Missouri, especially on marginal lands. Even moderate rates of N fertilizer has the 

potential to positively increase DM and theoretical ethanol yield in adequate rainfall 

years, but nutrient management may prove necessary with continual DM removal. The 

short-term trend of HBS stemming SOC loss compared to maize production on marginal 

sites, provides support for continued research into the potential for HBS production in 

Missouri. 

Continued research is going-on in Missouri building upon this previous research. 

There is still much to do to focus on variety selection and perhaps even breeding for 

Missouri-specific cultivars that optimize yield in the variable rainfall and shortened 

season compared to southern regions. Results from this study indicate a strong 

modulation of HBS DM production responses to N fertilization by prevailing 
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environmental conditions, but application of 56 kg N ha-1 were sufficient to increase DM 

yield and maintain relatively large NRE and NUE than determined at higher N rates, 

where little N response resulted in poor returns for the N fertilizer applied. While the 

HBS varieties in this study appear to be well suited for biofuel feedstock production in 

similar environments, but further research is needed to effectively evaluate N fertilizer 

constraints upon DM and potential ethanol yield. Considering the low N fertilizer 

amounts required to maximize biomass yields documented in this two-year study, it is 

likely that the N rates resulting in optimal production would be considerably lower than 

that used for other current bioenergy feedstocks, such as maize. 

Mineral uptake in HBS was greatly impacted by N fertilizer rate and, even to a 

greater controlling nature, the environment, specifically rainfall. It serves as a 

foundational description of the elemental make-up of HBS under the study’s conditions 

that will provide data for future crop development with abiotic stress and nutrient 

management in focus. This was the first study to present a full analysis of 11 macro- and 

micronutrients removed in HBS across a broad range of N rates. The results demonstrate 

an important link of HBS mineral uptake to environment and applied-N fertilizer rates 

that demands future investigation. 

No previous three-way comparison studies are known to exist for HBS, maize, 

and sweet sorghum on marginal lands with minimal inputs. While we did apply a 

minimal 100 kg N ha-1 to the sorghum plots at the two Missouri sites, double the fertilizer 

was applied on the maize plots. This clearly demonstrates the hardships of producing 

crops on these lands. Maize grain and biomass production is highly variable and subject 

to environmental vagaries that were pronounced during the study years. Poor yields by 
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maize stood in stark contrast to the sweet sorghum and HBS development, yield, and 

ultimate impact upon the SOC in the respective plots. Both marginal sites had poor yield 

returns, but flooding, extreme drought years in 2011-2013, mostly because of irregular 

rainfall, resulted in highly variable yield and therefore a loss of SOC and AC 

concentrations in the sites. This highlights the future difficulties in the production of 

biofuel feedstocks on these areas. Further research must determine any long-term effects 

resulting from the conversion from conventional forage or row cropping to annual biofuel 

feedstock production. Careful consideration of management practices is likely critical 

when switching marginal lands to annual biofuel feedstock crops.  

Despite the overwhelming loss of carbon from the soil, likely because of 

oxidation through tillage and stover removal each year, and the lack of a crop growing at 

the same length as perennial grasses, HBS appears to have some potential ability to 

minimize SOC loss and stabilize the soil rhizosphere. This potentially may be through 

greater root biomass than maize or sweet sorghum. Although, root biology and 

architecture is another necessary avenue for continued HBS research. From other 

literature, it is likely that there may be substantial carbon sequestration at greater depths 

than evaluated in this study, so deeper sampling is necessary to get a clearer picture of the 

sorghum’s interaction with the full explored soil depths.  

Along with this can comes an exploration of water uptake and the ability for the 

HBS to adjust to water stress. Especially as these studies have large figurative asterisks 

beside them for the impact of drought upon the crop production. Continued drought 

concerns are expected in future years as climate change predictions for the central USA 
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include growing seasons featuring above-average temperatures with irregular, below-

average summer precipitation. 

One of the challenges for HBS production is the relatively little known about the 

crop and its adaptation to varying environments, especially in Missouri. This challenge is 

therefore an opportunity for continued research. 
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