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ABSTRACT 

 

AGRONOMIC FACTORS AFFECTING DRYLAND GRAIN SORGHUM MATURITY AND 

PRODUCTION IN NORTHEAST COLORADO 

 

 Grain sorghum [Sorghum bicolor (L.) Moench] is an important crop in southeast 

Colorado, but little sorghum is produced in the northeast part of the state.  Grain producers in 

northeast Colorado are interested in growing grain sorghum due to its drought tolerance and 

lower cost of inputs compared to corn.  The main reason sorghum is not widely produced in 

northeast Colorado is because the shorter growing season reduces the chance that sorghum will 

reach physiological maturity before the first fall frost, which can significantly decrease grain 

yield and test weight.  The main objective of this thesis was to determine if dryland grain 

sorghum could be produced in northeast Colorado by incorporating certain agronomic practices 

and selecting hybrids with the appropriate maturity.  We hypothesized the agronomic treatments 

would have a significant impact on the cumulative GDD to maturity.  A second objective of the 

study was to calculate the probability of the hybrids reaching maturity at different hypothetical 

planting dates at Akron and Fort Collins.  We hypothesized the probability of the hybrids 

reaching maturity at Akron would be high, and the probabilities would be lower at Fort Collins 

based on the shorter growing season.  The last objective of the thesis was to determine the effects 

of two different water treatments on grain yield of four hybrids, where we hypothesized the 

limited irrigation treatment would yield lower than the full irrigation treatment. 

 Three agronomic factors, row spacing (0.76 and 1.5 m), seeding rate (3, 11, and 20 seeds 

m
-2

), and row orientation (north/south and east/west) were studied along with hybrids (88P68- 
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early maturity, DKS29-28-early maturity, and 5745-medium-early maturity) differing in maturity 

class.  The maturity study was conducted at two locations in 2010 (Akron and Stratton) and two 

locations (Akron and Fort Collins) in 2011.  In the maturity study, growing degree-days (GDD) 

were used to measure the amount of thermal time required from planting for the plants to reach 

physiological maturity in each treatment.  Grain yield, test weight, plant population, and 

flowering measurements were taken in the four trials in addition to the maturity measurements.  

Probabilities of hybrids reaching physiological maturity at Akron and Fort Collins were 

calculated.  Additional trials were conducted at Greeley in 2011 to determine the effects of two 

irrigation treatments (full and limited) on hybrid (CGSH-9-early maturity, 88P68, DKS29-28, 

and 5745) grain yield. 

 The maturity study results from treatments in the north/south row orientation (hybrid, 

row spacing, and seeding rate) showed hybrid selection, seeding rates, and the production 

environment effects were all significant.  The two earlier maturing hybrids (88P68 and DKS29-

28) required significantly fewer GDD to reach maturity than the medium-early hybrid (5745).  

As seeding rates increased from 3 to 20 seeds m
-2

, significantly fewer GDD were required for the 

hybrids to reach maturity.  The cumulative GDD required for maturity was significantly lower in 

2011 than in 2010.  The hybrid and environment results from treatments in the east/west row 

orientation (row spacing and hybrid) showed the two early maturity hybrids required 

significantly fewer GDD to reach maturity than the later maturity hybrid.  The row orientation 

treatment did not have an effect on maturity.  The expected probability of the hybrids reaching 

maturity at Akron was high for all three hypothetical planting dates (max of 97% for May 15, 

91% for May 23, and 81.5% for June 1).  At Fort Collins, the probabilities were much lower 

(max of 73.5%), especially for the medium-early maturity hybrid, 5745 (max of 57.5%).  The 
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earlier the sorghum GDD accumulation start date, the greater the probability the sorghum would 

reach maturity at both locations, showing the importance of planting date and hybrid selection. 

Yield results for the maturity study showed hybrid, seeding rate, and environment main 

effects were all significant.  The environment by row spacing two-way interaction was 

significant due to different optimal row spacings in different environments.  The 88P68 hybrid 

yielded significantly lower than the other two hybrids.  The seeding rate of 3 seeds m
-2 

yielded 

significantly lower than the two higher seeding rates.  Fort Collins (2011 only) yielded 

significantly higher than the other three trial environments.  At Greeley in 2011, the two 

irrigation regimes had a significant effect on the yield of all hybrids.  The full-irrigation yield 

was significantly higher than the limited-irrigation yield under high drought and heat conditions 

in 2011.  Grain test weight from experiment 1 (north/south row orientation with hybrid, seeding 

rate, and row spacing treatments) in 2011 at Akron and Fort Collins showed that interactions 

among all trial factors were significant.  Environment, row spacing, and hybrid were each 

significant effects.  Test weight was significantly lower at the 0.76 m row spacing than in the 1.5 

m row spacing.  The Akron location had significantly higher test weight than Fort Collins.   

 Overall results from the grain sorghum studies showed grain sorghum could be reliably 

produced in northeast Colorado.  The maturity study provided valuable information that could 

apply to specific situations (such as re-plants or late-plantings) in other areas where early 

maturity in grain sorghum may be important.  Hybrid selection and planting date are two of the 

most important factors that can affect the cumulative GDD required for grain sorghum to reach 

physiological maturity.  Different hybrids can take significantly different amounts of cumulative 

GDD to reach maturity depending on the genetics.  Hybrid selection should be based on the 

relative maturity and yield of the cultivar, along with other characteristics depending on the 
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growing conditions.  The planting date of grain sorghum can have a substantial impact on the 

probability of grain sorghum reaching maturity as the probability of reaching maturity can be 

increased by planting as early as possible in the growing season.  Less important factors affecting 

the cumulative GDD to maturity are seeding rate and environment.  Results from the study 

showed that as seeding rates increased, cumulative GDD to maturity decreased.  The row spacing 

and orientation factors did not affect the cumulative GDD to maturity. 

 Grain yield and test weight were both significantly affected by growing environments and 

hybrid factors.  Water availability in the environment is the most important factor as it can 

significantly affect both grain yield and test weight.  Yield can also be significantly increased by 

using the appropriate row spacing depending on water availability.  A notable trend from the 

yield and test weight results showed there was a trade-off between yield and test weight.  

 The results from the thesis project show the importance of agronomic and environmental 

factors in grain sorghum production in Colorado.  Our hypothesis that the agronomic factors 

would have a significant impact on the cumulative GDD to maturity was partially correct since 

seeding rate and hybrid main effects were significant.  We found that earlier maturity cultivars 

can be produced at Akron with reasonable confidence (minimum probability was 81% for the 

early maturity hybrids) they will reach physiological maturity before the first freeze.  Future 

research on factors affecting grain sorghum maturity could include additional hybrid and seeding 

rate treatments as well as a planting date factor.  The creation of a map of northeast Colorado 

with hypothetical probabilities of grain sorghum hybrids reaching physiological maturity could 

also be done to give producers a useful production tool.  The row orientation factor does not 

warrant further research for its effect on grain sorghum maturity and additional growing 
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environments would not be necessary for future research since environments could be modeled 

to determine adaptability.   
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 INTRODUCTION 

 

 Grain sorghum [Sorghum bicolor (L.) Moench] is produced on many acres in southeast 

Colorado, but few acres are dedicated to sorghum production in the northeast part of the state.  

The main reason sorghum is not widely produced in northeast Colorado is the short growing 

season, which can prevent the sorghum from reaching physiological maturity before the first fall 

frost during some years.  Freezing air temperatures that occur before the plant fully matures can 

significantly decrease the grain yield and test weight of the crop.  The lack of herbicide 

resistance in sorghum, along with competition from dryland corn, both contribute to low 

production acreage in northeast Colorado.  If grain sorghum could be reliably produced in 

northeast Colorado, producers in the area would have another crop they could incorporate into 

their winter wheat-based crop rotations. 

 The main objective of the study was to determine if dryland grain sorghum can be 

reliably produced in northeast Colorado by using agronomic and other and management practices 

(such as hybrid selection) to help the sorghum reach physiological maturity before a frost occurs 

in the fall.  The second objective was to determine the probability of sorghum reaching 

physiological maturity in northeast Colorado based on historic climate data and sorghum 

maturity data collection during the study.  The third objective was to measure the effects of 

irrigation on overall grain yield, compared to non-irrigated grain sorghum. 

 Grain sorghum was the crop chosen to be studied because of its high drought tolerance 

and its lower cost of production than its main dryland crop competitor, corn.  Grain sorghum 

seed costs are much lower than corn, and sorghum can be produced using wheat or corn 

equipment such as planters, drills, and combine headers that farmers may already own.  Sorghum 
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is usually planted two to four weeks after corn, which can allow extra time in the spring for weed 

control using mechanical or herbicide options before the crop is planted.   

 Grain sorghum ranks fifth for world cereal production, behind wheat, maize, rice, and 

barley.  The main uses for grain sorghum in the United States are cattle feed, ethanol production, 

birdseed, and in human food production as a substitute for wheat in gluten-free products.  

Colorado was the fourth largest producer in the United States in 2011, behind Texas, Kansas, and 

Oklahoma.    
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CHAPTER 1 

 

LITERATURE REVIEW 

 

Background and Importance 

 Sorghum [Sorghum bicolor (L.) Moench] has been cultivated in arid and semi-

arid regions of Africa for thousands of years.  It originated in North Africa and was domesticated 

in present day Ethiopia between 4,000 and 3,000 B.C. (Dillon et al., 2007; Doggett, 1970).  

Sorghum later spread to other parts of Africa and eventually to India, the Middle East, and China 

(Doggett, 1970).  The first written record of sorghum is from the first century A.D., found in 

writings by the Roman, Pliny (Martin, 1970; Smith and Frederiksen, 2000).  Grain sorghum was 

first introduced to North America through the West Indies by slave ships during the 17th century, 

but even after widespread distribution, production slowly dropped off until it disappeared 

(Maunder, 1999).  The next introduction of grain sorghum into America occurred in California in 

1874.  Shortly after grain sorghum was re-introduced, it became widespread in the southern 

Great Plains and other arid regions of the United States due to its ability to produce more than 

corn under drought conditions (Smith and Frederiksen, 2000).   

Grain sorghum is the fifth most important cereal crop in world and the third most 

important cereal crop in the United States after corn and wheat (FAS/USDA, 2011).  Worldwide, 

sorghum production was 66.2 million metric tons for the 2010-2011 trade year (October through 

September), with the United States being the world’s second largest producer, behind Nigeria 

(FAS/USDA, 2011).  In 2010, over 7.5 million metric tons of sorghum was harvested in the 

United States with the value of production totaling more than 1.7 billion dollars (USDA, 2011).  
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Colorado ranked as the fourth largest grain sorghum producing state in 2011, behind Kansas, 

Texas, and Oklahoma, with a total value of production of over 37 million dollars in 2010 

(USDA, 2011).  Over 50 percent of Colorado’s total sorghum production in 2010 was from three 

counties in the southeast portion of the state (Baca, Kiowa, and Prowers), with the total 

production equaling 191,000 metric tons.  The United States is the world’s largest exporter of 

grain sorghum, exporting 2.4 million tons in the 2010-2011 trade year, while Mexico and Japan 

are the leading importers of sorghum (FAS/USDA, 2011). 

Plant Breeding 

Grain sorghum production in the United States increased rapidly in the late 1800’s and 

new varieties better adapted to the Great Plains region were developed through the selection of 

desirable off-type plants from mutations or natural hybridizations (Poehlman, 1987).  Sorghum is 

a diploid containing ten chromosome pairs and is self-pollinating, although outcrossing occurs 

around six percent of the time (Doggett, 1970; Poehlman, 1987; Rooney, 2000).  Breeding of 

sorghum hybrids began around 1925, but in 1950 cytoplasmic male sterility was discovered in 

grain sorghum and became the basis for hybrid seed production (Poehlman, 1987; Rooney, 

2000).  Grain sorghum selection and breeding mainly focused on creating plants that were short 

statured for mechanical harvest, early maturing, and higher yielding than the original varieties 

that were introduced from the tropics.  Dwarf sorghum cultivars were created by making three of 

the four different independent height gene alleles (Dw1 through Dw4) recessive (three-gene 

dwarfs).  Four-gene dwarfs are not used due to decreased yield, and two gene dwarfs create 

plants that are tall enough to be prone to lodging (Poehlman, 1987).   

Maturity in grain sorghum was shortened by utilizing six gene loci (Ma1 through Ma6) 

that can be manipulated to make the plants fit shorter growing seasons (Poehlman, 1987; Rooney 
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and Aydin, 1999; Quinby and Karper, 1945).  The plants flower sooner when one or more of the 

maturity genes are recessive, which also makes the sorghum plants completely photoperiod 

insensitive (Rooney and Aydin, 1999).  Sorghum grain yield potential in the United States has 

increased markedly since its introduction and the increases are attributed to the development of 

hybrids and short-stature plants that can be grown in high-yielding environments.  Breeding 

programs are utilizing genetics to create cold tolerant hybrids that are able to germinate at lower 

temperatures, along with hybrids that have open panicles and are photoperiod insensitive to 

allow sorghum to be better adapted to regions with shorter growing seasons (Poehlman, 1987).  

Disease and insect resistance has become an important part of many breeding programs to help 

prevent crop losses from grain molds and foliar diseases, and from insects such as greenbugs and 

the sorghum midge (Rooney, 2000).  Hybrids resistant to herbicides such as acetolactate 

synthase (ALS) and acetyl-coenzyme A carboxylase (ACCase) have also been created to allow 

for better weed control in fields, although none of these hybrids have been commercially 

released as of early 2012. 

Taxonomy and Characteristics 

All sorghums belong in the Poaceae grass plant family, and in the Sorghinae sub-tribe 

within the Andropogoneae plant tribe (Dahlberg, 2000).  The genus Sorghum includes three 

species: bicolor, propinquum, and halepense, with Sorghum bicolor containing all of the 

cultivated sorghums.  Both Sorghum propinquum and Sorghum halepense are rhizomatous wild, 

weedy perennials that are able to cross with Sorghum bicolor (de Wet, 1978).  Sorghum bicolor 

(L.) Moench is further divided into three subspecies, Sorghum bicolor subsp. bicolor, 

Drummondii, and Verticilliforum (formerly known as Arundinaceum).  The latter two subspecies 

are annual weeds (Dahlberg, 2000; de Wet, 1978).   
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The cultivated subspecies bicolor consists of five different races, which can combine 

with each other to produce ten hybrid intermediate races, totaling 15 races all together (Dahlberg, 

2000; de Wet, 1978).  The race bicolor is large and complex, consisting of many different sub-

races that produce small amounts of grain and that are mainly used as forage.  One of the most 

important sub-races of the race bicolor is sorgo, which contains many of the sweet sorghum 

cultivars that are used for syrup production.  Another race, guinea, is well adapted to high-

rainfall environments and is very important in West Africa where it is widely grown for human 

consumption.  The race durra contains the most drought tolerant cultivars that are grown in the 

Near East, Ethiopia, and India, and were once popular in the United States where they were 

commonly called milo (Harlan and de Wet, 1972).  A fourth race, caudatum, is known for its 

high grain yield potential and high seed quality (Dahlberg, 2000; Harlan and de Wet, 1972).  The 

last race, kafir, is agronomically important due to its high yield potential and closed to semi-open 

panicle structure (Harlan and de Wet, 1972).  The kafir-caudatum intermediate race is the most 

important for grain sorghum production in the United States today, as most hybrid grain 

sorghums are of this intermediate race (Harlan and de Wet, 1972). 

 Grain sorghum is a perennial that is treated as an annual plant in many parts of the world 

where it is grown.  It has ten distinct growth stages that were defined by Vanderlip and Reeves in 

1972 by using predominate characteristics for each stage.  The emergence of the seedling is 

denoted as growth stage zero and is defined as when the coleoptile becomes visible above the 

soil surface.  Stages one and two occur when the third and fifth leaf collars, respectively, are 

visible on the culm.  The third stage occurs when the growing point shifts from vegetative 

growth to reproductive growth and this is when the main stem begins to elongate to form the 

peduncle (Vanderlip and Reeves, 1972).  This stage marks the beginning of the critical growth 
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period as any environmental stresses such as drought or extreme temperatures will negatively 

affect the final yield (Downes, 1972; Gerik et al., 2003; McClure et al., 2010).  Stages four and 

five occur when the last leaf (flag leaf) is visible and when all leaves have fully emerged and 

expanded.  Stage six, or half bloom, occurs when half of the panicle has started to flower as the 

panicles start to flower from the top and progress downward (Poehlman, 1987; Vanderlip and 

Reeves, 1972).  Stages seven and eight are the soft and hard dough stages, and the last stage is 

physiological maturity, which occurs when the plant has finished accumulating dry matter and 

maximum dry weight is achieved (Vanderlip and Reeves, 1972).  The time that the grain 

sorghum plant will take to complete its entire life cycle largely depends on the maturity class of 

the hybrid and the growing conditions (Gerik et al., 2003). 

Adaptation, Production, and Uses 

 Grain sorghum is adapted to many different regions and can grow in a wide range of 

growing conditions from temperate to tropical climates.  It is well adapted to semi-arid regions 

such as eastern Colorado due to its drought tolerance (Jones and Johnson, 1991).  The amount of 

water needed to produce an acceptable grain sorghum crop varies depending on the 

evapotranspiration rates in the area that the crop is grown (Kramer and Ross, 1970).  The 

maturity class of the sorghum hybrid will also affect total water use during the growing season as 

longer-maturing hybrids can use more water (Cothren et al., 2000).  De Wet and Harlan (1971) 

noted sorghum could be grown successfully in regions receiving between 380 and 1400 mm of 

annual rainfall.  The optimal temperature for sorghum growth is generally between 33 and 37°C, 

but this varies depending on the growth stage of the plant and on the heat or cold tolerance of a 

particular hybrid (Cothren et al, 2000; Peacock and Heinrich, 1984; Vinall and Reed, 1918).  
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 Sorghum will grow in a wide range of soil types from sandy to heavy clay soils, although 

in dry climates, soils with sand are desirable (Kramer and Ross, 1970).  It is not tolerant of acid 

soils, but sorghum has moderate tolerance to saline soils and will grow in soils that range in pH 

from 5 to 8.3, although the optimum pH range is 6.2 to 7.8 (Cothren et al., 2000).  Nutrient 

requirements for grain sorghum are similar to corn, and in a growing season a sorghum grain 

crop yielding 6.3 metric tons ha
-1

 will use around 38, 19, and 10 kg ha
-1

 of nitrogen, phosphorus, 

and potassium, respectively (Kramer and Ross, 1970; Whitney, 1998).  Fertilizer amendments 

should be added based on soil test results and plant requirements, at planting or shortly thereafter 

for the most efficient utilization by the crop (Cothren et al., 2000).   

 Crop management practices for grain sorghum production vary widely depending on the 

production region; in low rainfall areas in the High Plains region of the United States, the main 

focus is on conserving soil moisture to help the crop reach its full yield potential.  Hybrid 

selection is extremely important and they should be chosen from the latest maturity group that 

can be reliably grown in the region to help increase yield potential (Kramer and Ross, 1970; 

Martin et al., 2006; Roozeboom and Fjell, 1998).  Other important characteristics to consider 

when selecting a hybrid are lodging, insect and disease resistance, cold tolerance, as well as the 

intended end-use of the grain where test weight, seed color, or feed values may be important 

(Cothren et al., 2000; Kramer and Ross, 1970; Roozeboom and Fjell, 1998).   

In the High Plains region, grain sorghum is often included as part of  a crop rotation with 

winter wheat preceding the sorghum crop, and a fallow period following sorghum (Kramer and 

Ross, 1970).  The recommended planting date for grain sorghum is mainly based on soil 

moisture availability and the soil temperature at a 5 cm depth.  In Colorado, it can be planted 

between mid-May and mid-June when soil temperatures rise above 10°C for three consecutive 
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days and when no cool days are forecasted for the following seven to ten days.  Seeding depths 

typically range between 2.5 and 7.5 cm, and planting depths should be deep if soil moisture 

conditions at planting are dry and shallow if sufficient moisture for germination is available in 

the top 2 cm of the soil (Anda and Pinter, 1994; Cothren et al., 2000; Kramer and Ross, 1970). 

Row spacings will depend on how the field will be cultivated for weed control after 

planting, planter equipment row spacing limitations, and moisture availability (Doggett, 1970; 

Kramer and Ross, 1970).  Standard row spacings of 0.76 m may be used if cultivation is planned, 

but wider rows may be more appropriate if moisture is expected to be limited (Bond et al., 1964).  

Narrow rows are recommended if adequate moisture will be available during the growing season.  

The most common seeding rates for dryland production in the semi-arid High Plains range 

between 37,000 and 123,000 seeds per hectare, and they can be increased or decreased if more or 

less moisture is expected (Kramer and Ross, 1970).  Broadleaf and grassy weeds can be 

controlled prior to planting using pre-emergent herbicides or tillage, and post-emergence 

herbicides can be used to control broadleaf weeds after emergence.  Cultivation can also be used 

to control weeds later in the growing season, especially if herbicides are not an effective option 

(Kramer and Ross, 1970).   

 Insects that commonly infest grain sorghum crops during the growing season in the High 

Plains region include greenbugs and other aphids, earworms, armyworms, grasshoppers, spider 

mites, and the sorghum midge.  One of the most damaging sorghum insects is the sorghum 

midge, which infests the panicle of the plant and can cause significant crop losses by feeding on 

developing grain (Brooks, 1998; McClure et al., 2010; Teetes and Pendleton, 2000).  Sorghum 

midge infestations can be avoided or controlled by planting early maturing and resistant hybrids, 

controlling weeds such as johnsongrass, tilling the previous years’ sorghum field residue, and by 
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multiple insecticide applications during flowering (Teetes and Pendleton, 2000).  Most insect 

infestations are controlled by incorporating integrated pest management practices or by applying 

insecticides, although chemical treatments may not be cost effective depending on the cost, 

number of applications, and current crop prices (Brooks, 1998).  Major diseases of grain 

sorghum in the High Plains include stalk rots such as charcoal rot and anthracnose, pythium, and 

fusarium root rots (Frederiksen, 2000; McClure et al., 2010).  Head smuts, maize dwarf mosaic 

virus, and bacterial and fungal foliar diseases such as bacterial stripe and sorghum downy 

mildew are also important sorghum diseases in the High Plains.  According to Jardine (1998), the 

estimated annual crop loss from diseases in Kansas is about 5%.  Most of these diseases can be 

prevented by using resistant or tolerant hybrids and by adjusting cropping and management 

practices to help reduce the chance of the crop becoming infected (McClure et al., 2010). 

 Sorghum reaches physiological maturity when a visible black layer at the base of the 

kernel exists (Eastin et al., 1973).  Grain sorghum is almost ready to harvest at this point, and the 

length of time between physiological maturity and harvest depends on the climate conditions.  If 

grain-drying facilities are not available, the sorghum should be harvested when the kernel 

moisture has dropped to 14 percent or lower (Brandon et al., 1938; McClure et al., 2010).  In the 

northern Great Plains region, a fall frost after the plants have reached maturity will kill the green 

foliage, and promote fast stalk and grain dry down for harvest.  In the southern portion of the 

Great Plains, chemical harvest desiccants such as Diquat or Roundup Ultra may need to be used 

after physiological maturity has been reached to help the sorghum plants dry down faster in the 

field for timely harvest.  Grain sorghum can be harvested using a combine equipped with a row 

crop header or a grain header, and attachments such as guards can be used to help reduce harvest 

losses from lodged plants (McClure et al., 2010). 
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 Grain sorghum has many different uses as a food and fuel source.  In the United States, 

the major use of the crop is for livestock or poultry feeding since its composition is similar to 

corn (Lust et al., 2000; Martin et al., 2006).  Sorghum has slightly higher protein levels and a 

lower fat content than corn, but its digestibility is usually lower than corn (Hale, 1970; Martin et 

al., 2006).  A large portion of grain sorghum produced in the United States is exported to other 

countries for uses in the food industry (Lust et al., 2000; Martin et al., 2006).  In the United 

States, grain not used as livestock feed gets used in the ethanol, food, brewing, and distilling 

industries.  Approximately 30 to 35 percent of domestically produced grain sorghum is used for 

ethanol fuel production and ethanol could be a major market for producers in northeastern 

Colorado, along with local feedlots and birdseed companies.  More recently, the domestic food 

industry has used grain sorghum as a wheat substitute in the gluten-free product market 

(Sorghum Checkoff, 2012). 

Sorghum and Corn Comparisons 

 The major crop that competes with grain sorghum for dryland production acreage in the 

High Plains (including northeastern Colorado), is dryland corn.  This is due to improvements in 

drought tolerance of corn in recent years and the ease of weed control with Roundup Ready corn 

(Stattenborg et al., 2008).  Sorghum is better able to withstand drought conditions for longer 

periods of time than corn because of its extensive and deep fibrous root system, leaf rolling, and 

the ability of the stomata to recover more quickly after turgidity has been regained in the leaves 

(Doggett, 1970; Glover, 1959; Jones and Johnson, 1991; Kramer and Ross, 1970; Poehlman, 

1987).  Even though sorghum needs less water than corn over the course of the growing season 

to complete its life cycle, corn yield increases more per unit of water than sorghum (Norwood 

and Currie, 1997; Stone and Schlegel, 2006).   
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 Grain sorghum is more drought tolerant and can yield higher than corn in dry years, but 

in wet years corn usually performs better and has a greater potential for profitability (Norwood, 

1999; Norwood and Currie, 1997; Poehlman, 1987; Stattenborg et al., 2008).  Staggenborg et al. 

(2008) used historical grain sorghum and corn yield data from the Crop Performance Testing 

Programs in Nebraska and Kansas to calculate economic crossover points where sorghum would 

have a higher economic return than corn based on the crop prices and corn yield.  They found 

that at a sorghum grain price that was 87% of the corn price, grain sorghum would have a higher 

net return than corn, if the corn yield was 6.6 Mg ha
-1

 or lower.  They also noted in the study that 

grain sorghum production costs were $78 ha
-1

 lower than corn.   

 Controlling grass weeds in grain sorghum can be more challenging than in corn since 

there are no herbicide tolerant grain sorghum hybrids commercially available and there are no 

effective herbicides for grass control in sorghum after both have emerged (McClure et al., 2010).  

Grain sorghum can offer an advantage over corn for early season weed control as sorghum is 

planted two to four weeks after corn in the High Plains, which allows time for weeds to emerge 

and be controlled before the crop is planted (Leonard and Whitney, 1950).  If weeds are not 

adequately controlled early on in the season, they will outcompete the grain sorghum for 

nutrients and water, therefore reducing yield as sorghum grows slowly during the first two to 

three growth stages (Stahlman and Wicks, 2000; Vanderlip, 1993). 

Measuring Maturity  

 Physiological maturity in grain sorghum is reached when active dry matter accumulation 

finishes (McClure et al., 2010; Vanderlip and Reeves, 1972).  Nutrients are no longer being 

translocated into the kernel and the dry down period starts at this point.  Physiological maturity 

occurs prior to harvest maturity, which is reached when the grain has lost enough moisture to be 
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easily threshed, usually around 14% (Brandon et al., 1938).  Grain sorghum kernels have a 

higher moisture content at physiological maturity than at harvest maturity, and moisture content 

at physiological maturity can vary between 25 and 35 percent depending on the growing 

conditions and the hybrid (Doggett, 1970; Vanderlip, 1993).   

 Different methods have been used to estimate physiological maturity in sorghum, such as 

the moisture content of the kernels, the date that maximum dry weight is achieved, or the date of 

an appearance of a black layer at the base of the kernels (Eastin et al., 1973).  Maturity has also 

been measured using days after planting to half bloom, although this method has been shown to 

be unreliable for accurate estimation of physiological maturity due to different lengths of the 

grain-filling stage and different drying rates among years and hybrids.  Moisture content 

measurements are not accurate estimators due to the large differences in moisture content of 

hybrids at physiological maturity (Warnes, 1963).  By definition, the maximum dry weight date 

is the most accurate predictor of physiological maturity, but this method requires frequent 

sampling and drying of kernels, which is a very labor-intensive process.  The date that the black 

layer becomes visible at the base of the kernel is another accurate predictor of physiological 

maturity since it corresponds with the cutoff of assimilates being translocated into the kernel.  

The black layer date is potentially as accurate as the maximum kernel dry weight method, and it 

is easier to measure since it can be observed in the field without the use of special tools (Eastin et 

al., 1973).  Further, the black layer is commonly used to estimate physiological maturity in other 

crops such as corn. 

 The amount of time that it takes for a plant to complete its life cycle (from germination to 

physiological maturity) can be quantified using a thermal time system such as growing degree-

days (Bruns, 2009; Wang, 1960).  Other quantification methods such as days after planting to 
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flowering or physiological maturity have been used, but the number of days to certain growth 

and development stages can vary widely depending on the environmental factors at different 

locations, which makes it unreliable for measuring maturity (Cross and Zuber, 1972; Gilmore 

and Rogers, 1958; Warnes 1963).  The methodology behind tracking plant growth stages by 

using temperatures was initially done by Reaumur around 1730 (McMaster and Wilhelm, 1997; 

Wang, 1960).  Modern thermal time systems have modified Reaumur’s original heat-unit system.   

 The most common way to measure thermal time to maturity is by growing degree-days 

(GDD) where a specified base temperature is subtracted from the average daily air temperature 

(McMaster and Wilhelm, 1997; Wang, 1960).  Typically, the average daily temperature is 

calculated from the maximum (Tmax) and minimum (Tmin) temperature over a 24-hour period 

(McMaster and Wilhelm, 1997) where:  GDD = [(Tmax + Tmin) / 2]  - Tbase . 

The base temperature (Tbase) is the temperature below which development will not occur, and this 

temperature varies among crops and the plant growth stage.  The daily GDD values are 

accumulated over the course of the growing season from the planting or emergence date 

(Gilmore and Rogers, 1958; McMaster and Wilhelm, 1997).  Daily GDD (or cumulative) cannot 

be negative since development is halted when temperatures are below a certain threshold.  Many 

different variations of the basic GDD equation exist, with different variations including 

maximum temperature thresholds (e.g. Cross and Zuber, 1972; Gilmore and Rogers, 1958).   

 The base temperature threshold that is commonly used for calculating GDD in grain 

sorghum usually ranges from 5 to 15°C.  Sorghum is sensitive to cold air temperatures during 

most developmental stages and cool temperatures can greatly inhibit growth and development of 

the plant (Ercoli et al., 2004; Staggenborg and Vanderlip, 1996).  A study conducted by Ercoli et 

al. (2004) found that grain sorghum was able to grow at 8°C, but at 2 and 5°C, the plants stopped 



15 

 

accumulating dry matter at the eight-leaf stage when they were tested at both short and long 

temperature durations.  Arkin et al. (1976) used a base temperature of 5°C for their grain 

sorghum growth model and Huda (1988) used 7°C for his study that tested the validity of a 

sorghum growth simulation model.  Gerik et al. (2003) used 7°C as their base temperature in a 

study simulating the seed number in grain sorghum using the growth model called Sorghum 

Growth Model–Kansas State and Texas (SORKAM).  A base temperature of 5.7°C was used by 

Staggenborg and Vanderlip (2006) when they studied the effects of freezing temperatures on 

sorghum plants after anthesis.  Grain sorghum handbooks and extension publications commonly 

use 10°C as a base temperature for calculating growing-degree days (Gerik et al., 2003; Neild 

and Smith, 1983; McClure et al., 2010). 

Grain sorghum has a higher maximum temperature threshold than many other grass crops 

because of its C4 pathway for carbon dioxide fixation and plant anatomy (Downes, 1972; Hatch 

et al., 1967).  The growing degree-day maximum temperature threshold for grain sorghum is not 

clearly defined and thresholds used by researchers differ greatly and range from 30 to 45°C 

(Craufurd and Qi, 2001; Norcio, 1976; Peacock and Heinrich, 1984).  Few studies have been 

conducted to measure the photosynthetic capabilities of grain sorghum at different temperatures, 

and even fewer have been conducted in field environments (Muchow, 1990).  A study by Norcio 

(1976) measured photosynthetic rates of two genotypes of grain sorghum at six different 

temperature regimes and two carbon dioxide concentrations. She found that photosynthetic rates 

were not significantly reduced until temperatures reached 43°C.  Photo-oxidation and a negative 

net photosynthetic rate occurred at 45°C for both hybrids at the two different carbon dioxide 

concentrations.  The results from the study helped to indicate grain sorghum’s maximum 

temperature threshold for development, which could be used when calculating GDD.  Hammer et 



16 

 

al. (1989) noted that the maximum temperature thresholds that were calculated based on 

temperature and development rate response curves for calculating growing degree-days were 

relatively unimportant.  They found that varying maximum threshold values had little to no 

impact on the fit of their temperature responses as the maximum temperatures were well above 

temperatures recorded in the field during the study. 

Factors Affecting Maturity 

 Past research has greatly increased our knowledge of the effects of agronomic and 

management practices on dryland grain sorghum yield in the semiarid High Plains, but little 

research has been done to investigate the effects of these factors on the thermal time to 

physiological maturity.  Larson and Thompson (2011) studied the effects of planting populations 

on seed maturation on dryland trials in southeast Colorado and found that increasing the seeding 

rate of grain sorghum decreased the amount of time that it took for the grain to reach maturation.  

As plant populations are increased, fewer tillers are produced due to the increased plant 

competition and limiting resources during the vegetative growth stages (Lafarge et al., 2002; 

Larson and Thompson, 2011).  In a plant population study done by Gerik and Neely (1987), a 

decreased number of tillers with increased plant populations shortened the overall maturity since 

the tillers flowered about seven to ten days later than the main culms.  A similar effect on 

maturity was found by Bandaru et al. (2006) when they conducted a dryland study on growing 

sorghum in clumps, when plants grown in the clumps had fewer tillers and matured faster than 

plants grown in traditional rows.   

Row spacing and orientation have been studied to find out if they play a role in sorghum 

maturity.  Light interception by plants is affected by row direction and was found to be lower in 

rows planted east and west than in rows planted north and south (Steiner, 1986; Witt et al., 
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1972).  In a study done by Witt et al. (1972) in Manhattan, Kansas, light meters above and below 

the crop were used to determine the amount of light intercepted by the plants in the 300-450 nm 

range in the different treatments.  Light interception by the plants was lower in the wide rows (1 

m spacing) than in the narrow rows (0.5 m spacing) in both row orientations.  This was attributed 

to a decreased within row population from the row spacing, which allowed more light to be 

intercepted by the plants in the narrow rows.  The light interception data was collected every five 

or seven days, beginning around mid-July.  Up to 40% of the light reached the soil surface 

between the rows going north and south, helping to heat the surface.  Less light reached the soil 

surface in the mid-point between the rows in the east/west orientation and more light on the 

south side of rows in the wide row spacing (1 m).  At the same row spacing but north/south 

orientation, more light was accumulated at the mid-point than next to the rows.  In a study using 

the SORKAM model, increasing row widths decreased the number of tillers due to within row 

plant densities increasing, which would shorten the time to maturity since fewer tillers were 

produced (Baumhardt et al., 2005).   

 Plant genetics and cultivar selection may have the biggest effect on the amount of thermal 

time that the plants take to reach full maturity (Croissant, 1969).  Long season hybrids generally 

producer more tillers than short season hybrids, and the grain fill period is also extended in long 

season cultivars, both of which increase the total time to maturity (Baumhardt et al., 2005; 

Schaffer, 1980).  Photoperiod during the growing season affects time to maturity as different 

sorghum hybrids have varying levels of photoperiod sensitivity.  Photoperiod sensitive hybrids 

are more sensitive to temperature fluctuations than photoperiod insensitive hybrids, and will only 

flower when a certain photoperiod is reached during the growing season (Rooney and Aydin, 

1999; Quinby and Schertz, 1970).  
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 Other important factors that affect the time to maturity are soil fertility, temperature, 

water availability, and solar radiation (Croissant, 1969; Roozeboom and Fjell, 1998; Vinall and 

Reed, 1918).  When important macronutrients such as nitrogen and phosphorus are at adequate 

levels in the soil, maturity in sorghum can be hastened due to faster leaf development and more 

efficient photosynthetic capabilities of the plant (Srivastava and Singh, 1969).  Cool 

temperatures can prolong the growth of the plant at all growth stages, as grain sorghum is very 

sensitive to cold temperatures during different development stages (Doggett, 1970). This is why 

a base temperature is used when calculating GDD for reaching development stages.  Plants that 

are drought stressed will mature faster or slower depending on the growth stage of the plants, as 

drought will shorten the duration of grain filling, and will extend maturity if flowering has not 

occurred (Schaffer, 1980).  A study by Vinall and Reed (1918), found that solar radiation 

intercepted by the plant was an important factor for the development rate of sorghum in addition 

to temperature, when they observed significant growth differences at two locations where the 

thermal time based on the air temperature was similar. 

Factors Affecting Yield 

 Unlike maturity, much research has been done on the effects of agronomic factors on the 

overall yield of grain sorghum.  Steiner (1986) found that high plant populations (18 compared to 

6 and 12 plants m
-2

) decreased yield during dry years, and Wade and Douglas (1990) had similar 

results in their study when late maturing hybrids in high plant densities yielded much lower 

under water stress than when adequate water was available.  In 1995, a study by Jones showed 

that yield in a dry year was higher in treatments with low plant populations and wide rows, than 

treatments with high populations and narrow rows.  Bandaru et al. (2006) investigated the effects 

of growing sorghum plants in clumps as compared to the traditional (75 cm) row spacing to 
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reduce vegetative growth (including tillers), and found that the yield was higher in the clump 

treatments since water was preserved early in the season, making more water available during 

flowering and grain filling.  Tillers produced when water was limited did not increase or 

contribute to the overall final yield. 

 Bond et al. (1964) noted that sorghum grown in wide rows (1 m) yielded higher than 

when grown in narrow rows (0.51 m) during a drought year.  Steiner (1986) also found that 

plants in wide rows used less water during the vegetative growth stage, and subsequently- more 

water was available later in the season during critical growth stages.  Vigil et al. (2008) noted 

that the skip row yield was higher than traditional 0.76 m row spacings during years when 

moisture was limited and skip-row showed an advantage when the yield was lower than 3.5 Mg 

ha
-1

.  Abunyewa et al. (2008) noted in a grain sorghum study in Nebraska that skip-row yield 

was increased when the yield in traditional row spacings were less than 4.5 Mg ha
-1

.  Baumhardt 

et al. (2005) used the SORKAM crop model to simulate the dryland sorghum yield in Bushland, 

Texas from 1958 to 1998, and observed that sorghum planted in narrow rows tillered more than 

in wide rows due to a lower within row population.  Therefore, yield was higher in the narrow 

row spacings as more tillers were produced.  Another dryland study conducted in the Texas High 

Plains concluded that row spacings of 1.5 m produced less grain than rows that were half as 

wide, and suggested using a lower seeding rate in the narrow rows to increase tillering and 

overall yield during wet years (Jones and Johnson, 1991).  Stickler and Laude (1960) conducted 

a dryland study in Manhattan, Kansas and found no significant difference among row widths at a 

low seeding population, but as the population was increased, the yield increased in the narrow 

rows. 
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 Steiner’s study in 1986 investigated the effects of row orientation on yield and found that 

row direction had no significant effects on yield or water consumption by the plants.  In a light 

interception and yield study done by Witt et al. (1972), they saw no significant yield differences 

between two different row orientations of north/south and east/west planted rows.  Lugg (1974) 

found that north and south oriented rows yielded higher than rows planted in the other three 

orientations of east/west, northwest/southeast, and northeast/southwest.  He attributed the 

difference in yield mainly to differences in water availability and distribution within the trial area 

rather than to row orientation. 

 Late maturity hybrids tend to yield higher than shorter season sorghum hybrids due to the 

longer grain-filling period and increased vegetative growth (Baumhardt et al., 2005).  Earlier 

maturing hybrids are generally more stable for yield than later maturing ones since the grain-

filling period is shorter and less variable (Saeed and Francis, 1983).  If the growing season is 

long enough, late maturity hybrids will almost always yield higher than early maturing hybrids, 

as long as both are well adapted for the growing conditions (Roozeboom and Fjell, 1998).  If the 

growing season is short, late maturity hybrids will have a much higher chance of a reduced yield 

and test weight due to frost damage before physiological maturity (Staggenborg and Vanderlip, 

1996). 

 Major environmental factors that can affect yield are water availability, soil fertility, and 

temperature.  Yield can be negatively affected by water stress caused by prolonged drought 

conditions, especially during critical development stages such as flowering (Doggett, 1970; 

Kramer and Ross, 1970; Vanderlip, 1993).  Adequate levels of important nutrients, such as 

nitrogen, phosphorus, and potassium ensure that the yield potential of hybrids is attainable, as 

more nutrients are needed as the yield potential increases (Cothren et al., 2000).  Extreme high or 
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low temperatures can negatively affect yield and excessively high temperatures before or during 

flowering can decrease the grain yield dramatically (Staggenborg and Vanderlip, 1996; 

Vanderlip, 1993; Vinall and Reed, 1918).  Low temperatures can also decrease the yield during 

flowering, and low temperatures can be detrimental during the grain fill period when the plants 

are still accumulating dry matter (Staggenborg and Vanderlip, 1996). 
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CHAPTER 2: MANUSCRIPT 

 

PROJECT SUMMARY 

 

Grain sorghum is an important dryland crop in southeast Colorado, but rarely grown in 

the northeast part of the state due to the short growing season. The goal of the study was to 

determine if dryland grain sorghum could consistently reach physiological maturity in the region 

by using agronomic practices and hybrid selection to hasten maturity.  We hypothesized grain 

sorghum could be consistently grown in northeast Colorado and the probability of the sorghum 

reaching physiological maturity would be significantly affected by the use of different agronomic 

practices.  The study investigated agronomic factors such as row orientation (north/south and 

east/west), seeding rate (3, 11, and 20 seeds m
-1

), and row spacing (0.76 and 1.5 m), along with 

cultivar selection (5745, 88P68, and DKS29-28) within the early to medium-early maturity 

classes. The study was conducted in 2010 and 2011 at three locations in northeast Colorado for a 

total of four site years. 

Growing degree-days (GDD) were used to quantify the amount of thermal time required 

for the sorghum treatments to reach physiological maturity.  Results showed that hybrid selection 

and seeding rate treatments had a significant impact on the number of cumulative GDD required 

for the sorghum to reach physiological maturity.  The growing environment and its interactions 

with hybrid and seeding rate treatments significantly affected maturity depending on moisture 

availability during the growing season.  Grain yield was significantly affected by the growing 

environment, seeding rate, and hybrid selection.  In wet environments, the high seeding rate 

yielded the most, while in dry environments, the yield was highest at the medium seeding rate.  
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Overall probabilities of the hybrid treatments reaching maturity at Akron were high, while at 

Fort Collins, the probabilities were considerably lower depending on the GDD accumulation 

start date.  

 

INTRODUCTION 

 

 

Grain sorghum (Sorghum bicolor (L.) Moench) is an important dryland crop in southeast 

Colorado.  Over 191,000 tonnes were produced in Colorado in 2010 (USDA, 2012).  Grain 

sorghum is grown on few acres in northeast Colorado, as successful production is thought to be 

limited by the short growing season and cool night temperatures in the spring and fall. Ensuring 

that sorghum reaches physiological maturity before the first fall frost is vital, as a frost before 

physiological maturity can significantly reduce yield and test weight (Staggenborg and 

Vanderlip, 1996).   

Many grain producers in northeast Colorado practice crop rotations that include winter 

wheat followed by a spring crop, and then a fallow period before planting back to winter wheat 

again (Kramer and Ross, 1970).  Grain sorghum is an attractive crop for many producers due to 

its high adaptability to semi-arid regions and the relatively low cost of production compared to 

corn (Jones and Johnson, 1991; Staggenborg et al., 2008). Corn is the major crop competitor for 

dryland grain sorghum production in northeast Colorado due to the ease of weed control, ease of 

marketing, and improved drought tolerance in recent years (Staggenborg et al., 2008).  Grain 

sorghum is more drought tolerant than corn and can yield higher than corn in dry years in 

Colorado when all other factors are held equal (Norwood, 1999; Staggenborg et al., 2008).  
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During wet years, corn can out-yield sorghum and it therefore has a greater potential for 

profitability in regions with greater rainfall than eastern Colorado. 

Previous research has increased our knowledge of the effects of agronomic practices on 

grain sorghum yield in the semi-arid High Plains, but little research has investigated the effects 

of these factors on the thermal time required for physiological maturity. The effect of planting 

population on seed maturation in dryland conditions was studied in southeast Colorado by 

Larson and Thompson in 2011.  They found that increasing the seeding rate of grain sorghum 

decreased the amount of time required for grain maturation.  As plant populations are increased, 

fewer tillers are produced due to the increased plant competition and limiting resources during 

the vegetative growth stages (Baumhardt et al., 2005; Lafarge et al., 2002; Larson and 

Thompson, 2011).   

Different row spacings have been shown to significantly affect the number of tillers 

produced by plants, and thus affecting grain maturity by causing the main stem to mature later 

than if no tillers were produced.  Field studies by Jones and Johnson (1991) and Staggenborg et 

al. (1999) have demonstrated that as row spacing is increased, the number of tillers decreases 

significantly due to the increased within-row plant competition, leading to earlier maturity.  The 

effects of row orientation on maturity have not been studied directly, but Witt et al. (1972) 

determined the effects of row orientation on light interception, yield, and water use in grain 

sorghum.  They concluded that row orientation did not significantly affect evapotranspiration or 

light interception by the plants, which suggests that row orientation would not have a significant 

impact on tillering or maturity since available plant resources would be unchanged.      

Hybrid selection is one of the most important factors that can affect maturity since the 

amount of required GDD to maturity is mainly determined by genetics (Poehlman, 1987; Rooney 
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and Aydin, 1999; Quinby and Karper, 1945).  Hybrids in later maturity classes tend to tiller more 

than early maturity class hybrids, and the grain fill period is longer than in shorter season 

hybrids, which extends the total GDD to maturity (Baumhardt et al., 2005; Schaffer, 1980).   

Unlike limited research on factors affecting sorghum maturity, much research has been 

conducted to study the effects of agronomic factors on the overall yield of grain sorghum. Jones 

(1995) found that yield in a dry year was higher in treatments with low plant populations and 

wide rows than in treatments with high populations and narrow rows.  Bond et al. (1964) had 

similar results and noted that sorghum grown in wide rows (1 m) yielded higher than when it was 

grown in narrow rows (.5 m) during a drought year.   

Steiner (1986) measured water use and plant growth for two row orientations, along with 

other treatments, at Bushland, TX.  No significant yield differences were found between 

north/south and east/west row orientation.  Steiner also reported that plants in wide rows used 

less water during the vegetative growth phase, and therefore more water was available during the 

reproductive phase.   

Hybrid maturity has been known to affect yield since later maturing hybrids almost 

always yield higher than early maturing hybrids, when both are well adapted for the growing 

conditions and season length (Roozeboom and Fjell, 1998).  If the growing season is short 

though, late maturity hybrids have a much higher chance of reduced yield and test weight due to 

frost occurring before physiological maturity is reached (Staggenborg and Vanderlip, 1996).  

Yield of earlier maturing hybrids is generally more stable than late maturing ones since the grain 

fill period is shorter and less variable (Saeed and Francis, 1983).   

One of the main objectives of this research was to determine how multiple agronomic 

factors affect the amount of thermal time sorghum requires to reach physiological maturity.  It 
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was hypothesized that the factors investigated in the study (row spacing, row direction, planting 

population, and hybrid selection) would significantly affect the cumulative GDD it would take 

for the sorghum to reach maturity. This is important since maturity is the largest yield limiter in 

the northeast Colorado.  Our second objective was to determine the probability of different 

cultivars reaching maturity at different locations in northeast Colorado based on maturity data 

collected during the study and long-term climate data.  It was hypothesized that early maturity 

class grain sorghum would almost always reach maturity in northeast Colorado. 

 

MATERIALS AND METHODS  

 

Site Descriptions 

The study was conducted in four different environments over two years in northeast 

Colorado.  In 2010, trials were conducted at Stratton and Akron, and 2011 trials were conducted 

at Fort Collins and Akron.  The trials at Akron in 2010 and 2011 were conducted at the USDA 

Central Great Plains Research Station.   The elevation of the location is 1,384 meters.  Akron has 

an average annual rainfall of 421 mm based on weather records from 1893 to 2011 (WRCC, 

2012).  The trial was planted on a Rago silt loam soil.  The trial at Stratton in 2010 was 

conducted at the Colorado State University Dryland Agro-ecosystems Project site on a Richfield 

silty clay loam soil.  The elevation of the Stratton site is 1325 meters and the average annual 

rainfall amount is 444 mm based on weather records from 1934 to 2011 (WRCC, 2012).  The 

Fort Collins trial in 2011 was located on the Agricultural Research, Development and Education 

Center, at an elevation of 1,558 meters. The Fort Collins location has an average annual rainfall 

of 384 mm based weather records from 1893 to 2011 (WRCC, 2012).  The soil at the Fort 
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Collins trial was a Connerton-Barnum complex, which is a fine, sandy loam.  All trials were 

rainfed, although the Fort Collins site had been irrigated in previous years.   

 

Study Design 

The study was conducted in 2010 and 2011.  The north/south row oriented treatments 

included three cultivars (88P68, DKS29-28, and 5745), two row spacings (0.76 and 1.5 m), and 

three seeding rates (3, 11, and 20 seeds m
-2

) for a total of 18 treatments.  In the east/west row 

oriented treatments, a single seeding rate treatment of 11 seeds m
-2 

was used along with the two 

row spacing (0.76 and 1.5 m) and three hybrid (88P68, DKS29-28, and 5745) treatments for a 

total of six treatments.  The north/south row oriented treatments were planted at all four 

environments, while the east/west oriented treatments were planted at the Akron location in 2010 

and 2011 (two environments).   

Treatments within experiments were arranged in a split-plot design, with row spacing as 

the main plot, and the hybrid and planting density treatments as the sub-plots with four 

replications.  Plot dimensions were 3 m wide by 9.1 m long and in the 0.76 m row width 

treatments, the two center rows of the four row plots were harvested (1.5 m wide) for yield.  In 

the 1.5 m row spacing treatments, a single middle row was harvested for yield. 

The three hybrids used in the study were selected from different seed companies to 

ensure a wide range of genetics.  The 88P68 cultivar is an early maturity class hybrid from 

Pioneer Hi-Bred International, and has a semi-open panicle with red seeds.  The DKS29-28 

cultivar is an early maturing hybrid from Dekalb and exhibits a semi-open panicle with a bronze 

grain color.  The 5745 hybrid from Syngenta is considered a medium-early maturing cultivar and 

has an open panicle with red grain. 
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In 2010, the Akron trial was planted into no-till proso millet stubble on May 26 and 

harvested on October 28.   Nitrogen was broadcast on May 27 at a rate of 44.8 kg ha
-1 

and early 

season weeds were controlled with Lumax and Roundup herbicides before crop emergence. 

Weed infestations later in the growing season were controlled using 2, 4-D and hand weeding.  

The Stratton location was planted on June 4 into disked and mowed corn stubble, and harvested 

on November 4.  Nitrogen was applied on June 6 at the same rate of 44.8 kg ha
-1

.  Glyphosate 

was used to control weeds before emergence and weed infestations later in the growing season 

were controlled by spot spraying using glyphosate, and hand weeding.  No insect or disease 

infestations were noted for either trial location during the 2010 cropping season. 

In 2011, the Akron trial was planted into no-till wheat stubble on June 6 and harvested on 

October 24.  Nitrogen was broadcast on June 9 at a rate of 44.8 kg ha
-1 

and early season weeds 

were controlled using Lumax herbicide before crop emergence.  The Fort Collins location was 

planted on June 4 into tilled winter wheat stubble and harvested on November 11.  Soil crusting 

occurred before crop emergence, so a rotary hoe was used after planting to promote better stand 

establishment.  No fertilizer was applied and early season weeds were controlled using 

glyphosate.  Weed infestations during the growing season were controlled using 2, 4-D and hand 

weeding.  A three meter wide, four-row cone planter was used to plant all trials.  At harvest, a 

modified Gleaner plot combine equipped with a Harvest Master grain weighing system was used 

to collect weight, grain moisture, and test weight data of each plot. 

Data Collection 

 Physiological maturity was determined to be the date on which half of the kernels in half 

of the main stem in the plot had a visible black layer at the base of the kernel (Eastin et al., 

1973).  Seed samples for determining black layer (and maturity) were taken from three random 
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plants in the plot where three to five kernels were pulled to determine if a black layer was 

present.  Plot observations were made once every three days as plots were reaching physiological 

maturity.  The thermal time from planting to physiological maturity was measured in thermal 

time expressed as GDD, with the accumulation of thermal time beginning at planting and 

concluding when the plants reached physiological maturity.  The growing degree units for each 

daywere calculated as shown:  

GDD = [(Tmax + Tmin) / 2] - Tbase 

Where Tmax and Tmin are the daily maximum and minimum temperature (
o
C), respectively, and 

Tbase is the base temperature (
o
C).  If the maximum daily temperature exceeds 45°C (Norcio, 

1976), the maximum temperature is set to 45°C.  When the average daily temperature (Tmax + 

Tmin) / 2) is below the base temperature (Tbase) of 7°C (Ercoli et al., 2004; Gerik et al., 2003), no 

GDD are accumulated for that day. 

 Historical climate information from weather stations associated with the Colorado 

Climate Center, the Western Regional Climate Center (WRCC), and the USDA Akron Research 

Station were used to calculate the probability of the different hybrids to reach maturity before 

frost.  Daily maximum and minimum temperatures from up to 100 available years were used to 

calculate long-term average GDD and average frost dates.  The average frost date was defined as 

the date when there was a 50% probability of a freeze occurring on or before that date.  A freeze 

was reached when the average minimum daily temperature was less than -2°C. 

Analysis 

 The analysis of variance (ANOVA) was used in the MIXED procedure within the SAS 

program (SAS Institute, 2011).  For maturity and yield measurement analyses, fixed effects in 

the model were environment, row spacing, hybrid, and seeding rate, along with all of their 
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interactions.  Random variables in the model were replicates within environment and the row 

spacing by replicate interaction within environments.  Mean separation tests were done using the 

pdiff and slice options in SAS proc mixed.  An alpha level of 0.05 was used to determine 

significant effects. 

 

RESULTS 

 

Climate 

 Trials were conducted in four different environments over two years. Growing conditions 

in 2010 were drier and warmer than the long-term average at both Stratton and Akron (Table 1).  

Stratton received higher than the long-term average amounts of rainfall during the warmest two 

months of the growing season (July and August), but below the long-term average rainfall in 

September and October.  Akron received lower than the long-term average rainfall during most 

of the growing season with the total rainfall amount for the season being 95 mm lower than long-

term average of 310 mm.  The sparse rainfall during the spring and summer resulted in severe 

drought conditions in late summer, especially at Akron.  In 2011, the total rainfall was at, or 

above, the long-term average for both Akron and Fort Collins.  Above average rainfall at both 

trial locations during the first half of the growing season prevented drought stress from minimal 

rainfall later in the season.  Monthly average temperatures and cumulative GDD in 2011 were 

above the long-term average at both locations, especially during July and August.  

Maturity 

Experiment 1- Row Spacing, Hybrid, and Seeding rate for 2 Years in 4 Environments 
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Table 2 provides the ANOVA results for the cumulative observed GDD and Table 3 

shows the observed GDD for trial factors in four trial environments.  Out of the four main effects 

and eleven interactions, only five were significant at a probability ≤ 0.05 (Table 2).  Significant 

effects (probability ≤ 0.05) on maturity were observed for environment, hybrid, and seeding rate, 

as well as for the two-way interactions of environment by hybrid and environment by seeding 

rate.  Among the main effects, row spacing was not significant. 

The environment by hybrid two-way interaction for maturity in experiment one was 

significant.  The 88P68 hybrid was significantly earlier than the DKS29-28 hybrid at both 

locations in 2010, however, in both locations in 2011, there was no significant difference 

between the cumulative observed GDD for the 88P68 and DKS29-28 hybrids (Figure 1). 

Significant differences were observed among hybrids within each environment (Table 3).  The 

5745 hybrid was significantly longer maturing than DKS29-28 and 88P68 at all four 

environments.   

The environment by seeding rate two-way interaction was highly significant as the 

environmental effects greatly influenced the time to maturity among the three seeding rates 

(Figure 2).  At Stratton (2010) and Fort Collins (2011), the lowest seeding rate (3 seeds m
-2

) took 

significantly longer to mature than the medium and low seeding rate treatments.  The medium 

rate (11 seeds m
-2

) took significantly longer to reach maturity than the high rate (20 seeds m
-2

) at 

both locations.  At Akron in 2011, the lowest seeding rate took significantly more GDD to reach 

maturity, but the medium seeding rate (10 seeds m
-2

) took the least number of GDD to maturity 

instead of the high seeding rate, which was not expected.  At Akron in 2010, there was no 

significant difference among any of the seeding rate treatments.  In a combined ANOVA of 

Stratton (2010) and Fort Collins (2011), the interaction with seeding rates was not significant.  In 
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the significant seeding rate treatments from the combined ANOVA results, as the seeding rate 

was increased from 3 up to 20 seeds m
-2

, the average thermal time to maturity was decreased.  

The 3 seeds m
-2 

treatment took significantly more GDD (33) to reach maturity than planting 11 

seeds m
-2

.  The 11 seeds m
-2

 treatment took significantly more GDD (29) to mature than the 

seeding rate of 20 seeds m
-2

. 

 The hybrid and environment main effects were highly significant (Table 2).  Among the 

hybrids, there was not a significant difference in the number of GDD to maturity between the 

two early maturity cultivars (88P68 and DKS29-28) but both matured significantly earlier than 

the medium-early maturity cultivar 5745 (Table 3).  Hybrid 88P68 required 78 fewer GDD to 

reach maturity than hybrid 5745.  Cumulative GDD to maturity at each of the environments were 

not significantly different from one another within years, but there was a significant difference 

across years.  The sorghum reached maturity with 51 fewer GDD in the 2011 environments than 

in the 2010 environments (results not shown).   

Experiment 2- Row Spacing, and Hybrid for 2 Years at Akron 

Table 4 gives ANOVA results for the cumulative observed GDD to maturity in 

experiment 2 (east/west row oriented treatments) and Table 5 shows the observed GDD for trial 

factors in the two trial environments.  Only hybrid and environment effects were significant at a 

probability ≤ 0.05 (Table 4).  Row spacing was not significant, and no interactions among main 

effects were significant.  For the hybrid main effect, the medium-early cultivar (5745) required 

significantly more GDD (54) to reach maturity than the earlier maturing cultivar, DKS29-28 

(Table 5).  There was no significant difference in cumulative GDD to maturity between 88P68 

and DKS29-28.  For the environment main effect, significantly fewer GDD (48) were required 

for the treatments to reach maturity in the Akron 2011 than the 2010 environment.  The 
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experiment 2 (east/west row oriented treatments) main effect results were consistent with the 

experiment 1 (north/south row oriented treatments) main effects that were common between the 

two experiments. 

Environment, Row Orientation, Row Spacing, and Hybrid in Experiments 1 and 2 at Akron 

 From results obtained in both experiments, certain trends were observed.  Hybrid 5745 

required more time to mature than the earlier maturing hybrids.  In addition, earlier maturity was 

observed in 2011 than in 2010 at the Akron locations.  Row spacing did not significantly affect 

maturity in either experiment.  A trend for row orientation can be observed from comparing 

common treatments in experiment one (rows north/south) and experiment two (rows east/west).  

From this comparison, row orientation did not make a difference in thermal time to maturity.  

Long Term Predicted Probabilities of Hybrids Reaching Physiological Maturity at Akron and 

Fort Collins 

 The probability of each hybrid reaching physiological maturity at the Akron and Fort 

Collins locations were compared (Table 6) using the 2011 experiment 1 (north/south row 

orientation treatments) GDD observations and long-term (100 years) daily temperature data from 

each location.  At Akron, both of the early maturity class hybrids (88P68 and DKS29-28) have 

over an 80% probability of reaching physiological maturity before the average frost date of 

October 8 for all planting dates.  The probability is based on GDD accumulation beginning on 

June 1, as producers in Colorado commonly plant grain sorghum on or before that date.  The 

medium-early hybrid (5745) has a 62.5% chance of reaching physiological maturity at Akron 

before the average frost date based on the June 1 planting date (Table 6).  The probabilities of 

reaching maturity are increased when the GDD accumulation start date is moved to May 23 (76 

additional expected GDD) or May 15 (138 additional expected GDD) when compared to the 
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June 1 date.  Hybrids 88P68 and DKS29-28 have over a 95% chance of reaching maturity at 

Akron based on GDD accumulation starting on May 15 instead of June 1.  The medium-early 

hybrid, 5745, would have an 87.5% chance instead of a 62.5% chance if accumulation began on 

May 15 instead of June 1.  In the Akron trials in 2010 and 2011, all hybrids and treatments 

reached physiological maturity before October 8. 

 At Fort Collins, the probability of the hybrids reaching maturity is much lower due to a 

shorter growing season.  The DKS29-28 and 88P68 hybrids would have a 38 and 36% chance, 

respectively, of reaching maturity before the average frost date of October 9 based on GDD 

accumulation beginning on June 1 (Table 6).  The 5745 cultivar would have a 15.5% chance of 

reaching full maturity at Fort Collins based on GDD accumulation beginning on June 1.  The 

probabilities of reaching maturity are increased by at least 20% for each hybrid if GDD 

accumulation begins on May 23 instead of June 1.  If GDD accumulation began on May 15, 

hybrids DKS29-28 and 88P68 would have a 73.5 and 70.8% chance of reaching maturity, 

respectively, while 5745 would have a 57.5% chance. In the Fort Collins environment during the 

2011 study, all of the treatments (including the 5745 hybrid treatments) reached physiological 

maturity before the 2011 frost date of October 19, due to the unusually long growing season at 

Fort Collins during the 2011 trial year (Table 1). 

 

Yield 

Experiment 1- Row Spacing, Hybrid, and Seeding rate for 2 Years in 4 Environments 

Table 7 shows the ANOVA results for grain yield and Table 8 shows the mean yield for 

trial factors in the four trial environments.  Three of four main effects, and two out of eleven 

interactions were significant (Table 7).  Significant factor effects on grain yield (probability ≤ 
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0.05) were environment, hybrid, and seeding rate, as well as for the two-way interactions of 

environment by row spacing and environment by seeding rate.  As observed with maturity date, 

the row spacing main effect on yield was not significant. 

The significant environment by row spacing two-way interaction can be explained as 

different optimal row spacings in different environments.  The grain yield at Fort Collins and 

Stratton was significantly higher in the 0.76 m row spacing than in the 1.5 m row spacing, but 

during both years at Akron, the yield was higher in the 1.5 m row spacing (Table 8).  The 1.5 m 

row spacing was significantly superior to the 0.76 m row spacing at Akron in 2010, but they 

were not significantly different in 2011.  The environment by seeding rate interaction for yield 

was also highly significant.  There was a significant difference in yield at the Fort Collins 

environment since the 3 seeds m
-2 

seeding rate yielded 1,846 kg ha
-1 

lower than the next highest 

yielding seeding rate of 11 seeds m
-2

.   The grain yield differences among seeding rates were not 

significant at any of the other environments.   

The seeding rate, hybrid, and environment main effects were all significant (probability ≤ 

0.05).  The seeding rate effect was significant due to the low seeding rate treatment (3 seeds m
-2

) 

yielding significantly lower than both the medium and high seeding rate treatments (11 and 20 

seeds m
-2

) (Table 8).  The hybrid main effect was significant as the 88P68 hybrid yielded 

significantly lower than DKS29-28 and 5745 hybrids.  There was no significant difference in 

yield between the DKS29-28 and the 5745 hybrids.  The environment main effect significantly 

affected the overall trial yield, with the 2010 Akron trial yielding significantly lower than the 

other three environments.  The Fort Collins yield was significantly higher than the other three 

trials, with 1850 kg ha
-1

 more grain produced at Fort Collins than the next highest yielding 
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environment at Akron in 2011.  The 2011 Akron and the 2010 Stratton environment yields were 

not significantly different from each other. 

Environment, Row Orientation, Row Spacing, and Hybrid in Experiments 1 and 2 at Akron 

 Experiment 2 (east/west row oriented treatments) results for Akron in 2010 were not 

available and therefore not included in the results. Grain yield results at Akron in 2011 showed 

no significant difference between the two row spacings, or among hybrids. No interactions were 

significant (results not shown).  Row spacing was not a significant factor on yield in either 

experiment. Two trends were noted when comparing the yield from common treatments in 

experiments one and two at Akron in 2011. The 88P68 hybrid yielded substantially less than 

DKS29-28 and 5745 in both row orientations.  From the average grain yield for treatments 

common to both trials, the east/west orientation (experiment 2) was higher yielding by 525 kg ha
-

1 
than the north/south orientation (experiment 1) (results not shown). 

 

DISCUSSION 

 

Maturity 

 The trial environment, hybrid, and seeding rate main factors, and the interaction of 

environment with hybrid and environment with seeding rate, significantly affected the 

cumulative GDD required for maturity.  The interaction between the seeding rate and the four 

trial environments on cumulative GDD to maturity occurred due to different effect trends at 

Akron in 2010 and 2011 compared to Stratton in 2010 and Fort Collins in 2011.  The seeding 

rate main effect results at Stratton in 2010 and Fort Collins 2011 were expected.  As planting 

populations are increased, the number of tillers per plant is generally decreased since plant 
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competition is greater (Baumhardt et al., 2005; Lafarge et al., 2002).  These trial results are 

consistent with previously published studies, where the high seeding rate treatment matured 

earlier than the low seeding rate treatment (largest difference was 72 GDD at Stratton). At Akron 

in 2010, the population effect was most likely not significant due to water stress from July 

through September, which caused the different planting population treatments to mature about 

the same time.  Plant stands early in the season were at acceptable levels in all of the seeding rate 

treatments.  At Akron in 2011, the low seeding rate took significantly more GDD to reach 

maturity than the medium and high seeding rates.  

 Based on the relationship of population to tillering, the wide row spacing should have 

decreased the cumulative GDD to maturity, since the within-row populations are increased and 

tillering is decreased.   The overall plant emergence and stands in the skip-row treatments (1.5 m 

widths) were not any lower than the stands in the .56 m row widths.  We do not know why, but 

the row spacing effect may not have significantly affected maturity in this study since sufficient 

amounts of available water between the wide rows could have offset the effect of the increased 

competition within the rows.  Results from a sorghum study by Jones and Johnson (1991), 

showed that plant tillering in a narrow row spacing (0.76 m) was significantly higher than in the 

wide (1.5 m) row spacing during every year of their three year study, which was also found in a 

study by Staggenborg et al. (1999).  Their results suggest that the cumulative GDD to maturity in 

the narrow rows would be higher than in the skip-rows due to the increased tillering. 

 Hybrids in different maturity classes will reach physiological maturity at different times 

due to genetic differences, which was confirmed in this study (Poehlman, 1987; Rooney and 

Aydin, 1999; Quinby and Karper, 1945).  The hybrid in the medium-early maturity class took 

significantly more time to reach maturity than the two hybrids in the early maturity class at all of 
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the trial environments.  Hybrid selection should begin with selecting hybrids in the appropriate 

maturity class based on the length of the growing season. 

 Due to field design limitations, it was not possible to include randomized row orientation 

treatments within the experiments, although general comparisons between experiments one and 

two did not show a trend in the difference in maturity when comparing the row orientations.  

Another study investigated the effects of row orientation on light interception and water use of 

sorghum have also found row orientation did not affect light interception by plants (Witt et al., 

1972), which would suggest that row orientation would not have an impact on maturity.   

 Of the two trial locations, Fort Collins has a shorter average growing season than Akron.  

In 2011, the length of the growing season at Fort Collins was unusually long and the fall frost 

date occurred 10 days later than the expected average date based on 100-year weather records.  

At Akron, an early maturing variety would have a high chance of reaching physiological 

maturity before the first fall frost at any of the three GDD accumulation start dates from May 15 

to June 1.  The medium-early maturity variety would have an acceptable chance (62.5%) of 

reaching physiological maturity at Akron based on the June 1 GDD accumulation start date, but 

the probability could be greatly increased if accumulation began on May 23 (81.5%) or on May 

15 (87.5%).  If two cultivars within the same maturity class take about the same amount of time 

to reach physiological maturity (such as the two early maturity hybrids in the study), other hybrid 

characteristics such as yield or stalk strength should be taken into consideration as criteria for 

hybrid selection.  At Fort Collins, the early maturing cultivars are not expected to reach maturity 

over 60% of the time, while the medium-early hybrid only has a 15.5% chance of reaching 

maturity based on a June 1 GDD accumulation start date.    
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 The probabilities of reaching maturity could be significantly increased by planting earlier 

in the season so more GDD will be accumulated over the course of the entire growing season.  

Based on the results, if the 5745 cultivar was planted on May 15 at Fort Collins instead of June 

1, the probability of reaching maturity before the frost date of October 9 would increase from 

15.5 to 57.5%.  The probability of a hybrid reaching physiological maturity at a location similar 

to Akron or Fort Collins can be increased by planting earlier in the growing season when soil 

temperature and moisture are conducive for seedling emergence and growth.  The effect of the 

planting date on the probability of reaching maturity is just as important as choosing an 

appropriate hybrid in the correct maturity class.  If sorghum can be planted earlier, a later 

maturing hybrid could be used to increase potential grain yield since more GDD units will be 

accumulated during the growing season. 

Yield 

 The trial yield was significantly affected by row spacing at three of the four 

environments.  In the dry environment at Akron in 2010, the wide/skip-row (1.5 m) treatment 

yielded higher than the narrow row treatment.  In the normal to wet environments at Stratton and 

Fort Collins, yield was higher in the narrow row spacing treatments.  Similar results were 

reported by Bond et al. (1964), as wide row spacing treatments in their study yielded higher than 

narrow rows when less than 13 cm of moisture was available in the soil profile.  Vigil et al. 

(2008) also found skip-row yield was higher in traditional 0.76 m row spacings during years 

when moisture was limited.   

 The seeding rate by environment interaction was highly significant for yield.  At Fort 

Collins and Stratton, yield increased as the seeding rate increased due to ample soil moisture 

during the growing season.  The yield at Fort Collins was particularly high for dryland 
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production, which was attributed to a high amount of available soil moisture since the trial site 

was irrigated in previous years.  During both trial years at Akron, the medium seeding rate (11 

seeds m
-2

) had the highest yield of the three seeding rate treatments.  At the highest seeding rate 

(20 seeds m
-2

), the yield was similar to the yield of the lowest seeding rate (3 seeds m
-2

).  In a 

dryland sorghum study by Steiner (1986) he concluded that a seeding rate of 18 plants m
-2

 was 

lower yielding than seeding rates of 6 or 12 plants m
-2

. 

 

CONCLUSIONS 

 

 The results of the study showed that seeding rates, hybrid selection, and planting dates 

can be important factors to consider when trying to ensure grain sorghum will reach 

physiological maturity at a location before the average frost date.  Our hypothesis that the 

agronomic factors would have a significant impact on the cumulative GDD to maturity was 

partially correct since seeding rate and hybrid main effects were significant.  In general, as 

seeding rates were increased, the cumulative GDD to maturity was shortened for all of the 

hybrids, but the yield was highest for the medium (11 seeds m
-1

) seeding rate.  Hybrid selection 

should mainly be based on cultivar maturity, followed by selecting hybrids within the class that 

are high yielding and have specific characteristics that are important to the producer depending 

on growing conditions.  Grain sorghum should be planted as early in the season as possible to 

increase the probability of reaching physiological maturity, as planting even seven days earlier 

can substantially increase the probability of a hybrid reaching maturity. 

 Our second objective was to determine the probability of different cultivars reaching 

maturity at different locations in northeast Colorado based on maturity data collected during the 
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study and long-term climate data.  It was hypothesized that early maturity class grain sorghum 

would almost always reach maturity in northeast Colorado. 

 Our hypothesis that early maturing grain sorghum would have a high probability of 

reaching physiological maturity in northeast Colorado was confirmed for the Akron location, but 

at Fort Collins all the probabilities were below 73.5%.  Akron is more representative of large 

portions of northeast Colorado where dryland crops are predominate.  We found that earlier 

maturity cultivars can be produced at Akron with reasonable confidence (minimum probability 

was 81% for the early maturity hybrids and 62.5% for the medium-early hybrid) they will reach 

physiological maturity before the first freeze based on three different GDD accumulation start 

dates.  At a location with an even shorter growing season than Akron, such as Fort Collins, only 

early maturing cultivars should be grown, and grain sorghum should be planted as early as 

possible.   
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TABLES 

 

 

 

Month Trial Rainfall

Long-term avg. 

rainfall†

Trial avg. maximum 

temp.

Long-term avg. 

temp.† Trial avg. GDD‡

Long-term avg. 

GDD†‡

May 46 69 19.8 14.9

June 17 64 29.3 20.6 411 401

July 132 75 31.7 24.1 508 522

Aug. 85 63 31.9 23.1 496 492

Sept. 7 33 28.7 18.1 346 328

Oct. 7 28 21.0 11.7 144 160

Sum 295 331 1905 1903

May 43 74 20.1 13.4

June 59 59 28.3 19.4 395 368

July 47 66 31.4 23.3 491 501

Aug. 43 58 31.5 21.9 491 466

Sept. 4 31 28.5 17.1 340 300

Oct. 17 23 20.6 10.1 154 133

Sum 215 310 1871 1767

May 163 74 18.7 13.4

June 36 59 28.0 19.4 372 368

July 104 66 32.6 23.3 529 501

Aug. 2 58 33.3 21.9 533 466

Sept. 31 31 25.0 17.1 287 300

Oct. 26 23 18.4 10.1 133 133

Sum 362 310 1854 1767

May 90 70 17.4 13.1

June 51 47 27.3 18.2 344 343

July 46 41 31.3 21.4 487 456

Aug. 6 36 31.8 20.4 479 421

Sept. 24 32 24.6 15.7 268 266

Oct. 38 29 18.7 9.6 117 108

Sum 255 254 1695 1594

Table 1.  Long-term average (avg.) and trial monthly rainfall, temperature (temp.), and growing degree-day 

(GDD) data during the growing season at the four trial environments.

mm °C

†Long-term average rainfall, temperature, and GDD amounts are mean values for 100 years (1912 to 2011) at Akron and 

Fort Collins, and 77 years (1934 to 2011) at Stratton.

‡GDD values were calculated using base temperature of 7°C and a max. temp. of 45°C.  No GDD were accumulated on 

days when the avg. temp. was below the base temp.

Stratton, CO, 2010

Akron, CO, 2010

Akron, CO, 2011

Fort Collins, CO, 2011
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Table 2. ANOVA results of cumulative growing 

degree-days to maturity for three seeding rate, three 

hybrid, two row spacing, and four environments in 

2010 and 2011 in the north/south row orientation.  

Effect df P > F 

Environment (ENV) 3 0.010 

Row Spacing (RS) 1 0.830 

Hybrid (H) 2 <0.001 

Seeding rate (PR) 2 <0.001 

ENV X RS 3 0.568 

ENV X H 6 0.003 

ENV X PR 6 <0.001 

RS X H 2 0.053 

RS X PR 2 0.158 

H X PR 4 0.441 

ENV X RS X H 6 0.064 

ENV X RS X PR 6 0.139 

ENV X H X PR 12 0.886 

RS X H X PR 4 0.294 

ENV X RS X H X PR 12 0.081 

 

 

  

Main Effect 88P68 DKS29-28 5745 4,050 18,200 32,400
Overall 

Average

Row spacing, m

0.76 1609 1612 1681 1651 1632 1618 1633

1.5 1586 1614 1671 1649 1617 1605 1623

Environment

Stratton (2010) 1611 1659 1699 1694 1659 1622 1656

Akron (2010) 1617 1644 1709 1648 1660 1660 1656

Akron (2011) 1582 1579 1654 1637 1588 1591 1605

Fort Collins (2011) 1584 1580 1650 1636 1601 1576 1605

Overall Average 1598 1613 1676 1650 1625 1611 1629

Hybrid Seeding Rate, seeds m
-2

Table 3.  Cumulative growing degree-days (GDD) from planting to maturity for two row widths, 

three seeding rates, and three hybrids over four trial environments in the north/south row 

orientation.

cumulative GDD
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Table 4. ANOVA results of cumulative growing degree-days 

to maturity for two environment, two row spacing, and 

three hybrid treatments in the east/west row orientation. 

Effect df P > F 

Environment (ENV) 1 0.005 

Row Spacing (RS) 1 0.901 

Hybrid (H) 2 <0.001 

ENV X RS 1 0.425 

ENV X H 2 0.082 

RS X H 2 0.824 

ENV X RS X H 2 0.114 

 

 

 

 

 

  

Effect 88P68 DKS29-28 5745

Overall 

Average

Row spacing, m

0.76 1598 1608 1659 1622

1.5 1600 1603 1660 1621

Environment

Akron (2010) 1616 1637 1682 1645

Akron (2011) 1582 1573 1636 1597

Overall average 1599 1605 1659 1621

Hybrid

Table 5.  Cumulative growing degree-days (GDD) from 

planting to maturity for two row widths and three hybrids in 

two environments in the east/west row orientation.

cumulative GDD



52 

 

 

Table 7. ANOVA results of grain yield for 

four environment, two row spacing, three 

hybrid, and three seeding rate treatments 

in the north/south row orientation. 

Effect df P > F 

Environment (ENV) 3 <0.001 

Row Spacing (RS) 1 0.163 

Hybrid (H) 2 0.031 

Seeding rate (PR) 2 <0.001 

ENV X RS 3 0.002 

ENV X H 6 0.273 

ENV X PR 6 <0.001 

RS X H 2 0.745 

RS X PR 2 0.364 

H X PR 4 0.537 

ENV X RS X H 6 0.104 

ENV X RS X PR 6 0.200 

ENV X H X PR 12 0.678 

RS X H X PR 4 0.990 

ENV X RS X H X PR 12 0.973 

 

Location Hybrid May 15 May 23 June 1

Akron

DKS29-28 97.0 91.0 81.5

88P68 96.5 90.5 81.0

5745 87.5 81.5 62.5

Fort Collins

DKS29-28 73.5 58.0 38.0

88P68 70.8 57.5 36.0

5745 57.5 38.0 15.5

GDD Accumulation Start Date

percent

Table 6. Expected probability of hybrids reaching 

physiological maturity at two locations based on 2011 

growing degree-days (GDD) to maturity from three start 

dates to the  average freeze date.†

†Long-term average freeze dates are mean dates (Oct. 8 at 

Akron and Oct. 9 at Ft. Collins) when average minimum 

temperatures are expected to be less than -2°C based on data 

from 1912 to 2011 at Akron and Fort Collins.
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Main Effect 88P68 DKS29-28 5745

Stratton 

(2010)

Akron 

(2010)

Akron 

(2011)

Fort Collins 

(2011)

Overall 

Average

Row spacing, m

0.76 2862 3290 3147 2961 1298 2927 5213 3100

1.5 2771 3000 2903 1995 2083 3062 4467 2891

Seeding rate, seeds m
-2

3 2410 2530 2652 2192 1514 2902 3559 2531

11 3143 3384 3192 2548 1882 3123 5404 3239

20 2895 3507 3232 2692 1675 2959 5518 3211

Overall Average 2816 3147 3025 2478 1690 2995 4845 2995

Hybrid

kg ha
-1

Table 8.  Grain yield results for two row spacings, three seeding rates, and three hybrids across four 

environments in the north/south row orientation.

Environment
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FIGURES 

 

 
Figure 1.  Cumulative growing degree-days from planting to physiological maturity for 

three hybrids within environments in the north/south row orientation (experiment 1).  All 

treatments within a location are pooled within an environment. 
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Figure 2.  Cumulative growing degree-days from planting to physiological maturity for 

three seeding rates within environments in the north/south row orientation (experiment 

1).  All treatments within a location are pooled within an environment. 
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THESIS CONCLUSIONS 

  

 The overall results from the grain sorghum maturity and yield studies show the 

importance of agronomic and environmental factors in grain sorghum production in Colorado.  

The purposes of the grain sorghum maturity and yield studies were not only to increase our 

knowledge about grain sorghum production in Colorado, but also to disseminate the research 

findings to dryland grain producers in the region.  Both of those goals were met over the course 

of two years of field trials and multiple meetings and presentations with Colorado sorghum 

producers.  The maturity study provided important information about grain sorghum physiology 

and production that not only applies to production in northeast Colorado, but to situations (such 

as re-plants or late-plantings) in other areas where early maturity may be critical.   

 Two experiments in the study failed, one due to herbicide damage and another from 

drought stress.  The east/west row oriented experiment at Stratton in 2010 failed due to spray 

drift damage from a hooded sprayer.  The second failed experiment occurred at Greeley in 2011 

due to extreme drought stress on the dryland experiment 1 (north/south row orientation 

treatments).  Site selection is important to consider when producing sorghum as controlling 

weeds can be hard since sorghum is not currently resistant to grass herbicides.   

 If we were able to do the study again, a few changes could be made to increase the value 

of information from the studies.  Additional hybrid treatments from the early, medium-early, and 

medium maturity classes could be added to allow us to determine if the agronomic treatments 

affect all hybrids in the same manner regardless of maturity class, or if there are differences 

among classes or hybrids within classes.  Two additional seeding rate treatments (at 7 and 15 

seeds m
-2

) would be beneficial to allow us to create a seeding rate response curve based on 
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cumulative GDD to maturity.  Based on the results from our study, the row orientation 

treatments would not warrant further investigation in maturity trials as no trends were found on 

how orientation affects maturity.  Since growing environments could be modeled to determine 

the adaptability of grain sorghum to a certain climate, it would not be beneficial to increase the 

number of trial locations.  Future research in could be done to create a map of eastern Colorado 

with hypothetical probabilities of grain sorghum hybrids reaching physiological maturity based 

on one or more planting dates.   

 Even though a few problems occurred and changes could have been made to improve the 

studies, the overall goals were reached. Pertinent, quality data were collected from the trials.  I 

not only learned about grain sorghum and its production from literature and talking to producers, 

but I was also able to learn from personal experience.  I experienced how challenging (and 

rewarding) it can be to conduct, analyze, and report on field trials.  I hope that the results of the 

thesis will inspire further research in grain sorghum production in Colorado so grain producers 

have access to more advanced technology for sorghum production in our area. 
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APPENDIX I 

TEST WEIGHT ANALYSIS RESULTS, ADDITIONAL TEST WEIGHT DATA, AND 2011 

GREELEY WATER TREATMENT YIELD RESULTS  

 

Table A1. ANOVA grain test weight results of three seeding 

rate, three hybrid, and two row spacing treatments in the 

north/south row orientation in 2011 at Akron and Fort Collins. 

Effect df P > F 

Environment (ENV) 1 0.007 

Row Spacing (RS) 1 0.006 

Hybrid (H) 2 <0.001 

Seeding rate (PR) 2 0.313 

ENV X RS 1 0.821 

ENV X H 2 0.001 

ENV X PR 2 0.853 

RS X H 2 0.894 

RS X PR 2 0.042 

H X PR 4 0.086 

ENV X RS X H 2 0.008 

ENV X RS X PR 2 0.049 

ENV X H X PR 4 0.304 

RS X H X PR 4 0.037 

ENV X RS X H X PR 3 0.186 
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Figure A.1. Grain test weight results of three seeding rate, three hybrid, and two row 

spacing treatments in the north/south row orientation in 2011 averaged across Akron and 

Fort Collins. 

 

 

Figure A.2. Grain test weight results of three seeding rate and two row spacing treatments 

in the north/south row orientation in 2011 at Akron and Fort Collins averaged across 

hybrids. 
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Figure A.3. Grain test weight results of three hybrid and two row spacing treatments in the 

north/south row orientation in 2011 at Akron and Fort Collins averaged across three 

seeding rates. 

 

 

 

 

Environment 0.76 1.5

Overall 

Average

Hybrid

Stratton, 2010 651 681 660

5745 703 704 704

88P68 650 681 656

CGSH-8 678 691 681

DKS29-28 606 670 633

Akron, 2011 696 690 693

5745 688 708 698

88P68 708 710 709

CGSH-9 669 589 616

DKS29-28 703 704 703

Overall Average 673 688 679

kg m
-3

Table A2.  Grain test weights in the east/west row 

orientation for five hybrids and two row spacings across 

two environments at a seeding rate of 11 seeds m
-2

.

Row Spacing, m

Hybrid 
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Environment

Seeding Rate, 

Seeds m
-1

3 11 20 Average 3 11 20 Average 3 11 20 Average

Overall 

Average

Hybrid

Akron, 2010 - - 543 543 604 624 576 599 694 646 640 655 618

5745 - - - - 565 596 472 544 644 646 616 633 606

88P68 - - - - - 659 662 660 793 650 - 721 674

CGSH-8 - - 543 543 - 541 560 553 - 674 - 674 565

DKS29-28 - - - - 644 639 552 601 669 630 663 655 625

Stratton, 2010 712 712 709 711 717 705 701 707 726 708 704 711 709

5745 671 687 682 680 700 678 703 693 700 701 687 694 687

88P68 740 728 745 737 740 749 709 731 713 770 766 749 736

CGSH-8 - 698 679 690 - 688 684 686 - 722 - 722 690

DKS29-28 725 744 723 730 708 719 708 712 764 674 690 699 717

Akron, 2011 713 693 677 692 716 709 668 700 696

5745 686 693 705 696 677 717 709 700 698

88P68 730 744 716 730 758 750 - 755 739

CGSH-9 - 615 609 612 716 649 607 636 628

DKS29-28 727 693 647 684 728 733 728 730 707

Fort Collins, 2011 667 649 645 653 687 710 675 689 670

5745 590 612 629 610 655 670 652 659 634

88P68 739 717 697 718 737 753 739 743 730

CGSH-9 - 608 591 600 - - 628 628 609

DKS29-28 671 660 664 665 668 708 682 686 676

Greeley, 2011 607 516 512 532 582 591 637 607 558

5745 - 378 369 375 - 507 602 555 447

88P68 705 597 541 596 - 678 642 666 622

CGSH-9 - - 456 456 - - - - 456

DKS29-28 557 574 581 571 582 503 667 584 575

Overall Average 712 712 689 703 684 653 638 654 698 687 669 684 672

a
The 0.25m row spacing treatment was not repeated in 2011 due to equipment and personnel constraints.

†Dashes indicate missing data due to low grain harvest plot weights.

1.5

Row Spacing, m

Table A3.  Grain test weights in the north/south row orientation for five hybrids, three seeding rates, and three 

row spacings across five environments.

kg m
-3

0.25
a

0.76
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2011 GREELEY WATER TREATMENT YIELD RESULTS 

 

 

Figure A.4. Greeley 2011 yield results for four hybrids within two irrigation treatments 

planted at 11 seeds m
-1

 for the limited irrigation treatment and 20 seeds m
-1

 for the full 

irrigation treatment. 
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APPENDIX II 

ADDITIONAL YIELD, POPULATION, FLOWERING, MATURITY, AND LODGING DATA 

FROM AKRON, FORT COLLINS, STRATTON, AND GREELEY IN 2010 AND 2011 

 

 

Environment

Seeding Rate, 

Seeds m
-1

3 11 20 Average 3 11 20 Average 3 11 20 Average

Overall 

Average

Hybrid

Akron, 2010 422 795 1053 766 1115 1447 1438 1331 1720 2210 1901 1948 1370

5745 378 610 915 634 1135 964 819 972 1909 2771 2167 2282 1357

88P68 371 899 715 657 1003 1784 1691 1493 1776 2146 1845 1922 1377

CGSH-8 431 923 1282 919 1035 1428 1856 1440 1060 1901 1448 1507 1289

DKS29-28 526 702 1183 829 1289 1607 1388 1428 1971 2021 2143 2045 1451

Stratton, 2010 2498 3780 4427 3550 2455 3014 2982 2824 1617 1949 2114 1893 2750

5745 2642 4112 5722 4159 3272 2749 3055 3026 1678 1755 2098 1844 3009

88P68 2851 3860 3865 3494 2326 3268 2594 2729 1364 2180 2301 1948 2702

CGSH-8 1443 3181 3305 2643 1127 2765 2932 2379 1675 1796 1296 1589 2199

DKS29-28 3054 3969 4675 3900 2761 3273 3346 3127 1751 2065 2759 2192 3073

Akron, 2011 2309 3043 2850 2743 2756 2863 2911 2843 2794

5745 2485 3648 3294 3142 3702 3389 3371 3487 3315

88P68 2878 2376 2372 2542 3133 2650 2186 2656 2599

CGSH-9 1072 2616 2465 2140 1471 2267 2825 2188 2165

DKS29-28 2492 3531 3269 3097 2720 3145 3263 3042 3070

Fort Collins, 2011 3618 4894 5408 4733 3495 5036 4125 4227 4495

5745 3814 5867 6666 5449 3224 4389 4384 3999 4724

88P68 3159 5477 5412 4683 3644 5266 4756 4555 4619

CGSH-9 - 2254 2888 2571 - - 2135 2135 2426

DKS29-28 3880 5975 6663 5506 3656 5452 5225 4880 5207

Greeley, 2011 751 981 1169 967 703 1140 1191 1015 991

5745 459 773 845 692 582 977 984 848 770

88P68 796 1281 1321 1133 579 1596 1535 1297 1211

CGSH-9 500 508 834 614 254 500 729 494 554

DKS29-28 1249 1361 1675 1428 1368 1605 1513 1485 1456

Overall Average 1567 2336 2798 2236 1956 2691 2769 2484 1983 2532 2448 2327 2379

a
The 0.25m row spacing treatment was not repeated in 2011 due to equipment and personnel constraints.

†Dashes indicate missing data due to low grain harvest plot weights.

Table A4.  Grain yield in the north/south row orientation for five hybrids, three seeding rates, and three row spacings 

across five environments.

Row Spacing, m

0.25
a

0.76 1.5

kg ha
-1
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Environment 0.76 1.5

Overall 

Average

Hybrid

Stratton, 2010 1724 1342 1533

5745 1572 1192 1382

88P68 1986 874 1430

CGSH-8 1860 1442 1651

DKS29-28 1478 1861 1670

Akron, 2011 2699 2606 2656

5745 3291 3051 3188

88P68 2732 2481 2624

CGSH-9 1582 1683 1633

DKS29-28 3192 3291 3241

Overall Average 2212 1932 2076

Table A5.  Grain yields in the east/west row orientation 

for five hybrids and two row spacings across two 

environments at a seeding rate of 11 seeds m
-2

.

Row Spacing, m

kg ha
-1
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Environment

Seeding Rate, 

Seeds m
-1

3 11 20 Average 3 11 20 Average 3 11 20 Average

Overall 

Average

Hybrid

Akron, 2010 2.6 10.3 18.1 10.3 2.8 9.3 15.0 9.0 2.2 8.7 11.1 7.5 8.9

5745 2.6 11.6 20.1 11.5 3.2 9.3 13.7 8.7 2.5 9.0 11.1 7.5 9.2

88P68 2.5 10.3 17.5 10.1 2.3 10.5 15.2 9.3 1.9 8.6 11.0 7.2 8.9

CGSH-8 2.3 8.1 14.4 8.3 3.2 7.7 15.1 8.6 1.9 8.1 10.9 7.4 8.1

DKS29-28 3.0 11.3 20.2 11.5 2.5 9.6 15.9 9.4 2.3 9.2 11.5 7.7 9.5

Stratton, 2010 2.5 8.0 10.8 7.1 2.6 7.8 11.8 7.4 2.5 5.4 6.6 4.9 6.6

5745 3.1 9.0 14.5 8.9 2.8 8.6 12.4 7.9 2.7 5.2 6.4 4.9 7.4

88P68 2.0 8.0 9.6 6.5 3.3 6.6 11.8 7.3 2.1 5.5 6.8 4.8 6.3

CGSH-8 2.5 7.0 7.8 5.8 1.6 6.8 10.3 6.2 2.0 4.9 5.5 4.1 5.5

DKS29-28 2.5 8.2 11.4 7.4 2.8 9.0 12.8 8.2 3.2 6.1 7.9 5.8 7.2

Akron, 2011 0.9 3.2 4.6 2.9 1.9 6.5 9.0 5.8 4.4

5745 1.2 4.1 6.6 4.0 2.3 8.9 12.5 7.9 5.9

88P68 1.1 3.5 5.3 3.3 2.2 7.9 9.8 6.6 5.0

CGSH-9 0.2 0.8 0.8 0.6 0.6 1.3 2.0 1.3 0.9

DKS29-28 1.0 4.3 5.8 3.7 2.5 8.1 11.9 7.5 5.6

Fort Collins, 2011 1.7 5.9 10.1 5.9 1.9 5.7 7.8 5.1 5.5

5745 2.4 8.3 13.5 8.1 2.7 7.9 7.7 6.1 7.1

88P68 1.8 6.8 11.5 6.7 2.1 6.7 8.9 5.9 6.3

CGSH-9 0.5 1.7 3.2 1.8 0.4 1.5 2.2 1.4 1.6

DKS29-28 2.1 6.6 12.3 7.0 2.3 6.5 12.3 7.0 7.0

Greeley, 2011 2.1 7.2 13.3 7.5 2.1 7.3 10.9 6.8 7.1

5745 2.4 8.5 17.3 9.4 3.0 8.2 13.2 8.2 8.8

88P68 2.5 7.9 14.7 8.4 2.5 8.5 12.8 7.9 8.2

CGSH-9 0.8 2.5 5.9 3.1 0.5 2.4 5.0 2.6 2.8

DKS29-28 2.8 9.8 15.1 9.2 2.3 10.0 12.8 8.4 8.8

Overall Average 2.6 9.2 14.4 8.7 2.0 6.7 11.0 6.5 2.1 6.8 9.2 6.1 6.7

a
The 0.25m row spacing treatment was not repeated in 2011 due to equipment and personnel constraints.

Table A6.  Plant populations in the north/south row orientation for five hybrids, three seeding rates, and three row 

spacings across five environments.

Row Spacing, m

0.25
a

0.76 1.5

plants m
-1
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Environment 0.76 1.5

Overall 

Average

Hybrid

Akron, 2010 9.3 8.5 8.9

5745 10.0 9.5 9.7

88P68 8.1 8.0 8.1

CGSH-8 8.1 7.1 7.6

DKS29-28 10.8 9.5 10.2

Stratton, 2010 5.9 5.2 5.6

5745 6.1 5.8 6.0

88P68 5.3 4.9 5.1

CGSH-8 4.5 3.6 4.1

DKS29-28 7.6 6.5 7.0

Akron, 2011 3.6 6.9 5.3

5745 4.9 8.8 6.9

88P68 4.1 8.4 6.2

CGSH-9 0.7 1.3 1.0

DKS29-28 4.7 9.1 6.9

Overall Average 6.3 6.9 6.6

Table A7.  Plant populations in the east/west row 

orientation for five hybrids and two row spacings across 

three environments at a seeding rate of 11 seeds m
-2

.

Row Spacing, m

plants m
-1
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Environment
b

Seeding Rate, 

Seeds m
-1

3 11 20 Average 3 11 20 Average 3 11 20 Average

Overall 

Average

Hybrid

Stratton, 2010 1,115 1,110 1,120 1,115 1,114 1,115 1,119 1,116 1,162 1,135 1,119 1,137 1,122

5745 1,164 1,159 1,238 1,187 1,140 1,195 1,173 1,169 1,307 1,176 1,235 1,245 1,199

88P68 1,107 1,098 1,089 1,098 1,118 1,097 1,125 1,113 1,091 1,113 1,080 1,095 1,102

CGSH-8 1,085 1,085 1,062 1,077 1,097 1,071 1,071 1,078 1,104 1,081 1,066 1,083 1,080

DKS29-28 1,102 1,098 1,089 1,096 1,091 1,096 1,107 1,099 1,117 1,179 1,093 1,131 1,108

Akron, 2011 1,199 1,202 1,180 1,195 1,190 1,159 1,160 1,170 1,182

5745 1,278 1,273 1,201 1,264 1,284 1,189 1,213 1,229 1,244

88P68 1,155 1,122 1,142 1,140 1,122 1,109 1,087 1,106 1,123

CGSH-9 1,254 1,273 1,297 1,275 1,242 1,240 1,241 1,241 1,256

DKS29-28 1,151 1,141 1,106 1,134 1,137 1,108 1,113 1,119 1,126

Fort Collins, 2011 1,076 1,063 1,056 1,065 1,078 1,058 1,049 1,062 1,063

5745 1,148 1,121 1,092 1,121 1,130 1,110 1,126 1,122 1,121

88P68 1,050 1,042 1,031 1,041 1,039 1,020 1,005 1,021 1,031

CGSH-9 1,055 1,042 1,062 1,053 1,065 1,073 1,042 1,060 1,057

DKS29-28 1,046 1,046 1,039 1,043 1,077 1,031 1,023 1,043 1,043

Greeley, 2011 1,076 1,058 1,074 1,070 1,085 1,063 1,059 1,069 1,070

5745 1,157 1,154 1,119 1,143 1,138 1,118 1,139 1,130 1,137

88P68 1,059 1,050 1,066 1,058 1,100 1,028 1,043 1,057 1,058

CGSH-9 1,055 1,022 1,049 1,042 1,053 1,049 1,035 1,046 1,044

DKS29-28 1,035 1,054 1,074 1,055 1,062 1,058 1,040 1,053 1,054

Overall Average 1,115 1,110 1,120 1,115 1,111 1,111 1,102 1,108 1,127 1,103 1,096 1,109 1,109

a
The 0.25m row spacing treatment was not repeated in 2011 due to equipment and personnel constraints.

b
The flowering growing degree-days data was not available for the Akron 2010 environment (environment therefore not listed in the table).

Table A8.  Cumulative growing degree-days to half-bloom in the north/south row orientation for five hybrids, three seeding rates, 

and three row spacings across four environments.

Row Spacing, m

0.25
a

0.76 1.5

growing degree-days
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Environment 0.76 1.5

Overall 

Average

Hybrid

Akron, 2010 1,124 1,113 1,119

5745 1,236 1,218 1,227

88P68 1,096 1,114 1,105

CGSH-8 1,054 1,034 1,044

DKS29-28 1,110 1,088 1,099

Stratton, 2010 1,286 1,246 1,266

5745 1,332 1,365 1,349

88P68 1,211 1,252 1,232

CGSH-8 1,297 1,175 1,236

DKS29-28 1,303 1,191 1,247

Akron, 2011 1,185 1,157 1,170

5745 1,258 1,187 1,217

88P68 1,142 1,105 1,124

CGSH-9 1,253 1,239 1,245

DKS29-28 1,122 1,096 1,109

Overall Average 1,199 1,172 1,185

Table A9.  Cumulative growing degree-days to half-bloom 

in the east/west row orientation for five hybrids and two 

row spacings across three environments at a seeding rate 

of 11 seeds m
-2

.

Row Spacing, m

growing degree-days
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Environment

Seeding Rate, 

Seeds m
-1

3 11 20 Average 3 11 20 Average 3 11 20 Average

Overall 

Average

Hybrid

Akron, 2010 1,631 1,648 1,667 1,648 1,628 1,640 1,642 1,636 1,643 1,637 1,639 1,640 1,641

5745 1,735 1,727 1,719 1,729 1,697 1,719 1,726 1,713 1,702 1,715 1,701 1,706 1,714

88P68 1,609 1,623 1,674 1,635 1,617 1,607 1,627 1,617 1,623 1,616 1,614 1,618 1,623

CGSH-8 1,578 1,587 1,581 1,582 1,582 1,574 1,572 1,576 1,605 1,574 1,597 1,591 1,583

DKS29-28 1,603 1,695 1,720 1,673 1,617 1,660 1,664 1,647 1,634 1,644 1,644 1,640 1,653

Stratton, 2010 1,615 1,595 1,585 1,598 1,664 1,640 1,612 1,638 1,688 1,633 1,598 1,634 1,621

5745 1,692 1,666 1,669 1,675 1,772 1,715 1,654 1,713 1,731 1,683 1,638 1,677 1,689

88P68 1,579 1,552 1,538 1,557 1,597 1,645 1,606 1,619 1,680 1,554 1,585 1,601 1,589

CGSH-8 1,542 1,550 1,521 1,538 1,625 1,568 1,540 1,578 1,587 1,550 1,557 1,564 1,557

DKS29-28 1,646 1,610 1,611 1,622 1,662 1,606 1,639 1,636 1,730 1,708 1,617 1,685 1,645

Akron, 2011 1,644 1,611 1,613 1,622 1,637 1,609 1,606 1,617 1,620

5745 1,688 1,638 1,635 1,653 1,703 1,638 1,623 1,655 1,654

88P68 1,626 1,575 1,596 1,599 1,587 1,542 1,567 1,565 1,582

CGSH-9 1,627 1,669 1,674 1,658 1,672 1,687 1,673 1,677 1,669

DKS29-28 1,632 1,562 1,562 1,585 1,585 1,570 1,562 1,572 1,579

Fort Collins, 2011 1,640 1,615 1,583 1,612 1,624 1,592 1,583 1,600 1,606

5745 1,677 1,665 1,614 1,652 1,679 1,629 1,637 1,648 1,650

88P68 1,640 1,601 1,567 1,603 1,600 1,558 1,538 1,565 1,584

CGSH-9 1,633 1,614 1,596 1,611 1,605 1,607 1,613 1,608 1,609

DKS29-28 1,608 1,580 1,557 1,582 1,613 1,574 1,546 1,578 1,580

Greeley, 2011 1,552 1,530 1,532 1,538 1,548 1,534 1,526 1,536 1,537

5745 1,579 1,532 1,542 1,553 1,565 1,536 1,532 1,544 1,548

88P68 1,553 1,520 1,532 1,536 1,540 1,516 1,504 1,522 1,530

CGSH-9 1,554 1,553 1,547 1,551 1,541 1,539 1,536 1,539 1,544

DKS29-28 1,530 1,520 1,513 1,521 1,549 1,544 1,524 1,538 1,529

Overall Average 1,623 1,620 1,623 1,622 1,626 1,611 1,597 1,611 1,624 1,601 1,594 1,606 1,611

a
The 0.25m row spacing treatment was not repeated in 2011 due to equipment and personnel constraints.

Table A10.  Cumulative growing degree-days to maturity in the north/south row orientation for five hybrids, three seeding rates, 

and three row spacings across five environments.

Row Spacing, m

0.25
a

0.76 1.5

growing degree-days
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Environment 0.76 1.5

Overall 

Average

Hybrid

Akron, 2010 1,628 1,624 1,626

5745 1,677 1,688 1,682

88P68 1,622 1,610 1,616

CGSH-8 1,565 1,570 1,567

DKS29-28 1,647 1,628 1,637

Stratton, 2010 2,358 2,380 2,367

5745 - 2,439 2,439

88P68 2,358 - 2,358

CGSH-8 - - -

DKS29-28 - 2,321 2,321

Akron, 2011 1,609 1,613 1,611

5745 1,641 1,632 1,636

88P68 1,574 1,589 1,582

CGSH-9 1,653 1,653 1,653

DKS29-28 1,569 1,578 1,573

Overall Average 1,682 1,663 1,673

Table A11.  Cumulative growing degree-days to maturity 

in the east/west row orientation for five hybrids and two 

row spacings across three environments at a seeding rate 

of 11 seeds m
-2

.

Row Spacing, m

growing degree-days

†Dashes indicate missing data due to severe herbicide damage in 

Stratton in 2010.
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Row Spacing, m 0.76 1.5

Environment

Seeding Rate, 

Seeds m
-1

3 11 20 Avg. 3 11 20 Avg. 3 11 20 Avg.

North/

South 

Average 11 11

East/

West 

Average

Hybrid

Stratton, 2010 1.0 2.1 2.5 1.9 0.9 1.3 1.5 1.2 0.8 0.6 1.9 1.1 1.4 - - -

5745 1.5 2.5 0.0 1.3 0.0 0.0 2.5 0.8 0.0 1.5 1.5 1.0 1.1 - - -

88P68 0.5 1.5 1.5 1.2 1.5 4.0 2.0 2.5 0.0 1.0 1.5 0.8 1.5 - - -

CGSH-8 0.0 3.0 2.0 1.7 2.0 1.0 1.5 1.5 1.0 0.0 3.5 1.5 1.6 - - -

DKS29-28 2.0 1.5 6.5 3.3 0.0 0.0 0.0 0.0 2.7 0.0 1.0 1.1 1.5 - - -

Akron, 2011 1.3 2.1 2.1 1.8 1.6 1.9 2.6 2.1 1.9 3.5 4.5 4.0

5745 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 3.3 2.6

88P68 2.0 5.3 5.0 4.1 3.5 4.3 6.8 4.8 4.5 7.5 8.3 7.9

CGSH-9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 1.5 1.8

DKS29-28 1.3 1.0 1.3 1.2 1.0 1.5 1.8 1.4 1.3 2.5 5.0 3.8

Overall Average 1.0 2.1 2.5 1.9 1.1 1.7 1.8 1.5 1.2 1.3 2.3 1.6 1.6 3.5 4.5 4.0

a
The 0.25m row spacing treatment was not repeated in 2011 due to equipment and personnel constraints.

b
Plant lodging ranked on scale of 0 to 10, where 0 means no lodging and 10 means severe stalk lodging.

†Dashes indicate missing data due to severe herbicide damage in Stratton in 2010.

East/West Row 

Orientation

lodging ranking (0-10)
b

0.25
a

0.76 1.5

North/South Row Orientation

Table A12.  Plant lodging scores at harvest in two row orientations for five hybrids, three seeding rates, and three row 

spacings across two environments.
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APPENDIX III 

MY SORGHUM PRESENTATIONS  

(EVENT, LOCATION, & DATE) 

USDA Field Day Akron, CO  June 2010 

Sorghum Field Day Akron, CO  September 2010 

Sorghum Field Day Brandon, CO   September 2010 

Sorghum Field Day Walsh, CO   September 2010 

Colorado Ag. Classic Loveland, CO  December 2010 

Sorghum Producers Meeting Granada, CO  February 2011 

USDA Field Day Akron, CO  June 2011 

Sorghum Field Day Akron, CO  September 2011 

Sorghum Field Day Brandon, CO  October 2011 

Sorghum Field Day Walsh, CO  October 2011 

Colorado Ag. Classic Loveland, CO  December 2011 

USDA Stakeholder Meeting Akron, CO  January 2012 

Sorghum Producers Meeting Granada, CO  March 2012 

Soil & Crop Sciences Seminar Fort Collins, CO  March 2012 

Thesis Defense Fort Collins, CO  April 2012 

USDA Field Day Akron, CO  June 2012 


