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ABSTRACT 

Yield improvements over the past few decades have been attributed partly to 

improvements that allow the increase of optimum plant population and not the increase of 

grain produced per plant. Methods are needed to develop variable rate seeding strategies 

for corn, however they depend on a better understanding of corn response to soil and 

landscape variability. This research was conducted to 1) examine the development and 

physiological responses of four corn hybrids to a range of seeding rates, 2) characterize 

the effect of seeding rate and hybrid on yield in strip trial experiments, and 3) compare 

three spatial modeling frameworks of analysis for examining yield map data. For this 

third objective, the models were (1) analysis on strip yield means, (2) analysis on 

spatially de-trended strip means, (3) and analysis with a soil measurement covariate [bulk 

soil electrical conductivity (ECa)]. Two studies were conducted to investigate these 

objectives. Study 1 was field-scale strip-trials of four hybrids and three seeding rates 

(74,000, 84,000, and 94,000 seeds ha-1) on producer fields at multiple locations (7 in 

2013, 5 in 2014) in the Central Claypan Areas of Northeast Missouri. Study 2 was plot 

research at Bradford Research and Extension center in Columbia MO conducted in a 

randomized complete block design This second study included  the same four hybrids 

and seeding rates as Study 1 with an additional four seeding rates (44,000, 54,000, 

64,000, and 104,000 seed ha-1).  Hybrids were chosen with similar traits but different 

maturity ratings ranging from 103-112 days to maturity. For Study 1 grain yield was 

measured by yield monitor. To account for uncontrolled spatial variation, smooth local 

trends were removed from the yield maps using a local polynomial interpolation and 

correlation to ECa. Spatially de-trended yield was compared to strip mean for 
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identification of treatment differences. Within the strip plots smaller sub plots were 

identified for intensive season-long physiological and morphological measurements. 

Differences for hybrid and seeding rate were found for leaf area plant-1, LAI, NDVI, 

NDRE, kernel mass (g ear -1), rows (ear-1), and kernels (ear-1). Hybrids behaved in a 

similar trend with later maturing hybrids having higher responses for many of these 

measurements. A few exceptions occurred. For example one hybrid produced the ear 

higher on the stalk and had a thinner stalk than the other hybrids. The same hybrid also 

had the fewest number of kernel rows (ear-1) and kernels (ear-1). Seeding rate differences 

had consistent trends for both studies. As plant population increased, yield components 

decreased on a per plant basis and increased on a per hectare basis. The wider range of 

seeding rates on Study 2 showed more significant differences between rates helping to 

establish how an extreme low or high seeding rate has a drastic effect on corn 

physiological and morphological responses. For objective 3, different modeling 

techniques were developed helping explain field spatial variability with similar results for 

fit statistics for all the models that explained significant differences between hybrids. 

However, larger datasets are needed to understand which modeling framework explains 

treatment differences best. The application of soil ECa data in this research was not found 

to provide insight into how field scale spatial variability can affect yield. From both 

studies, competition was found to lead to greater per-plant variability for different 

physiological and morphological responses some playing a vital role in grain yield, 

biomass, and harvest index. With greater understanding of how corn hybrids respond to 

increased intra-specific competition, better seeding rate recommendations can be made to 

optimize grain yield on varying soils in Mid-Missouri. 
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CHAPTER 1 REVIEW OF CURRENT LITERATURE 

INTRODUCTION 

Many different components of the corn production system are changing as new 

advances occur. Examples of change include hybrids with specialized traits, engineering 

technologies used by growers to perform variable-rate seeding, variable-rate nutrient 

application, yield mapping, and utilize sensors for measurement of soil landscape 

variability (Kitchen et al., 1999; Massey et al., 2008). Corn hybrids exhibit variable 

response of physiological, morphological, and yield parameters due to interactions with 

other management factors such as seeding rate. Furthermore, these interactions may 

differ by environment and need to be examined in a variety of soil-landscapes and 

weather years. Increased understanding of the interactions between genetics, 

environment, and management (G x E x M) are needed. As these individually change, so 

do their interactions, and thus the complexity of information needed to make 

management decisions is magnified. This complexity can frustrate growers desiring to 

know which hybrid to choose and at what seeding rate to plant in accordance with their 

soil conditions. An increased understanding of the complexities of G x E x M needs more 

basic crop physiology response research to help support the decision making process. 

This research will address G x E x M factors or effects, examining how one set of 

hybrids planted at different seeding rates responds in the claypan soil landscape. Soils 

with high clay content are a common environmental factor in Northern Missouri and 

other places in the U.S. Midwest. These soils have unique characteristics and 

management challenges compared to other soils in the Corn Belt. They will be reviewed 
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as foundation for interpretation of this research work. Within this review will be a 

summary of how the management of seeding rate affects water uptake and availability, 

nitrogen (N) uptake and availability, and light interception and use-efficiency in corn. 

Genetic, or hybrid changes in stress tolerance due to seeding rate will also be considered. 

Lastly this review will cover physiological responses that help characterize corn 

morphology and growth, and how these responses have been shown to be affected by G x 

E x M factors.  

CLAYPAN SOILS  

A large portion of northern Missouri has been classified as The Central Claypan 

Region (MLRA 113) (USDA-NRCS, 2006). Claypan soils are classified as soils that are 

in the mesic, aquic, or udic soil moisture regime and contain a high amount of smectitic 

mineralogy. These soils present unique challenges for crop growth. Mainly, due to the 

ability of clay particles to hold a large portion of water at high tension and the high shrink 

swell properties attributed to smectite. Under saturated conditions smectite clays expand 

as water enters between mineral layers. Because clay content in the argillic horizon is so 

large, this expansion reduces the pore space and impedes percolation throughout the soil 

profile. This condition may occur over an extended period during wet winter and spring 

months (Kitchen et al., 1999). The resulting perched water table can lead to high disease 

potential, cause delays in planting, and generally result in poor planting conditions. These 

conditions also cause a decrease in seed emergence in the spring (Blanco-Canqui et al., 

2002).  



 

3 
 

The variability in soil landscape that occurs in a field can contribute to large 

variability in yield. Soil-landscape variability is not limited to visible surface changes but 

also includes variability in the whole soil profile (Yemefack et al., 2005). Optimal 

seeding rate may be dependent on topsoil depth, and maps of depth to claypan or argillic 

horizons may allow a grower to choose seeding rate and hybrid for a specific landscape. 

The ability to map this variability has increased over the past few decades. Bulk soil 

electrical conductivity (ECa) has been used to determine topsoil depth in the Central 

Claypan Region (Kitchen et al., 1999). These sensors may be useful to map soil-

landscape variability for the purpose of making variable rate seeding prescriptions. 

SEEDING RATE 

Yield improvements in recent decades have been largely attributed to increased 

tolerance to high plant populations and not as much due to the increase of grain produced 

per plant (Duvick, 2005). The ratio of grain mass to the mass of dry matter produced, or 

Harvest Index, has remained constant since open pollenated varieties were widely grown 

(Tollenaar and Lee, 2002). The ability of farmers to increase seeding rate has been due to 

the increased efficiency of hybrids to utilize water, light, and nutrients (Raymond et al., 

2009). Higher planting densities will produce an increase in yield, but a decrease in the 

space between plants leads to greater intra-specific competition. Intra-specific 

competition occurs when plants of the same species compete for the resources needed for 

plant growth and seed development. Excessive intra-specific competition results in water, 

light, and nutrient deficiency as well as decreased plant growth and performance. This 
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can be seen as a decline in kernel number per plant as well as an increase in the number 

of barren ears (Maddonni and Otegui, 2004). 

Modern hybrids however have a greater tolerance to higher planting populations in 

part because of their improved ability to support and maintain photosynthesis. One 

mechanism for this increased tolerance is a better maintenance of leaf area during intra-

specific stress. While per plant leaf areas remain relatively constant with increased 

seeding rate, leaf area index is greater because more leaf area is contained in a smaller 

physical footprint (Dwyer and Tollenaar, 1989; Tollenaar et al., 1992). 

A more uniform canopy may relieve this intra-specific competition. Plants which are 

dominated (shorter and thinner plants) tend to have smaller biomass as a result of their 

reduced ability to gather nutrients, water, and light. This lack of resource capture and 

reduced plant biomass production has a much greater effect on grain yield at higher 

planting populations than at lower plant densities (Maddonni and Otegui, 2004). Intra-

specific competition can cause stress for different resources crucial to plant growth and 

performance. Light is needed to initiate electron flow in the photosystems of plants. This 

converts light energy into chemical energy which is used to drive plant growth and 

development. It is important to understand how seeding rate can govern stress and the 

rate that is optimal for highest yield. 

How Does Seeding Rate Affect Water Stress?  

Most corn production in Northeast Missouri is managed as dryland since the primary 

irrigation water sources are surface impoundments or deep wells (Blumenthal et al., 

2003). The inability to manage with irrigation can lead to issues during periods of water 
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stress in mid- to late-summer when evaporative demand exceeds the input of moisture 

from rainfall. As previously mentioned claypan soils can hold water at high tension due 

to mineral structure, surface charge, and large surface area. Both drought conditions and 

claypan soil properties can lead to increased water stress in a plant. Deeper and more 

vertical root architecture in modern corn hybrids has helped plants to more efficiently 

gather water at higher seeding rates (Boomsma et al., 2009; Hammer et al., 2009). 

Photosynthetic mechanisms required for plant growth need water in order to function 

(Boomsma et al., 2009). Drought or increased competition for water may cause stomates 

to close more often and stay closed longer due to a decrease in the amount of plant 

available water. Shoots will not grow unless roots are supplying them with adequate 

water to allow stomates to open for gas exchange. Impeded gas exchange disallows 

transpiration and reduces the amount of CO2 that can be diffused into the plant. Free gas 

exchange is needed for photosynthesis to occur efficiently. Drought also causes cells to 

become dehydrated resulting in the shrinking of cells. As root cells shrink, they may 

physically move away from the soil particles, potentially resulting in root hair damage all 

of which are is detrimental water uptake (Taiz and Zeiger, 2010). Cavitation can occur as 

water becomes less available to the plant causing cells within the xylem to break apart 

from the force of tension on the water column. On the other hand, roots will continue to 

grow until the shoots stop providing photosynthates. As seeding rate is increased so is the 

competition for water, and a reduction in water supply leads to reduced photosynthesis 

and decreased plant biomass, resulting in lower grain yield. 
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How Does Seeding Rate Affect Nitrogen Stress? 

Increased yield in recent decades have been attributed to an increase in seeding rates. 

High seeding rates also increase the intraspecific competition, specifically for N which 

can be a yield limiting factor for corn. When N is limited there is a decrease in foliar N 

proteins in the chloroplasts, required for maintenance of photosynthesis and leaf tissue, 

and the result is a decreased rate of photosynthesis.  (McCullough et al., 1994a, 1994b; 

Boomsma et al., 2009). The decrease in photosynthetic processes, leads to reduced plant 

canopy growth which further reduces the yield potential due to lesser amounts of total 

leaf area, and reduced stomatal conductance (LAI) (McCullough et al., 1994a, 1994b). A 

reduction in leaf area can lead to lower radiation interception and radiation use efficiency, 

which results in less plant biomass (McCullough et al., 1994a; b).  

Nitrogen use efficiency (NUE) is an indicator of how well the applied N fertilizer or 

mineralized N is being used for grain production. Moll et al. (1982) describes NUE as the 

amount of grain produced per unit of available soil N and continues to describe the 

breakdown of grain NUE as the product of N-uptake efficiency (N uptake per unit 

available soil N) and N-utilization efficiency (grain produced per unit absorbed N) (Moll 

et al., 1982; Coque and Gallais, 2007). The general trend is that at higher densities NUE 

has increased but only to the point at which there is sufficient N in the soil to sustain 

higher seeding rates. The demand for N uptake is higher with more plants resulting in less 

N loss, and less N loss increases NUE (Hashemi et al., 2005).  

One study done by Boomsma et al. (2009) suggests that modern hybrids are reacting 

to higher stand densities. This study observed how intense intraspecific competition was 

the reason for low grain production in a high density, low N environment. The 
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physiological responses of this competition were, a reduced plant height, stem diameter, 

vegetative biomass, and above ground biomass all occurring before and after anthesis. 

Furthermore the low N content resulted in leaves lower in the canopy senescing more 

rapidly during kernel fill. These observations were hypothesized by Boomsma et al, 

(2009) to be a result of decreased chlorophyll content and leaf N content. Other 

observations as a result to N deficiency also included reduced leaf area during the first 

reproductive stage, while kernel weight, kernels per plant, grain yield per plant, and the 

harvest index per plant were all lower at harvest, in addition, the per plant variability in 

grain yield was higher. Boomsma et al, (2009) suggested that this lower yield with highly 

competitive intraspecific competition is in response to a reduction in activity of source 

tissue just before R1 started. It is also due to decreased plant growth and suppressed 

assimilate partitioning to the ear during R1 stage. Further the leaf N was remobilized 

earlier which may have contributed to reduced carbon assimilation during kernel fill 

(Boomsma et al., 2009). Studies show that intra-specific competition for N with increased 

plant density may result in plants being more responsive to application of N (Boomsma et 

al., 2009; Rossini et al., 2012). 

Nitrogen is widely used throughout the U.S. Corn Belt as the primary fertilizer input 

required for corn production. It is important to understand how it can be used more 

efficiently. With an increase in stand density and an increase in N competition there may 

be better responsiveness of individual plants to an N application, however optimum N 

rate may eventually plateau as seeding rate is increased too much (Shapiro and 

Wortmann, 2006; Rossini et al., 2011). 
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How Does Seeding Rate Affect Light Stress? 

Seeding rate has an influence on the development and morphology of the plant, 

especially canopy architecture. Components of the canopy architecture are leaf shape and 

size, number of leaves per plant, and the manner in which those individual leaves are 

oriented within the canopy. More vertical leaf angles in modern hybrids have allowed the 

maintenance of light interception while planting at increased population. Changes in 

steeper vertical leaf orientation due to plant breeding has played a role in the tolerance of 

corn to higher seeding rates and has improved light interception characteristics (Girardin 

and Tollenaar, 1994). However, an increase in photosynthetic activity does not occur 

unless LAI is large (Lee and Tollenaar, 2007). At early growth stages slight changes in 

LAI can result in large increases of light interception efficiency. The crops’ ability to 

gather light increases as population increases however, mutual shading increases between 

plants and LAI becomes saturated. This corresponds to reduced light use efficiency and 

can lead to a reduction in biomass per plant (Maddonni and Otegui, 2004). The plant’s 

ability to gather light is also affected by water and N stress. As these stresses occur light 

interception can be diminished due to smaller plant biomass or leaf curling (Maddonni 

and Otegui, 2004). 

HYBRIDS  

The increase in corn yields in the U.S. Corn Belt in recent decades is largely 

attributed to the advancement of breeding technologies (Troyer, 1999). The advancement 

in hybrids has helped to increase tolerance to abiotic and biotic stresses. Some of these 

stress tolerance mechanisms are changes to plant canopy structure (Troyer, 1999; 
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Boomsma et al., 2009), improved water use efficiency (WUE) during drought, and 

improved N-use efficiency. According to Tollenaar et al. (2002) stress tolerance is a 

measure of how a plant will mitigate the impact of intraspecific competition. Yield 

potential is the maximum yield that can be achieved under non-stress conditions (Blum, 

2005). Hybrids that have a higher yield potential tend to perform poorly under stress 

conditions. In contrast those hybrids that have a lower yield potential tend to perform 

better under stress conditions (Blum, 2005). Genetic improvements that include traits 

linked to stress tolerance have helped improve yield potential (Evans and Fischer, 1999).  

How Does Hybrid Selection Affect Water Stress? 

As indicated above, there are multiple ways drought impacts plant physiology and 

productivity. Recent development and availability of hybrids marketed as ‘drought 

tolerant’ may in fact be more capable to survive or yield higher in drought situations. Key 

mechanisms for efficient water use are stomate regulation and survival of plants during 

periods of drought. Drought also may reduce light interception due to leaf curling. Corn 

is most susceptible to drought stress during early reproductive stages due to the 

sensitivity of pollen growth to head and/or low pollination. Pollination determines the 

number of kernels produced per ear. Corn may also abort successfully pollenated kernels 

if regulatory systems sense a stressful condition. This could be, for instance, competition 

for photosynthates between seed fill and large root system that are exploring for soil 

water in the profile. After reproduction begins the plant must sink photosynthates into the 

kernels for seed production rather than into the root systems (Taiz and Zeiger, 2010). In 

contrast, corn is less sensitive to drought stress occurring during the early vegetative 
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stages due to reduced need for water at these stages. Water stress at early vegetative 

stages could be advantageous to condition the plant and prepare it for periods or water 

stress later on in the growing season (Shaw, R.H., 1977). 

Since water is frequently the greatest limiting factor in later growth stages, corn 

plants need to be able to use water efficiently. Water use efficiency is defined as the ratio 

between water uptake versus transpiration loss (Sinclair et al., 1984). It is important to 

understand what is needed to improve WUE. Condon (2004) describes three key plant 

process opportunities for improvement. The first opportunity they identify is increased 

infiltration and uptake, and movement of available water through the plant rather than 

allowing it to be evaporated from soil surface or drained away from the root zones. The 

next is more intake of CO2 via stomates. And the final is placing more of the biomass into 

the harvested grain. One way plants increase WUE is to have longer roots which are able 

to access water deeper in the soil profile (Blum, 2005). Individual hybrids may or may 

not have sufficient root length or growth rates for the environment they are grown in.  

In a study comparing an older open-pollinated variety and a newer hybrid the open 

pollinated variety pulled a disproportionate amount of plant available moisture out of the 

rooting zone early in the season (Campos et al., 2004). When the older variety was in a 

critical flowering stage it had already depleted most if not all of the moisture in the 

rooting zone leaving it nothing to use for grain fill and resulting in a lower yield. A key 

attribute of modern hybrids is increased WUE. Modern corn hybrids uptake soil moisture 

when it is needed in the plant for growth or kernel fill. The rooting depth and structure of 

these hybrids seems to respond in a way that promotes WUE (Campos et al., 2004). In 

contrast, the limitation of water uptake may not be a function of the root structure but of 
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soil factors that limit the roots ability to increase in size (Richards et al., 2002). Overall, 

hybrid development WUE helps to address key limitations due to interactions with soil 

and weather environments (Blum, 2005). 

How Does Hybrid Selection Affect Nitrogen Stress? 

Modern hybrids show signs of greater N responsiveness but are also showing an 

increase in NUE (McCullough et al., 1994a; b; Ma and Dwyer, 1998; Ding, 2005; Coque 

and Gallais, 2007). The suggested signs of improvement with NUE and N stress tolerance 

have a lack of consistency and research on these topics shows the need for further 

improvements to hybrid NUE (O’Neill et al., 2004). An irony of NUE is that NUE is 

highest when plants are N stressed. If plants lack N then all of the available N is being 

used very efficiently towards plant growth and kernel fill (Barbieri et al., 2008). Studies 

have shown that high planting densities are very responsive to N applications but 

different hybrids respond differently to both higher densities and N. Similar physiological 

responses can be noted between low N availability and high stand densities including, 

reduced per-plant light interception, decreased overall plant biomass, and lower harvest 

index. These responses can be very similar whether they be due to crowding, water, or N 

(Tollenaar and Lee, 2002; Boomsma et al., 2009). 

Physiological Response to G x E x M 

 Phenotypic, physiologic, and morphological responses of hybrids to environment 

and management are important indicators of crop stress and/or crop performance. At 

silking and beyond some key expressions or responses to these interactions are greater 

LAI, better radiation use efficiency, reduced anthesis-silking interval, reduced dry matter 
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partitioning into the tassel, greater dry matter accumulation post silking, and delayed 

senescence of leaves during grain fill (Lee and Tollenaar, 2007; Boomsma et al., 2009, 

2010). Other traits that apply more to plant canopy morphology and architecture such as 

stronger stems with reduced lodging, and more vertical leaf orientation (Tollenaar and 

Aguilera, 1992; Tollenaar and Lee, 2002; Lindquist et al., 2005). These traits have helped 

to improve light interception, and plant photosynthesis efficiency due to increased canopy 

interception, resulting in greater plant biomass, and grain production (Boomsma et al., 

2009; Tollenaar and Lee, 2006; Duvick and Cassman, 1999).  

Dozens of different metrics are used to characterize the morphology, growth, and 

behavior of corn. The chapters that follow give an explanation of the metrics used in this 

research to understand corn growth and behavior examining seeding rate and hybrid. This 

work will help shed light on some of the physiological and morphological responses of 

different corn hybrids due to intra-specific competition on varying soils in Mid-Missouri.  
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CHAPTER 2 CORN PHYSIOLOGY AND YIELD RESPONSE TO 

HYBRID AND SEEDING RATE IN MID MISSOURI 

ABSTRACT 

Yield improvements over the past few decades have been attributed to increased 

tolerance to higher plant populations and not the increase of grain produced per plant. A 

goal in precision agriculture is to identify seeding rates that optimize yield, but that also 

minimize intra-specific competition. The objective of this research was to examine 

season-long development and physiological responses of multiple corn hybrids at a range 

of seeding rates. Two studies were conducted to investigate this objective. Study 1 was 

field-scale strip-trials of four hybrids and three seeding rates (74,000, 84,000, and 94,000 

seeds ha-1) on producer fields at multiple locations (7 in 2013, 5 in 2014) in the Central 

Claypan Areas of Northeast Missouri. Hybrids were chosen with similar traits but 

different maturity dates ranging from 103-112 days to maturity. Hybrids were 

P0365YHR (H103), P0636HR (H106), P0993HR (H109), and P1248AM (H112). Study 

2 was plot research at Bradford Research and Extension center in Columbia MO 

conducted in a randomized complete block design This second study included the same 

hybrids and seeding rates as Study 1 with an additional four seeding rates (44,000, 

54,000, 64,000, and 104,000 seed ha-1). Within the strip plots smaller sub plots were 

identified for intensive season-long measurements. Differences for hybrid and seeding 

rate were found for leaf area plant-1, LAI, NDVI, NDRE, kernel mass (g ear -1), rows (ear-

1), and kernels (ear-1). Later maturing hybrids tended to have having significantly greater 

values for many of the measurements. Seeding rate differences had consistent trends for 
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both studies on a per plant and per hectare basis with results decreasing per plant as 

seeding rate was increased and an inverse trend per hectare. The wider range of seeding 

rates on Study 2 showed more significant differences in measurements helping to 

understand how an extreme low or high seeding rate has a drastic effect on corn 

physiological and morphological responses andyield. For example, canopy reflectance 

increased as seeding rates increased, biomass per plant decreased with increased plant 

density, and yield increased with higher plant densities but plateaued at about 74,000 

seeds ha-1. Yield did increase as seeding rate was increased but only to the mid-range of 

seeding rates utilized. It is important to choose a seeding rate that optimizes yield while 

minimizing the effects of intra-specific competition. 

INTRODUCTION 

Many producers now have planting equipment with the capability to vary seeding 

rates and hybrids on-the-go. This engineering capability available to producers may, 

however, exceed the agronomic capability to effectively utilize this equipment. Methods 

are needed to develop variable rate seeding applications in corn that are based on an 

understanding of the physiological response of corn to soil-landscape and weather 

variation, two driving components of “E” within the G x E x M framework. Because crop 

response to these two components of “E” is site-specific, crop response uniqueness 

occurs both at the regional scale (e.g., across major soil associations) as well as across the 

landscape (e.g., summit, backslope, and toeslope positions) within fields. With corn 

production, key physiological processes affected by weather and soil that impact the 

management decisions of hybrid selection and seeding rate include water uptake, gas 
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exchange, and photosynthetic rate or efficiency. New drought tolerant hybrids recently 

available on the market may demonstrate different interactions with seeding rate. Thus 

hybrid improvement needs to consider crop response at both regional and landscape 

scales. As the interactions between genetics and the environment are better understood on 

the physiological responses of corn, better hybrid selection and seeding rate 

recommendations can be developed.  

As corn hybrids improve, their tolerance of plant density continues to increase 

making it important to continually study what the optimum planting population is in any 

given region (Duvick and Cassman, 1999). Results show that newer hybrids are able to 

withstand lodging better and are also better able to resist environmental stresses thus 

resulting in fewer number of barren plants (Tollenaar and Lee, 2002). Corn seeding rates 

have been increasing at a rate of about 1,000 seeds ha-1 year -1 since 1950. Plant densities 

in the 1950’s were around 50,000 seeds ha-1 while in the mid-2000s 80,000 seeds ha-1 was 

a common rate (Duvick, 2005; Mansfield and Mumm, 2014). On the other hand, as plant 

densities are decreased with newer hybrids there is an increase in yield on an individual 

plant basis but yield per unit area decreases (Tetio-Kagho and Gardner, 1988).  

Many different metrics are used to characterize the morphology, growth, and 

behavior of corn. Phenotypic, physiologic, and morphological responses of hybrids to 

environment and management are important indicators of crop stress and/or crop 

performance. Changes in canopy morphology and architecture such as stronger stems 

with reduced lodging, and more vertical leaf orientation have also been observed (Lee 

and Tollenaar, 2007; Tollenaar and Aguilera, 1992; Lindquist et al., 2005). These traits 

have helped to improve light interception, and photosynthetic efficiency due to increased 
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canopy interception, resulting in greater plant biomass, and more grain production 

(Boomsma et al., 2009; Tollenaar and Lee, 2006; Duvick and Cassman, 1999). 

Excessive stand densities and greater intra-specific competition result in overall 

reduced productivity and greater interplant variability (Maddonni and Otegui, 2004). 

Variability occurs in canopy measurement such as plant height, stem diameter, and leaf 

area, resulting in differences between plant biomass, kernels per ear, and kernel weight 

(Maddonni and Otegui, 2006; Boomsma et al., 2010). Plant variability can allow larger 

plants to outcompete smaller plants (Maddonni and Otegui, 2004). Excessive stand 

density can cause greater numbers of barren plants and reduced kernels per ear. These 

two outcomes can reduce yield; therefore, understanding the threshold of yield loss is 

critical when increasing planting density. At silking and beyond some key expressions or 

responses to hybrid seeding rate interactions are: greater LAI, better radiation use 

efficiency, reduced anthesis-silking interval, reducing dry matter partitioning into the 

tassel, greater dry matter accumulation post silking, and delayed senescence of leaves 

during grain fill (Duvick and Cassman, 1999; Lee and Tollenaar, 2007; Boomsma et al., 

2009). 

Plant density also influences leaf area index (LAI) which may result in greater 

solar radiation interception and use. In lower plant densities, plants are able to use the 

available resources better and intra-specific competition is low, but as densities increase 

so does intra-specific competition resulting in less available resources for plants 

(Moosavi et al., 2012). The total active radiation absorbed by leaf area in the reproductive 

stages can be a determining factor of corn yield, and decreasing yield has shown a high 

correlation to a decrease in LAI (Lizaso et al., 2003). Therefore, LAI can partially 
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characterize a plant’s ability to convert light into energy (Moosavi et al., 2012). As plant 

density increases beyond an optimum level of LAI, yields can decrease (Baron et al., 

2006; Williams, 2012). The result of better light use can be an increase in dry matter 

accumulation and more biomass production. 

Reflectance sensing, such as accomplished with active crop canopy sensors, 

provide insight into the amount of leaf area, plant biomass, and chlorophyll content in a 

plant (Reusch et al., 2010). Crop canopy sensors are described as “active sensors” 

because they provide their own light source that emits visible and near infrared light 

(Figure 2.1) while photoreceptors simultaneously measure canopy reflectance (Holland et 

al., 2004). Active light canopy sensors can be used in any light conditions to measure 

canopy reflectance and still give consistent results. 

 

Figure 2.1 Diagram of an active crop canopy sensor adapted from (Stevens, 2014). 

These sensors measure light reflectance that can be used to calculate vegetative 

indices, such as the normalized difference vegetative index (NDVI), and the normalized 



 

22 
 

difference red edge (NDRE). The equations to calculate these indices are similar but 

instead of a the red wavelength used in NDVI (Eq. 2.1) NDRE uses a red edge 

wavelength (Eq. 2.2) (Holland et al., 2004). They are calculated as follows, 

𝑵𝑫𝑽𝑰 =
𝑹𝑵𝑰𝑹 − 𝑹𝑹𝑬𝑫

𝑹𝑵𝑰𝑹 + 𝑹𝑹𝑬𝑫
                                                        [2. 1] 

where RNIR = near-infrared reflectance (780 nm) and RRED = red reflectance (670 nm) and 

𝑵𝑫𝑹𝑬 =
𝑹𝑵𝑰𝑹 − 𝑹𝑹𝑬𝑫 𝑬𝑫𝑮𝑬

𝑹𝑵𝑰𝑹 + 𝑹𝑹𝑬𝑫 𝑬𝑫𝑮𝑬
                                                   [2. 2]  

where RNIR = near-infrared reflectance (780 nm) and RRED EDGE = red edge reflectance 

(730 nm). 

Studies have shown that NDVI can be a good estimator of LAI and has also been 

used to predict plant biomass and yield (Colombo, 2003; Steltzer and Welker, 2006). 

Active canopy sensors can indicate plant N status and can be used to develop N 

application recommendations on the go. Because of the correlations of NDVI to biomass 

and leaf area, active canopy sensors can be effectively used multiple times during the 

growing season to track plant N status and leaf development. 

After flowering occurs fertilized ovules begin to accumulate dry matter, limiting 

the partitioning of assimilates into leaf, stem and root production. Determinate crops such 

as corn tend to stop vegetative growth at flowering. Thus, corn puts most of its energy 

into vegetative growth for 60 to 70 days to allow for better light interception and more 

efficient energy production from photosynthesis. Better energy production results in more 

efficient uptake of water and nutrients and more vegetative growth overall (Taiz and 

Zeiger, 2010). 
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An analysis of physiological and morphological responses will help give a better 

understanding of how hybrid selection can be affected by different seeding rates at 

reproductive growth stages. Physiological measurements can potentially have an effect 

on the number of kernels at harvest and overall grain yield (Maddonni et al., 2006). The 

objective of this research is to examine corn development and physiological responses of 

multiple hybrids at a range of seeding rates. 

MATERIALS AND METHODS 

Site Locations and Soils 

This research includes 2 studies. Study 1was conducted in 2013 and 2014 and Study 2 

in 2014 only. Study 1 was conducted in strip trial plots on producer field locations 

scattered throughout northcentral and northeast Missouri while Study 2 was in small plots 

at the Bradford Research and Education Center in Columbia, MO (Figure 2.2). Sites for 

both studies were located relatively close to one another (90-120 kilometers) in order to 

minimize the impact of weather variability. Management practices differed between sites 

including planting date (especially in 2014), fertility management, herbicide and 

pesticides, and tillage practices. Site selection was based on the soil series with a desire to 

maintain a similar soil landscape among the locations. All the plots were on a fine, 

smectitic, mesic Vertic Albaqualf and a fine, smectitic, mesic Vertic Epiaqualf with one 

exception, a Fine-silty, mixed, superactive, mesic Typic Hapludalf. Soil taxonomic 

descriptions for all sites are listed (Table 2.1). 
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Figure 2.2 Locations of research sites in Mid-Missouri. 
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Table 2.1 Soil series and taxonomic class for research sites in Mid-Missouri. 

Field ID Soil Series Taxonomic Class % Trt 

Area 

CW Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

DN Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

JB Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

JR Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

MO Mexico silt loam, 0-2% Fine, smectitic, mesic Vertic 

Epiaqualfs 

100% 

SA Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

TF Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

DOC Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

FLOW Menfro silt loam, 2-5% Fine-silty, mixed, superactive, mesic 

Typic Hapludalfs 

45% 

 Menfro silt loam, 5-9%, 

eroded 

Fine-silty, mixed, superactive, mesic 

Typic Hapludalfs 

56% 

SH Mexico silt loam, 0-2% Fine, smectitic, mesic Vertic 

Epiaqualfs 

100% 

CM Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

MS Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

Study 2 Mexico silt loam, 0-2% Fine, smectitic, mesic Vertic 

Epiaqualfs 

100% 
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Experimental Design 

Study 1 was developed in cooperation with a project DuPont Pioneer has with corn 

growing producers throughout the U.S. A measurement protocol was implemented for 

these in field-scale strip-trials at multiple locations (7 in 2013 and 5 in 2014) in the 

Central Claypan Areas of Northeast Missouri. The design of Study 1 included four 

different hybrids at three different seeding rates: 74,000, 84,000, and 94,000 seeds ha-1. 

Hybrids were chosen for their similar genetic and phenotypic traits but had a range of 

relative maturity ratings of 103 to 112 days. Hybrids were P0365YHR (H103), P0636HR 

(H106), P0993HR (H109), and P1248AM (H112) (H signifies hybrid). Since hybrid-

population strips were not replicated within locations, individual locations in Study 1 

serve as replicates in a spatially-distributed randomized complete block design. The strip 

plots in this study were either six or eight rows wide at 0.762 m row spacing. Each 

experimental site contained twelve strip trial plots arranged in a random order from one 

site to the next with varying strip lengths between sites. Within each strip plot there were 

a set of small plots that were 6.096 m in length and 2 rows per plot used for this 

investigation (Figure 2.4). 

After the 2013 growing season it was determined that Study 1 represented an 

insufficient range in seeding rates, difficulties in timely coverage of measurements of 

these field scale replicates, and confounding issues with differences between 

management decisions. As such it was concluded that Study 1 would be difficult to see 

treatment differences in strip yields or canopy measurements. To remedy this Study 2, a 

randomized complete block design at the Bradford Research and Education Center at 

Columbia, MO was implemented. This experiment replicated the hybrids and seeding 
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rates of the field scale experiment, but augmented into this design were four additional 

seeding rates (44,000, 54,000, 64,000, and 104,000 seeds ha-1). A representation of the 

treatment layout of Study 2 is provided (Figure 2.4). 
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Figure 2.3 Study 1 strip trial treatment layout of hybrid and seeding rate for all sites with small plot from which 

measurements were obtained within the indicated blue box. 
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Figure 2.4 Study 2 treatment layout of hybrid and seeding rate in randomized complete block design location. The key 

represents the plot layout of treatments. The letter represents hybrids H103 (A), H106 (B), H109 (C), and H112 (D) with 

seeding rates represented in thousands of seeds ha-1. 
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Plant and Canopy Measurements 

Within the Study 1 strip plots we identified smaller sub plots where an intensive set 

of physiological and morphological measurements were taken throughout the season. 

Study 2 received a similar set of measurements (at vegetative 6 (V6), vegetative tasseling 

(VT), and sensor measurements during reproductive stages). Population at emergence 

was counted at the V4 growth stage to be certain full emergence had occurred. 

Subsequently, five plants within the plot or subplot area were randomly chosen and 

marked for weekly physiological and canopy measurements. Measurements taken on 

these five plants were plant growth stage, plant height, ear height, and stem diameter. 

Growth staging was determined using the leaf collar method (Ritchie et al., 1984). Plant 

height was measured on each of the five plants from the soil surface to the tip of the last 

collared leaf with the leaf fully extended, results averaged for all five plants. 

Destructive plant samples were collected from Study 1 in strip areas adjacent to the 

small sub-plot areas to measure leaf area (cm2 plant-1), leaf area index (LAI), and plant 

biomass on a per plant and per hectare basis at all field visits in 2013 and V6 and VT in 

2014. Measurements at maximum vegetative biomass (prior to VT) included LAI, plant 

biomass, ear height, and stem diameter. Ear height was measured from the soil surface to 

the base of the ear. Stem diameter was measure with a digital caliper at the widest 

dimension of the internode just above the ear node. 

Details of vegetative measurements included estimation measurements of leaf area, 

normalized difference vegetation index (NDVI), normalized difference red edge (NDRE), 

destructive leaf area (Study 1 both years and Study 2), and sensor estimated leaf area 
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index (ELAI). Vegetative indices were measured using the Holland Scientific Crop Circle 

ACS-430 active crop canopy sensor (Holland Scientific, Lincoln, NE). The sensor was 

oriented directly over the center of each row at least 0.6 meters above the canopy and 

measurements were taken on the center two rows in each plot. The sensor has three 

channels for photodetection: 670 nm, 730 nm, 780 nm. The measurements were taken by 

the same person at all-time points to ensure consistent speeds through the plot at an 

approximate for a reading every 30 cm. All of the scans from both rows were averaged to 

give one value per plot from each channel. Based on results observed later in the 2013 

season, sensor measurements were continued through reproductive stages in 2014 on both 

studies to examine the onset of senescence.  

Leaf area was measured by direct and indirect methods. Direct leaf area 

measurements were performed in 2013 in all plots for each visit, but in 2014 were also 

taken as calibration measurements for calibrating Ceptometer measurements of ELAI. 

Direct leaf area measurements were collected from four plants sampled in two rows at the 

same subplot length of 6.096 meters within Study 1 treatment strips adjacent to but not 

inside subplot areas. The leaf area of these samples was then measured on a LI-COR LI-

3100c area meter (LI-COR Biosciences, Lincoln, NE). We calculated LAI based on the 

average leaf area of the 4 plants and the plant population per unit area. Along with LAI 

measurements, destructive samples were dried and weighed to measure shoot biomass.  

Estimated leaf area index was measured in 2014 using a Decagon AccuPAR LP-80 

Ceptometer (Decagon Devices, 2014) using a separate external photosynthetically active 

radiation sensor. In 2014, a dataset of destructive leaf area measurements was collected to 

calibrate the device to hand gathered samples. The Ceptometer was used in all plots and 
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subplots of Study 1 and 2 in 2014 as a non-destructive method for obtaining LAI. 

Ceptometer measurements were taken from ground level under the center two rows at a 

45 degree angle to the rows (Figure 2.5). A series of five measurements were collected 

within each of the plots, subplots, and calibration areas at each time point, and were 

averaged to calculate ELAI. Ceptometer measurements of intercepted photosynthetically 

active radiation were used to calculate ELAI with software provided by Decagon Devices 

(Decagon Devices, 2014). (The ELAI calibration method is described in appendix A).
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Figure 2.5 Example of Decagon Devices AccuPAR LP-80 location during under canopy measurements for estimated LAI.  

Adapted from Decagon Devices AccuPAR LP-80 operators’s manual (Decagon Devices Inc., Pullman, WA, USA). 
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At harvest the five marked plants measured throughout the growing season from 

Studies 1 and 2 were gathered and shelled to determine yield components of kernel mass, 

kernel rows, average kernels per row, and kernel count. All of the remaining ears within 

the subplots were gathered and shelled to determine grain yield within subplots. Harvest, 

vegetative biomass was also measured from these five sample plants. The remaining 

yield was gathered using a plot combine for Study 2 and a combine equipped with a yield 

monitor for Study 1. Hand harvested grain mass was recombined with the overall plot 

yield data for both studies by calculating yield from the five ear samples and adding those 

yield values to the plot yield. Harvest index was also calculated using the hand harvested 

yields and plant biomass (Eq. 2.1). 

𝑯𝒂𝒓𝒗𝒆𝒔𝒕 𝑰𝒏𝒅𝒆𝒙 =
 𝑮𝒓𝒂𝒊𝒏 𝒀𝒊𝒆𝒍𝒅 (𝑴𝒈 𝒉𝒂−𝟏)

(𝑮𝒓𝒂𝒊𝒏 𝒀𝒊𝒆𝒍𝒅 (𝑴𝒈 𝒉𝒂−𝟏) +  𝑺𝒕𝒐𝒗𝒆𝒓 (𝑴𝒈 𝒉𝒂−𝟏))
             [𝟐. 𝟑] 

Data Analysis Methods  

All measurements were analyzed for effects due to seeding rate and hybrid using a 

generalized linear mixed model (Bates et al., 2014). Seeding rate and hybrids were 

specified as fixed effects while sites were included as a random block effect. Due to 

differences in weather between each year and treatment replication on Study 2 the 

analysis was done separately between studies and years. Physiological and morphological 

responses were analyzed by developmental stage. Hybrid and seeding rate responses with 

significant treatment effects were compared using Tukey’s honest significant difference 

at alpha level 0.05. Significant interactions between hybrid and seeding rate occurred and 

are presented only for ear yield components in Study 2. Analysis of covariance models 

were further used to interpret the interaction differences for ear yield components. 



 

35 
 

RESULTS AND DISCUSSION 

Presentation of analysis and results are grouped by in-season canopy 

measurements, in-season sensor measurements, post-season measurements, and ear yield 

components. Significant differences in various measurements were observed for both 

hybrid and seeding rate throughout both growing seasons and both studies. In summary 

as maturity rating increased so did productivity of the plant, with later maturing hybrids 

producing greater yields and larger values for many measurements. There were however 

some exceptions to this trend, specifically ear height, stem diameter, and leaf area, which 

seem to be significantly different based on genetics rather than maturity rating. Single 

plant measurement trends due to seeding rate showed general decreases while often 

increasing as measured on an area basis. 

More intense sampling was performed during vegetative growth stages in order to 

gain an understanding of how responses to hybrid and seeding rate might develop across 

the growing season. In order to explain physiological and morphological responses and 

plant-to-plant variability throughout the growing season, analyses were divided by 

developmental stage. 

In-Season Canopy Measurements 

Plant Height. For both studies plant height had significant differences by hybrid 

throughout the entire growing season (Table 2.2). The height of hybrids tracked closely 

to one another during the early stages in the growing season and diverged as the season 

progressed. The trend for plant height was related to the sequence of maturity rating for 

these hybrids on both studies. As maturity rating increased so did plant height with the 
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most difference occurring between hybrids at VT stage (Figure 2.6). Plant height was not 

significantly different by seeding rate for either Study (Table B.1 and Table B.2). 

Table 2.2 Plant height by growth stage as affected by hybrid and seeding rate for Study 1 

(2013 and 2014) and Study 2 (2014). 

Growth Hybrid Seeding rate 

Stage F P Sig. F P Sig. 

Study 1-2013 

V6 5.09 0.003 ** 0.51 0.60 N.S. 

V7 2.59 0.06 N.S. 0.22 0.80 N.S. 

V8 0.45 0.72 N.S. 2.43 0.10 N.S. 

V10 3.72 0.02 * 0.68 0.51 N.S. 

V13 10.21 <0.001 *** 0.46 0.62 N.S. 

VT 59.54 <0.001 *** 1.667 0.20 N.S. 

Study 1-2014 

V6 11.07 <0.001 *** 0.53 0.59 N.S. 

V7 7.56 <0.001 *** 0.50 0.61 N.S. 

V8 5.53 0.002 ** 0.54 0.59 N.S. 

V10 7.12 <0.001 *** 0.57 0.57 N.S. 

V13 14.97 <0.001 *** 0.60 0.55 N.S. 

V17 14.84 <0.001 *** 0.32 0.73 N.S. 

VT 43.56 <0.001 *** 1.11 0.34 N.S. 

Study 2 

V6 14.39 <0.001 *** 0.40 0.88 N.S. 

VT 43.02 <0.001 *** 2.01 0.07 N.S. 

R1 79.78 <0.001 *** 1.65 0.14 N.S. 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 
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Figure 2.6 Plant height by hybrid at tasseling stage (VT) from Study 1 in 2013. As hybrid 

maturity rating increases plant height also increased with the longest maturing hybrid 

being tallest. 

 

Leaf Area. Leaf area (cm2 plant-1) was not significantly different by seeding rate for 

either year in Study 1, however there were significant differences between hybrids,   

which occurred at VT. Significant differences for hybrid showed that H109 was greater in 

leaf area throughout the entire season but much greater significant differences occurred at 

VT stage for both years from Study 1 (Table 2.3). The hybrid with the next largest 

amount of leaf area (cm2 plant-1) is H112 suggesting a trend in how longer season hybrids 

are able to put on more vegetative biomass, which likely contributes to increased yield 

(Figure 2.7) (Table B.3). Similar results were seen in other studies showing that as 

seeding rate is increased leaf area (cm2 plant-1) remains relatively constant (Dwyer and 

Tollenaar, 1989; Tollenaar et al., 1992). 
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Table 2.3 Leaf area (cm2 plant-1) by growth stage as affected by hybrid and seeding rate for 

Study 1 (2013 and 2014). 

Growth Hybrid Seeding rate 

Stage F P Sig. F P Sig. 

Study 1 – 2013 

V7 1.71 0.17 N.S. 0.12 0.89 N.S. 
V8 1.24 0.30 N.S. 2.41 0.10 N.S. 
V10 2.61 0.06 N.S. 0.63 0.53 N.S. 
V13 4.34 0.009 ** 1.14 0.32 N.S. 
VT 12.50 <0.001 *** 2.93 0.06 N.S. 

Study 1 – 2014 

V6 1.47 0.24 N.S. 0.79 0.46 N.S. 

VT 41.27 <0.001 *** 2.24 0.12 N.S. 
* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 

 

 
 

Figure 2.7 Leaf area (cm2 plant-1) by hybrid at tasseling stage (VT) from Study 1 in 2014. 

Leaf area was greatest for H106, and the two early maturing hybrids had the smallest 

amount of leaf area plant-1. 
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LAI. Leaf area index was significantly different and increased in an upward trend 

with increasing seeding rates (Table 2.4). This was not the same pattern observed with 

leaf area (cm2 plant-1) suggesting that leaf area is maintained even with greater intra-

specific competition within these hybrids (Figure 2.8). At VT stage hybrid differences in 

LAI are highly significant with H109 having the largest LAI, similar to what was 

observed with leaf area plant-1. Observations of this specific hybrid over both years 

confirm these statistical differences and noted that it had visibly wider leaves in 

comparison to the other hybrids (Figure 2.9). The second highest LAI occurs with H112 

also confirming that longer season hybrids are able to maintain leaf area at high 

populations, leading to greater LAI. An increase in LAI corresponds to potentially greater 

light interception and helps to build photosynthetic capacity needed to produce grain 

(Maddonni and Otegui, 2004) (Table B.4 shows means data for LAI). The results show 

that as plant density is increased there is an increase in LAI because more leaf area is 

contained in a smaller physical footprint and is similar to results seen by others (Dwyer 

and Tollenaar, 1989; Tollenaar et al., 1992). 
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Table 2.4 LAI by growth stage as affected by hybrid and seeding rate for Study 1 (2013 and 

2014). 

Growth Hybrid Seeding rate 

Stage F P Sig. F P Sig. 

Study 1 – 2013 

V7 1.76 0.16 N.S. 4.04 0.02 * 

V8 1.34 0.27 N.S. 3.66 0.03 * 

V10 6.19 0.10 N.S. 29.32 <0.001 *** 

V13 4.01 0.01 ** 24.80 <0.001 *** 

VT 12.37 <0.001 *** 29.26 <0.001 *** 

Study 1 – 2014 

V6 1.44 0.25 N.S. 2.14 0.13 N.S. 

VT 25.98 <0.001 *** 63.41 <0.001 *** 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 
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Figure 2.8 LAI by seeding rate at tasseling stage (VT) from Study 1 in 2013. As seeding rate 

increased, there was an increase in LAI.  

 
Figure 2.9 LAI by hybrid at tasseling stage (VT) from Study 1 in 2014. Leaf Area Index was 

greatest for H106, and the two early maturing hybrids had the smallest amount of LAI. 
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Plant Biomass. Both hybrid and seeding rate treatments resulted in significant 

differences in per-plant biomass as the vegetative growth stages neared completion 

(Table 2.5). In 2013 at the VT developmental stage, biomass (g plant-1) responses to 

hybrid were significantly different; however seeding rate responses were not. In 2014, 

both hybrid and seeding rate had significant differences. For both years H109 and H112 

produced the largest amounts of biomass plant-1 similar to what was observed in the leaf 

area measurements (Figure 2.10). The hybrid maturity rating pattern was not applicable 

for plant biomass (g plant-1) because H103 had a greater amount of plant biomass (g 

plant-1) than H106. Even though H103 was shorter, it had a thicker stem which could 

have caused it to have greater biomass. As the number of plants became greater, the 

amount of biomass (g plant-1) decreased showing that plant biomass is not as stable with 

a change in seeding rates as was seen with leaf area (Figure 2.11). Vegetative dry matter 

accumulation seems to be dependent on the density at which corn is planted (Table B.5). 

Table 2.5 Plant Biomass (g plant-1) by growth stage as affected by hybrid and seeding rate 

for Study 1 (2013 and 2014). 

Growth  Hybrid Seeding rate 

Stage F P Sig. F P Sig. 

Study 1 - 2013 

V7 2.05 0.12 N.S. 1.79 0.18 N.S. 
V8 2.18 0.10 N.S. 2.13 0.13 N.S. 

V10 1.01 0.39 N.S. 2.82 0.07 N.S. 
V13 2.58 0.06 N.S. 5.44 0.007 ** 
VT 4.72 0.005 ** 2.58 0.08 N.S. 

Study 1 - 2014 

V6 0.73 0.54 N.S. 1.26 0.29 N.S. 

VT 6.23 <0.001 *** 10.08 <0.001 *** 
* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 
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Figure 2.10 Plant biomass (g plant-1) at tasseling stage (VT) from Study 1 in 2014. H109 had 

significantly more plant biomass (g plant-1) than early season hybrids. 

 
Figure 2.11 Plant biomass (g plant-1) by seeding rate at tasseling stage (VT) from Study 1 in 

2014. Fewer seeds ha-1 resulted in a greater amount of plant biomass (g plant-1). 
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Plant biomass. Plant biomass (kg ha-1) shows significant differences by seeding rate 

(Table 2.6). The trends observed for seeding rate from both years are opposite those 

observed for plant biomass (g plant-1) (Figure 2.11 in contrast to Figure 2.12). Any time 

measurements were taken on an area basis, seeding rate had a large effect because plant 

population is included in the calculation of the value. Plant biomass (kg ha-1) had 

significantly different responses to seeding rate throughout the whole season, and hybrid 

differences become significant towards the end of the growing season, similar to what has 

been observed with other physiological measurements. Hybrids responded similarly but 

as each hybrid reached VT at different times in the season, each is in turn shutting down 

vegetative processes and putting their energy into reproductive processes. Plant biomass 

(kg ha-1) increased significantly with longer season hybrids in both years (Figure 2.13) 

(Table B.6). 

Table 2.6 Plant biomass (kg ha-1) by growth stage as affected by hybrid and seeding rate for 

Study 1 (2013 and 2014). 

Growth Hybrid Seeding rate 

Stage F P Sig. F P Sig. 

Study 1 – 2013 

V7 2.29 0.09 N.S. 31.17 <0.001 *** 
V8 2.35 0.08 N.S. 5.01 0.009 ** 

V10 1.04 0.39 N.S. 4.94 .01 ** 
V13 2.71 0.05 * 14.66 <0.001 *** 
VT 2.74 0.05 * 13.55 <0.001 *** 

Study 1 – 2014 

V6 0.88 0.46 N.S. 6.65 0.003 ** 

VT 5.71 0.002 ** 28.94 <0.001 *** 
* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant  
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Figure 2.12 Plant biomass (kg ha-1) by seeding rate at tasseling stage (VT) from Study 1 in 

2014. On a per hectare basis plant biomass increases as seeding rate increases.  

 
Figure 2.13 Plant biomass (kg ha-1) by hybrid at tasseling stage (VT) from Study 1 in 2014. 

Later season hybrids tend to have greater amounts of Plant biomass (kg ha-1) than early 

season hybrids and are significantly greater than H106. 
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Ear Height and Stem Diameter. Similar to the observations seen in plant height, ear 

height was not significantly different by seeding rate but had significant differences by 

hybrid for both studies and years (Table 2.7), with H106 having the tallest ear height 

(Figure 2.14). One explanation may be that hybrid H106 fills the ear that is a node taller 

than the other hybrids but this was not measured at the time of sampling. For the 

remaining hybrids the trend showed earlier season hybrid H103 having a shorter ear 

height than the two later season hybrids (Figure 2.14). 

Stem diameter was significantly different by both hybrid and seeding rate for both 

studies. There was no clear trend for stem diameter by hybrid maturity rating but hybrid 

differences were consistent between studies (Figure 2.15). Hybrid differences for stem 

diameter had an inverse relationship to the hybrid differences observed for ear height. 

Hybrid H106 had the thinnest stem, a medium plant height, and an ear that was higher on 

the stem. The remaining hybrids responded similarly to one another. Hybrid H103 was a 

shorter plant but tended to have a thicker stem than H106. This seems likely due to 

genetic rather than treatment differences. As seeding rate increased plants had thinner 

stems due to elongation in shaded conditions from denser planting (Figure 2.16, Figure 

2.17). Similar research done to understand crowding stress at higher planting densities 

showed stem elongation occurring as seeding rate increased incrementally resulting in 

thinner stems. The results shown below by this research confirm what others have 

observed that a response of crowding stress is a thinner stem as plants increase height in 

search of better light conditions to increase radiation interception for more efficient 

photosynthesis (Boomsma et al., 2009). Stalk lodging is a potential risk for corn with 

taller and thinner stems when planted at high populations. This may be remedied by 
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hybrid selection so long as the stem diameter response to seeding rate is understood. This 

relationship would be a useful trait that should be disclosed with hybrid and deserves 

additional research (Table B.7, Table B.8). 

Table 2.7 Ear height and stem diameter measurements at VT by growth stage as affected by 

hybrid and seeding rate for Study 1 (2013 and 2014) and Study 2 (2014). 

 Hybrid Seeding rate 

Measurement F P Sig. F P Sig. 

Study 1 - 2013 

Ear Height 56.43 <0.001 *** 0.10 0.90 N.S. 

Stem Diameter 7.43 <0.001 *** 10.07 <0.001 *** 

Study 1 - 2014 

Ear Height 33.71 <0.001 *** 1.45 0.25 N.S. 

Stem Diameter 5.26 0.003 ** 21.36 <0.001 *** 

Study 2 

Ear Height 70.73 <0.001 *** 1.05 0.40 N.S. 

Stem Diameter 5.91 <0.001 *** 46.26 <0.001 *** 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 

 

 
Figure 2.14 Ear height by hybrid at tasseling stage (VT) from Study 1 in 2014. Ear height 

for hybrid H106 is significantly taller than the remaining hybrids and later season hybrids 

have taller ears than hybrid H103. 
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Figure 2.15 Stem diameter by hybrid at vegetative tasseling (VT) from Study 1 in a) 2013 

and b) 2014, and c) Study 2. There is a consistent trend for stem diameter between both 

studies. Hybrid H106 has a thinner stem than the remaining hybrids being significantly 

thinner than H103 and H109 for both studies in 2014. 

a) 

b) 

c) 
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Figure 2.16 Stem diameter by seeding rate from Study 1 in 2014. As seeding rate is 

increased stem diameter decreases helping to show stem elongation occurring.  

 
Figure 2.17 Stem diameter by seeding rate from Study 2. Plant have thinner stems at higher 

seeding rates, potentially as a result of stem elongation due to the response of plants seeking 

unobstructed light conditions.   
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In-Season Sensor Measurements 

NDVI. Normalized difference vegetative index measured in Study 1 was significantly 

different for seeding rate throughout the vegetative stages but not during reproductive 

stages. Results were similar for both years. However, during reproduction NDVI did 

become significantly different by hybrid. For Study 2 population and hybrid both had 

significant effects on NDVI throughout vegetative and reproductive stages. This may be 

due to the wider range of seeding rates in comparison to the strip trial studies (Table 2.8). 

At growth stages where hybrid caused a significant effect, H112 generally has higher 

values of NDVI than the other three hybrids. The reason why H112 has higher NDVI 

values during early reproductive stages is unknown however as the crop nears senescence 

it most likely has higher values due to hybrid maturity timing. 

For 2014 data was collected on the strip trial plots late into reproductive stages 

allowing the use of NDVI as a source of information to monitor senescence of the corn 

canopy. Results showed that early senescence is more a function of hybrid than seeding 

rate. The trend suggested that hybrids senesced significantly later as maturity rating 

increased with H103 showing lower NDVI values than H112 earlier in the growing 

season. (Figure 2.20, Figure 2.21, Table C.1, Table C.2). Seeding rate observed a similar 

trend of significant differences to LAI with the increased population corresponding to an 

increase in NDVI values. This is probably due to the fact that as more plants are placed 

into a given area this sensor’s measurement is less influenced by reflectance from the 

soil, not necessarily due to an increase in vegetation per plant (Figure 2.18). Data from 

Study 2 shows that as senescence occurs there is a significant decreasing trend of NDVI 

values as seeding rate increases (Figure 2.19). This inverse seeding rate trend from Study 
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2 suggests that plants are senescing more rapidly at higher seeding rates due to the 

competition for resources needed to produce grain later in the growing season (Figure 

2.19). [See Appendix C for means tables from study 1 and 2 Table C.1, Table C.2]  

Table 2.8 NDVI by growth stage as affected by hybrid and seeding rate for Study 1 (2013 

and 2014) and Study 2 (2014). 

Growth Hybrid Seeding rate 

Stage F P Sig. F P Sig. 

Study 1 - 2013 

V6 0.80 0.50 N.S. 6.93 0.002 ** 

V7 0.15 0.93 N.S. 5.80 0.005 ** 

V8 0.89 0.45 N.S. 6.44 0.003 ** 

V10 2.00 0.12 N.S. 4.58 0.01 ** 

V13 3.22 0.05 * 6.28 0.009 ** 

Study 1 – 2014 

V6 0.34 0.79 N.S. 2.57 0.09 N.S.  

V8 0.59 0.62 N.S. 2.72 0.07 N.S.  

V10 2.53 0.07 N.S. 17.25 <0.001 *** 

V13 1.43 0.25 N.S. 9.62 <0.001 *** 

V17 5.08 0.005 ** 8.29 <0.001 *** 

VT 6.70 <0.001 *** 1.88 0.16 N.S.  

R4 32.64 <0.001 *** 0.29 0.75 N.S.  

R5 31.10 <0.001 *** 1.22 0.30 N.S.  

R5.5 23.97 <0.001 *** 2.18 0.12 N.S.  

Study 2 

V6 9.62 <0.001 *** 37.65 <0.001 *** 

VT 19.80 <0.001 *** 64.52 <0.001 *** 

R1 46.31 <0.001 *** 8.43 <0.001 *** 

R4 81.93 <0.001 *** 0.71 0.54 N.S.  

R5 65.01 <0.001 *** 1.39 0.22 N.S.  

R5.5 87.94 <0.001 *** 20.16 <0.001 *** 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 
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Figure 2.18 NDVI by seeding rate at tasseling stage (VT) from Study 2. There is a 

significant increase in NDVI values as seeding rate is increased. 

 
Figure 2.19 NDVI by seeding rate at reproductive 5.5 stage (R5.5) from Study 2. Near 

maturity the crop canopy is senescing and increasing seeding rate has a negative effect on 

the rate of senescence. As seeding rates are higher crops are senescing sooner. 
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Figure 2.20 NDVI by hybrid at reproductive 5.5 stage (R5.5) from Study 1 in 2014. Early 

season hybrids have a significantly lower NDVI value sooner than later maturing hybrids 

suggesting that canopy senescence occurs sooner for early maturing hybrids.  

 
Figure 2.21 NDVI by hybrid at reproductive 5.5 stage (R5.5) from Study 2. Late season 

hybrids have significantly higher NDVI values near senescence which means their canopy 

dies later in the growing season.  
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NDRE. Throughout both growing seasons in Study 1 and Study 2, NDRE differences 

by hybrid were highly significant. This is in contrast to the lack of differences for hybrids 

seen in NDVI in early developmental stages suggesting that NDRE may be more useful 

for applications of canopy or remote sensors that require differentiation by hybrid. 

Results show canopy loss in the form of lower NDRE values occurring sooner for the two 

early season hybrids in relation to the late season hybrids (Figure 2.23). Towards 

senescence all of the hybrids followed the trend of early season hybrids losing their 

canopy leaves and demonstrating reduced NDRE sooner than later season hybrids (Figure 

2.24). The greater amounts of NDRE for hybrid H112 after vegetative tasseling stage 

may be due to the tassel causing differences in reflectance not observed in a similar 

fashion for the remaining hybrids. Another possible explanation for the observed 

differences of both NDVI and NDRE near senescence could be how early season hybrids 

and late season hybrids translocate N differently during reproductive stages. It could be 

an observation as to how early season hybrids are moving nutrient supply from 

vegetation to kernel production earlier than later season hybrids. Translocation of 

nutrients occurs differently for different hybrids, helping to confirm the observations of 

possible NDVI and NDRE response differences between hybrids during reproductive 

stages (Min et al., 2011). Seeding rate had significant differences for NDRE only on 

Study 1 during early vegetative growth stages (Table 2.9). The data in Study 2 shows 

greater significant differences for NDRE by hybrid and seeding rate throughout the entire 

growing season. The differences observed for seeing rate are most likely due to the wider 

range of seeding rates planted on Study2. 
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As mentioned previously vegetative indices show greater amounts of vegetative 

canopy growth at higher seeding rates. Greater NDRE and NDVI values at the higher 

seeding rates does not necessarily mean that there is an increase in per plant vegetation 

but an increase in vegetation on a per hectare basis as seeding rate is increased (Table 

2.9) (See appendix C for means separation table of NDRE data Table C.3, Table C.4). 

There is a good contrast between NDVI and NDRE showing that the latter is able to more 

consistently differentiate between hybrids during vegetative stages close to the time of 

side dress N applications. However NDRE does not show the differences between 

seeding rates as well as NDVI unless used on a wide range of seeding rates. Perhaps 

NDRE would be a more applicable index between the two in a field with a wide range of 

seeding rates to understand hybrid and seeding rate differences. If these specific indexes 

correlate to hybrids and/or seeding rates differently then it could potentially produce a 

different recommendation for a sensor based side dress N application. 

When determining which vegetative index to use for variable rate N application for 

either variable rate seeding or variable hybrid approaches it is important consider what 

the indexes need to recognize for accurate N application. The canopy sensor needs to 

respond to the N status of the crop and not to any other crop factor. For this research the 

treatment factors of hybrid and seeding rate showed different responses for each of the 

vegetative indexes but it is vital to understand if treatment differences are overshadowing 

the corn N status. NDVI values had significant differences for seeding rates around the 

time of side dress N application (V8 to V10). These early differences suggest that if 

growers are using variable rate seeding approaches the NDVI values could possibly over 

apply N for variable rate N application. This over application would be due to NDVI 
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recognizing greater amounts of biomass rather than crop N status leading to an inaccurate 

N recommendation. 

NDRE however, did not consistently interpret canopy reflectance differences for 

seeding rate early in the growing season but did have significant differences for hybrid. A 

possible reason for NDRE recognizing hybrids differently could be related to differences 

in canopy architecture. Specific canopy differences between hybrids could be steeper leaf 

angle, wider leaves, differences in leaf color, and changes in overall canopy biomass 

(Girardin and Tollenaar, 1994). With variable hybrid planters the NDRE index may also 

over or under apply in a side dress variable N application. Newer hybrids with better 

NUE genetics may be placed in specific field locations with a multi-hybrid planter and a 

side dress N application could be recommended more accurately using the NDVI index. 

Research done by Sheridan et al., 2012 concluded that similar maturing corn hybrids had 

a minimal difference to results from active crop canopy sensors, when N fertilizer was 

sufficient. The previously mentioned research did not have any seeding rate element but 

the hybrid impact was minimal and indicates that multiple hybrids with similar maturity 

ratings planted at the same time has little effect on the N recommendations provided by 

the crop canopy sensors (Sheridan et al., 2012). The results in this study suggest that with 

further research, better recommendations for side dress N applications could be made 

when using specific indices with variable rate seeding or variable hybrid systems. 

However since this study had no N treatments more work needs to be to confirm the 

results in this research. 
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Table 2.9 NDRE by growth stage as affected by hybrid and seeding rate for Study 1 (2013 

and 2014) and Study 2 (2014). 

Growth Hybrid Seeding rate 

Stage F P Sig. F P Sig. 

Study 1 - 2013 

V6 4.64 0.005 ** 4.20 0.02 * 

V7 5.14 0.003 ** 4.93 0.01 ** 

V8 3.07 0.03 * 1.33 0.27 N.S. 

V10 4.85 0.004 ** 3.21 0.05 * 

V13 9.53 <0.001 *** 1.08 0.36 N.S. 

Study 1 – 2014 

V6 0.98 0.41 N.S.  0.92 0.41 N.S. 

V8 8.81 <0.001 ***  1.58 0.22 N.S. 

V10 48.91 <0.001 *** 5.65 0.006 ** 

V13 62.77 <0.001 *** 4.62 0.01 ** 

V17 16.19 <0.001 *** 2.00 0.15 N.S.  

VT 13.20 <0.001 *** 1.24 0.30 N.S.  

R4 15.85 <0.001 *** 0.03 0.97 N.S.  

R5 20.58 <0.001 *** 0.52 0.60 N.S.  

R5.5 17.52 <0.001 *** 0.53 0.59 N.S.  

Study 2 

V6 8.57 <0.001 *** 21.44 <0.001 *** 

VT 95.60 <0.001 *** 24.70 <0.001 *** 

R1 144.99 <0.001 *** 2.81 0.01 ** 

R4 70.98 <0.001 *** 3.10 0.008 ** 

R5 39.09 <0.001 *** 4.72 0.003 ** 

R5.5 54.39 <0.001 *** 18.09 <0.001 *** 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01)  

*** Denotes significant at (P<0.001) 

N.S. Not Significant 
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Figure 2.22 NDRE by hybrid at vegetative 7 stage (V7) from Study 1 in 2013.  NDRE values 

were significantly lower for H109 early in the season. The differences observed by this 

vegetative index show that NDRE is able to recognize different hybrids early in the season.  

 

 
Figure 2.23 NDRE by hybrid throughout the growing season from Study 1 in 2014. Hybrid 

differences are better observed using NDRE instead of NDVI. Maturity rating trend shows 

later season hybrids having higher NDRE values as they neared senescence. 
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Figure 2.24 NDRE by hybrid at reproductive stage 5.5 (R5.5) from Study 2. Late season 

hybrids have significantly higher values of NDRE later in the growing season. 

 
Figure 2.25 NDRE by seeding rate at tasseling stage (VT) from Study 2. As seeding rate is 

increased there is a significant increase in NDRE at higher seeding rates due to a fuller 

canopy of leaves.  
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Figure 2.26 NDRE by seeding rate at reproductive 5.5 stage (R5.5) from Study 2. Near the 

time of complete maturity seeding rates with greater intra-specific competition are 

senescing sooner than plants that are planted at lower populations. 

Estimated LAI. Ceptometer estimated LAI was measured in 2014 on Study 1 and 2 

and was calibrated using the hand gathered LAI samples (Figure A.1 and Figure A.2). The 

results were less consistent for Study 1, potentially due to uncontrolled site differences. 

Study 2 sampled a wider range of seeding rates allowing for better understanding of how 

device ELAI responds to extreme low or high seeding rates (Figure 2.29). Up until VT 

the significant differences for seeding rate and hybrid for ELAI were very consistent with 

those observed with hand-gathered LAI (Figure 2.8). Estimated LAI is also very 

dependent on seeding rate as observed with other measurements collected on an area 

basis, ELAI increased at higher seeding rates. The biggest hybrid differences for ELAI 

occurred as the crop canopy was senescing. Earlier season hybrids began to lose canopy 

leaves sooner in the season than later maturing hybrids (Figure 2.27). A significant trend 
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between hybrids with hand-gathered measurements showed H109 having the greatest 

amounts of leaf area plant-1 and LAI at VT stage, this is not the case with ELAI. Hybrid 

H109 had the largest ELAI nearing senescence on Study 1, but not on Study 2. This may 

be due to measurement timing as these data were taken later with Study 1 than with Study 

2. Compared to NDRE values, there were no significant ELAI differences between 

hybrids near senescence on Study 2. The lack of differences may be a consequence of 

reduced accuracy from the device calculated LAI in relation to destructive samples of 

LAI (Figure 2.22). 

This method for gathering LAI samples may be slightly less accurate however it does 

show similar trends in the data for seeding rate treatments between studies, and allows 

the rapid collection of non-destructive measurements. Sensor ELAI also shows similar 

differences and trends between hybrids but not to the same clarity as hand gathered LAI 

data. It is important to consider the differences between ELAI and destructive LAI 

sampling methods. Destructive sampling can be very time consuming and costly. For this 

and similar studies, plants are gathered in the field and then bagged up on a weekly basis 

at multiple fields. Each plot sample needs its own bag to get the sample back to the lab. 

Generally the bags tear and are unable to be reused, because of this the cost goes up for 

the whole process. Another added cost is labor, due to the increased amount of time spent 

gathering the samples and then processing them in the lab. Leaves are individually cut 

from each plant and each leaf is then measured on the desktop scanner. The other major 

drawback to destructively sampling whole plants is that they cannot be taken from small 

plots. The reason hand-gathered samples were available in Study 1 is because they were 

planted in large strip trial plots allowing for more plants outside of the sub-plots. While 
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ELAI data are a bit noisier or possibly less accurate, more data can be collected in more 

experiment types. (See appendix C for means separation of ELAI data Table C.5, Table 

C.6) 

Table 2.10 Estimated LAI by growth stage as affected by hybrid and seeding rate for Study 

1 (2014) and Study 2 (2014).  

Growth Hybrid Seeding rate 

Stage F P Sig. F P Sig. 

Study 1 - 2014 

V6 0.87 0.46 N.S.  0.05 0.95 N.S. 

V8 1.09 0.36 N.S.  3.93 0.03 * 

V10 0.48 0.70 N.S.  0.96 0.39 N.S. 

V13 1.60 0.20 N.S.  7.46 <0.001 *** 

V17 0.71 0.55 N.S.  1.01 0.37 N.S. 

VT 0.18 0.91 N.S.  7.11 0.002 ** 

R4 1.29 0.29 N.S.  2.21 0.12 N.S.  

R5 13.78 <0.001 *** 2.33 0.11 N.S.  

R5.5 3.80 0.02 * 0.85 0.44 N.S.  

Study 2 

V6 2.91 0.04 * 4.12 <0.001 *** 

VT 6.54 <0.001 *** 34.81 <0.001 *** 

R5 12.41 <0.001 *** 31.15 <0.001 *** 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 
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Figure 2.27 Estimated LAI by seeding rate at tasseling stage VT from Study 1 in 2014. As 

seeding rate increases there is an increase in ELAI. 

 
Figure 2.28 Estimated LAI by hybrid at reproductive stage 5.5 (R5.5) from Study 1 in 2014. 

Later maturing hybrids have significantly higher ELAI near the end of the growing season. 
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Figure 2.29 Estimated LAI by seeding rate at reproductive stage 5 (R5) from Study 2. At a 

wider range of seeding rates there are more significant differences for ELAI with an 

increase in ELAI at higher seeding rates. 

Post-Season Measurements 

Harvest Vegetative Biomass. Both hybrid and seeding rate were significantly 

different for harvest vegetative biomass (kg plant-1) (Table 2.11) with similar differences 

as observed throughout the season for plant biomass (kg plant-1). Hybrid differences were 

significant and followed an upward trend with maturity rating where H112 had the 

highest amount of biomass and H103 had the lowest amount of biomass. The differences 

for seeding rate are similar to other measurements, as plant density is increased, 

vegetative biomass (kg plant-1) decreased. 
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Figure 2.30 Harvest vegetative biomass (kg plant-1) by hybrid from Study 2. Later season 

hybrids have significantly more harvest vegetative biomass (kg plant-1) than early season 

hybrids. 

 
Figure 2.31 Harvest vegetative biomass (kg plant-1) by seeding rate from Study 1 in 2013. 

Intra-specific competition increases on a per plant basis and as seeding rate increases there 

is a drastic decline in the amount of harvest vegetative biomass (kg plant-1) at harvest. 
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Figure 2.32 Harvest vegetative biomass (kg plant-1) by seeding rate from Study 2. The wider 

range of seeding rates shows a reduction in harvest biomass (kg plant-1) as seeding rate is 

increased. 

Harvest Vegetative Biomass. Harvest vegetative biomass (kg ha-1) was also 

significantly different for hybrid and seeding rate for both studies. A similar trend was 

observed for seeding rate on a per hectare basis as other area based measurements, in that 

as seeding rates increase, the amount of harvest vegetative biomass (kg ha-1) also 

increased even though harvest vegetative biomass (kg plant-1) decreased . The trend of 

increasing harvest vegetative biomass (kg ha-1) was due to the increase in number of 

plants per area not a function of individual plant response to increased plant density. The 

two later maturing hybrids, H109 and H112, had significantly greater vegetative biomass 

(kg ha-1) at harvest than H103 and H106 did.  
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Figure 2.33 Harvest vegetative biomass (kg ha-1) by seeding rate from Study 2. On a per 

hectare basis harvest plant biomass increases as seeding rate is increased.  

 
Figure 2.34. Harvest vegetative biomass (kg ha-1) by hybrid from Study 2. Early season 

hybrids have significantly less harvest vegetative biomass (kg ha-1) than later season 

hybrids. 
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Grain Yield. There were no significant differences for yield on Study 1 for either 

year (Table 2.11). The reason for no significant differences for yield is due to the large 

block error in a design with spatially distributed blocks. The blocks are each different site 

within the study, and each site has different managerial practices, soil and landscapes, 

and different weather, all of which play a role in how crops yield. On Study 2 there were 

significant differences for both hybrid and seeding rate (Table 2.12). Yield was 

significantly lower for the early maturing hybrid in comparison to the other three with the 

late season hybrid having the highest yield (Figure 2.35). The early season hybrids 

showed lower amounts of leaf area (cm2 plant-1) and relatively lower amounts of plant 

biomass (g plant-1) at vegetative tasseling stage for Study 1 in 2013 and 2014. Lower 

amounts of vegetative biomass can overall reduce the source that is feeding the sink, 

which could help to explain why the earlier season hybrids had lower yields on Study 2.  

Other research helps confirm that lower amounts of leaf area can reduce overall plant 

efficiency leading to lower amounts of vegetative biomass and ultimately lower yields 

(McCullough et al., 1994a; b). There was a significant gain in yield on Study 2 as seeding 

rate became higher. Yield did however plateau at seeding rates between 74,000 and 

84,000 seeds ha-1, similar to leaf area and plant biomass on a per area response. These 

results confirm that increasing seeding rates can show positive response with modern day 

hybrids as long as intra-specific competition is not increased to the point at which needed 

resources for crop growth are suboptimal (Tollenaar and Lee, 2002; Lee and Tollenaar, 

2007). An increased understanding of yield gains in contrast to increasing seeding rates 

helps growers to know at what point an increase in seed costs outweigh the increased 

yields with higher seeding rates (Figure 2.36). 
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Figure 2.35 Grain yield by hybrid from Study 2. There was a significant difference between 

hybrids on Study 2 with H103 being significantly lower than the remaining hybrids. 

 
Figure 2.36 Grain yield by seeding rate from Study 2. There is a significant increase in yield 

as seeding rates are increased but only to 74 thousand seeds ha-1 at which point yield 

plateaued.  
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Harvest Index. Harvest index results showed more similarities by year than by 

Study. Results from Study 1 in 2013 showed that seeding rate had significant differences 

but hybrid did not (Table 2.11). There was a decrease in harvest index as seeding rate 

increased (Figure 2.37) for Study 1 in 2013 possibly due to the effect of below average 

rainfall during reproductive stages. Harvest index in 2014 on both Study 1 and 2 showed 

no significant differences as seeding rate increased. Hybrids were grouped into two 

categories with the two late season hybrids having a lower harvest index than the two 

early season hybrids (Table 2.12). This is similar to what was seen in results from harvest 

biomass. Less plant biomass was measured for earlier season hybrids resulting in a lower 

amount of plant biomass in the calculation for harvest index (Figure 2.38). In corn 

research it has been shown that harvest index is generally stable even at wide ranges of 

seeding rates similar to the research conducted in this study (Figure 2.39). However, 

seeding rates used outside of the optimal planting density for grain yields can have 

negative impacts (Tollenaar et al., 2006). 
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Figure 2.37 Harvest index by seeding rate from Study 1 in 2013. There was a significant 

decrease in harvest index as seeing rate was increased.  

 
Figure 2.38 Harvest index by hybrid from Study 1 in 2014. Early season hybrids had a 

significantly higher harvest index than later season hybrids. 
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Figure 2.39 Harvest index by seeding rate from Study 2. At a wide range of seeding rates 

harvest index remained constant unlike what was seen in Study 1 in 2013.  
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Table 2.11 Post-season measurements by growth stage as affected by hybrid and seeding 

rate for Study 1 (2013 and 2014). 
 Hybrid Seeding rate 

Measurement F P Sig. F P Sig. 

Study 1 - 2013 

Veg. Biomass (kg plant-1) 3.36 0.02 * 18.81 <0.001 *** 

Veg. Biomass (kg ha-1) 3.32 0.03 * 6.61 0.002 ** 

Yield 1.93 0.13 N.S. 0.29 0.75 N.S. 

Harvest Index 2.60 0.06 N.S. 3.06 0.05 * 

Kernel mass (ear-1) 0.95 0.01 ** 15.89 <0.001 *** 

Rows (ear-1) 2.75 <0.001 *** 1.02 0.29 N.S. 

Kernels (ear-1) 4.10 <0.001 *** 7.87 <0.001 *** 

Study 1 - 2014 

Veg. Biomass (kg plant-1) 16.22 <0.001 *** 12.91 <0.001 *** 

Veg. Biomass (kg ha-1) 16.41 <0.001 *** 3.36 0.04 * 

Yield 0.055 0.65 N.S. 1.46 0.24 N.S. 

Harvest Index 15.60 <0.001 *** 1.76 0.18 N.S. 

Kernel mass (g ear-1) 5.12 0.004 ** 32.71 <0.001 *** 

Rows (rows ear-1) 39.29 <0.001 *** 1.12 0.34 N.S. 

Kernels (kernels ear-1) 15.13 <0.001 *** 12.56 <0.001 *** 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not Significant 

Table 2.12 Post-season measurements by growth stage as affected by hybrid and seeding 

rate for Study 2 (2014). 
 Hybrid  Seeding rate  Hybrid* 

Seeding rate 

 

Measurement F P Sig. F P Sig. F P Sig. 

Veg. Biomass (kg 

plant-1) 

12.90 <0.001 *** 27.58 <0.001 *** -- -- -- 

Veg. Biomass (kg ha-1) 19.56 <0.001 *** 3.82 0.007 ** -- -- -- 

Yield 15.39 <0.001 *** 21.12 <0.001 *** -- -- -- 

Harvest Index 8.00 <0.001 *** 1.68 0.13 N.S. -- -- -- 

Kernel mass (g ear-1) 17.87 <0.001 *** 77.00 <0.001 *** 1.96 0.02 * 

Rows (rows ear-1) 63.62 <0.001 *** 1.03 0.41 N.S. 1.86 0.03 * 

Kernels (kernels ear-1) 31.62 <0.001 *** 24.63 <0.001 *** 2.37 0.005 ** 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 
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Ear Yield Components  

Kernel Mass. Kernel mass (g ear-1) had highly significant differences by seeding rate 

and hybrid from both studies (Table 2.11, Table 2.12). Differences between hybrids 

shared similar trends between experiments but were not all significantly different in the 

same way. For 2013 the trend for kernel mass (g ear-1) did not follow hybrid maturity 

rating, but it did in both studies for 2014 with H109 having the highest weight per ear. 

Field observations confirm that H109 had visibly larger ears with larger kernels at the 

time of harvest. Kernel mass (g ear-1) differences due to seeding rate was significantly 

different with a decrease in kernel mass (g ear -1) as plant density was increased. Kernel 

mass (g ear-1) differences in comparison to plant biomass (kg plant-1) helps give better 

understanding to how the source to sink relationship functions. As seeding rate is 

increased there is a decrease in plant biomass (kg plant-1) and the same response with 

kernel mass (g ear-1). As plant biomass (kg plant-1) is reduced with increased seeding rate 

there are less available assimilates to be partitioned for kernel production. After 

pollination, the majority of assimilate is being used to increase grain weight, but with less 

biomass to intercept light for photosynthetic processes, less energy was produced or 

stored. 
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Figure 2.40 Kernel mass (g ear -1) by hybrid from Study 1 in 2013. Hybrid H106 had less 

Kernel mass (g ear -1) than hybrid H103.  

 
Figure 2.41 Kernel mass (g ear -1) by hybrid from Study 2. Later season hybrids had heavier 

kernels (g ear -1) than early season hybrids.  
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Figure 2.42 Kernel mass (g ear -1) by seeding rate from Study 2. Kernel mass (g ear -1) 

decreased as seeding rate was increased with significantly less weight at higher seeding 

rates.  

Kernel Rows. The number of kernel rows (rows ear-1) had significant differences by 

hybrid but was not affected by seeding rate (Table 2.11, Table 2.12). Hybrids showed 

consistent significant differences in row number across all studies. Hybrid H106 had the 

fewest number of rows while H112 had the greatest number of rows from both studies. 

Kernel rows (rows ear -1) does not follow a clear maturity rating trend and appeared to be 

more driven by the specific genetic properties of the hybrid. The ranking of hybrid effect 

on kernel row number was consistent between years and experiments (Figure 2.43, Figure 

2.44, Figure 2.45). 
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Figure 2.43 Kernel rows (rows ear -1) by hybrid from Study 1 in 2013. H106 had 

significantly fewer number of kernel rows (rows ear -1) than the remaining hybrids and 

H112 had significantly more kernel rows (rows ear -1). 

 
Figure 2.44 Kernel rows (rows ear -1) by hybrid from Study 1 in 2014. H106 had 

significantly fewer number of kernel rows (rows ear -1) than the remaining hybrids and 

H112 had significantly more kernel rows (rows ear -1). 
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Figure 2.45 Kernel rows (rows ear -1) by hybrid from Study 2. H106 had significantly fewer 

number of kernel rows (rows ear -1) than the remaining hybrids and H112 had significantly 

more kernel rows (rows ear -1). 

 

Kernel Number. Kernel number (kernels ear-1) had significant differences due to 

both hybrid and seeding rate (Table 2.11, Table 2.12), similar differences between those 

effects occurred in both Study 1 (2013 and 2014) and in Study 2. Hybrids did not follow 

a maturity-rating trend because H106 had significantly fewer kernels than remaining 

hybrids for both studies. Seeding rate strongly influenced the number of kernels per ear 

with lower seeding rates having significantly more kernels than higher seeding rates 

decreasing as seeding rate increased. 



 

79 
 

 
Figure 2.46 Kernel number (kernels ear-1) by hybrid from Study 1 in 2013. Ears from 

hybrid H106 had significantly fewer kernels than the remaining hybrids.  

 
Figure 2.47 Kernel number (kernels ear-1) by hybrid from Study 1 in 2014. Ears from 

hybrid H106 had significantly fewer kernels than the remaining hybrids.  
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Figure 2.48 Kernel number (kernels ear-1) by hybrid from Study 2. Ears from hybrid H106 

had significantly fewer kernels than the remaining hybrids.  

 
Figure 2.49 Kernel number (kernels ear-1) by seeding rate from Study 1 in 2014. There was 

a significant decrease in the number of kernels as seeding rate increased.  
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Figure 2.50 Kernel number (kernels ear-1) by seeding rate from Study 2. There was a 

significant decrease in the number of kernels as seeding rate increased. 
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Study 2 Ear Yield Component Interactions 

There were significant interaction effects between hybrid and seeding rate for ear 

yield components kernel mass ear-1, kernel rows (ear-1), and kernels (ear-1) (Table 2.12). 

The interactions help to show which hybrids are more susceptible to ear component 

changes as seeding rate is increased. 

Table 2.13 Ear yield components by growth stage as affected by the interaction between 

hybrid and seeding rate for Study 2 (2014). 
Hybrid Intercept St. Error P Sig. Slope St. Error P Sig. 

 Kernel Mass (g ear-1) 

H103 289.24 10.24 < 2e-16 *** -1.6150 0.13 < 2e-16 *** 

H106 271.34 10.54 < 2e-16 *** -1.3515 0.14 4.18e-16 *** 

H109 282.56 10.24 < 2e-16 *** -1.2363 0.13 3.76e-15 *** 

H112 267.87 10.26 < 2e-16 *** -1.1136 0.13 4.76e-13 *** 

 Kernel Rows (rows ear-1)  

H103 16.31 0.55 < 2e-16 *** -0.012 0.001 0.0963 * 

H106 15.34 0.57 < 2e-16 *** -0.009 0.001 0.2112 N.S. 

H109 16.4 0.55 < 2e-16 *** -0.009 0.001 0.2076 N.S. 

H112 16.84 0.55 < 2e-16 *** -0.005 0.001 0.4361 N.S. 

 Kernels (kernels ear-1) 

H103 798.48 28.90  < 2e-16 *** -2.24 0.38 4.05e-08 *** 

H106 737.79 29.71 < 2e-16 *** -2.34 0.40 4.01e-08 *** 

H109 758.00 28.90 < 2e-16 *** -1.55 0.38 7.63e-08 *** 

H112 764.13 28.93 < 2e-16 *** -1.64 0.38 3.37e-05 *** 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not Significant 

 

Kernel Mass. There were significant differences for kernel mass (g ear-1) based on 

the interaction between hybrid and seeding rate. The amount of kernel mass shows the 

intercept for H103 being much greater than the remaining hybrids, (Table 2.13) but H103 

has a steeper slope than the other hybrids suggesting that it is more sensitive to kernel 

weight losses as seeding rate is increased (Figure 2.51). Hybrid H112 has the smallest 

slope for kernel mass (g ear -1) indicating that as seeding rates are increased it will suffer 
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the least amount of loss in kernel mass (g ear -1). Hybrid H103 has the largest intercept in 

the linear model results but with such a steep slope it is more sensitive to grain weight 

losses therefore it is not be the best of the four hybrids to use at higher seeding rates. 

Hybrid H109 has a higher intercept with a slightly steeper slope than H112 but H109 

remains greater than H112 even at higher seeding rates suggesting that it may be less 

sensitive whether used at the lowest or highest seeding rates in this Study (Figure 2.51). 

 
Figure 2.51 Kernel mass (g ear -1) interaction between hybrid and seeding rate from Study 

2. 

Kernel Rows. The number of kernel rows (rows ear-1) had significant differences 

based on interaction between hybrids and seeding rate but with further analysis these 

interactions may be caused by the wide range of seeding rates on Study 2 or possible 

noise in the data. The differences observed between hybrids were very small and possibly 

not enough to be biologically significant. The slopes for each of the hybrids was almost 

nonexistent therefore the intercept is very close to the mean for each of the hybrids 
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(Table 2.13). Hybrids are not biologically sensitive to changes in rows (rows ear-1) as 

changes in seeding rate occur (Figure 2.52).  

 
Figure 2.52 Kernel rows (rows ear -1) interaction between hybrid and seeding rate from 

Study 2. 

Kernel Number. There were significant differences for the number of kernels 

(kernels ear-1) based on an interaction between hybrid and seeding rate. Hybrids H103 

and H106 had the lowest amount of kernels produced as seeding rates are increased at a 

much higher rate than H109 and H112 (Table 2.13). These results shows that the later 

season hybrids are less sensitive to loss in number of kernels (kernels ear-1) than the early 

maturing hybrids. Hybrids H109 and H112 behave similarly for kernels (ear-1) as well as 

kernel mass (g ear -1). Hybrid H112 seems to be the least sensitive hybrid to seeding rates 

changes for ear yield component measurements. H122 has the lowest slope for kernel 

weight and rows (rows ear-1) and is not as sensitive to seeding rate changes for the 

number of kernels (rows ear-1).  
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Figure 2.53 Kernel number (kernels ear -1) interaction between hybrid and seeding rate 

from Study 2.  

Discussion of Hybrid Effects 

The hybrids both studies were selected for their similarities in genetic and phenotypic 

traits to help optimize yield in stress conditions. The main difference between these 

hybrids is their relative maturity rating of H103 (103) to H112 (112). A difference of a 

few GDU may not seem like much but depending on minor drought conditions at critical 

time periods in plant growth this could be detrimental to the vegetative and especially 

reproductive processes occurring in a corn plant. If the earlier season hybrids are 

experiencing early reproductive stages and conditions are optimal this could result in 

good pollination. However, the exact opposite could occur for a later season hybrid if 

entering reproduction during a drought event only a few days later. On the other hand if a 

later maturing hybrid is able to put on greater amounts of plant biomass increasing its 
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source to sink ratio then it can produce larger kernels. This was observed in this Study 

with the later season hybrids more consistently having heavier kernels (g ear -1). 

Measurements that showed trends following increasing maturity rating were plant 

height, plant biomass (g plant-1) and (kg ha-1), NDVI, NDRE, and grain weight ear-1. The 

results from plant biomass (g plant-1) and (kg ha-1) showed similar significant differences 

throughout the growing season and at the time of harvest by hybrid. Most interesting 

hybrid trends that followed increasing maturity rating for NDVI and NDRE occurred as 

the crop canopy was senescing, with early season hybrids having reduced greenness 

sooner than later season hybrids. Those that did not follow the maturity rating trend were 

leaf area plant-1, LAI, ear height, stem diameter, NDRE before the time of senescence, 

ELAI, rows (ear-1), and kernels (ear-1). 

Some of the differences from the above trends with increased maturity rating were 

seen in leaf area (cm2 plant -1) which showed H109 having greater amounts of observed 

LAI and ELAI than the other three hybrids. Hybrid H106 had plants with ears higher on 

the stem and thinner stems for all of the studies on both years, which were results that did 

not follow the maturity rating pattern. The combination of a thinner stem and higher ear 

could result in increased lodging however that was not noted in either of these studies. 

Another puzzling result was that stem diameter for hybrid H103 had a very thick stem. 

This could potentially explain why this hybrid had such a high amount of biomass. A 

downward trend occurred for NDRE throughout the growing the season from H103 down 

to H109, and then an increase back to H112 which had the greatest NDRE values. 

However it did follow increasing maturity rating trend at the time of senescence. Hybrid 

H106 had the lowest number of rows (ear-1) and fewest kernels (ear -1) in comparison to 
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the other hybrids for all studies once again not following the tendencies for the hybrid 

maturity rating.  

Management decisions need to take into account not just the specific qualities desired 

for stress resistance but also the hybrid maturity rate in conjunction with the planting 

date. 

Discussion of Seeding Rate 

Increasing seeding rate can lead to greater intra-specific competition resulting in poor 

stand quality, reduced plant available resources, and ultimately low yields. Selecting 

specific hybrids can help growers manage this intra-specific competition but one of the 

better ways to manage intra-specific competition is through changing stand densities 

based on planting decisions. Both studies showed positive physiological and 

morphological responses for most measurements as seeding rate increased, indicating 

plant density can have an effect on crop outcomes on a per hectare basis. Inverse 

responses were observed on a per plant basis. Yield on Study 2 showed similar results 

with an increase in yield as seeding rate was increased. An increase in plant density 

results in more plants in a given area but that does not result in a changed response by 

plants overall throughout that given area. It does however result in changes on a per plant 

basis.  

Many measurements that were on a per plant basis showed an inverse relationship, as 

planting density became greater, response measures decreased. Examples of this were 

biomass throughout the season and at harvest, leaf area, NDRE at senescence, harvest 

index, kernel weight and number of kernels (ear -1). Seeding rate can have a non-stable 
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effect on responses on a per hectare basis such as LAI, biomass, NDVI, ELAI, and yield 

with a plateau after reaching 74,000 to 84,000 seeds-1. Measures not affected by plant 

density were plant height, ear height, yield on Study 1, and Rows (ear-1).  

CONCLUSION 

Throughout both years and studies hybrid followed the trend of maturity rating for 

physiological and morphological responses. There were a few unexplained exceptions 

with ear height, stem diameter, and rows (ear -1). The fact that hybrid maturity rating 

followed the trend of later season hybrids having higher results is a positive outcome 

because it allows growers to choose hybrid for their specific needs. Certain soil 

landscapes and soil textures allow for earlier season planting and with the combination of 

consistent rainfall throughout the season, a later maturing hybrid would be better choice. 

However if a grower knows that soil conditions do not allow for early season planting 

and rainfall events do not occur in their region consistently throughout the season an 

earlier maturing hybrid would have less risk of kernel loss due to bad pollination or 

kernel fill. Is choosing a hybrid based on maturity rate alone enough for optimum yield? 

Probably not, but with modern hybrids that is one of the most drastic changes, if all other 

traits are the same for biotic and abiotic stress resistance.  

Intra-specific competition can lead to greater per-plant variability for different 

responses some playing a vital role in overall grain yield, biomass, and harvest index.  

Seeding rate followed these trends with lower responses as plant density became greater, 

with an inverse effect on a per hectare basis. From a managerial perspective seeding rate 

is an easier way to greatly impact crop response in comparison to hybrid selection on 
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maturity rate alone. The ultimate goal for precision agriculture is to come up with 

methods for variable rate seeding that will allow for better physiological and 

morphological responses. Better crop responses throughout the season will help to 

increase yields. There is still some work however that needs to be done in order to 

understand the methodology for improved variable rate seeding prescriptions.  

For Study 1 yield was impacted by hybrid or population, but delineating differences 

was compromised due to widely distributed blocks (i.e., high site error). There were 

differences between sites that could play a role in the lack of significant differences seen 

for yield, but also yield sampling was only a small portion of the entire plot. For this 

reason an extensive amount of work was performed on the strip trial yield obtained from 

combine yield monitors in order to better understand how spatial variability in a field can 

affect management (chapter 3). Also it helped to understand methods needed for 

removing trends in spatial data and allowing for treatments differences to be better 

observed.  
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CHAPTER 3 ANALYSIS OF HYBRID AND SEEDING RATE 

EFFECTS IN A STRIP TRIAL EXPERIMENT 

ABSTRACT 

Understanding soil variability due to soil physical and chemical properties and 

landscape is crucial to obtaining optimum yield throughout a field. Spatial variability in 

soil texture can occur throughout the soil profile causing large yield differences from one 

part of a field to another. In comparison to small plot research production-scale on-farm 

research in strip trials can give a greater understanding how this variability affects crop 

yield for different parameters such as hybrid and seeding rate. There are two objectives in 

this study 1) characterize the effect of seeding rate and hybrid on yield in strip trial 

experiments, 2) compare three modeling frameworks for strip trial analysis. For objective 

two the modeling frameworks are (1) analysis on yield strip means, (2) analysis on 

spatially de-trended strip means, and lastly (3) analysis with bulk soil electrical 

conductivity (ECa) as a covariate. We implemented a measurement protocol in a field-

scale strip-trial design at multiple locations (7 in 2013, 5 in 2014) in the Central Claypan 

Areas of Northeast Missouri (MLRA 113) (USDA-NRCS, 2006). The design of the 

experiments included four different hybrids at three different seeding rates: 74,000, 

84,000, and 94,000 seeds ha-1. Hybrids were chosen with similar traits but with relative 

maturity ratings ranging from 103 to 112 days. Grain yield was measured by yield 

monitor and ECa was measured with a Veris 3100 soil sensor. To account for 

uncontrolled spatial variation, smooth local trends were removed from the yield maps 

using a local polynomial interpolation. Analysis of hybrid and seeding rate effects from 
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spatially de-trended yield was compared to analysis with strip mean yields for 

identification of treatment differences. Spatially de-trended yield models did not improve 

the analysis of hybrid and seeding rates over strip mean yield. Soil ECa data was 

collected in order to shed light on the spatial variability occurring in each field but this 

added covariate did not prove any more helpful than spatial de-trending. Due to the small 

dataset in this study results did not show many significant differences in 2013 and none 

in 2014. A larger dataset could prove to be very useful in this type of analysis to continue 

testing these modeling frameworks or models that account for more covariates. 

INTRODUCTION 

Spatial variability within a field offers an opportunity for more spatially explicit 

management practices. Soil variability in landscapes is not limited to visible surface 

changes but can also include the deeper soil profile (Yemefack et al., 2005). Production 

scale on-farm research in strip trials can provide useful data on seeding rate response in 

corn, but analysis of effects can be hampered by potential underlying spatial variability in 

the soil and landscape. The strip trial methodology is increasingly relied upon by seed 

companies to understand management effects on products. Large scale strip trial 

programs such as the Iowa Soybean Association’s On-Farm Network are also 

demonstrating the utility of this kind of data for researching management effects. 

Pierce and Nowak (1999) defined precision agriculture as the application of 

technologies and principles to manage spatial and temporal variability associated with all 

aspects of agricultural production for the purpose of improving crop performance and 

environmental quality. With the use of precision agriculture, growers have the ability to 
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implement multiple decision practices within a field potentially cutting input costs and/or 

increasing yield at the end of each growing season. Field scale data is most useful if 

collected for multiple years and then analyzed on a year by year basis allowing 

management decisions to be based on collected data; however many growers do not use 

the data effectively to benefit their operation. This occurs because some growers do not 

know how to use these data sets. Some growers claim they do not have time to adjust 

these data into a useful information while others feel it is not worth the time and effort to 

collect (Griffin et al., 2004). These issues may be due to a lack of effective models used 

for analysis and undemonstrated agronomic utility. 

Effects of soil and landscape variability have been observed for decades within fields 

that have uniform management practices across an entire field. This often times leads to 

over application of inputs in less productive areas and under application in more 

productive areas in a field (Jung et al., 2006). These are cases where production strip trial 

plots are a good method for understanding how to manage variability within a field and a 

region. They allow for collection of large quantities of data while the labor of plot layout 

is distributed to cooperating growers on their own fields. These studies can be placed in 

many different soil landscapes and can span differences in weather as well as 

management practices. This helps to see how practices or products respond in multiple 

environments and helps producers see real-world management in a research setting. On 

farm-strip trials span the entire field helping growers have more applicable results to their 

particular operation in contrast to small plot research trials. 

Inclusion of spatial information such as soil electrical conductivity and other high-

resolution data may improve our capability to remove variability not related to treatment 
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strips and discover treatment differences. All of these data need to be analyzed and 

interpreted to show useful agronomic information about fields to a grower. These 

interpretations and analyses are made using Geographical Information Systems (GIS) 

which are computer systems that can capture and store spatial  data, analyze it, and then 

display it in a manner that is usable for the interested parties (Folger, 2011). 

Soil ECa is a measurement of the soils ability to conduct an electrical current and can 

be correlated to many different properties within the soil profile. These properties include 

soil texture and cation exchange capacity (CEC) with measurements being obtained at 

multiple soil levels within a profile (Grisso et al., 2009). Soil ECa is a powerful tool that 

can be related to soil morphological, physical, and chemical properties, and can be used 

in correlation with yield data to tell a grower how to manage different portions of a field 

in order to gain the highest profit available.  

Soil ECa is also a good way to indirectly sample important soil physical and chemical 

properties on a large and rapid scale. (Doolittle et al., 1994; Kitchen et al., 1999). For 

instance, soil ECa sensors can be a good indicator of topsoil depth in certain soil regions, 

helping to explain erosional losses and the depth to claypan (Kitchen et al., 1999). 

The analysis of main effects can be masked by this soil and landscape variability. For 

that reason there are two objectives in this study. The first is to characterize the effect of 

seeding rate and hybrid on yield in strip trial experiments. The second objective is to 

compare three modeling frameworks to examine the effect of hybrid and seeding rate 

with analysis based on (1) strip mean yields, (2) spatially de-trended strip mean yield, and 

lastly (3) analysis of yield with a covariate, ECa. 
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MATERIALS AND METHODS 

Site Locations and Soils 

This research was conducted in 2013 and 2014 in fields located throughout Mid-

Missouri (Figure 3.1). Sites were relatively close to one another in order to minimize the 

impact of weather variability between sites. Site selection was based on the soil series 

with a desire to maintain a uniform series throughout the locations. All the plots were on 

a fine, smectitic, mesic Vertic Albaqualf and a fine, smectitic, mesic Vertic Epiaqualf 

with exception of one which is a Fine-silty, mixed, superactive, mesic Typic Hapludalf. 

Soil series data is shown below (Table 3.1). 
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Figure 3.1 Locations of research sites in Mid-Missouri. 
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Table 3.1 Soil Series and taxonomic class for research sites in Mid-Missouri. 

Field ID Soil Series Taxonomic Class % Trt 

Area 

CW Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

42% 

 Mexico silt loam, 1-4%, 

eroded 

Fine, smectitic, mesic Vertic 

Epiaqualfs 

58% 

DN Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

58% 

 Mexico silt loam, 1-4%, 

eroded 

Fine, smectitic, mesic Vertic 

Epiaqualfs 

42% 

JB Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

75% 

 Mexico silt loam, 1-4%, 

eroded 

Fine, smectitic, mesic Vertic 

Epiaqualfs 

25% 

JR Putnam silt loam, 0 -1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

MO Armstrong loam, 5-9% Fine, smectitic, mesic Aquertic 

Hapludalfs 

29% 

 Mexico silt loam, 0-2% Fine, smectitic, mesic Vertic 

Epiaqualfs 

50% 

 Mexico silt loam, 1-4%, 

eroded 

Fine, smectitic, mesic Vertic 

Epiaqualfs 

51% 

SA Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

58% 

 Mexico silt loam, 0-2% Fine, smectitic, mesic Vertic 

Epiaqualfs 

42% 

TF Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

DOC Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

40% 

 Mexico silt loam, 1-4%, 

eroded 

Fine, smectitic, mesic Vertic 

Epiaqualfs 

60% 

FLOW Mexica silt loam, 1-4%, 

eroded 

Fine, smectitic, mesic Vertic 

Epiaqualfs 

2% 

 Menfro silt loam, 2-5% Fine-silty, mixed, superactive, 

mesic Typic Hapludalfs 

52% 

 Menfro silt loam, 5-9%, 

eroded 

Fine-silty, mixed, superactive, 

mesic Typic Hapludalfs 

46% 

SH Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

30% 

 Mexico silt loam, 0-2% Fine, smectitic, mesic Vertic 

Epiaqualfs 

70% 

CM Putnam silt loam, 0-1% Fine, smectitic, mesic Vertic 

Albaqualfs 

100% 

MS Mexico silt loam, 0-2% Fine, smectitic, mesic Vertic 

Epiaqualfs 

100% 
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Experimental Design 

Working with cooperators at DuPont Pioneer we analyzed yield data from field 

scale strip-trial design at multiple locations (7 in 2013, 5 in 2014) in the Central Claypan 

Areas of Northeast Missouri. The design of the experiments included four different 

hybrids at three different seeding rates: 74,000, 84,000, and 94,000 seeds ha-1. Hybrids 

were chosen with similar phenotypes and genotypes but with a range of 103 to 112 

relative maturity ratings. Hybrids were P0365YHR (H103), P0636HR (H106), P0993HR 

(H109), and P1248AM (H112) (H signifies hybrid). Individual locations serve as 

replicates in a spatially distributed analysis of variance design. The strip plots are either 

six or eight rows wide at 0.762 meter spacing. Each experimental site contained twelve 

strip trial plots consisting of 12 treatments arranged in a random order from one site to 

the next. Length of field strips ranged from 200 to 1000 meters (Figure 3.2). 



 

 
 

1
0

1
 

 
Figure 3.2 Strip trial treatment layout of hybrid and plant population for all sites. 
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Measurements 

Yield monitor data was collected by producers at each location. Because the yield 

maps contained errors, they were cleaned and processed in specialized yield data editing 

software (Sudduth and Drummond, 2007) so they could be used in the analysis. Some of 

the reasons for bad data points are GPS correction error, sudden changes in the combine 

speed, changes in the crop flow when starting or stopping a row, variable crop swath 

width, and any other values outside the normal range of crop yield (Sudduth and 

Drummond, 2007). 

Soil ECa for this study was measured at all locations using the Veris 3100 ground 

conductivity sensor (Veris Technologies Inc., Salina, Kansas). This is a coulter style 

sensor that uses six electrodes on the coulters in direct contact with the soil. Two of the 

electrodes send out the electrical current while the other two receive and measure the 

voltage potential. The depths measured by this style of sensor can vary based on the 

space between the coulters. Multiple measurement depths can be obtained by adding 

another pair of coulters with electrodes (Sudduth et al., 2005), but for this Study the Veris 

3100 gathered ECa at a shallow [0 to 30cm (0 to 12in)] and deep [0 to 100cm (0 to 39in)] 

setting in the soil profile. For this research we used the deep channel from the Veris 

sensor. Measurements were taken at a transect spacing of 9.1 m. 

Data Analysis Methods  

Data were collected and adjusted to remove unusable points and then placed into 

ArcGIS software allowing for management of data before analysis. To account for 

uncontrolled spatial variation, smooth local trends were removed from the yield maps 
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using local polynomial interpolation, a deterministic interpolation method. This 

interpolation method fits many polynomials using neighborhoods that overlap. 

Neighborhoods can be adjusted for size and the number of neighbors used. Varying 

neighborhood size can be used to control the level of smoothing. The search 

neighborhood controls the points that will be used to supply the output for each given 

point (Johnston, 2004). We applied three arbitrary levels of smoothing to investigate the 

sensitivity of the modeling framework to the fit of the trend surface. We describe these 

levels of smoothing and the maps created in the interpolations as high, medium, and low 

smoothing. These maps are referred to as spatially de-trended yield because the 

smoothing technique has removed trends in the yield data that are a function of the spatial 

variability within the field rather than variability in the data that may exist due to 

treatment differences. The yield was then adjusted to remove yield trends at each of the 

three values, calculated by subtracting the smooth data from the original yield data at  

each of the three levels (Eq. 3.1).Spatially de-trended strip yield means were then 

compared to strip mean yield for identification of treatment differences.  

𝑺𝒑𝒂𝒕𝒊𝒂𝒍𝒍𝒚 𝒅𝒆𝒕𝒓𝒆𝒏𝒅𝒆𝒅 𝒚𝒊𝒆𝒍𝒅 = 𝒀𝒊𝒆𝒍𝒅 − 𝒔𝒎𝒐𝒐𝒕𝒉𝒆𝒅 𝒚𝒊𝒆𝒍𝒅  (𝒉𝒊𝒈𝒉, 𝒎𝒆𝒅𝒊𝒖𝒎, 𝒍𝒐𝒘)   3. 1  
 

Bulk apparent soil electrical conductivity (ECa) was gathered, semivariograms 

were developed and analyzed verifying good sampling of soil ECa data, and block kriging 

was performed on ECa data from each site. Using ArcMap a GIS software, the values 

from the interpolated ECa and smoothed yield maps were extracted to the locations of the 

yield data points for development of a modeling dataset. The residual between the actual 

yield and the yield interpolated by the three smoothed yield maps was calculated from the 
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extracted point attributes. This resulted in three separate levels of de-trended yield values 

used for further analysis and comparison. 

Analysis was performed to examine the effects of hybrid and seeding rate on strip 

mean yield, the de-trended strip mean yield, and strip mean yield calculated with ECa as a 

model covariate. The yield and ECa data from each strip plot were averaged to have one 

value point per treatment per field. All treatment effects were modeled and examined for 

significant effects using a generalized linear mixed model (Bates et al., 2014) specifying 

site as a random effect. The three modeling frameworks had similar models but for added 

clarification the strip mean yield (Eq. 3.2), de-trended strip mean yield (Eq. 3.3), and strip 

mean yield calculated with ECa (Eq. 3.4) equations below. 

 

𝑺𝒕𝒓𝒊𝒑 𝒎𝒆𝒂𝒏 𝒚𝒊𝒆𝒍𝒅 = 𝑯𝒚𝒃𝒓𝒊𝒅 + 𝑺𝒆𝒆𝒅𝒊𝒏𝒈 𝑹𝒂𝒕𝒆 + 𝑺𝒊𝒕𝒆   3. 2  

 

𝑫𝒆 − 𝒕𝒓𝒆𝒏𝒅𝒆𝒅 𝒔𝒕𝒓𝒊𝒑 𝒎𝒆𝒂𝒏 𝒚𝒊𝒆𝒍𝒅 = 𝒇(𝒙𝒚) + 𝑯𝒚𝒃𝒓𝒊𝒅 + 𝑺𝒆𝒆𝒅𝒊𝒏𝒈 𝑹𝒂𝒕𝒆 + 𝑺𝒊𝒕𝒆   3. 3  

 

𝑺𝒕𝒓𝒊𝒑 𝒎𝒆𝒂𝒏 𝒚𝒊𝒆𝒍𝒅 + 𝑬𝑪𝒂 = 𝒇(𝑬𝑪𝒂) + 𝑯𝒚𝒃𝒓𝒊𝒅 + 𝑺𝒆𝒆𝒅𝒊𝒏𝒈 𝑹𝒂𝒕𝒆 + 𝑺𝒊𝒕𝒆   3. 4  

Random variation between sites included planting date, soil and landscape, weather, 

and management practices. Due to differences in weather between each year a separate 

analysis was done for each year. After a comparison of treatments it was determined a 

least squared means analysis was needed in order to examine what differences were 

present between treatments. Since the dependent variables in each of the three models 

were different, models from the three frameworks were compared on the basis of their 

individual fits from the value of the f-statistic, p-value, and a multiple r-squared in order 

to compare models. 
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RESULTS AND DISCUSSION 

Data was collected for both years and analyzed separately, because of large 

differences in weather and management, especially planting date. The range of yield 

averages for 2013 was rather narrow (8.1 to 11.3 kg ha-1) but in 2014 one site exhibited 

much larger yield than the rest of the sites (Table 3.2). An initial overview of the data 

shows that yields in 2014 were much higher than those in 2013 due to more favorable 

weather conditions in 2014. There was a lot of moisture early in the spring of 2013 that 

continued into early summer resulting in a later planting date, which could be the cause 

of diminished yields. However that was not the only weather-related crop loss that 

occurred in 2013. During vegetative stages there was consistent rainfall allowing for 

good plant growth, but as the season progressed, rainfall was below average. The yield 

differences between sites in 2013 showed that later season hybrids did not have the 

resources available to continue filling grain after vegetative development completed. It 

also shows that higher seeding rates performed worse, probably for the same lack of 

resources during grain fill. In 2014 rainfall was consistent throughout the entire growing 

season even up until harvest allowing for good vegetative growth and a relatively stress-

free grain fill period, resulting in higher yield than 2013 (Table 3.2). 

The generally small range of soil ECa data within fields indicates little soil variability 

within each field from either year. Variance between fields is greater which explains the 

few fields that stand out with higher ECa values in 2013 (Figure 3.3) as well as one field 

being slightly lower in 2014 (Figure 3.4) (Table 3.2). The difference in ECa between 
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locations may be helpful to explain the error in models due to location by including ECa 

in the modeling framework (Table 3.2). 

Table 3.2 Summary statistics for measurements.  
 Planting Yield (Mg ha-1) ECa (mS/m) 

 date Mean Min Max St. dev. Mean Min Max St. dev. 

 2013 

Field Name          

   All -- 9.5 7.4 11.9 1.1 42.6 31.5 59.8 7.9 

   CW 5/18 10.2 9.5 10.8 0.5 33.5 32.6 34.3 0.7 

   DN 5/16 8.8 7.9 9.3 0.4 41.1 39.3 44.4 1.7 

   JB 5/15 8.1 7.4 8.5 0.4 51.0 47.2 53.8 2.0 

   JR 5/17 9.7 9.0 10.4 0.4 35.9 33.7 38.6 1.6 

   MO 5/14 11.3 10.5 11.9 0.5 53.7 44.6 59.8 6.2 

   SA 5/16 9.0 8.4 10.2 0.5 34.8 44.6 40.4 2.4 

   TF 5/17 10.0 9.3 11.5 0.6 43.8 40.8 48.5 2.3 

Hybrid          
   H103 -- 9.5 7.4 11.9 1.2 41.9 32.9 53.8 6.6 
   H106 -- 9.8 7.4 11.8 1.3 42.2 32.9 58.9 7.5 
   H109 -- 9.5 8.2 11.3 1.0 43.9 31.5 59.8 9.1 
   H112 -- 9.3 7.9 11.0 0.9 42.7 31.8 58.2 8.6 
Rate           
   74,000 -- 9.6 7.4 11.8 1.1 42.7 32.6 57.6 7.6 
   84,000 -- 9.6 7.6 11.9 1.1 42.5 32.8 59.4 7.7 
   94,000 -- 9.4 7.9 11.8 1.1 42.6 31.5 59.8 8.6 
 2014 

   All -- 14.5 11.8 19.3 1.8 36.8 22.1 55.1 8.9 

   DOC 5/4 12.6 11.8 13.3 1.4 34.2 29.2 38.1 3.3 

   FLOW 4/21 17.8 17.1 19.3 0.6 35.4 33.2 37.6 1.5 

   SH 4/17 15.4 14.3 16.4 0.7 51.3 46.9 55.1 2.2 

   CM 4/22 14.0 13.3 14.6 0.5 38.1 36.8 39.7 1.0 

   MS 4/22 14.5 13.5 16.2 0.9 25.0 22.1 29.3 2.3 

Hybrid          
   H103 -- 14.7 12.3 17.4 1.7 36.8 22.6 51.6 8.7 
   H106 -- 14.9 12.8 17.7 1.8 36.9 22.6 52.0 8.9 
   H109 -- 14.8 12.2 18.6 2.0 36.5 23.8 52.8 8.9 
   H112 -- 15.1 11.8 19.3 2.0 36.9 22.1 55.1 9.9 
Rate          
   74,000 -- 14.6 11.8 17.7 1.8 36.2 22.1 54.2 9.0 
   84,000 -- 15.0 12.2 18.2 1.8 35.8 22.1 55.1 10.1 
   94,000 -- 15.1 12.4 19.3 2.0 37.5 25.9 52.0 8.1 
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Figure 3.3 Strip mean yield in comparison to strip mean ECa for all sites in 2013. Each of 

the 7 sites is designated with a different color.  
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Figure 3.4 Strip mean yield in comparison to strip mean ECa for all sites in 2014. Each of 

the 5 sites is designated with a different color. 
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Modeling Framework Differences 

Three modeling frameworks were created and analyzed in this Study, 1) strip mean 

yield, 2) spatially de-trended yield (high, medium, and low smoothing), and 3) yield with 

ECa data from the Veris 3100 deep channel. The strip mean yield is the average of the 

mean within treatment strips with no alterations to the data. The spatially de-trended yield 

was created by calculating and removing smooth local trends at three different levels 

(high, medium, and low) using a deterministic interpolation approach and then removing 

the de-trended yield from the strip mean yield. The residuals were then averaged for each 

of the three levels of smoothing (high, medium, low) leaving one point value per 

treatment strip. Soil ECa was measured and block kriging was performed allowing for the 

yield and ECa data points to be joined for analysis. Maps were created showing the 

different modeling frameworks as well as the soil ECa map data that was measured 

(Figure 3.5). The strip plots were overlaid within all field locations and analysis was 

performed on data that was spatially inside of these strips (See appendix F for maps from 

all field locations.). Data near the end of the field was not used in the analysis because 

end rows did not follow the same treatment patterns in the strips. Reasons for inaccurate 

data points on the field edge are due to changes in combine speed, changes in the crop 

flow when starting or stopping a row, and variable swath width (Sudduth and 

Drummond, 2007). The strip mean yield with calculated ECa framework was also 

analyzed using the averages of treatment strips from both measurements.  

The strip mean yield and high spatially de-trended modeling techniques had similar 

results of significant differences when compared in the generalized linear mixed model in 

2013. In 2014 none of the treatment differences proved to be significant, and in 2013 
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only hybrids were significantly different (Table 3.3). The highest yielding hybrid for the 

strip trial analysis was H106 (Figure 3.6). In the previous chapter, yield from Study 1 (the 

strip yield experiments also used in this study) was not significantly different for hybrid 

or seeding rate. However on Study 2 (a randomized complete block design) yield had 

significant differences for both hybrid and seeding rate effects. Results from the previous 

chapter showed that hybrid H106 had significantly greater yields than the remaining 

hybrids.  

A comparison of the fit of the generalized linear mixed model results shows that there 

is not much improvement in parameter and overall fit statistics of the models fit from the 

spatially de-trended maps. The strip mean yield model showed significant differences for 

hybrid but not seeding rate as well as the spatially de-trended (high) model and the yield 

with covariate ECa model (Table 3.3). For all 3 models with significant differences, 

hybrid H106 was significantly greater than H103 and H112. Hybrid H109 was 

significantly the same as the remaining hybrids (Table 3.4). Unfortunately none of the 

models showed any significant differences between seeding rates. These significant 

differences only occurred in 2013 with no significant differences occurring for any 

treatment within any modeling framework in 2014 (Table 3.3). This lack of significant 

differences is more than likely due to the smaller sample size in 2014 in comparison to 

2013. The difference in p-value between strip mean yield and highest level of spatial de-

trending is only 0.02 (Figure 3.7) and the other levels of smoothing did not prove to be 

significantly different (Table 3.3).  
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Table 3.3 Significance of Spatial Yield models.  
Model Hybrid  Seeding Rate  ECa  

 F P Sig. F P Sig. F P Sig. 

 2013 

Mean Yield 2.76 0.05 * 1.49 0.23 N.S. -- -- -- 

De-trended           

   High 3.11 0.03 * 1.33 0.27 N.S.  -- -- -- 

   Medium 2.53 0.06 N.S. 1.40 0.25 N.S.  -- -- -- 

   Low 2.00 0.12 N.S. 1.36 0.26 N.S.  -- -- -- 

Yield + ECa 3.11 0.03 * 1.52 0.23 N.S.  2.24 0.14 N.S. 

 2014 

Mean Yield 1.07 0.37 N.S. 2.35 0.11 N.S. -- -- -- 

De-trended           

   High 0.96 0.42 N.S.  2.51 0.09 N.S.  -- -- -- 

   Medium 0.78 0.51 N.S.  2.58 0.09 N.S.  -- -- -- 

   Low 0.62 0.60 N.S.  2.51 0.09 N.S.  -- -- -- 

Yield + ECa 1.02 0.39 N.S.  1.75 0.19 N.S.  0.97 0.33 N.S. 

* Denotes significant at (P<0.05) 

** Denotes significant at (P<0.01) 

*** Denotes significant at (P<0.001) 

N.S. Not significant 

 

Table 3.4 Means separation between strip yield models.  
Model Hybrid Seeding Rate 

 H103 H106 H109 H112 74K 84K 94K 

 2013 

Mean Yield 9.52 a 9.80 b 9.58 ab 9.38 a 9.61 a 9.65 a 9.45 a 

De-trended Yield        

   High 0.07 ab 0.35 b 0.13 ab -0.03 a 0.15 a 0.21 a 0.03 a 

   Medium -0.001 a 0.26 a 0.09 a -0.05 a 0.09 a 0.15 a -0.02 a 

   Low -0.05 a 0.17 a 0.07 a -0.05 a 0.03 a 0.11 a -0.04 a 

Yield + ECa 9.50 ab 9.79 b 9.58 ab 9.35 a 9.60 a 9.63 a 9.43 a 

 2014 

Mean Yield 14.70 a 14.87 a 14.81 a 15.10 a 14.65 a 14.88 a 15.08 a 

De-trended Yield        

   High 0.23 a 0.34 a 0.22 a 0.52 a 0.14 a 0.32 a 0.53 a 

   Medium 0.18 a 0.27 a 0.11 a 0.38 a 0.06 a 0.22 a 0.43 a 

   Low 0.16 a 0.23 a 0.02 a 0.22 a 0.004 a 0.13 a 0.33 a 

Yield + ECa 14.7 a 14.86 a 14.82 a 15.09 a 14.67 a 14.89 a 15.05 a 
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Figure 3.5 Map of strip trial for field JB in 2013. A) Map showing strip mean yield 

interpolation from a best fit interpolation method with strip plot overlays showing trends in 

yield data. Analysis of data was performed using point data not interpolated maps B) 

Spatially de-trended yield map (high) helping to show how spatial trends in the yield data 

were removed to understand how treatment differences may be hampered by spatial 

variability. C) Residuals from spatially de-trended yield data (high). These are the values 

left after the high de-trended values are subtracted from the strip mean yield. D) Map of the 

soil ECa data measured on this particular field helping to show visually the correlation 

between soil spatial variability and the interpolated strip mean yield from map a. 
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Figure 3.6 Strip mean yield by hybrid in 2013. 

 
Figure 3.7 Spatially de-trended (high) yield by hybrid in 2013.  
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In order to remove the trends caused by spatial variability an analysis of covariance 

was applied using ECa. As previously mentioned there were significant differences for 

the yield analysis with the added covariate ECa model but only for hybrid and not seeding 

rate. Hybrid H106 was the only hybrid significantly greater in this model analysis. This 

analysis was only significant in 2013 and not 2014. The analysis with covariate ECa was 

not much of an improvement over strip mean yield with the same difference in p-value as 

the highest level of spatial smoothing 0.02 (Table 3.3). The similar results for all of these 

models suggest that it may not be worth the added effort of ECa data collection to run the 

analysis of covariance. A possible reason for the low correlation between ECa and yield 

data is the lack of spatial variation within the chosen strip plots. The fields chosen were 

flat, resulting in more uniform landscapes with slight soil variations. 

 
Figure 3.8 Yield + ECa model by hybrid in 2013.  
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The lack of significant differences within these datasets could be due to a few factors. 

The first one could be that the treatments in this study may not have a wide enough range 

of seeding rates when all other site differences are in effect. Another reason for negative 

findings of treatment differences may be caused by site to site variability whether that be 

weather, soil and landscape, or, management. The minimal spatial variability within each 

site is also a possible reason why the results did not see greater significant differences in 

the yield with covariate ECa model. There is a small number of locations serving as 

replicates in this Study and that may be the biggest reason for the observed results in this 

chapter. 

CONCLUSION  

The importance of developing methods for understanding variable rate seeding 

applications is becoming more and more evident. The data in this Study helped to 

understand some of the modeling frameworks but did not show the significant differences 

in a manner that justifies the additional complexity involved in trend removal. However, 

given the current and future increase in the use of strip trial research methods and the 

incremental differences in a new management option, it may yet be useful. Negative 

findings are possibly a result of the smaller datasets especially in 2014, which had only 5 

fields. The absence of significant differences for seeding rate in all of the models and 

differences between hybrids for some of the models could also be caused by other 

factors, such as lack of spatial variability within each site, high amounts of variability 

between sites, and narrow range of seeding rates within the Study. Some of the models 

proved to be slightly better than just using strip yield mean in the analysis but not much 
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including the yield with added ECa model. However, collection of ECa data is very costly 

and time consuming and for this specific application does not seem to be worth the time 

and money to collect, again unless the incremental differences are important and 

enhanced by this method. There are other applications in which ECa data can be useful 

for mapping spatial variability but the minimal within field variability in the fields 

observed in this study may have prevented the lack of improved precision in the results. 

While the spatial de-trending process was time consuming in the way it was done for this 

study it could be done more efficiently by using a software development approach. The 

model using de-trended yield data proved to be similar to the model using ECa and may 

be just as useful without the need for costly data collection from soil sensors. The 

understanding of these modeling frameworks has proven to be helpful early on to see 

what future steps are needed to better the analysis of on farm strip trial research. The 

main thing that needs to be improved is the number of sites that are included in the 

analysis. With such a small dataset it is hard to know if there truly are no treatment 

differences or if there is just too much uncontrolled variation between sites that are 

masking the differences. Also choosing a different model that allows for more covariates 

such as digital elevation models or remote sensing imagery would be useful for future 

studies. 
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APPENDIX A CEPTOMETER LAI STUDY 

INTRODUCTION 

Leaf area index (LAI) is defined as the ratio of the area of a one-sided leaf to a given 

unit of land area (Wilhelm et al., 2000). This value can help understand key canopy 

processes such as, light interception, the conversion of light into energy, gas exchange, 

and evapotranspiration. This one measurement is very useful to help explain crop 

development and productivity (López-Lozano and Casterad, 2013). It also helps gives 

understanding to crop canopy weed competition as well as intra-specific competition. 

Gathering leaf area samples, scanning them, and then computing the amount of leaf 

area over a given soil area is not a very complicated procedure. It is, however, a very time 

consuming and costly procedure. For this reason it was determined that another method 

for gathering LAI data was needed.  

The objective of this particular sub-study was to calibrate the ceptometer measured 

data to hand gathered leaf area samples for a better representation of LAI from the 

instrument. 

METHODS 

A Decagon AccuPAR LP-80 Ceptometer (Decagon Devices, 2014) using a separate 

external photosynthetically active radiation sensor was used to collect ELAI data. The 

ceptometer was used for both studies in 2014 to gather LAI data. In 2014, a dataset of 

destructive leaf area measurements was collected to calibrate the device to hand gathered 

samples. The Ceptometer was used in all plots and subplots of Study 1 and 2 in 2014 as a 
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non-destructive method for obtaining estimated LAI (ELAI). Ceptometer measurements 

were taken from ground level under the center two rows at a 45 degree angle to the rows 

(Figure 2.5). A series of five measurements were collected within each of the plots, 

subplots, and calibration areas at each time point, and were averaged to calculate ELAI. 

Ceptometer measurements were collected in the same locations as the destructive leaf 

area sampling in order to calibrate the device to hand gathered samples.  

After data collection with the ceptometer LAI was calculated using a software from 

Decagon Devices. A regression between device measured LAI and physical measurement 

of LAI was developed to calibrate device estimated LAI measurements (Figure A.1). A 

linear model equation was used to correct the device calculated LAI (Table A.1) 

RESULTS AND DISCUSSION 

The results for ELAI were noisy when compared to the hand gathered leaf samples. 

However, the ELAI data collected for the study showed similar significant trends and 

differences between hybrid and seeding rate that were very similar to the hand gathered 

data. Later season hybrids were significantly higher than earlier maturing hybrids (Table 

C.5 and Table C.6). Also as seeding rate increased there were significantly higher values 

of ELAI than lower seeding rates (Table C.5 and Table C.6).  This better calibration of 

the device gathered LAI helped to useful LAI measurements about the differences 

between hybrid and seeding rate. It also allowed the collection of data more frequently 

than the physical LAI method. 

Table A.1 Calibration equation output.  
 Estimate St. error T P 

Intercept 0.42 0.32 1.305 0.195 

Log(1+ 

deviceLAI) 

2.2 0.19 11.455 <2e-16 
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Figure A.1 Hand gathered LAI compared to device calculated LAI.  

 
Figure A.2 Hand gathered LAI used for calibration of device estimated LAI. 
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The results were similar to those of the hand gathered leaf area plant-1 and LAI 

showing that from Study 1 there were no significant differences in LAI or ELAI for 

hybrids early in the growing season, however later in the season there were hybrid 

differences specifically at vegetative tasseling stage (VT). Study 1 had differences in LAI 

or ELAI due to seeding rate scattered throughout the vegetative growth stages but results 

were inconsistent. Results from Study 2 had significant differences in LAI and ELAI for 

both hybrid and seeding rate at all times points measured. The more consistent 

differences shown from Study 2 are more than likely due to the block effect and the wider 

range of seeding rates (See end of appendix C for table of means and figures from Study 

1 and 2.). Overall the use of this ELAI methodology enhanced this study by providing a 

greater capability to measure treatment effects.  



 

123 
 

BIBLIOGRAPHY 

Decagon Devices, Inc. Pullman WA. 2014. AccuPAR PAR/LAI Ceptometer Model LP-80 

Operators Manual. 

 

López-Lozano, R., and M.A. Casterad. 2013. Comparison of different protocols for indirect 

measurement of leaf area index with ceptometers in vertically trained vineyards: Leaf 

area index measurement with ceptometers. Australian Journal of Grape and Wine 

Research 19(1): 116–122. 

 

Wilhelm, W.W., K. Ruwe, and M.R. Schlemmer. 2000. Comparison of three leaf area index 

meters in a corn canopy. Crop Science 40(4): 1179–1183. 

 

 



 

124 
 

APPENDIX B IN-SEASON CANOPY MEASUREMENTS 

Plant Height 

Table B.1 Plant height means from Study 1.  

Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

V6 41.7 a 44.1 ab 44.3 ab 47.1 b 44.2 a 44.9 a 43.7 a 

V7 64.4 a 67.0 a 67.5 a 67.8 a 66.3 a 66.5 a 67.1 a 

V8 105.96 a 104.4 a 104.1a 108.3 a 109.3 a 102.1a 105.7 a 

V10 143.2 a 152.1 b 149.0 ab 151.9 b 148.0 a 148.4 a 150.8 a 

V13 199.8 a 212.5 b 210.8 b 211.3 b 209.9 a 207.8 a 208.1 a 

VT 259.2 a 277.2 b 280.6 b 288.8 c 278.2 a 276.6 a 274.6 a 

Study 1 - 2014 

V5 35.4 a 40.0 c 37.6 b 38.5 bc 38.3 a 37.7 a 37.6 a 

V6 63.9 a 72.9 b 67.2 a 68.9 ab 69.2 a 67.7 a 67.8 a 

V8 114.2 a 121.8 b 118.1 ab 116.3 a 118.6 a 117.2 a 117.0 a 

V10 168.8 a 179.8 c 178.8 bc 171.2 ab 175.4 a 174.1 a 174.5 a 

V13 212.0 a 229.0 b 223.8 b 223.5 b 223.4 a 221.0 a 221.9 a 

V17 241.3 a 257.6 b 256.8 b 257.3 b 254.4 a 252.5 a 252.9 a 

VT 270.2 a 289.2 b 292.1 b 293.4 b 287.8 a 284.4 a 286.4 a 
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Figure B.1 Plant height by hybrid for the entire growing season by growth stage from Study 

1 in 2013. 

 
Figure B.2 Plant height by seeding rate for the entire growing season by growth stage from 

Study 1 in 2013. 
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Figure B.3 Plant height by hybrid at vegetative 6 (V6) from Study 1 in 2013.  

 
Figure B.4 Plant height by seeding rate at vegetative 6 (V6) from Study 1 in 2013. 
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Figure B.5 Plant height by hybrid at tasseling stage (VT) from Study 1 in 2013. 

 
Figure B.6 Plant height by seeding rate at tasseling stage (VT) from Study 1 in 2013. 
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Figure B.7 Plant height by hybrid for the entire growing season by growth stage from Study 

1 in 2014. 

 
Figure B.8 Plant height by hybrid for the entire growing season by growth stage from Study 

1 in 2014. 
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Figure B.9 Plant height by hybrid at vegetative 6 (V6) from Study 1 in 2014. 

 
Figure B.10 Plant height by seeding rate at vegetative 6 (V6) from Study 1 in 2014. 
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Figure B.11 Plant height by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure B.12 Plant height by seeding rate at tasseling stage (VT) from Study 1 in 2014. 
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Table B.2 Plant height means from Study 2. 
 Hybrid Seeding rate 

Stage H103 H106 H109 H112 44K 54K 64K 74K 84K 94K 104K 

V6 54.1b 55.8bc 51.5a 56.4c 54.3a 54.6a 54.0a 54.4a 55.3a 53.8a 54.6a 

VT 210.6a 227.6b 224.5b 233.3c 227.7a 224.9a 220.9a 227.1a 223.7a 221.0a 222.7a 

R1 231.8a 253.3b 254.5b 260.0c 249.5a 247.8a 249.1a 254.3a 250.1a 247.3a 251.2a 

 
Figure B.13 Plant height by seeding rate at vegetative 6 (V6) from Study 2. 

 
Figure B.14 Plant height by seeding rate at vegetative 6 (V6) from Study 2. 
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Figure B.15 Plant height by seeding rate at tasseling stage (VT) from Study 2. 

 
Figure B.16 Plant height by seeding rate at tasseling stage (VT) from Study 2. 

Leaf Area (cm2 plant-1) 
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Table B.3 Leaf area (cm2 plant-1) means from Study 1. 

Growth Hybrid Seeding rate 

Stage  H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

V7 166.68a 162.38a 189.32a 186.50a 179.03a 176.54a 173.10a 

V8 450.10a 383.20a 417.22a 403.21a 440.54a 388.42a 411.32a 

V10 710.67a 730.20a 766.00a 787.73a 758.02a 732.06a 755.83a 

V13 1329.53ab 1257.85a 1429.53b 1382.33ab 1377.35a 1314.93a 1357.15a 

VT 1382.08a 1455.58a  1660.73b 1481.83a 1548.90a 1458.55a 1477.72a 

Study 1 - 2014 

V6 153.22a 155.75a 172.10a 162.76a 166.80a 156.90a 159.17a 

VT 1242.22a 1301.40a 1520.33c 1395.40b 1392.28a 1350.23a 1352.00a 
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Figure B.17 Leaf area (cm2 plant-1) by hybrid for the entire growing season by growth stage 

from Study 1 in 2013. 

 
Figure B.18 Leaf area (cm2 plant-1) by seeding rate for the entire growing season by growth 

stage from Study 1 in 2013. 
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Figure B.19 Leaf area (cm2 plant-1) by hybrid at vegetative 7 (V7) from Study 1 in 2013. 

 
Figure B.20 Leaf area (cm2 plant-1) by seeding rate at vegetative 7 (V7) from Study 1 in 

2013. 
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Figure B.21 Leaf area (cm2 plant-1) by hybrid at tasseling stage (VT) from Study 1 in 2013. 

 
Figure B.22 Leaf area (cm2 plant-1) by seeding rate at tasseling stage (VT) from Study 1 in 

2013. 
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Figure B.23 Leaf area (cm2 plant-1) by hybrid at vegetative 6 (V6) from Study 1 in 2014. 

 
Figure B.24 Leaf area (cm2 plant-1) by seeding rate at vegetative 6 (V6) from Study 1 in 

2014. 
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Figure B.25 Leaf area (cm2 plant-1) by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure B.26 Leaf area (cm2 plant-1) by seeding rate at tasseling stage (VT) from Study 1 in 

2014. 
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LAI 

Table B.4 Leaf area index (LAI) means from Study 1. 

Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 74K 84K 94K 

Study 1 – 2013 

V7 0.56a 0.54a 0.63a 0.63a 0.53a 0.59ab 0.65b 

V8 1.45a 1.28a 1.41a 1.36a 1.31a 1.30a 1.50b 

V10 2.40a 2.36a 2.58a 2.64a 2.26a 2.47a 2.77b 

V13 4.48ab 4.23a 4.80b 4.63ab 4.09a 4.42a 5.09b 

VT 4.64a 4.87a 5.47b 5.00a 4.60a 4.90b 5.50c 

Study 1 - 2014 

V6 0.50a 0.48a 0.56a 0.53a 0.50a 0.50a 0.56a 

VT 4.15a 4.25a 4.97c 4.51b 4.02a 4.40b 5.00c 
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Figure B.27 LAI by hybrid for the entire growing season by growth stage from Study 1 in 

2013. 

 
Figure B.28 LAI by seeding rate for the entire growing season by growth stage from Study 1 

in 2013. 
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Figure B.29 LAI by hybrid at vegetative 7 (V7) from Study 1 in 2013. 

 
Figure B.30 LAI by seeding rate at vegetative 7 (V7) from Study 1 in 2013. 
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Figure B.31 LAI by hybrid at vegetative tassle (VT) from Study 1 in 2013. 

 
Figure B.32 LAI by seeding rate at tasseling stage (VT) from Study 1 in 2013. 
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Figure B.33 LAI by hybrid at vegetative 6 (V6) from Study 1 in 2014. 

 
Figure B.34 LAI by seeding rate at vegetative 6 (V6) from Study 1 in 2014. 
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Figure B.35 LAI by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure B.36 LAI by seeding rate at tasseling stage (VT) from Study 1 in 2014. 
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Plant Biomass (g plant-1) 

Table B.5 Plant biomass (g plant-1) means from Study 1. 

Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

V7 23.2a 21.6a 23.0a 22.8a 22.6a 23.3a 22.1a 

V8 34.0b 29.3a 30.1ab 31.3ab 33.2a 29.8a 30.4a 

V10 51.6a 52.4a 51.9a 55.7a 55.3a 53.5a 49.9a 

V13 102.4a 94.9a 102.3a 101.5a 105.5b 98.8ab 96.5a 

VT 168.0a 169.2ab 185.9bc 186.8c 183.7a 177.4a 171.0a 

Study 1 - 2014 

V6 18.4a 18.5a 18.5a 19.6a 19.5a 18.6a 18.13a 

VT 144.4ab 141.27a 153.8c 149.7bc 153.8b 147.0a 141.1a 
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Figure B.37 Plant biomass (g plant-1) by hybrid for the entire growing season by growth 

stage from Study 1 in 2013. 

 
Figure B.38 Plant biomass (g plant-1) by seeding rate for the entire growing season by 

growth stage from Study 1 in 2013. 
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Figure B.39 Plant biomass (g plant-1) by hybrid at vegetative 7 (V7) from Study 1 in 2013.  

 
Figure B.40 Plant biomass (g plant-1) by seeding rate at vegetative 7 (V7) from Study 1 in 

2013. 
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Figure B.41 Plant biomass (g plant-1) by hybrid at tasseling stage (VT) from Study 1 in 2013. 

 
Figure B.42 Plant biomass (g plant-1) by seeding rate at tasseling stage (VT) from Study 1 in 

2013. 
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Figure B.43 Plant biomass (g plant-1) by hybrid at vegetative 6 (V6) from Study 1 in 2014. 

 
Figure B.44 Plant biomass (g plant-1) by seeding rate at vegetative 6 (V6) from Study 1 in 

2014. 
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Figure B.45 Plant biomass (g plant-1) by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure B.46 Plant biomass (g plant-1) by seeding rate at tasseling stage (VT) from Study 1 in 

2014. 
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Plant Biomass (kg ha-1) 

Table B.6 Plant biomass (kg ha-1) means from Study 1.  

Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

V7 1.95a 1.81a 1.93a 1.91a 1.67a 1.95b 2.07b 

V8 2.83b 2.46a 2.53ab 2.62ab 2.46a 2.51a 2.86b 

V10 4.32a 4.38a 4.35a 4.66a 4.10a 4.49ab 4.68b 

V13 8.59a 7.94a 8.57a 8.47a 7.81a 8.30a 9.07b 

VT 14.60a 14.15a 15.92a 15.60a 13.62a 14.90a 16.69b 

Study 1 - 2014 

V6 1.53a 1.54a 1.54a 1.65a 1.43a 1.56ab 1.70b 

VT 12.11ab 11.81a 12.87b 12.54b 11.38a 12.35b 13.26c 
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Figure B.47 Plant biomass (kg ha-1) by hybrid for the entire growing season by growth stage 

from Study 1 in 2013. 

 
Figure B.48 Plant biomass (kg ha-1) by seeding rate for the entire growing season by growth 

stage from Study 1 in 2013. 
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Figure B.49 Plant biomass (kg ha-1) by hybrid at vegetative 7 (V7) from Study 1 in 2013. 

 
Figure B.50 Plant biomass (kg ha-1) by seeding rate at vegetative 7 (V7) from Study 1 in 

2013. 
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Figure B.51 Plant biomass (kg ha-1) by hybrid at tasseling stage (VT) from Study 1 in 2013. 

 
Figure B.52 Plant biomass (kg ha-1) by seeding rate at tasseling stage (VT) from Study 1 in 

2013. 
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Figure B.53 Plant biomass (kg ha-1) by hybrid at vegetative 6 (V6) from Study 1 in 2014. 

 
Figure B.54 Plant biomass (kg ha-1) by seeding rate at vegetative 6 (V6) from Study 1 in 

2014. 
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Figure B.55 Plant biomass (kg ha-1) by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure B.56 Plant biomass (kg ha-1) by seeding rate at tasseling stage (VT) from Study 1 in 

2014. 
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Ear Height and Stem Diameter 

Table B.7 Ear height and stem diameter means from Study 1.  

 Hybrid Seeding rate 

Measurements H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

Ear Height 92.3a 113.4c 105.2b 106.1b 103.9a 104.6a 104.3a 

Stem Diameter 19.6b 18.2a 19.0ab 19.0b 19.6b 18.9 a 18.4a 

Study 1 - 2014 

Ear Height 92.8a 115.0c 107.3b 108.7b 104.9a 105.1a 107.9a 

Stem Diameter 20.1b 19.4a 20.4b 19.8ab 20.7c 19.8 b 19.2a 
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Figure B.57 Ear height  by hybrid at tasseling stage (VT) from Study 1 in 2013. 

 
Figure B.58 Ear height  by seeding rate at tasseling stage (VT) from Study 1 in 2013. 
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Figure B.59 Ear height  by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure B.60 Ear height  by seeding rate at tasseling stage (VT) from Study 1 in 2014. 
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Figure B.61 Stem diameter by hybrid at tasseling stage (VT) from Study 1 in 2013. 

 
Figure B.62 Stem diameter by seeding rate at tasseling stage (VT) from Study 1 in 2013. 
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Figure B.63 Stem diameter by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure B.64 Stem diameter by seeding rate at tasseling stage (VT) from Study 1 in 2014. 
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Table B.8 Ear height and stem diameter means from Study 2. 
 Hybrid Seeding rate 

 H103 H106 H109 H112 44K 54K 64K 74K 84K 94K 104K 

Ear 

Height  
74.2a 93.3b 91.7b 91.7b 87.6a 86.9a 86.7a 90.6a 88.0a 88.1a 86.2a 

Stem 

Diameter  
19.5b 18.7a 19.3b 19.2ab 21.2d 20.3c 19.6c 18.8b 18.8b 17.6a 18.0ab 

 
Figure B.65 Ear height  by hybrid at tasseling stage (VT) from Study 2. 

 
Figure B.66 Ear height  by seeding rate at tasseling stage (VT) from Study 2. 
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Figure B.67 Stem diameter by hybrid at tasseling stage (VT) from Study 2. 

 
Figure B.68 Stem diameter by seeding rate at tasseling stage (VT) from Study 2. 
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APPENDIX C IN-SEASON SENSOR MEASUREMENTS 

NDVI 

Table C.1 NDVI means from Study 1.  

Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

V6 0.47a 0.47a 0.48a 0.49a 0.46a 0.48ab 0.49b 

V7 0.66a 0.66a 0.67a 0.66a 0.64a 0.66ab 0.68b 

V8 0.80a 0.81a 0.81a 0.81a 0.79a 0.81ab 0.82b 

V10 0.80a 0.81a 0.81a 0.82a 0.80a 0.81ab 0.82b 

V13 0.83ab 0.83ab 0.82a 0.84b 0.82a 0.83ab 0.84b 

Study 1 - 2014 

V6 0.51a 0.51a 0.51a 0.50a 0.50a 0.51a 0.52a 

V8 0.78a 0.78a 0.79a 0.78a 0.77a 0.78a 0.80a 

V10 0.82ab 0.81a 0.82ab 0.82b 0.81a 0.82a 0.82b 

V13 0.80a 0.80a 0.81a 0.81a 0.80a 0.80ab 0.81b 

V17 0.79a 0.80b 0.80ab 0.80b 0.79a 0.80b 0.80b 

VT 0.71a 0.70a 0.70a 0.74b 0.70a 0.71a 0.72a 

R4 0.64a 0.67a 0.67a 0.73b 0.68a 0.69a 0.68a 

R5 0.61a 0.61a 0.62a 0.70b 0.63a 0.63a 0.64a 

R5.5 0.54a 0.53a 0.60b 0.65c 0.59a 0.58a 0.57a 
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Figure C.1 NDVI by hybrid for the entire growing season by growth stage from Study 1 in 

2013. 

 
Figure C.2 NDVI by seeding rate for the entire growing season by growth stage from Study 

1 in 2013. 
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Figure C.3 NDVI by hybrid at vegetative 6 (V6) from Study 1 in 2013. 

 
Figure C.4 NDVI by seeding rate at vegetative 6 (V6) from Study 1 in 2013. 
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Figure C.5 NDVI by hybrid at vegetative 13 (V13)  from Study 1 in 2013. 

 
Figure C.6 NDVI by seeding rate at vegetative 13 (V13) from Study 1 in 2013. 
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Figure C.7 NDVI by hybrid for the entire growing season by growth stage from Study 1 in 

2014. 

 
Figure C.8 NDVI by seeding rate for the entire growing season by growth stage from Study 

1 in 2014. 
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Figure C.9 NDVI by hybrid at vegetative 6 (V6) from Study 1 in 2014. 

 

 
Figure C.10 NDVI by seeding rate at vegetative 6 (V6) from Study 1 in 2014. 
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Figure C.11 NDVI by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure C.12 NDVI by seeding rate at tasseling stage (VT) from Study 1 in 2014. 
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Table C.2 NDVI means from Study 2.  
Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 44K 54K 64K 74K 84K 94K 104K 

V6 0.35a 0.38b 0.36a 0.37ab 0.31a 0.33a 0.36b 0.37b 0.37bc 0.40cd 0.41d 

VT 0.77a 0.78b 0.77b 0.79c 0.74a 0.76b 0.77c 0.78cd 0.79de 0.79de 0.80e 

R1 0.69b 0.69b 0.65a 0.69b 0.66a 0.67ab 0.67ab 0.68bc 0.69bc 0.70c 0.69bc 

R4 0.58a 0.62b 0.58a 0.67c 0.61a 0.61a 0.61a 0.62a 0.62a 0.60a 0.61a 

R5 0.57a 0.60b 0.56a 0.64c 0.60a 0.59a 0.59a 0.60a 0.60a 0.60a 0.59a 

R5.5 0.31a 0.32a 0.37b 0.48c 0.44e 0.43de 0.39 d 0.36bc 0.35abc 0.31a 0.31ab 
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Figure C.13 NDVI by hybrid at vegetative 6 (V6) from Study 2. 

 
Figure C.14 NDVI by seeding rate at vegetative 6 (V6) from Study 2. 
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Figure C.15 NDVI by hybrid at tasseling stage (VT) from Study 2. 

 
Figure C.16 NDVI by seeding rate at tasseling stage (VT) from Study 2. 
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Figure C.17 NDVI by hybrid at reproductive 5.5 (R5.5) from Study 2. 

 
Figure C.18 NDVI by seeding rate at reproductive 5.5 (R5.5) from Study 2. 
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NDRE 

Table C.3 NDRE means from Study 1. 

Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

V6 0.20ab 0.19a 0.19a 0.21b 0.19a 0.20ab 0.21b 

V7 0.27ab 0.27ab 0.26a 0.30b 0.27a 0.27ab 0.28b 

V8 0.37ab 0.36a 0.36ab 0.37b 0.36a 0.36a 0.37a 

V10 0.38ab 0.36a 0.37ab 0.39b 0.37a 0.37ab 0.38b 

V13 0.41b 0.39ab 0.38a 0.40b 0.39a 0.40a 0.40a 

Study 1 - 2014 

V6 0.22a 0.22a 0.214a 0.22a 0.22a 0.22a 0.22a 

V8 0.36bc 0.36ab 0.35a 0.37c 0.36a 0.36a 0.37a 

V10 0.40b 0.39a 0.38a 0.40b 0.39a 0.39ab 0.40b 

V13 0.40c 0.38a 0.38a 0.39b 0.38a 0.39ab 0.39b 

V17 0.38b 0.35a 0.35a 0.37b 0.36a 0.37a 0.37a 

VT 0.33b 0.29a 0.29a 0.33b 0.30a 0.32a 0.31a 

R4 0.29b 0.27a 0.27a 0.31b 0.28a 0.28a 0.28a 

R5 0.25b 0.23a 0.24a 0.28c 0.25a 0.25a 0.25a 

R5.5 0.20ab 0.18a 0.21b 0.24c 0.21a 0.24a 0.20a 
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Figure C.19 NDRE by hybrid for the entire growing season by growth stage from Study 1 in 

2013. 

 
Figure C.20 NDRE by seeding rate for the entire growing season by growth stage from 

Study 1 in 2013. 
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Figure C.21 NDRE by hybrid at vegetative 6 (V6) from Study 1 in 2013. 

 
Figure C.22 NDRE by seeding rate at vegetative 6 (V6) from Study 1 in 2013. 
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Figure C.23 NDRE by hybrid at vegetative 13 (V13) from Study 1 in 2013. 

 
Figure C.24 NDRE by seeding rate at vegetative 13 (V13) from Study 1 in 2013. 
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Figure C.25 NDRE by hybrid for the entire growing season by growth stage from Study 1 in 

2014. 

 
Figure C.26 NDRE by seeding rate for the entire growing season by growth stage from 

Study 1 in 2014. 
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Figure C.27 NDRE by hybrid at vegetative 6 (V6) from Study 1 in 2014. 

 
Figure C.28 NDRE by seeding rate at vegetative 6 (V6) from Study 1 in 2014. 
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Figure C.29 NDRE by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure C.30 NDRE by hybrid at tasseling stage (VT) from Study 1 in 2014. 
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Table C.4 NDRE means from Study 2. 
 Hybrid Seeding rate 

Stage H103 H106 H109 H112 44K 54K 64K 74K 84K 94K 104K 

V6 0.16a 0.17b 0.16a 0.17b 0.14a 0.15ab 0.16bc 0.16c 0.17cd 0.18d 0.18d 

VT 0.39b 0.36a 0.36a 0.38b 0.35a 0.36ab 0.37bc 0.37c 0.38cd 0.38d 0.38d 

R1 0.33d 0.31b 0.27c 0.32a 0.30a 0.31ab 0.30ab 0.31ab 0.31ab 0.31b 0.31ab 

R4 0.25c 0.23b 0.22a 0.27d 0.25b 0.25ab 0.24ab 0.24ab 0.24ab 0.23a 0.24a 

R5 0.23b 0.23ab 0.21a 0.26c 0.24b 0.24b 0.23ab 0.23ab 0.23ab 0.22a 0.22a  

R5.5 0.11a 0.10a 0.13b 0.16c 0.15c 0.15c 0.13bc 0.12ab 0.12ab 0.11a 0.1a 

 
Figure C.31 NDRE by hybrid at vegetative 6 (V6) from Study 2. 

 
Figure C.32 NDRE by seeding rate at vegetative 6 (V6) from Study 2. 
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Figure C.33 NDRE by hybrid at tasseling stage (VT) from Study 2. 

 
Figure C.34 NDRE by seeding rate at tasseling stage (VT) from Study 2. 
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Figure C.35 NDRE by hybrid at reproductive 5.5 (R5.5) from Study 2. 

 
Figure C.36 NDRE by seeding rate at reproductive 5.5 (R5.5) from Study 2. 
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Estimated LAI 

Table C.5 Estimated LAI means from Study 1 in 2014.  

Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 74K 84K 94K 

V6 1.50a 1.51a 1.39a 1.40a 1.47a 1.44a 1.44a 

V8 2.74a 2.56a 2.63a 2.66a 2.56a 2.59ab 2.79b 

V10 3.11a 3.30a 3.14a 3.23a 3.10a 3.18a 3.31a 

V13 4.64a 4.57a 4.83a 4.69a 4.50a 4.64a 4.90b 

V17 4.58a 4.44a 4.29a 4.37a 4.44a 4.53a 4.28a 

VT 5.29a 5.18a 5.24a 5.26a 4.95a 5.38b 5.40b 

R4 2.01a 1.96a 2.09a 1.78a 2.10a 1.80a 1.98a 

R5 4.33a 4.36a 4.72b 4.71b 4.45a 4.53a 4.61a 

R5.5 3.72a 4.02ab 4.21b 4.17b 4.10a 4.07a 3.93a 
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Figure C.37 Estimated LAI by hybrid at vegetative 6 (V6) from Study 1 in 2014. 

 
Figure C.38 Estimated LAI by seeding rate at vegetative 6 (V6) from Study 1 in 2014. 
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Figure C.39 Estimated LAI by hybrid at tasseling stage (VT) from Study 1 in 2014. 

 
Figure C.40 Estimated LAI by seeding rate at tasseling stage (VT) from Study 1 in 2014. 
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Table C.6 Estimated LAI means from Study 2. 
Growth Hybrid Seeding rate 

Stage H103 H106 H109 H112 44K 54K 64K 74K 84K 94K 104K 

V6 1.11a 1.25a 1.10a 1.20a 1.04a 1.09ab 1.1abc 1.1abc 1.2abc 1.30bc 1.32c 

VT 3.17a 3.16a 3.11a 3.28b  2.91a  3.21b 3.26bc 3.35c  

R5 3.30a 3.44bc 3.37ab 3.51c 3.11a 3.23ab 3.31b 3.51c 3.49c 3.57c 3.60c 

 
Figure C.41 Estimated LAI by hybrid at vegetative 6 (V6) from Study 2. 

 
Figure C.42 Estimated LAI by seeding rate at vegetative 6 (V6) from Study 2. 
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Figure C.43 Estimated LAI by seeding rate at reproductive 5 (R5) from Study 2. 

 
Figure C.44 Estimated LAI by seeding rate at reproductive 5 (R5) from Study 2. 
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APPENDIX D POST-SEASON MEASUREMENTS 

Table D.1 Means for post season measurements from Study 1. 

 Hybrid Seeding rate 

Measurements H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

Veg. biomass 

(kg plant-1) 
104.06ab 101.70a 105.4ab 110.95b 113.75c 104.83b 98.04a 

Veg. biomass 

(kg ha-1) 
8.69ab 8.49a 8.81ab 9.26b 8.42a 8.80ab 9.21b 

Yield  9.12a 9.75a 9.70a 9.52a 9.57a 9.59a 9.41a 

Harvest index 0.51a 0.53a 0.52a 0.50a 0.53b 0.52ab 0.50a 

Study 1 - 2014 

Veg. biomass 

(kg plant-1) 
111.9a 111.3a 139.0b 134.1b 136.9b 119.3a 115.9a 

Veg. biomass 

(kg ha-1) 
9.34a 9.28a 11.6b 11.1b 10.1a 10.0a 10.9a 

Yield  14.82a 14.44a 14.64a 14.72a 14.42a 14.67a 14.87a 

Harvest index 0.61b 0.61b 0.56a 0.57a 0.59a 0.60a 0.58a 
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Figure D.1 Harvest vegetative biomass (kg plant-1) by hybrid from Study 1 in 2013. 

 
Figure D.2 Harvest vegetative biomass (kg plant-1) by hybrid from Study 1 in 2014. 
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Figure D.3 Harvest vegetative biomass (kg plant-1) by seeding rate from Study 1 in 2014. 

 
Figure D.4 Harvest vegetative biomass (kg ha-1) by hybrid from Study 1 in 2013. 
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Figure D.5 Harvest vegetative biomass (kg ha-1) by seeding rate from Study 1 in 2013. 

 
Figure D.6 Harvest vegetative biomass (kg ha-1) by hybrid from Study 1 in 2014. 
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Figure D.7 Harvest vegetative biomass (kg ha-1) by seeding rate from Study 1 in 2014. 

 
Figure D.8 Harvest index by hybrid from Study 1 in 2013.  
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Figure D.9 Harvest index by seeding rate from Study 1 in 2014.  

 

Table D.2 Means for post season measurements from Study 2. 
 Hybrid Seeding rate 

 H103 H106 H109 H112 44K 54K 64K 74K 84K 94K 104K 

Plant 

biomass 
plant-1 

98.0a 114.4b 128.5bc 132.1c 169.3e 141.7d 125.2cd 110.5bc 109.0abc 84.5a 87.9ab 

Plant 

biomass 
(kg ha-

1) 

6.75a 7.91b 8.96c 9.23c 7.45a 7.65a 8.01ab 8.17ab 9.13b 7.94ab 9.13b 

Yield  10.26a 11.26bc 11.05b 11.74c 9.39a 10.17ab 11.03bc 11.56cd 11.97d 11.76cd 11.97cd 
Harvest 

index 
0.60c 0.59bc 0.55a 0.56ab 0.56a 0.57a 0.58a 0.59a 0.57a 0.60a 0.56a 
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Figure D.10 Harvest index by hybrid from Study 2.  

 
Figure D.11 Harvest index by seeding rate from Study 2. 
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APPENDIX E EAR YIELD COMPONENTS 

Table E.1 Means for ear yield component measurements for Study 1.  

 Hybrid Seeding rate 

Per ear H103 H106 H109 H112 74K 84K 94K 

Study 1 - 2013 

Kernel mass 138.51b 121.18a 130.23ab 132.01ab 144.41b 129.25b 117.78a 

Rows 16.1b 14.9a 16.1b 16.9c 16.16a 15.9a 15.9a 

Kernel 570b 462a 549b 531b 563b 526a 496a 

Study 1 - 2014 

Kernel mass 183.22a 179.02a 195.66b 184.17ab 203.00b 180.45a 173.10a 

Rows 16.7b 15.5a 16.2b 17.9c 16.5a 16.8a 16.5a 

Kernels 672b 585a 646b 650b 669b 637a 610a 
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Figure E.1 Kernel mass (g ear-1) by seeding rate from Study 1 in 2013.  

 
Figure E.2 Kernel mass (g ear -1) by hybrid from Study 1 in 2014. 
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Figure E.3 Kernel mass (g ear -1) by seeding rate from Study 1 in 2014. 

 
Figure E.4 Kernel rows (rows ear-1) by seeding rate from Study 1 in 2013.  
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Figure E.5 Kernel rows (rows ear-1) by seeding rate from Study 1 in 2014. 

 
Figure E.6 Kernel number (kernels ear-1) by hybrid from Study 1 in 2013.  
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Table E.2 Means for ear yield component measurements for Study 2. 
Per ear Hybrid Seeding rate 

Kernel 
mass 

169.7a 171.3a 191.1b 185.5b 214.7d 209.9cd 197.2c 176.7b 168.3b 146.4a 142.8a 

Rows 15.4b 14.6a 15.6b 17.3c 15.9a 15.9a 16.0a 15.8a 15.5a 15.6a 15.7a 

Kernels 632b 565a 643b 643b 668c 661c 662c 618b 601ab 568a 571a 

 

 
Figure E.7 Kernel rows (rows ear-1) by seeding rate from Study 2. 



 

202 
 

APPENDIX F SPATIAL YIELD  

 
Figure F.1 Spatial yield data from field CW from Study 1 in 2013. 
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Figure F.2 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field CW from Study 1 

in 2013. 

  



 

204 
 

 
Figure F.3 Spatial yield data from field DN from Study 1 in 2013. 
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Figure F.4 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field DN from Study 1 

in 2013. 
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Figure F.5 Spatial yield data from field JB from Study 1 in 2013. 
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Figure F.6 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field JB from Study 1 

in 2013. 
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Figure F.7 Spatial yield data from field JR from Study 1 in 2013. 
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Figure F.8 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field JR from Study 1 

in 2013. 
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Figure F.9 Spatial yield data from field MO from Study 1 in 2013. 
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Figure F.10 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field MO from Study 

1 in 2013. 
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Figure F.11 Spatial yield data from field SA from Study 1 in 2013. 
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Figure F.12 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field SA from Study 1 

in 2013. 
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Figure F.13 Spatial yield data from field TF from Study 1 in 2013. 
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Figure F.14 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field TF from Study 1 

in 2013. 



 

216 
 

 
Figure F.15 Spatial yield data from field DOC from Study 1 in 2014. 
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Figure F.16 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field DOC from Study 

1 in 2014. 
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Figure F.17 Spatial yield data from field FLOW from Study 1 in 2014. 
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Figure F.18 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field FLOW from 

Study 1 in 2014. 
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Figure F.19 Spatial yield data from field SH from Study 1 in 2014. 
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Figure F.20 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field SH from Study 1 

in 2014. 
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Figure F.21 Spatial yield data from field CM from Study 1 in 2014. 
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Figure F.22 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field CM from Study 

1 in 2014. 
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Figure F.23 Spatial yield data from field MS from Study 1 in 2014. 
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Figure F.24 Comparison of yield (Mg ha-1) and soil ECa (mS/M) from field MS from Study 1 

in 2014. 
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