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DISSERTATION ABSTRACT 
Nitrogen fertilizer recommendations in corn (Zea mays L.) that match crop N 

need are imperative to increasing profitability and preventing environmental 

contamination. However, processes influencing corn production (i.e. leaching and 

denitrification) are affected by soil and weather characteristics making it difficult to 

know when and how much N fertilizer to apply to match crop N need. In an effort to 

improve N fertilizer management, this dissertation explored the ability of soil, 

weather, and microbial respiration measurements to inform N rate recommendations 

based on hydrologic soil grouping (HG) and drainage classifications. Using 49 sites 

over three growing seasons (2014-2016), five HG-based groups were delineated. 

Following linear regression, soil and weather measurements were found related to 

the economical optimum N fertilizer rate (EONR) unique to each of the respective 

groups resulting in five separate N recommendation models. Furthermore, a total of 

182 site-years of corn N response trial data were gathered across six U.S. Midwest 

Corn Belt states to validate these models. Two analyses were performed, one for 

comparing the HG-based model recommendations to EONR and another comparing 

HG-based model recommendations to state-specific corn N rate tools. Across all site-

years and N timings the HG-based N recommendations were within 34 kg N ha-1 of 

EONR 38% of the time. State-specific N recommendation tools were within 34 kg N 

ha-1 of EONR 32% of the time. Over all site-years the HG-based models were more 

sensitive to site-specific crop N demand. In addition, when analyzed within each 

individual state, significant differences between approaches were observed. While 
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showing some promise, these results suggest more research is required to determine 

the applicability of the HG-based model approach for corn N fertilizer management.   

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

Chapter 1: Literature Review  

1.1  Abstract 

Corn production across the U.S. Corn belt can be often limited by the loss of 

nitrogen (N) due to leaching, volatilization, and denitrification. In some fields, the use 

of N fertilizer recommendation tools for making in-season N fertilizer applications has 

been proven effective in matching plant N requirements with periods of rapid N 

uptake (V7-V11), reducing the amount of N lost to these processes. However, soil 

variability within fields, partnered with unpredictable weather make it difficult to 

estimate how much and when to apply N fertilizer to optimize crop uptake and 

minimize loss. Soil properties such as soil respiration and soil groupings such as the 

United States Department of Agriculture-Natural Resource Conservation Service’s 

defined hydrologic groups have been related to N response. Several additional soil 

and weather properties such as soil texture, soil organic matter, total precipitation, 

and the distribution of precipitation have also been observed to effect the interaction 

between N and corn yield. Therefore, these interactions influence in-season N 

fertilizer recommendations. Objectives for this research were to 1) evaluate the 

ability of soil respiration to estimate crop N need for optimal grain production, 2) 

delineate sites by USDA-NRCS defined HG and drainage classification, 3) determine 

which soil and weather variables are best at estimating EONR in each delineated 

group mentioned in objective two, 4) use the results from objective three to develop 

HG-based N recommendation models, and 5) use independent corn N response 
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datasets to validate the developed N fertilizer recommendation models of objective 

4.   

1 
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1.2  Introduction 

It should be noted that the following literature review is not meant to be 

comprehensive. Instead, each results chapter (chapters 2 – 4) includes an in-depth 

introduction and literature review specific to the topics of that unique chapter. This was 

done in preparation for scientific journal publication.  

Nitrogen (N) is a plant essential nutrient and the fourth most abundant element 

in plants after oxygen, hydrogen, and carbon (Zeiger, 2010). Nitrogen is required for the 

construction and formation of critical plant processes and constituents, such as amino 

acids, proteins, nucleic acids, coenzymes, hormones, and chlorophyll. For cereal crop 

production, N is particularly important for obtaining optimal grain yield. This is 

especially true for supporting corn (Zea mays L.) production where it has been found to 

be most limited by the lack of N (Stanford, 1966; Stanford and Smith, 1971; Xie et al., 

2013). 

Producers often apply uniform amounts of N fertilizer over entire corn fields, 

usually before or at planting (Scharf and Lory, 2009). The spatial variability throughout 

any given field makes it difficult for uniform applications of N fertilizer to match the 

needs of every area in the field. The amount of N available in the soil at any particular 

location within a field is mainly determined by temperature, organic matter, and soil 

water content (Stanford and Smith, 1971), adding to the complexity of measuring the N 

supplying process of the soil and making N fertilizer recommendations that are site-

specific. The amount of N applied in one part of the field could be adequate for some 
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plants while being inadequate for others. Many studies have been conducted 

demonstrating that N need is highly variable within fields and justifies variable in-field N 

fertilizer applications (Mamo et al., 2003; Scharf et al., 2005; Shahandeh et al., 2011; 

Lambert et al., 2006). When uniformly applied, some field areas will have over-applied N 

and will result in excessive amounts of N fertilizer; the over-applied N leaches through 

the soil and pollutes the surface and ground water. In general, an estimated 50 to 70% 

of all N applied is lost (Hodge et al. 2000). Contrary to applying too much N, yield and 

profit loss occurs in areas that do not receive enough N. In recent decades efforts have 

been made to reduce the amount of N lost during corn production by improving N use 

efficiency (NUE; Morris et al., 2018; Raun et al., 1999).  

Working to improve NUE helps ensure the N fertilizer applied is used by the 

plant and not lost to leaching, volatilization, denitrification, or surface runoff into 

streams and rivers. One of the best ways to accomplish this is by estimating or 

synchronizing the N fertilizer application or availability with the corn plant’s ability to 

utilize it (Scharf and Lory, 2006). Research has found that the period of most rapid N 

uptake for corn is between the vegetative growth stages of V9 and V18.  

In an attempt to estimate corn N need, N fertilizer recommendation tools have 

been developed and are currently being used by producers to help assist in N fertilizer 

applications (Morris et al., 2018). These tools include active-optical reflectance sensors, 

Maximum Return to Nitrogen tool (MRTN), Pre-plant and Pre-sidedress soil nitrate tests, 

and crop growth models. Dependent on year and location, these N recommendation 

tools have been somewhat successful in improving NUE (Raun et al., 1999; Williams et 
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al., 2007; Kitchen et al., 2010; Scharf et al., 2011; Schmidt et al., 2009; Bean et al., 2018; 

Ransom et al., 2018; Morris et al., 2018). However, due to the soil variability among and 

within fields, coupled with unpredictable weather, tremendous uncertainty still exists 

for deciding how much and when to apply N fertilizer to reach optimal yield while not 

over-applying (Bean et al., 2018; Ransom et al., 2018). 

1.3  Soil and Weather on Corn Nitrogen Response 

Nitrogen fertilizer recommendations based on the interactions of soil and 

weather conditions are extremely limited (Tremblay, 2004). Yet, weather largely 

determines the biological activity in soil, which includes the decomposition of soil 

organic matter (Bolinder et al., 2007; van Es et al., 2007; Lokupitiya et al., 2010). Soil 

mineral N has been found to be affected by both precipitation and thermal units, which 

in turn ultimately affect corn’s response to N (Tremblay, 2004; Tremblay and Belec, 

2006; Shanahan et al., 2008; Kyveryga et al., 2007). In some soils, such as a Brookston 

clay soil (a fine-loamy, mixed, superactive, mesic Typic Argiaquoll), 80% of the variability 

seen in corn yields is a result of temperature and precipitation (Dirks and Bolton, 1981). 

As such, NUE is also largely affected by precipitation and temperature. A greater 

response to N fertilizer is generally seen during wet years than during dry years (Yamoah 

et al., 1998). Nitrogen response to added N across North America was found to be most 

affected by the precipitation during June and July as well as temperatures during July 

and August (Jeutong et al., 2000). Some have suggested that the distribution of rainfall 

is as equally important and should be considered when managing N (Shaw, 1964; 
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Reeves et al., 1993). For example, total rainfall for any given month of 15 cm spread out 

over six events over the month will have a vastly different impact on the soil and crop 

than one rainfall event totaling 15 cm. The Shannon Diversity Index (SDI) is one of many 

indices that has been used to quantify rainfall distribution. A SDI value of one would 

suggest a complete evenness of rainfall over a given period of time while a value of zero 

would suggest a complete unevenness of rainfall.  

 In arid climates, it was found that soils containing more clay return greater 

yields (Tremblay et al., 2011). However, in wet climates soils with a coarser texture 

result in greater yields. Therefore, a 51 site-year meta-analysis was performed by 

Tremblay et al. (2012) to determine N response of corn when compared to soil texture, 

total precipitation (PPT), corn heat units (CHU), SDI, and abundant and well-distributed 

rainfall (AWDR). Table 1.1 shows the equations needed to calculate PPT, CHU, SDI and 

AWDR (Tremblay et al., 2012). Research concluded soil texture was, to a large degree, 

the most influential factor in determining corn response to N. The average response to 

N fertilizer over the entire 51 sites for fine textured soils was greater than the average 

response for medium textured soils. Alone, CHU values only explained a small variation 

in N fertilizer response. In addition to soil texture, PPT, SDI, and AWDR significantly 

influenced the corn’s response to N fertilizer.     

1.4  Soil Respiration 

Some soil properties are considered more or less static (e.g. soil texture). 

However, recent interest has been focused on more dynamic soil properties such as soil 
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respiration. Tests for soil respiration, whether performed in lab or in-situ, measure soil 

microbial activity via the release of CO2. Soil microbial activity is related to the active soil 

organic pool (Franzluebbers et al., 2000). This is often referred to as labile carbon. Labile 

carbon pools are crucial for determining the plant-available nutrient supply, soil 

structure, and the decomposition of both natural and synthetic compounds 

(Franzluebbers et al., 2000). Research has also found soil microbial activity to be related 

to net N mineralization and total N uptake by plants (Doran and Parkin, 1994, 1996; 

Marumoto et al., 1982; Sparling et al., 1995; Franzluebbers et al., 2000; Franzluebbers 

and Brock, 2007; Franzluebbers and Stuedeman, 2008; Franzluebbers and Haney, 2017; 

Franzluebbers et al., 2018; Franzluebbers and Pershing, 2018). Some have related soil 

respiration directly to the economic optimal N fertilizer rate (EONR) for corn production. 

As soil respiration increased, EONR decreased (Yost et al., 2018; Franzluebbers, 2018). 

This suggests corn fields that are responsive to added N fertilizer have lesser amounts of 

soil microbiological activity and require greater amounts of inorganic N. Additionally, 

sites unresponsive to applied N fertilizer are those receiving sufficient amounts of N 

made available through the soil microbial consortium (i.e., mineralization). Therefore, 

soil respiration coupled with other soil and weather information may be able to assist in 

estimating the amount of N fertilizer needed to match corn N need and thereby help 

protect the environment. 
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1.5  In-situ Soil Respiration Tests 

In-field or “in-situ” respiration tests have been common for decades (Rochette 

and Hutchinson, 2005). These techniques have successfully related respiration to 

changes in soil management practices (Cabrera and Kissel, 1988a, b). While 

representative of natural conditions of fields, in-field respiration methods are labor 

intensive, may require refrigeration, and are affected by several uncontrolled or 

unmeasured factors, such as varying soil and air temperatures, CO2 concentration 

gradients, pressure fluctuations, soil and air moisture, site disturbance, and chamber 

leakage.  

With in-situ chamber methods, the design and deployment durations are 

affected by soil temperature differences between the inside and outside of the 

chamber. Temperature changes can vary by +5oC to -18oC (Sharkov, 1984; Matthias et 

al., 1980), and every 1oC change in soil temperature results in about 7% respiration rate 

change (Rochette and Hutchinson, 2005). With soil temperatures in constant flux 

throughout the growing season, day, and across the field, comparing soil respiration 

samples across time and space becomes difficult. This problem is magnified as 

treatments and replications increase, increasing the total samples, and therefore time 

required, per sampling event. From the time the first sample is taken to the time the last 

sample is taken, the soil temperature has almost certainly changed. Furthermore, 

fluctuating air temperatures alter chamber pressure. As air temperatures rise, chamber 

pressure increases. This relationship acts as a piston pushing and pulling the air out of 
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the soil beneath. While this problem is solved with vented chambers, if chamber and 

ambient CO2 concentrations differ, chamber leakage occurs (Rochette and Hutchinson, 

2005). The extent of all these conditions vary between chambers and chamber locations 

ultimately introducing error and uncertainty into the accuracy of the soil respiration 

results.  

In-situ soil samples that are collected from the field and then transported back 

to the lab for further analysis have several perceived shortcomings. These samples often 

require refrigeration or immediate handling, requiring the determination of initial soil 

water content for each soil sample, and have potential seasonal complications when the 

soil is too dry or wet (Rochette and Hutchinson, 2005; Franzluebbers, 1999). 

1.6  Laboratory Soil Respiration Tests 

Multiple laboratory respiration methods have been developed that are intended 

to approximate in-field conditions (Weil et al., 2003; Islam and Weil, 1998; Blair et al., 

1995; van de Werf and Verstrate, 1987; Walkley and Black, 1947; Walkley and Black, 

1934). These methods are adaptable and have been related to soil microbial biomass 

carbon and N mineralization, and are sensitive to changing management practices 

(Franzluebbers, 1999). These methods require the use of disturbed soil. Disturbance 

arises from samples being dried, sieved, and the use of standard protocols of re-wetting 

and incubating at constant temperatures to reduce the probability of introducing error 

into the respiration results. These samples are sealed in a chamber and incubated for a 

specified period of time. During incubation CO2 is captured or trapped (Sherrod et al., 
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2012), then measured following the prescribed incubation time (Franzluebbers and 

Haney, 2017). The strength of laboratory respiration methods is they allow for averaging 

across spatial soil variability, flexibility in initial processing (no refrigeration), control 

over soil and air temperatures, maintaining standardized moisture content, and 

avoiding potential seasonal complications with sampling (Franzluebbers, 1999). 

Typically, laboratory mineralization methods are much more cost effective because of 

time efficiency (Sherrod et al., 2012). Differing techniques are used to rewet and 

measure the CO2 and will be discussed in further detail later.  

Investigations have also highlighted deficiencies of laboratory respiration 

methods. The required sieving of each soil sample releases labile-C that was otherwise 

protected by soil aggregates. This sample homogenization is found to cause a flush of 

CO2 that may not have been observed with in-situ samples (Powlson, 1980; Elliott, 1986; 

Beare et al., 1994; Franzluebbers, 1999).Therefore, the determination of soil respiration 

using these methods may be biased (Crasswell and Waring, 1972; Merckx et al., 1985; 

Franzluebbers, 1999) Laboratory methods that use Mason jars can fail due to leaking jar 

lids and seals requiring multiple sample replicates. This method also produces chemicals 

that eventually need to be disposed of (Sherrod et al., 2012).   

Measured water-filled pore space and capillary draw are two techniques that are 

used for rewetting laboratory respiration soil samples (Franzluebbers, 1999; Haney and 

Haney, 2010). Ultimately, it was found that either method could be used to accurately 

determine CO2 soil respiration (Franzluebbers and Haney, 2017). However, each method 

has advantages and disadvantages. Allowing the soil sample to draw a known volume of 
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water (usually 20 to 30 ml) through capillary forces preserves the porosity of the soil. 

Although, coarse textured soils have limited capillary strength preventing water 

infiltration and respiration. Additionally, in some soils the fixed amount of water applied 

results in >60% water filled pore space ultimately decreasing respiration. Contrastingly, 

the determination of water-filled pore space is not limited by soil texture. However, 

calculating the same water-filled pore space for every sample takes time and is an extra 

step to the sampling protocol.  

1.7  Classifying Soils 

Nitrogen is a reactive element sensitive to both soil and weather conditions, 

making it difficult to know how much soil N is available to the crop at any one specific 

moment. Soil texture, precipitation amount and distribution, and their effect on one 

another, have an important impact on corn’s response to N fertilizer (Tremblay et al., 

2012). Clayey soils can have a positive or negative effect on yield, based on the 

precipitation amount and distribution throughout the growing season (Shahandeh et al., 

2011). For example, on a 64 ha field in Texas, corn yield was higher during dry years on 

clayey soils due to greater water-holding capacity while in wet years, yield was lower 

due to N loss via denitrification (Shahandeh et al., 2011). These results are similar to 

those found by many others (Schepers et al., 2004; Kravchenko and Bullock, 2000; 

Armstrong et al., 2009; Tremblay et al., 2011). Soil characteristics are varied through 

weather, and could be used to distinguish different management zones. Elements of this 

interplay between soil and weather has been captured by the United States Department 
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of Agriculture’s (USDA-NRCS) Soil Survey Geographic database (SSURGO). This database 

includes the depth to a restrictive layer or water table, the transmission rate of water, 

water holding capacity as a function of soil texture, soil structure, and the degree of soil 

swelling when saturated to define certain Hydrologic Soil Groups (HG; Table 1.2; NRCS 

2009). Locations that fall within a specific HG are thought to respond similarly. 

Additionally, through the USDA and based on the frequency and duration of wet 

periods, seven defined classes of drainage have been established (Table 1.3; Soil Survey 

Division Staff, 1993). When considering NO3-N loss on a watershed scale, HG were found 

to be one of the most important factors in estimating NO3-N movement and loss 

pathways (Blanchard and Lerch, 2000). In the forested soils of southern Quebec, 

drainage class was significantly related to N transformation rates and internal N cycling 

(Ullah and Moore, 2009). Therefore, grouping field or site locations by this information 

may aid in determining, for locations within each group, the spatial and temporal 

variables most sensitive to understanding general processes governing N behavior in the 

soil and crop system.   

Given this background, there are three needs proposed with this dissertation 

research. The first is to better understand the relationship between soil respiration and 

its ability to estimate the economical optimal N rate in corn production across the U.S. 

Corn Belt. Second, develop N recommendation models using soil and weather variables 

most related to EONR in specific USDA-ARS defined soil hydrologic groups and drainage 

class delineations. And third, validate the above approach outcomes using independent 

corn N fertilizer response datasets. 
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1.8  Objectives 

The purpose of this research is to: 

1. Evaluate the relationship between soil respiration and EONR. 

2. Determine by HG and drainage class which soil, weather, or canopy 

reflectance information are best related to EONR. 

3. Use the results from objective two to develop HG-based N recommendation 

models. 

4.  Use additional N response datasets to provide independent validation of the 

above mentioned (objective 3) N fertilizer recommendation models. 
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1.10  Tables 

Table 1.1. Equations used to calculate each weather variable described in Tremblay et 
al., 2012. 

Weather Variable Equation 
Sum of the total rainfall (PPT) Sum of the daily rainfall. 

 
Corn heat units (CHU) 

 
∑(Ymax + Ymin)/2; Ymax and Ymin are the daily maximum and 
minimum temperatures.  
 

Shannon diversity index (SDI) [-∑pi ln(pi)]/ln(n); pi = Rain/PPT (daily rainfall relative to total rainfall 
in a given time; n = number of days. 

 
Abundant and well-distributed 
rainfall (AWDR) 

 
PPT X SDI 



 

 
 

21 

Table 1.2. United States Department of Agriculture-Natural Resource Conservation Service’s defined hydrologic soil groups (HG). The 
HG delineations are made with the considerations that 1) the intake and transmission of water are under the conditions of 
maximum yearly wetness, 2) the soil is not frozen, 3) the soil surface is bare, and 4) maximum swelling of expansive clays are 
measured (where applicable). It should also be noted that the soil surface slope is not considered and when assigning a soil to an HG, 
the least transmissive layer is used.    

Hydrologic group Runoff Water transmission Soil texture KSAT Depth to water table Depth to impermeable layer 
    cm hr-1 --------------------------------cm---------------------------------- 

A Low Unrestricted >90% sand and 
<10% clay 

>14.5  >61 >51 

B Mod. Low Unrestricted 10-20% clay 
and 50-90% 

sand 

3.6-
14.5 

>61 >51 

C Mod. High Somewhat restricted 20-40% clay 
and <50% sand 

0.36-
3.6 

>61 >51 

D High Very restricted >40% clay and 
<50% sand 

<0.36 <61 <51 
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Table 1.3. Descriptions of the United States Department of Agriculture’s drainage 
classifications. Seven classes of natural drainage have been defined and refer to the 
frequency and duration of wet periods similar to those in which the soil formed. It 
should be noted that human modifications to drainage or irrigation were not considered 
in these classifications unless they greatly influenced the morphology of the soil. 

Drainage Class USDA Description 
Excessively drained • Water removed rapidly  

• Internal free water is very rare or deep 
• Coarse-textured soils with very high KSAT 

Somewhat 
excessively drained 

• Water removed rapidly 
• Internal free water is rare or deep 
• Coarse-textured soils with high KSAT 

Well drained • Water removed readily but not rapidly 
• Internal free water is deep to very deep 
• Water is available to plants for most of the growing 

season 
• Wetness does not prevent growth of roots for prolonged 

periods 
• Mainly free from redoximorphic features 

Moderately well 
drained 

• Water is removed from the soil somewhat slowly   
• Internal free water is moderately deep and transitory 
• Soils are wet within the rooting zone for only a short time 

during the growing season but long enough for 
mesophytic plants to be affected 

• Periodically receive high rainfall 
• Low KSAT within the upper 1 m of soil 
• Periodically receives high rainfall 

Somewhat poorly 
drained 

• Water is removed slowly 
• Soil is wet at shallow depths for a significant amount of 

time 
• Internal free water is shallow to moderately deep and 

transitory to permanent 
• Wetness restricts the growth of mesophytic plants 
• Usually have either low to very low KSAT, a high water 

table, continuous rainfall, or additional water seepage 
Poorly drained • Water is removed slowly 

• Soil is wet at shallow depths periodically or remains wet 
• Internal free water is shallow or very shallow and 

common 
• Free water is found at or near the surface for long periods 

of time 
• Mesophytic plants cannot be grown unless artificially 

drained 
• The soil is not continuously wet below the plow layer 
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• Shallow water table is a result of  low KSAT or continuous 
rainfall 

Very poorly drained • Water is removed very slowly 
• Standing water for much of the growing season 
• Internal free water is very shallow and is persistent or 

permanent 
• Most mesophytic plants cannot be grown unless 

artificially drained 
• Soils are level or depressed and frequently have standing 

water 
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Chapter 2: Relating Four-day Soil Respiration to Corn Nitrogen Fertilizer Needs 
Across 49 US Midwest Fields 

2.1  Abstract 

Soil microbes drive biological processes that further mediate chemical and 

physical processes necessary for plants to sustain growth, including the decomposition 

of organic matter, the release of plant available nutrients, and the manipulation of soil 

structure. Soil respiration has been proposed as one universal indicator capable of 

measuring these functions. Soil respiration samples are typically taken prior to planting 

crops and analyzed within several weeks to potentially inform decisions for the coming 

growing season. Research is needed to support the premise that soil respiration is 

helpful for sustainable N management decisions in corn (Zea Mays L). Therefore the 

objective of this research was to relate soil respiration to at-planting and in-season N 

fertilizer applications for determining the economical optimal N fertilizer rate (EONR). A 

total of 49 N response trials were conducted across eight states over three growing 

seasons (2014 – 2016). The 4-day Comprehensive Assessment of Soil Health (CASH) soil 

respiration method was used to quantify soil respiration. When examined over all sites, 

N fertilization did not impact soil respiration. However, at four sites, as N fertilization at-

planting increased soil respiration decreased. Across all years and sites soil respiration 

was moderately related to EONR (r2 = 0.20). When analyzed by year, soil respiration was 

strongly related to EONR for 2016 (r2 = 0.50), but much less for the first two years (r2 < 

0.20). These results illustrate the wide range of outcomes in soil respiration as 
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influenced by growing-season weather, and the problematic nature of its use as a 

universal indicator of corn N fertilization.      

2.2  Introduction 

Traditional N soil fertility research has been based on determining the amount of 

inorganic N fertilizer needed to maximize yield (Russell, 1963; Triplett et al., 1979; Jokela 

and Randall, 1989; Stecker et al., 1995; Shapiro and Wortman, 2006; Franzluebbers, 

2018). Now, with increasing financial and environmental pressures, greater focus has 

been given to recommendations that align with the economical optimum N rate (EONR; 

Vanotti and Bundy, 1994; Scharf et al., 2005; Williams et al., 2007; Franzluebbers, 2018). 

However, spatial and temporal variability found in and among fields from one year to 

the next make determining EONR difficult. Various tools for predicting crop N fertilizer 

needs utilizing tests to approximate mineralization have been explored; examples 

include the anaerobic potentially mineralizable N (PMN; Stanford and Smith, 1972) test, 

Illinois Soil N (ISNT; Williams et al., 2007; Morris et al., 2018) test, soil microbial biomass 

(chloroform fumigation; Brookes et al., 1985), and NH4-N by oxidative release (Stanford 

and Smith, 1978). Varying success has been documented using these approaches 

(Gagnon et al., 2001; Williams et al., 2007; Griffin, 2008; Morris et al., 2018).  

The idea of measuring or estimating the amount of N that likely will be 

mineralized during the growing season has great appeal since it is one of the major 

factors causing spatial and temporal variability in corn yield. From such, a number of 

laboratory N mineralization tests have been evaluated with varying results (Griffin, 
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2008; Sherrod et al., 2017). Some have found laboratory PMN test results differ from 

actual field-measured mineralizable N amounts (Cabrera and Kissel, 1998; Rasmussen et 

al., 1998; Delphin, 2000). These differences can be attributed to variations in soil 

temperature, moisture, and immobilization from soil microbes (Wang et al., 2001). 

Additionally, the PMN test is costly and may require long incubation times (Idowu et al., 

2008). The ISNT measures amino-sugar N concentration and reportedly successfully 

distinguished between N-responsive and non-responsive Illinois fields (Mulvaney et al., 

2006). In contrast, ISNT was inversely related to EONR in North Carolina where fields 

were delineated by drainage class (Williams et al., 2007). In other North Carolina studies 

EONR varied by as much as 80 kg N ha-1 with but slight variation in ISNT values, 

demonstrating a lack of sensitivity to crop N need (Wall et al., 2010). Others studies 

have also found a poor relationship of ISNT with N responsiveness, and therefore only 

weakly related to EONR (Barker et al., 2006; Laboski et al., 2008; Osterhaus et al., 2008). 

Through chloroform fumigation extraction, measured soil microbial biomass explained 

92% of the variance in N mineralization potential for 37 different soils (Brookes et al., 

1985). However, others found weak relationships between soil microbial biomass and N 

mineralization potential (Groot and Houba, 1995; Hassink, 1994; Franzluebbers et al., 

2001). Likewise, the relationship between NH4-N measured by oxidative release and 

mineralizable N has been variable across studies. A strong relationship between NH4-N 

and N mineralization was found in 39 different soils (r2 = 0.92; Stanford and Smith, 1978) 

but Hadas et al. (1986) found a weak relationship between NH4-N and N mineralization. 
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Other incubation tests estimate N need through measuring soil organic C. Soil 

organic C can be divided into labile and recalcitrant portions, with the latter being 

relatively stable in soils (Weil et al., 2003; Singh et al., 2018). Labile substances are 

water soluble and quickly decomposed by the microbial community (Singh et al., 2018; 

Ghani et al., 2003). These substances are made up of plant amino acids, microbial 

enzymes, and other plant residues which are decomposed easily by soil microorganisms 

with the mineral constituents made available for plant uptake and growth (Weil and 

Brady, 2015; Soil Science Society of America 1997; Lehmann and Kleber, 2015). Some 

have found labile-C measurements to be sensitive to changes in management practices, 

environmental variations, and soil productivity (Weil et al., 2003; Culman et al., 2012). 

Measuring labile-C and therefore the level of microbial activity could aid in crop N 

management decisions.  

Under controlled conditions and without the addition of new C inputs, biological 

laboratory methods empirically separate labile-C from stabilized-C by allowing soil 

microbes to mineralize soil organic carbon (Mclauchlan and Hobbie, 2004). Microbes are 

presumed to mineralize labile-C first. Microbial activity can be observed by measuring 

the CO2 produced during a set incubation period (Alvarez and Alvarez, 2000; Pastor et 

al., 1993). Although soil samples taken prior to planting or N fertilization are commonly 

used for analysis, few studies have documented the effect of sample storage on soil 

respiration. Generally, C respiration methods are adaptable (Lee et al., 2007). These 

methods have been related to soil microbial biomass carbon, N mineralization, and 

varying management practices (Franzluebbers, 1999; Franzluebbers and Haney, 2017). 
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This allows for averaging across spatial variability, flexibility in initial processing (no 

refrigeration), control over soil and air temperatures, moisture content, and avoids 

potential seasonal complications with sampling (Franzluebbers, 1999). Therefore, 

measuring and understanding labile-C as a metric of soil microbial activity and its 

influence on soil nutrient availability could ultimately assist with optimizing N fertilizer 

management.  

Added N fertilizer has shown to have contradictory effects on soil respiration. 

Some observed added N fertilizer increased soil respiration through stimulation of soil 

microbes (Liljeroth et al., 1990; Pregitzer et al., 2000; Burton et al., 2002; Bowden et al., 

2004). Others found as N fertilizer rates increased soil organic matter decomposition 

slowed and hindered soil respiration ultimately increasing total soil organic matter (Aber 

et al., 1993; Cao and Woodward, 1998). Thus the specific controls on C respiration 

relative to N availability and crop N need are not well understood.  

The Haney Test, also known as the Soil Health Nutrient Tool, incorporates a 24 hr 

CO2 “flush” or “burst” test (i.e. Solvita CO2-Burst), water extraction of N and organic C, 

and the weak acid extraction of inorganic N (Yost et al., 2018; Franzluebbers et al., 1996; 

Doran et al., 1997; Haney and Haney, 2010; Haney et al., 2012; Haney et al., 2015). 

Using these measurements, soil health and plant available N calculations have been 

proposed and used to calculate N fertilizer rates for high-N demanding crops including 

corn (Yost et al., 2018). When compared to traditional grower N fertilizer rates in Texas, 

the Haney Test was found to recommend less N while maintaining profit (Harmel and 

Haney, 2016). However, when compared to the economically optimal N rate (EONR) in 
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corn across 17 U.S. Midwest Corn Belt sites, the Haney Test did not perform as well (r2 = 

0.24; Yost et al., 2018). Interestingly, the 24-hr Solvita CO2-Burst test portion of the 

Haney test was found related to EONR (r2 = 0.61; Yost et al., 2018). In another study 

considering 47 corn N response trials across North Carolina and Virginia, measured soil 

respiration was also found related to EONR (r2 = 0.45; Franzluebbers, 2018). On a long-

term field trial in Michigan, soil respiration outperformed the PSNT and leaf chlorophyll 

content methods for estimating early-season corn N (Culman et al., 2013). These results 

demonstrate the potential importance and sensitivity of soil respiration in estimating in-

season N fertilizer rate recommendations and since N fertilizer is imperative to corn 

production, the relationship between N fertilizer and soil respiration warrants further 

investigation. 

The objectives of this research were to 1) examine the effect of at-planting N 

fertilizer rate on soil respiration, and 2) determine whether measured soil respiration 

values relate to EONR for corn grown over a geographically diverse set of soils and 

weather conditions across the U.S. Midwest Corn Belt. 

2.3 Materials and Methods 

2.3.1 Sites and Nitrogen Treatments 

This research was conducted as part of public-private collaboration between 

eight major land-grant universities (Iowa State University, University of Illinois, Purdue 

University, University of Minnesota, University of Missouri, North Dakota State 

University, University of Nebraska, and the University of Wisconsin) within the U.S. Corn 
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Belt and DuPont Pioneer (Kitchen et al., 2017). This project is commonly referred to as 

the, “Performance and Refinement of Nitrogen Fertilization Tools” project. The 

approach for this research was fundamental N fertilizer application response field-plot 

studies conducted with standardized protocols and methods across a wide range of soil 

and weather conditions. Yield and soil measurements from these plot studies provided 

the measurements needed to generate N recommendations as well as N response 

functions.   

Forty-nine corn N response trials were conducted during 2014 to 2016 in eight 

Midwestern Corn Belt States. In each state, two sites ranging in productivity were 

selected for each growing season, giving six sites per state (Missouri had three in 2016; 

Figure 2.1). Productivity was determined by historical yield and general soil productivity. 

Research sites were planted at a target population of 86,450 plants ha-1 using Pioneer 

hybrids (DuPont Pioneer, Johnstown, IA) found suitable for the selected sites within the 

region. Most research sites followed soybean, however five sites followed corn. There 

were five tile drained sites and eight irrigated sites. All but 14 sites received at least 

some form of tillage. Planting dates ranged from April 6 – May 23. Descriptions of 

management for all sites are presented in Table 2.1. 

Plot dimensions were state and site dependent and were determined by the 

planting (planter width) and harvesting (combine width) equipment available, but 

minimal plot harvest area was 18.6 m2. Average size per site was 0.4 ha. Sixteen 

different N application treatments, replicated four times (totaling 64 plots per site), 

were used in a randomized complete block design (Table 2.2). Nitrogen treatments were 
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obtained using dry-prilled NH4NO3 fertilizer broadcast applied. The “at-planting” 

fertilizer was applied within 48 hours of initial planting while the topdress fertilizer was 

applied between the V8 to V10 leaf stage. Treatment one was the non-fertilized control. 

Treatments 2 to 8 received all N at-planting in 45 kg N ha-1 increments from 45 to 315 kg 

N ha-1, while treatments 9 to 14 received 45 kg N ha-1 at-planting and the rest at 

topdress in 45 kg N ha-1 increments from 45 to 270 kg N ha-1. Treatments 15 and 16 

received 90 kg N ha-1 at-planting with the remaining N at topdress. However, for this 

analysis only the 0, 45, and 225 kg N ha-1 at-planting N fertilizer rates were used. 

2.3.2 Original Soil Sampling and Previous Analysis 

Soil characterization analyses were performed for all 49 site locations. Two 

adjacent 1.2 m deep soil cores with a diameter of 4.76 cm were obtained from each of 

the four replications at each site using a Giddings Model #5-UV / MGSRPSUV (Giddings 

Machine Company, Windsor, CO). The location of both soil cores in each replication was 

determined using a soil apparent electrical conductivity (ECa) survey map performed just 

prior to sampling, such that core sites represented the range of soil differences within a 

site as observed by soil ECa. Both drilled cores were laid side-by-side and characterized 

and separated by horizon. One core was used to calculate bulk density (BD) and soil 

moisture while the other was processed and sent to the University of Missouri Soil 

Health Assessment Center for additional property analyses. Analyses included the 

following: particle size determination through the pipette method, cation exchange 

capacity (CEC), total carbon, total organic carbon, total inorganic carbon, SOM, pH (salt 

and water), and BD. Amount of clay (i.e. %clay) was calculated by using the particle size 



 

32 
 

determination (R. Burt and Soil Survey Staff, 2014; Nelson and Sommers, 1996). Also, an 

anaerobic potentially mineralizable N test was performed on soil samples collected for 

this project but were not initially part of this analysis. These samples were incubated for 

seven days and then analyzed for NH4+-N. Initial NH4+-N values were subtracted from the 

7-day NH4+-N amounts resulting in a net potentially mineralizable N (PMN). Further 

details are described in Clark et al (2018).  The soil samples listed above were then 

depth weighted by 0 – 30 and 0 – 60 cm increments.  

Only for the 2016 growing season were samples taken and analyzed specifically 

for soil respiration (Kitchen et al., 2017; Yost et al., 2018). Soil samples were taken prior 

to planting at three different depth increments, 0 – 5, 5 – 15, and 15 – 30 cm. The 0 – 5 

and 0 – 15 samples were aggregated together by rep. Yost et al (2018) used these 

samples to examine the Haney test on a site-level basis. Following the analysis by Yost et 

al (2018), all soil samples were placed in storage for two years.  

For all growing seasons (2014 – 2016), 0 – 30 cm V5 soil samples were taken and 

analyzed for soil nitrate and the dry samples placed in storage that was neither heated 

or cooled (Kitchen et al., 2018). In the spring of 2018, the V5 0, 45, and 225 kg N ha-1 at-

planting N fertilizer treatment soil samples for each rep were retrieved from storage 

along with the soil samples used by Yost et al (2018). These were sub-sampled and 

prepared for soil respiration tests for this study.  
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2.3.3 Cornell Soil Respiration Test 

  Referred to as a sealed chamber alkali trap respirometry test, the Cornell Soil 

Health Assesment (CASH) soil respiration test (Moebius-Clune et al., 2016) measures soil 

biological activity through the output of CO2 during a 4-day incubation period (Zibilske, 

1994). While the CASH protocol was used for this analysis, the soil respiration tests were 

performed in the USDA-ARS Soil Quality Lab on the University of Missouri campus. In 

short, the protocol requires air dried soil samples to be sieved to 8 mm, however the 

soils for this analysis were sieved to 2 mm. The 20 g soil samples were placed in pre-

perforated aluminum weigh boats (nine pin holes in the bottom). Filter paper (No. 8) 

was placed at the bottom of a one pint, wide mouth, “Ball” brand Mason jar, and the 

aluminum weigh boat containing the 20 g soil sample was placed on top of the filter 

paper. The trap assembly (a 4-cm tall plastic pedestal glued to the bottom of a 10 ml 

beaker) was placed in the aluminum weigh boat on top of the soil sample. Using a 

pipette, 9 ml of 0.5 M potassium hydroxide (KOH) was placed in the 10 ml beaker. 

Immediately following, 7.5 ml of deionized water was added to the filter paper to allow 

for capillary rewetting of the soil sample. The two piece Mason jar lid was then screwed 

on. One Mason jar with no soil (referred to as a blank) and one with reference soil were 

added for every 25 normal samples. The Mason jars were then placed in a jar rack to 

prevent disturbance over the 4-day incubation period. Further CASH protocol 

descriptions can be found in the Cornell Soil Health Assessment training manual 

(Moebius-Clune et al., 2016). 
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  Following the completion of the incubation period an electrical conductivity (EC) 

probe was used to measure and record the EC of the KOH in each 10 ml beaker. The 

following steps were used to calculate mg CO2-C kg-1 soil: 

1. Prepare and determine the KOH trap “capacity” or the maximum amount of 

CO2 concentration in 0.5 M KOH. This was accomplished using the equation 

below: 

0.009 𝐿𝐿 × 0.25 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿−1  × 44 𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚−1  × 1000 𝑚𝑚𝑔𝑔 𝑔𝑔−1  = 99.025 𝑚𝑚𝑔𝑔 𝐶𝐶𝐶𝐶2 [1]  

 where 0.009 L was the amount of KOH added to each sample, 0.25 mol L-1 was the 

molar relationship between KOH and CO2 (one mole of KOH accommodated 0.5 mole of 

CO2), 44 g mol-1 was the molecular weight of CO2, and 1000 mg g-1 was the conversion 

from grams to milligrams. 

2. Record the EC value of the KOH trap at “capacity”.  

3. Record the EC value of pure KOH.  

4. Calculate the proportion of the trap capacity for CO2 absorption that was 

actually used. This was accomplished using Eq [2]: 

��𝐸𝐸𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 −  𝐸𝐸𝐶𝐶𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� ÷ (𝐸𝐸𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 −  𝐸𝐸𝐶𝐶𝑠𝑠𝑟𝑟𝑠𝑠)� = 𝑃𝑃    [2] 

 where ECraw was the EC value of pure KOH, ECsample was the EC of the KOH post 4-day 

incubation, ECsat was the EC value of the KOH trap at capacity, and P is the proportion of 

the trap capacity that was actually used.  

5. Determine the amount of CO2 absorbed over the 4-day incubation period by 

using Eq [3]: 
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𝑃𝑃 × 99.025 𝑚𝑚𝑔𝑔 𝐶𝐶𝐶𝐶2  = 𝑇𝑇        [3] 

where P was the proportion of the trap capacity used, 99.025 mg CO2 was the maximum 

amount of CO2 accommodated by the trap, and T (measured in mg) was the total 

amount of CO2 absorbed over the incubation period. 

6. Calculate the amount of CO2 – C kg-1 soil using Eq [4]: 

(𝑇𝑇 ÷ 20 𝑔𝑔) × 1000 𝑔𝑔 𝑘𝑘𝑔𝑔−1  × (12 𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚−1  ÷  44 𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚−1) = 𝑚𝑚𝑔𝑔 𝐶𝐶𝐶𝐶2 − 𝐶𝐶 𝑘𝑘𝑔𝑔−1 𝑠𝑠𝑚𝑚𝑠𝑠𝑚𝑚 [4] 

where T was the total amount of CO2 absorbed over the incubation period, 1000 g kg-1 

was used to convert from g of soil to kg of soil, 12 g was the atomic weight of C, and 44 g 

was the molecular weight of CO2. 

A total of three comparison tests were performed on nine of the 17 sites 

sampled in Yost et al (2018) to justify relating 0 – 30 cm V5 soil respiration to the end-of-

season calculated EONR for each of the 49 sites (Table 2.3). The nine chosen sites were 

selected in an attempt to cover the range of soil respiration observed by the Solvita CO2-

Burst (24 hr CO2-Burst; Yost et al., 2018). These comparison tests are listed in Table 2.3 

and include the relationships between 1) Yost et al (2018) 24 hr CO2-Burst 

measurements (0 -15 cm; 24 hr15) and CASH soil respiration (0 – 15 cm; CASH15), 2) 

CASH15 and pre-plant 0 – 30 cm CASH soil respiration (pp CASH30), and 3) pp CASH30 and 

V5 0 – 30 cm CASH soil respiration (V5 CASH30). It should be noted that the V5 CASH30 

soil samples were lost for one of the nine sites chosen for the above comparison tests 

(2016 MN, Becker). Therefore, only eight sites were included in comparison test 3. The 
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resulting relationship from comparison 3 was then used to estimate V5 CASH30 for the 

missing site (Table 2.3).    

2.3.4 Statistical Analyses  

All data were analyzed using SAS 9.2 (SAS Institute Inc., Cary, NC) with a ɑ = 0.05. 

Soil respiration results were examined and compared to other soil measurements. 

These analyses were necessary to determine the validity of this dataset and to establish 

confidence in using it further. Using linear regression, soil respiration was examined as a 

function of, 1) % soil organic matter and % total soil organic carbon, 2) initial NH4+-N 

amount and PMN and, 3) % clay in the top 30 cm of soil.  

A within-site analysis was performed to determine the effect of N fertilizer rate 

on soil respiration using PROC GLM MANOVA. This function allows for a multivariate 

analysis of variance with missing dependent variables. This was necessary since some 

sites had missing soil respiration values. Also, a similar analysis was performed across all 

49 site locations to determine a regional difference between N fertilizer rate and soil 

respiration. 

When relating to site-level EONR, soil respiration results were averaged across 

replications for site-level comparisons. Correlation analyses between soil respiration 

tests, sample depth, sample timings, and EONR were performed using linear regression. 

The EONR was calculated for all 49 site years using treatments 1, 2 and 9-14 (Table 2.2) 

as shown:  
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𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸 = (−𝑏𝑏−(𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟)
(2𝑐𝑐)

        [5] 

where b and c = linear and quadratic response coefficients from optimized 

quadratic function, and ratio = $0.88 kg-1 N/$0.03 kg-1 grain (i.e., N price/corn price). The 

EONR was set to not exceed the maximum N rate (315 kg N ha -1). Additional EONR 

calculation details can be found in Kitchen et al. (2017).  

2.4  Results and Discussion 

2.4.1 Soil Respiration Related to Other Soil Properties 

The V5 CASH30 soil respiration measurements were sensitive to variations in % 

soil organic matter and % total organic C, with r2 values of 0.49 and 0.67, respectively 

(Table 2.4; Figures 2.2 and 2.3). As % soil organic matter and % total organic C increased, 

V5 CASH30 soil respiration also increased. This was expected as soil microbes use soil 

organic C as an energy source in the synthesis of new cells and other biological 

processes (Sylvia et al., 2005). A significant end product of such microbial metabolism is 

CO2. Therefore, as more organic C is available, greater microbial respiration occurs. 

While % soil organic matter and % total organic C tests are similar in focus, the 

difference in correlation to V5 CASH30 soil respiration was expected. Soil organic matter 

encompasses all organic residues, while total organic C is specific to the C fraction of soil 

organic matter.  

The V5 CASH30 soil respiration measurements were additionally related to initial 

NH4+-N and PMN amounts (Table 2.4; Figure 2.4). A significant positive linear 
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relationship was observed.  While not particularly strong, this observation is similar to 

those found by others (Franzluebbers et al., 1996; Franzluebbers et al., 2000; 

Franzluebbers and Haney, 2017). Low correlation values may be attributed to several 

factors. First, though soil samples are from the same site and growing season, the 

samples used for soil respiration (sampled at V5) analysis were unique to those used for 

NH4+-N and PMN (sampled pre-plant) analyses (Clark et al., 2018). Second, as dry soil is 

rewetted N is immobilized by the demands of the activated microbial population 

(Franzluebbers et al., 2000). Third, soils with wider C:N ratios (>20:1) immobilize N as 

microbes scavenge for inorganic N (Sylvia et al., 2005). Consequently, soil respiration is 

high while PMN is low. These relative differences could vary considerably from one site 

to the next. Some have observed more accurate and similar PMN results during longer 

incubation periods (Franzluebbers et al., 2000). When averaged across all 49 site 

locations, initial NH4+-N amounts increased by a factor of 4.3 following the 7-day 

incubation period. Others have found similar results (Basak and Biswas, 2014). The sites 

with the greatest PMN were those with the most organic matter. In general, soils with 

greater amounts of organic matter can sustain a larger microbial population, which 

ultimately has the capability of mineralizing more N (Carter and Rennie, 1982; Doran, 

1987; Franzluebbers et al., 1994).      

Additionally, % clay was also found to be related to V5 CASH30 soil respiration 

with respiration increasing as clay content increased (Table 2.4; Figure 2.5). While 

conflicting results exist, others have made similar observations (Franzluebbers 1998; 

Cable et al., 2008). One possible explanation for the results of this study was the soil 
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samples were sieved to 2 mm (instead of the 8 mm sieve size defined in the CASH soil 

respiration protocol). As soil aggregates, held together by clay particles and organic C, 

are broken into small pieces, additional C is made available for microbial consumption 

that would have otherwise been protected (Franzluebbers and Haney, 2017).  

The above comparisons are similar to those of previous research and verify the 

sensitivity of the V5 CASH30 soil respiration test to other soil properties. Therefore, these 

results were determined to be valid and could be used to address the stated primary 

objectives of this research. 

2.4.2 Soil Respiration and N Fertilizer Rate 

 Across all years and sites there was no significant difference in V5 CASH30 soil 

respiration measurements between the at-planting 0, 45, and 200 kg N ha-1 N fertilizer 

rates (Table 2.4). However, when analyzed by site, soil respiration between the three N 

fertilizer rates was found significantly different for five site locations (Figure 2.6). At four 

of the five sites, soil respiration decreased with N fertilization. While added N fertilizer 

increases the labile pool of N, changes in soil pH and other soil and plant growth factors 

are also likely, ultimately altering the soil microbial environment (Jones and Shannon, 

1999). The pH values for these four sites were all < 6.4. As N fertilizer was added to the 

microbial environment (in the form of ammonium-nitrate) nitrification rates rose 

followed by a decrease in soil pH and therefore a decline in microbial activity and soil 

respiration. The decline in pH was likely greater in the microbial rich rhizosphere as 

ammonium-based fertilizers are known to reduce rhizosphere pH (Sylvia et al., 2005). 
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The remaining site had the opposite relationship, a significant increase in soil respiration 

as a much higher rate of inorganic fertilizer was added. The pH at this site was 7.9 and 

therefore microbial activity was not limited by soil pH. This site also had the highest 

total C (twice as much as the next highest site) and the lowest PMN suggesting the 

microbial community was N limited. Therefore, as more inorganic N fertilizer was added 

soil respiration increased. Similar results have been documented by others. Some have 

found inorganic N fertilizer amendments either enhanced (Pregitzer et al., 2000; Burton 

et al., 2002; Bowden et al., 2004) or suppressed respiration (Burton et al., 2002; Bowden 

et al., 2004; Foereid et al., 2004). Others have reported added N fertilizer has no effect 

on C mineralization (Shields et al., 1974; Kowalenko et al., 1978; Rochette and 

Gregorich, 1998). These mixed findings are thought to be a function of the type and 

amount of the N fertilizer applied, environmental conditions (including temperature and 

precipitation regimes), soil characteristics (how much N is already available for microbial 

use), and the type of vegetation grown (Meier et al., 1993; Beyer, 1994, Franzluebbers 

et al., 2000). As observed with this analysis, the relationship between soil respiration 

and added inorganic N fertilizer is unclear and has been perceived to have contradictory 

observations and warrants further investigation into the controlling factors governing 

soil respiration when N fertilizer is applied.   

  Due to the general lack of relationship between soil respiration and at-planting N 

fertilizer amount when considering all site locations, the V5 CASH30 soil respiration 

amounts for each site were averaged across N rates for the remaining analyses.  
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2.4.3 Impact of Storage and Respiration Method Compared 

  Before the respiration results of this study could be used to address the objective of 

relating soil respiration to EONR, several additional comparisons were conducted as summarized 

in Table 2.3. Across the nine sites chosen for initial analysis and using the stored samples 

from Yost et al (2018), CASH15 soil respiration measurements were significantly related 

to the 24 hr15 (Fig 2.7; ɑ = 0.05; sample set 1 compared to sample set 2 in Table 2.3). 

Overall, soil respiration amounts were about three times greater using the CASH soil 

respiration test than the 24 hr CO2-Burst, a difference that could be attributed to the 

incubation length (Franzluebbers and Haney, 2017). The 24 hr CO2-Burst test has an 

incubation length of 24 hrs while the CASH soil respiration test calls for a 4-day 

incubation. Naturally, the longer incubation time allows for more CO2 to be respired. 

Since the incubation method from these two times was different, nothing can be said 

definitively about the effect of soil sample storage difference of nearly 2 years. 

However, since the order of respiration increase found with CASH over the 24 hr CO2-

Burst approximates the incubation time difference, it can be presumed that sample 

storage for two years had a minor effect on soil respiration. Sites with low respiration 

measurements prior to storage were low following storage. While dependent on the 

desired soil analysis, this is similar to the observations made by others and suggests if 

soil samples are correctly processed and stored, future soil respiration tests are valid 

and comparable (Jones and Shannon, 1999).  

  Both soil respiration tests (24 hr CO2-Burst v. CASH) use the process of rewetting 

dry soil, via capillary forces, to propagate suitable conditions for microbial activity and 
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the release of CO2. However, the means of capturing and measuring the released CO2 is 

different. At the time of analysis (spring 2016; Yost et al., 2018), the 24 hr lab test 

protocol used Solvita specific detector probes. Prior to the start of the 24 hr incubation 

a CO2 colorimetric detector probe was inserted into the test jar. Following incubation, 

the probe was removed and inserted into a Solvita Digital Color Reader. The digital 

colorimetric value was then converted to mg kg-1 CO2-C. This specific method is 

relatively expensive for quantifying soil respiration, and dependent on the specific 

detector probe used. However, detector probes can become saturated for soils with 

high soil respiration, resulting in an underestimation of findings (Woods End 

Laboratories, 2016; McGowen et al., 2018). Cost for the CASH soil respiration test using 

the potassium hydroxide beaker trap is less since it does not rely on detector probes or 

a Digital Color Reader. While the incubation length is longer and less convenient in that 

sense, the findings of this research suggest the CASH soil respiration test is just as 

informative and may be more easily adopted by some producers.  

2.4.4 Sample Depth and Timing 

  The CASH30 soil respiration measurements taken from stored Yost et al (2018) 

samples were highly related to the CASH15 measurements (sample set 1 compared to 

sample set 3 in Table 2.3; Figure 2.8; standard error = 0.04 mg CO2-C kg-1 soil). In 

general, the CASH15 soil respiration measurements were ~50% higher than those from 

the CASH30. With increasing soil sample depth, soil organic matter and soil microbial 

activity decrease (Fang and Moncrieff, 2005; Franzluebbers, 2018). Thus, it is not 
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surprising the shallower depth yielded more soil respiration than the deeper depth. 

These results show that soil collected for standard 15 – 20 cm soil fertility tests may be 

used for soil respiration analyses ultimately increasing the likelihood of producer 

adoption. Likewise, deeper soil respiration measurements could confidently be used to 

estimate soil surface respiration rates and vice versa.     

  The V5 CASH30 soil respiration measurements were related to the pre-plant 

CASH30 soil respiration measurements recorded from the Yost et al (2018) sub-samples 

(sample set 3 compared to sample set 4 in Table 2.3; Figure 2.9). These results are 

similar to those observed by others. A correlation between soil respiration and grain 

yield, total biomass, and total N was found to be similar at the pre-plant, V5, and V10 

soil sampling times (Culman et al., 2013). On average, V5 CASH30 soil respiration was   ̴40 

mg CO2-C kg-1 soil greater than the pp CASH30 samples. This was likely due to plant 

growth (Culman et al., 2013). Plant roots excrete nutrient and C rich exudates into the 

rhizosphere allowing for the consortia of soil microorganisms to flourish (Sylvia et al., 

2005). Generally, soil respiration mirrors a bell-shaped curve through the growing 

season. Namely, soil respiration is less in the spring followed by an increase during the 

mid-season, and finally a decrease during the late summer and early fall as soils 

generally are drier and corn plants senesce (Willson et al., 2001; Culman et al., 2013).      

2.4.5 Relating EONR to C Respiration 

  Considering all years and sites (n=49) EONR was weakly correlated to the V5 

CASH30 soil respiration measurements (sample set 5 in Table 2.3; Figure 2.10). Generally, 
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as soil respiration increased the amount of N fertilizer needed to reach EONR decreased. 

Soils with greater amounts of microbial activity (i.e. soil respiration) likely mineralized 

more N ultimately lowering the total inorganic N fertilizer needed to reach EONR. An 

analysis by year revealed soil respiration was most strongly correlated to EONR in the 

2016 growing season (Figure 2.11), the only year previously reported from this regional 

study (Yost et al., 2018). The 2016 growing season may have mirrored the microbial 

activity observed in this laboratory analysis. The 2014 and 2015 soil respiration results 

as a representation of soil microbial activity was much less related to corn N need. 

Undoubtedly weather-driving factors of soil microbial activity throughout the growing 

season of each year are unique, and so lab-measured soil respiration may or may not be 

an accurate estimation of the actual field soil respiration, factors primarily related to 

varying soil temperature and moisture.   

2.5  Conclusion 

The 24 hr CO2-Burst and CASH soil respiration tests were significantly related to one 

another signifying test type and soil sample storage had little effect on the patterns of 

soil respiration (i.e. soils with low respiration before storage will have low respiration 

following storage). Consequently, the less expensive CASH soil respiration test may be 

easier to implement or adopt. And, if processed correctly, stored soil samples could be 

used for future respiration analysis. Soil respiration values from different depths and 

timings were highly correlated, supporting sampling to 15 cm before or after planting 

was sufficiently the same for respiration analysis. Adding inorganic N fertilizer at 
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planting had no significant effect on soil respiration measurements when examined 

across all sites, though the effect was seen for a few sites. Due to the varying results 

found by others and those from this analysis, further research is needed to determine 

the role of increasing amounts of inorganic N fertilizer on soil respiration.  

The negative relationship observed between EONR and V5 soil respiration supports 

soils with greater respiration provide more plant available N, ultimately lowering the 

need for additional inorganic N fertilizer. However, this relationship was more evident in 

one year than the other two, and illustrates how this comparison is quite dependent on 

temporal variability. Therefore, caution should be given when using soil respiration to 

estimate in-season N fertilizer recommendations.   
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2.7  Tables and Figures 

Table 2.1. Management description for the 49 sites for the 2014 – 2016 growing 
seasons. Each of the eight participating states chose two contrasting locations with 
varying productivity. 
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         seeds/ha cm  

2014 IA Ames L SB No No FC P0987AMX 86,450 76 7 
May 

2014 IA Mas H SB No No FC P1498AM 85,215 76 9 
May 

2014 IL Brown L SB No No 
SP FC/ F 

deep 
ripped 

P1498AM 86,450 76 24 
Apr 

2014 IL Urbana H SB No No FC / F deep 
ripped P0987AMX 86,450 76 25 

Apr 

2014 IN Loam H SB No No FC P0987AMX 80,275 76 19 
May 

2014 IN Sand L SB No No No-till P0987AMX 80,275 76 19 
May 

2014 MN New H SB No No F FC/ SP FC P0157AMX 87,685 76 21 
May 

2014 MN Charles L SB No No Vertical-till P0157AMX 85,215 76 16 
May 

2014 MO Bay L SB No No FC P1498AM 86,450 76 2 
May 

2014 MO Troth H SB No No FC P1498AM 86,450 76 2 
May 

2014 ND Amenia H Corn Yes No No-till P9188AMX 83,980 56 23 
May 

2014 ND Durbin L Corn No No No-till P9188AMX 83,980 56 23 
May 

2014 NE Brandes L SB No Yes F chisel/ SP 
FC P1151HR 86,450 76 19 

Apr 

2014 NE SCAL H SB No Yes F chisel/ SP 
FC P1151HR 83,980 76 7 

May 
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2014 WI Waz L SB No No No-till P0987AMX 90,155 76 7 
May 

2014 WI Steuben H SB No No No-till P0987AMX 93,119 76 6 
May 

2015 IA Boone L SB No No FC P0987AMX 86,450 76 18 
May 

2015 IA Lewis H SB No No FC P1498AM 85,215 76 29 
Apr 

2015 IL Brown2 L SB No No 
SP FC/ F 

deep 
ripped 

P1498AM 86,450 76 28 
Apr 

2015 IL Urbana2 H SB No No FC / F deep 
ripped P0987AMX 86,450 76 23 

Apr 

2015 IN Loam2 H SB No No FC P0987AMX 80,275 76 29 
Apr 

2015 IN Sand2 L SB No No No-till P0987AMX 80,275 76 29 
Apr 

2015 MN New2 H SB No No F FC/ SP FC P0157AMX 87,685 76 18 
Apr 

2015 MN Charles2 L SB No No Vertical-till P0157AMX 85,215 76 1 
May 

2015 MO Lonetree L SB No No FC P1498AM 86,450 76 17 
Apr 

2015 MO Troth2 H SB No No FC P1498AM 86,450 76 14 
Apr 

2015 ND Amenia2 H Corn Yes No No-till P9188AMX 83,980 56 24 
Apr 

2015 ND Durbin2 L Corn No No No-till P9188AMX 83,980 56 24 
Apr 

2015 NE Brandes2 L SB No Yes F chisel/ SP 
FC P1151HR 86,450 76 19 

Apr 

2015 NE SCAL2 H SB No Yes F chisel/ SP 
FC P1151HR 83,980 76 24 

Apr 

2015 WI Belmont L SB No No No-till P0987AMX 90,155 76 4 
May 

2015 WI Darling H SB No No No-till P0987AMX 93,119 76 4 
May 

2016 IA Crawford H SB Yes No Chisel P1197AMXT 86450 76 26 
Apr 

2016 IA Story L SB Yes No Chisel P1197AMXT 86450 76 12 
May 
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2016 IL Shumway L SB No No FC/ 
Vertical-till P1197AM 79040 76 25 

Apr 

2016 IL Urbana H SB No No FC P1197AMXT 88920 76 19 
Apr 

2016 IN Loam H SB No No F Rip/ SP 
FC P1197AMXT 80275 76 20 

May 

2016 IN Sand L SB No No F Chisel / 
SP FC P1197AMXT 80275 76 20 

May 

2016 MN Becker L SB No Yes SP Chisel/ 
Rip P0157AMX 87685 76 27 

Apr 

2016 MN Waseca H SB No No F Chisel/ FC P0157AMX 87685 76 6 
May 

2016 MO Bradford L SB No No SP Disk/ FC P1197AM 86450 76 16 
Apr 

2016 MO Loess H SB No No SP FC P1197AM 83980 76 6 Apr 

2016 MO Troth3 H SB No Yes SP Disk/ FC P1197AM 86450 76 13 
Apr 

2016 ND Amenia3 H SB No No F Chisel/ FC P9188AMX 93860 56 6 
May 

2016 ND Durbin3 L SB Yes No F Chisel/ FC P9188AMX 88920 56 6 
May 

2016 NE Kyes L SB No Yes No-till P1197AMT 79040 76 5 
May 

2016 NE SCAL3 H Corn No Yes No-till P1197AMT 83980 76 12 
May 

2016 WI Lorenzo L SB No No No-till P0157AMX 86450 76 23 
Apr 

2016 WI Plano H SB No No No-till P0157AMX 86450 76 23 
Apr 

†L, Low; H, High; *FC, field cultivated; F, fall; Chis, Chisel; SP, spring. 
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Table 2.2. Sixteen different N fertilizer rates split over two times were replicated four 
times at each site. Treatments 1, 2, and 9-14 were used to calculate the economical N 
fertilizer rate for each site location. Treatments 1, 2, and 6 were used for soil respiration 
analysis. 

Trt # Planting N Topdress N Total N 
 —————kg ha-1—————— 

1 0 0 0 
2 45 0 45 
3 90 0 90 
4 135 0 135 
5 180 0 180 
6 225 0 225 
7 270 0 270 
8 315 0 315 
9 45 45 90 

10 45 90 135 
11 45 135 180 
12 45 180 225 
13 45 225 270 
14 45 270 315 
15 90 90 180 
16 90 180 270 
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Table 2.3. A series of comparison tests to relate soil respiration between methods, sample storage, depth, and sampling time.      

Sample 
 Set # 

Sample  
Year(s) 

Sample  
Sites 

Sample 
 Time† 

Sample  
Depth 

Sample  
Storage 

C Resp.  
Method†† 

Comparison Test 

    --cm-- months   
1 2016 17 Preplant 0 - 15 < 2 24 hr None- results reported in 

Yost et al., 2018 
2 2016 9 Preplant 0 – 15 ̴ 24 CASH Compared to sample set #1 
3 2016 9 Preplant 0 – 30 ̴ 24 CASH Compared to sample set #2 
4 2016 9 V5 0 - 30 ̴ 24 CASH Compared to sample set #3 
5 2014-16 49 V5 0 - 30 24 - 36 CASH Compared to EONR value 

for each respective site 
† Preplant, soil samples taken before corn was planted; V5, soil samples taken at the V5 corn growth development stage. 
†† Solvita, 24 hr CO2-Burst; CASH, Cornell Soil Health Assessment soil respiration test.
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Table 2.4. Soil respiration generated by the Comprehensive Assessment of Soil Health 
(CASH) method at the V5 corn growth development stage for three different at-planting 
N fertilizer rates (0, 45, and 200 kg N ha-1) at all 49 site locations. Following an ANOVA 
test, there was no significant difference between N fertilizer rates on a regional level. To 
validate the soil respiration measurements in this analysis, soil respiration amounts 
were compared to several other soil properties. These properties include soil organic 
matter, total organic C, initial NH4+-N, and potentially mineralizable N (PMN), and clay in 
the top 30 cm of soil. 
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   kg N ha-1  mg CO2-C kg-1 soil -----------%-------- mg N kg-1 soil % 
2014 IA Ames 98 . 178 185 2.6 0.80 11.1 10.8 22.5 
2014 IA Mas 97 229 220 193 3.3 0.87 15.9 20.4 28.7 
2014 IL Brown 172 158 140 109 1.6 0.38 6.1 12.1 17.0 
2014 IL Urbana 195 228 213 182 2.9 0.86 10.1 32.5 27.3 
2014 IN Loam 113 130 118 118 2.1 0.50 3.5 13.6 13.2 
2014 IN Sand 131 105 95 86 1.4 0.27 2.7 8.7 7.4 
2014 MN New 101 277 238 238 5.2 1.27 12.9 54.0 32.8 
2014 MN Charles 64 . 122 151 2.3 0.62 10.7 24.6 22.3 
2014 MO Bay 118 200 196 195 2.2 0.58 6.5 18.4 28.0 
2014 MO Troth 127 168 185 173 1.4 0.55 7.5 28.1 17.2 
2014 ND Amenia 106 . 249 228 2.9 0.87 12.5 25.6 23.8 
2014 ND Durbin 107 . 238 255 3.4 1.46 10.8 41.7 57.0 
2014 NE Brandes 181 116 134 136 1.2 0.35 5.5 14.2 6.7 
2014 NE SCAL 83 187 210 173 2.6 0.79 10.0 26.4 34.0 
2014 WI Steuben 28 296 286 243 3.0 1.46 8.1 38.0 20.1 
2014 WI Waz 66 225 196 213 2.4 0.54 8.8 19.7 24.5 
2015 IA Boone 127 167 126 143 2.9 0.87 7.2 12.9 24.1 
2015 IA Lewis 55 182 146 140 2.8 0.84 7.9 16.0 32.6 
2015 IL Brown2 71 154 117 115 1.7 0.44 5.8 23.5 16.6 
2015 IL Urbana2 172 205 185 166 2.9 0.85 8.3 30.4 25.9 
2015 IN Loam2 103 156 149 137 2.5 0.81 4.6 29.7 18.2 
2015 IN Sand2 144 119 129 84 1.4 0.40 3.1 18.6 8.9 
2015 MN New2 94 227 210 203 4.2 1.26 8.7 20.0 35.0 
2015 MN Charles2 108 165 165 179 2.3 0.84 4.2 34.1 20.9 
2015 MO Lonetree 240 162 156 158 2.4 0.60 10.8 26.4 31.4 
2015 MO Troth2 240 178 167 183 2.0 0.71 9.3 33.1 30.2 
2015 ND Amenia2 99 137 125 168 1.9 0.59 9.9 15.4 15.5 
2015 ND Durbin2 84 239 224 227 4.1 1.36 9.6 48.1 44.8 
2015 NE Brandes2 185 115 106 103 0.8 0.29 2.5 43.5 2.7 
2015 NE SCAL2 0 244 229 214 2.8 0.86 5.8 29.1 28.4 
2015 WI Belmont 0 209 178 179 2.9 0.71 3.7 31.9 19.5 
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2015 WI Darling 115 267 251 244 3.7 1.09 5.1 37.9 30.1 
2016 IA Crawford 129 200 203 198 3.3 1.00 6.4 28.0 29.5 
2016 IA Story 128 209 187 191 3.1 0.94 8.1 35.7 24.6 
2016 IL Shumway 106 173 158 146 1.8 0.48 6.2 35.6 15.7 
2016 IL Urbana 118 179 177 174 3.1 0.96 8.0 28.3 25.1 
2016 IN Loam 95 167 173 168 4.2 0.87 9.5 34.2 23.9 
2016 IN Sand 66 122 . . 1.6 0.37 7.1 25.7 8.0 
2016 MN Becker 239 92 . . 1.9 0.45 8.0 7.9 6.0 
2016 MN Waseca 109 172 187 172 4.2 1.18 8.2 33.1 32.6 
2016 MO Bradford 131 115 119 110 2.0 0.47 6.5 26.0 24.9 
2016 MO Loess 143 149 152 139 2.4 0.68 12.9 46.0 24.4 
2016 MO Troth3 145 185 180 196 2.3 0.78 8.1 37.7 38.9 
2016 ND Amenia3 0 196 217 195 3.0 0.87 9.7 40.5 23.2 
2016 ND Durbin3 0 . 246 236 3.0 1.14 9.8 33.5 58.9 
2016 NE Kyes 120 208 190 189 2.3 0.61 5.7 32.1 17.2 
2016 NE SCAL3 13 162 147 144 2.9 0.85 6.1 35.7 28.2 
2016 WI Lorenzo 30 241 286 336 4.4 1.86 6.6 45.4 28.5 
2016 WI Plano 88 172 161 159 3.5 0.97 7.3 41.3 24.0 
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Figure 2.1. Field research sites were located within eight U.S. Midwest Corn Belt states (Iowa, Illinois, Indiana, Minnesota, 
Missouri, Nebraska, North Dakota, and Wisconsin). Each state contained two sites for each of the three growing seasons 
(2014 – 2016; Missouri had three sites for the 2016 growing season), totaling 49 sites. 
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Figure 2.2. Analysis between organic matter in the top 30 cm of soil and the Cornell Soil 
Health Assessment soil respiration test. A significant positive relationship was found. As 
% organic matter increased soil respiration increased. 
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Figure 2.3. Analysis between total organic carbon in the first 30 cm of soil and the 
Cornell Soil Health Assessment soil respiration test (measured in mg CO2-C kg-1 soil). 
Total organic carbon was found significantly related to soil respiration. This was not 
surprising. As labile C pool grows, soil microbial activity increases.  
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Figure 2.4. Analysis between initial NH4+-N (black dots) amounts and potentially 
mineralizable NH4+-N (7-day PMN; blue triangles) and the Cornell Soil Health 
Assessment soil respiration test (measured in mg CO2-C kg-1 soil). Initial NH4+-N and the 
PMN test were found significantly related to soil respiration. The relationship between 
PMN and soil respiration was highly dependent on several factors such as N being 
immobilized by the recently activated soil microbes.  
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Figure 2.5. Analysis between % clay in the first 30 cm of soil and the Cornell Soil Health 
Assessment soil respiration test (measured in mg CO2-C kg-1 soil). Clay in the first 30 cm 
of soil was found significantly related to soil respiration.  This may partially be due to the 
sieve size. The 2 mm sieve size used in this analysis likely made C available that was 
otherwise protected by clay aggregates. 
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Figure 2.6. The relationship between increasing N fertilizer rate and soil respiration 
(measured in mg CO2-C kg-1 soil). Following a within-site PROC GLM MANOVA analysis 
(SAS 9.2), soil respiration at five of the 49 site locations was found to be significantly 
different between added N fertilizer rates. Four of the five sites experienced decreasing 
soil respiration with increasing N fertilizer amount while one site experienced the 
opposite, increasing soil respiration with increasing fertilizer amount.      

N Fertilizer Rate (kg N ha-1)

0

100

200

300
m

g 
C

O
2-C

 k
g-1

 s
oi

l

0 45 22
5 0 45 22
5 0 45 22
5 0 45 22
5 0 45 22
5

a
ab

b

a
a

b
a

bb

a
ab

b
a

b
b

2014-IL-Urbana    2015-IA-Lewis         
2015-IA-Boone     2015-ND-Amenia
                             2016-IL-Shumway     
                                 



 

68 
 

  

Figure 2.7. Relating soil respiration measurements in the top 15 cm of soil from the 
Solvita CO2-Burst analysis (24hr15) to the Cornell Soil Health Assessment soil respiration 
analysis (CASH15). Soil samples were analyzed using the 24 hr method in the spring of 
2016. Following two years of storage, soil respiration was again measured using the 
CASH method. The 24 hr and CASH soil respiration measurements were found 
significantly related. These results demonstrate soils with low respiration amounts prior 
to storage will have low respiration amounts following storage.  
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Figure 2.8. Comparing the Cornell Soil Health Assessment soil respiration test 
measurements from the 15 (CASH15) and 30 (CASH30) cm depths. The two depths were 
found significantly related. These results demonstrate that sampling down to 15 cm was 
sufficient.  
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Figure 2.9. Comparing the Cornell Soil Health Assessment soil respiration test 
measurements, at the 30 cm depth, between the pre-plant (PP CASH30) and V5 (V5 
CASH30) timings. Timings were found significantly related. Results suggested using pre-
plant soil samples to estimate soil respiration later in the season was feasible and could 
help avoid busier times during the season.   
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Figure 2.10. The Cornell Soil Health Assessment soil respiration test (measured in mg 
CO2-C kg-1 soil) compared across three growing seasons and eight states (N = 49) to corn 
economical optimal N rate (EONR). A significant negative relationship was found 
between these two variables. Results suggest that as soil respiration increased, more 
soil N was made available for plant uptake decreasing the overall amount of inorganic N 
needed.
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Figure 2.11. The Cornell Soil Health Assessment soil respiration burst test (measured in mg CO2 – C kg-1 soil) compared to the 
economical optimal N rate (EONR) in corn, separated by growing season (2014 – 2016). The 2016 growing season was found most 
related to EONR. While this was an ideal growing season for microbial activity, it should be noted that if the Minnesota (MN) site in 
the top left corner of the graph was removed from the analysis the relationship between soil respiration and EONR would have 
become less significant.  
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Chapter 3: Using USDA-NRCS Hydrologic Soil Groups and Drainage 
Classifications to Estimate N Fertilizer Recommendations 

3.1  Abstract 

Nitrogen fertilizer recommendations in corn (Zea mays L.) that match the 

economical optimum N fertilizer rate (EONR) are imperative to increasing profitability 

and preventing environmental losses of N. However, processes influencing N in corn 

production (i.e. leaching and denitrification) are affected by soil and weather 

characteristics making it difficult to know when and how much N fertilizer to apply to 

match EONR. Following site delineation by USDA-NRCS defined hydrologic soil groups 

(HG) and drainage classifications the objective of this analysis was to determine which 

soil, weather, and canopy reflectance variables are best at estimating N fertilizer need. A 

total of 49 N response trials were conducted across eight U.S. Midwest Corn Belt states 

over three growing seasons (2014 – 2016). Two EONR values were calculated for each 

site. One for plots that received all N at-planting and another for those that received 

split-applied N.  Measured and SSURGO soil variables, weather variables (collected from 

the time of planting to the time of side-dress), and canopy reflectance measurements 

(gathered at the V9 corn growth development stage) were linearly regressed against 

EONR values. Those found most significant were used to create HG-based N fertilizer 

recommendation models. The created models were within 34 kg N ha-1 of EONR 55% 

(at-planting) and 78% (side-dress) of the time and outperformed farmer chosen N 

fertilizer rates. These results demonstrate hydrologic soil group and drainage 
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classification could potentially aid in estimating N fertilizer recommendations. However, 

further model validation is needed.           

3.2  Introduction 

Sustainable N fertilizer practices in corn (Zea mays L.) are accomplished by 

applying the correct amount of N fertilizer and at the correct time necessary to reach 

the economical optimal N rate (EONR). These practices help maintain profit while 

minimizing N lost to the environment. Commonly, N fertilizer amount is over-applied to 

ensure maximum yield, resulting in poor N use efficiency and environmental pollution 

(Tremblay et al., 2012; Schröder et al., 2000; Shanahan et al., 2008). But because of the 

spatial and temporal variability of soil and weather factors impacting the fate of soil N, 

determining EONR before or early in the growing season is difficult. Corn N uptake is 

negligible early in the growing season, and when uncertain weather conditions prevail 

year-to-year, producers are motivated to split-apply N fertilizer mid-season.  

Historically, N fertilizer recommendations have been derived from expected 

grain yield (Blackmer et al., 1992; Gehl et al., 2005), but this fails to consider N response 

to soil and weather conditions for the year ahead. Soil and weather metrics have been 

related to corn N response (Xie et al., 2013, Tremblay et al., 2012). Furthermore, corn N 

response as measured by the yield increase with N fertilization is significantly related to 

EONR (r2 = 0.52; Meisinger et al., 2008). Understanding weather and soil variability, and 

their relationship to crop response measurements can be used to improve N fertilizer 

recommendations and help prevent environmental losses of N. 
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 Canopy reflectance sensors attempt to use the crop as a bioassay to assess 

variable N requirements as a result of spatial and temporal variability found within a 

specific field and time. These sensors capture plant N status by emitting visible and near 

infrared wavebands of light onto the crop canopy and then measure the amount 

reflected back (Shanahan et al., 2003). Comparing measured reflectance values between 

adequately-fertilized and N-deficient corn, coupled with an algorithm, allows for a 

calculated N fertilizer recommendation (Biggs et al., 2002; Kitchen et al., 2010). Such a 

diagnostic tool could aid in recommending the correct amount of N fertilizer applied to 

reach optimal yields (Scharf et al., 2002; Kitchen et al., 2010; Barker and Sawyer, 2010; 

Scharf et al., 2011). Financial benefits have been documented by using canopy sensors 

to synchronize the application of N fertilizer with corn N uptake. Fifty-five on-farm trials 

during 2004 to 2008 were conducted in Missouri where canopy sensing was used to 

inform top-dress N fertilizer applications (Scharf et al., 2011). Sensing N rates were 

compared to a fixed rate that producers’ used on these same fields. Across all fields, 

canopy sensors increased partial grower profits by an average of $42 ha-1 over producer 

rates. In another assessment over three differing soil areas conducted from 2004 to 

2007 canopy sensor N fertilizer applications performed better than producer chosen N 

fertilizer applications on about half of 16 field-scale experiments (Kitchen et al., 2010). 

On average they found using canopy sensing generated a $25 to $50 ha-1 profit. 

However, recent studies comparing canopy sensor N fertilizer recommendations to 

EONR have not been promising. Across 49 site locations over three growing seasons, 

canopy sensor calculated N fertilizer rates were within 34 kg N ha-1 of EONR only about̴ 
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30% of the time (Bean et al., 2018). Accounting for certain soil and weather properties 

may inform users when canopy sensor based N management is appropriate. 

Spatial diversity of soil texture, soil organic matter (SOM), and plant available 

water (PAWC) across any given landscape combined with varying total rainfall, the 

evenness of rainfall, and temperature contribute to the complexities and fate of N in 

crops and the environment. Denitrification (the conversion of NO3- to N0x and N2 gases) 

most often occurs in clayey textured soils experiencing anaerobic soil conditions from 

excessive rainfall and with warm soil temperatures (Blevins et al., 1996). In contrast, 

NO3- leaching below the rooting depth results when large amounts of rainfall occur on 

soils with low water holding capacity or coarse textured soils (Power et al., 2001). 

Volatilization, (the loss of N through ammonia-NH3 gas), may also occur if certain N 

fertilizers, such as urea, are not incorporated into the soil (Ma et al., 2010). These 

interactions require different methods of N management. Research is needed to decide 

how these soil and weather variables can aid in making better N fertilizer 

recommendations.    

Precipitation and temperature generally drive plant growth and influence soil 

conditions including soil microbial activity (Tremblay and Bélec, 2006), which ultimately 

influence corn yield. In years with above-average rainfall, corn has been generally found 

to respond more to applied N fertilizer than years of below-average rainfall (Yamoah et 

al., 1998). Across North America, corn yield response to N fertilization was affected the 

most by precipitation during June and July, as well as by temperatures during July and 

August (Jeutong et al., 2000). The distribution or evenness of rainfall has also been 
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found significant in describing corn yield responsiveness to N fertilizer, thus affecting 

yield (Shaw, 1964; Reeves et al., 1993; Tremblay et al., 2012). For example, frequent 

rainfall events in 51 studies were observed from 2006 to 2009 in several North American 

locations and were found to have large amounts of soil moisture early in the growing 

season that prompted N loss through denitrification and leaching, as well as increased 

the responsiveness to N fertilizer (Tremblay et al., 2012). Rainfall and temperature are 

widely accepted as variables directly impacting yield-limiting soil factors. These factors 

include oxygen levels, soil microbial activity, decomposition of organic matter (N 

mineralization), nutrient availability, plant-available water, and ultimately crop yield 

(Power et al., 2001; Tremblay, 2004; Tremblay and Bélec, 2006; Kyveryga et al., 2007; 

Shanahan et al., 2008; Tremblay et al., 2012).  

Soil texture affects soil water flow, available N, plant-available water content 

(PAWC), the transportation and availability of ions (Schaetzl and Anderson, 2014), and 

crop yield (Zhu et al., 2009; Armstrong et al., 2009; Tremblay et al., 2012). While 

conflicting results exist, corn yield is generally greater on coarse-textured soils during 

wet years than during dry years. Also, corn yields tend to be greater on fine-textured 

soils during dry years than during wet years (Tremblay et al., 2011). Fifty-seven studies 

on smallholder farms in sub-Saharan Africa demonstrated the effect of soil texture on N 

fertilizer response. Nitrogen response was found to be greater on clay soils compared to 

loam or sandy soils (Chivenge et al., 2011). Similarly, in North America, finer textured 

soils were found to respond more to N fertilizer (Tremblay et al., 2012). Soil organic 

matter has also proven to be related to corn yield; soil organic matter makes up a small 
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percentage of the total soil volume (<5%) but has a large effect on other soil properties 

(Sylvia et al., 2005). As SOM increases, soil aggregation improves, water infiltration rates 

rise and aeration increases. Collectively, these effects ultimately improve growing 

conditions.  

Some of the above mentioned soil and weather interactions have been used by 

the USDA-NRCS to classify hydrologic soil groups (HG) and drainage classes. Each USDA-

NRCS Soil Survey Geographical database (SSURGO) soil series is assigned a HG and 

drainage class (NRCS, 2007). Hydrologic soil groups are based on the depth to a 

restrictive layer or water table, the transmission rate of water through the soil profile, 

soil texture, soil structure, and the degree of soil swelling when saturated (NRCS, 2007). 

Soils that fall within the same HG are thought to respond similarly. The seven drainage 

classifications are centered on the frequency and duration of wet periods, the 

occurrence of internal free water, and the rate of water removal from the soil profile 

(Soil Survey Division Staff, 1993). When considering NO3-N loss on a watershed scale, HG 

were found to be one of the most important factors in estimating NO3-N movement and 

loss pathways (Blanchard and Lerch, 2000). In forested soils in southern Quebec, 

drainage class was significantly related to N transformation rates and internal N cycling 

(Ullah and Moore, 2009). On soils in North Carolina, and when analyzed by drainage 

class, the Illinois soil N test was found negatively related to EONR (Williams et al., 2007).  

Most current publically available N fertilizer recommendation tools such as those 

based on yield goal (Stanford, 1973; Brown et al., 2004; Shapiro et al., 2008), pre-plant 

and pre-sidedress soil NO3- tests (Bundy et al., 1999; Franzen, 2010; Sawyer and 
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Mallarino, 2017), Maximum Return to Nitrogen (MRTN; Sawyer et al., 2006; Morris et 

al., 2018), and canopy reflectance (Kitchen et al., 2010; Dellinger et al., 2008; Scharf and 

Lory, 2009; Barker and Sawyer. 2010) do not use guideline subgroups based on soil or 

weather characteristics in the formulation of an N fertilizer recommendation. As 

described previously, using such soil and weather groupings has proven effective in 

determining the fate of N. Additionally, crop growth models including Maize-N 

(http://hybridmaize.unl.edu/maizen.shtml) simulate soil and crop processes in an 

attempt to estimate EONR. Varying success has been observed with these models 

(Setiyono et al., 2011; Thompson et al., 2015; Ransom et al., 2018). A recent study 

comparing 31 unique N recommendation tools, including all those mentioned above, 

was conducted across 49 different site locations in the US Midwest Corn Belt over three 

growing seasons (2014 – 2016). When compared to EONR, all N fertilizer 

recommendation tools evaluated had correlation coefficients < 0.20 (Ransom et al., 

2018). Therefore, grouping field or site locations by HG and drainage class may aid in 

determining, for locations within each delineated group, the spatial and temporal 

variables most sensitive to estimating EONR.  

The objectives of this research were to 1) determine by HG and drainage class 

which soil, weather, or canopy reflectance information best relates to EONR, 2) develop 

and evaluate N fertilizer recommendation models based on important variables found in 

objective one, and 3) compare the HG-based model and standard farmer practice N 

fertilizer recommendations.  

http://hybridmaize.unl.edu/maizen.shtml
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3.3  Materials and Methods 

3.3.1 Sites and Nitrogen Treatments 

This research was conducted as part of public-private collaboration between 

eight major land-grant universities (Iowa State University, University of Illinois, Purdue 

University, University of Minnesota, University of Missouri, North Dakota State 

University, University of Nebraska, and the University of Wisconsin) within the U.S. Corn 

Belt and DuPont Pioneer (Kitchen et al., 2017). This project is commonly referred to as 

the, “Performance and Refinement of Nitrogen Fertilization Tools” project. The 

approach for this research was fundamental N fertilizer application response field-plot 

studies conducted with standardized protocols and methods across a wide range of soil 

and weather conditions. Yield and soil measurements from these plot studies provided 

the measurements needed to generate N recommendations and N response functions.   

Forty-nine corn N response trials were conducted during 2014 to 2016 in eight 

Midwestern Corn Belt States. In each state, two sites ranging in productivity were 

selected for each growing season, giving six sites per state (Missouri had three in 2016; 

Figure 3.1). Productivity was determined by historical yield and general soil productivity. 

Research sites were planted at a target population of 86,450 plants ha-1 using Pioneer 

hybrids (DuPont Pioneer, Johnstown, IA) found suitable for the selected sites within the 

region. Most research sites followed soybean, however five sites followed corn. There 

were five tile drained sites and eight irrigated sites. All but 14 sites received at least 
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some form of tillage. Planting dates ranged from April 6 – May 23. Descriptions of 

management for all sites are presented in Table 3.1.  

Sixteen different N application treatments, replicated four times (totaling 64 

plots per site), were used in a randomized complete block design (Table 3.2). Nitrogen 

treatments were obtained using dry-prilled NH4NO3 fertilizer broadcast applied. The “at-

planting” fertilizer was applied within 48 hours of initial planting while the side-dress 

fertilizer was applied between the V8 to V10 leaf stage. Treatment one was the non-

fertilized control. Treatments 2 to 8 received all N at-planting in 45 kg N ha-1 increments 

from 45 to 315 kg N ha-1, while treatments 9 to 14 received 45 kg N ha-1 at-planting and 

the rest at side-dress in 45 kg N ha-1 increments from 45 to 270 kg N ha-1. Treatments 15 

and 16 received 90 kg N ha-1 at-planting with the remaining N at side-dress. Plot 

dimensions were state and site dependent and were determined by the planting 

(planter width) and harvesting (combine width) equipment available, but the minimal 

plot harvest area was 18.6 m2. Average size per site was 0.4 ha. 

3.3.2 Canopy Sensor, Soil, and Weather Measurements 

  Reflectance measurements were collected using the RapidSCAN CS-45 Handheld 

Crop Sensor (Holland Scientific, Lincoln, NE) just prior to side-dress application (V8-V10 

leaf stage). Manufacturer recommendations were followed during initial canopy sensor 

setup. The sensor was held approximately 60 cm above the row as the operator steadily 

walked approximately 4 kph alongside the row. Only plot rows used for yield 

measurements were sensed. The RapidSCAN CS-45 uses three different wavebands of 

light, red (670 nm, VIS), red edge (720 nm, RE), and near-infrared (780 nm, NIR) and 
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were utilized in calculating indices tested in this study. Vegetative and sufficiency indices 

explored in this analysis include the Normalized Difference Vegetative Index (NDVI), the 

Normalized Difference Red-edge (NDRE), Inverse Simple Ratio (ISR), Inverse Simple Ratio 

Red-edge (ISRRE), Chlorophyll Index (CI) and the Chlorophyll Index Red-edge (CIRE).  

Calculations for each index listed above can be found in Bean et al 2018. Based on 

coefficient of determination and probability values, the ISR and NDRE vegetative and 

sufficiency indices were used for final regression analysis. Plots receiving 45 kg N ha-1 at-

planting were considered target corn while plots that received 225 and 270 kg N ha-1 at-

planting were averaged and used as N-reference corn. 

Both measured soil and SSURGO data were gathered for all sites and years. Soil 

ECa surveys were used to guide site characterization soil sampling. Surveys were 

completed one to four weeks prior to planting using a Veris 3100 (Veris Technologies, 

Salina, KS). Sensing was performed on 4.5 m spacing travelling 5 kph across the plot 

area. Perpendicular passes were made through the plot area to aid in the creation of a 

post grid map in Surfer (Golden Software, Golden, CO). For soil characterization, two 

adjacent 1.2 m deep soil cores with a diameter of 4.76 cm were obtained from each of 

the four replications at each site using a Giddings Model #5-UV / MGSRPSUV (Giddings 

Machine Company, Windsor, CO). The location of both soil cores in each replication was 

determined using the soil ECa survey map performed just prior to sampling, such that 

core sites represented the range of soil differences within a site as observed by soil ECa. 

Both drilled cores were laid side-by-side and characterized and separated by horizon. 

One core was used to measure bulk density (BD) and soil moisture at sampling while the 
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other was processed and sent to the University of Missouri Soil Health Assessment 

Center for additional analyses. Analyses included the following: particle size 

determination through the pipette method, cation exchange capacity (CEC), total 

carbon, total organic carbon, total inorganic carbon, soil organic matter (SOM), pH (salt 

and water), and bulk density (R. Burt and Soil Survey Staff, 2014). Amount of clay (i.e. % 

clay) was calculated by using the particle size determination (R. Burt and Soil Survey 

Staff, 2014; Nelson and Sommers, 1996). Plant Available Water Content was determined 

using the Saxton and Rawls formula (Saxton and Rawls, 2006). This equation uses 

measured sand and clay textural information along with SOM to determine soil water 

content at both the permanent wilting point and field capacity. The difference between 

the soil water content at field capacity and permanent wilting point results in PAWC. 

Following this analysis, the four cores from each site were averaged together to obtain 

site-level data. 

The Cornell Soil Health Assessment (CASH) soil respiration test (Moebius-Clune et 

al., 2016) was used to determine soil biological activity through the output of CO2 during 

a 4-day incubation period (Zibilske, 1994). The protocol requires air dried soil samples to 

be sieved to 8 mm, however the soils for this analysis were sieved to 2 mm. The 20 g soil 

samples were placed in pre-perforated aluminum weigh boats (nine pin holes in the 

bottom). Filter paper (No. 8) was placed at the bottom of a one pint, wide mouth, “Ball” 

brand Mason jar, the aluminum weigh boat containing the 20 g soil sample was placed 

on top of the filter paper. The trap assembly (pizza stool acting as pedestal was glued to 

the bottom of a 10 ml beaker) was placed in the aluminum weigh boat over top the soil 
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sample. Using a pipette, 9 ml of 0.5 M potassium hydroxide (KOH) was placed in the 10 

ml beaker. Immediately following, 7.5 ml of deionized water was added to the filter 

paper. The two piece Mason jar lid was then screwed on. One Mason jar with no soil 

(referred to as a blank) and one with reference soil were added for every 25 normal 

samples. The Mason jars were then placed in a jar rack to prevent disturbance over the 

4-day incubation period. Further CASH protocol descriptions can be found in the Cornell 

Soil Health Assessment training manual (Moebius-Clune et al., 2016).   

The SSURGO data for each site was obtained from the NRCS via the “Web Soil 

Survey” website and the “Soil Data Viewer” plug-in available in ArcMap (Esri, Redlands, 

CA). If more than one SSURGO mapping unit was assigned to the 0.4 ha research site, 

the most dominant SSURGO mapping unit was chosen. Soil variables collected from 

SSURGO included SOM, %clay, and PAWC. All soil variables considered, either measured 

or retrieved from SSRUGO, were depth-weighted to two intervals of 0-30cm and 0-

60cm. 

Each site’s weather data were collected using a HOBO U30 Automatic Weather 

Station (Onset Computer Corporation, Bourne, MA). Daily temperatures were used to 

calculate growing degree days (GDD) while daily precipitation (and irrigation), in 

conjunction with the Shannon Diversity Index (a measure of evenness; SDI) was used to 

calculate a measurement called abundant and well-distributed rainfall (AWDR; Tremblay 

et al., 2012). These variables were calculated using the equations below: 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀+𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀
2

− 𝑇𝑇𝐵𝐵𝑟𝑟𝑠𝑠𝑠𝑠         [1] 
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where TMax  = maximum daily temperature, TMin = minimum daily temperature and 

TBase = 100 C. All temperature values were measured in degrees Celsius (0 C).  

𝑆𝑆𝐺𝐺𝑆𝑆 =  �−∑𝑝𝑝𝑠𝑠 𝑠𝑠𝑙𝑙(𝑠𝑠𝑟𝑟)
𝑠𝑠𝑙𝑙(𝑙𝑙)

�         [2]  

where pi = daily rainfall/total precipitation and n = number of days in the specified time 

period being used.   

𝐴𝐴𝐴𝐴𝐺𝐺𝐸𝐸 = 𝑆𝑆𝐺𝐺𝑆𝑆 × 𝑇𝑇𝑚𝑚𝑇𝑇𝑇𝑇𝑚𝑚 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑝𝑝𝑠𝑠𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑚𝑚𝑃𝑃       [3] 

where precipitation and AWDR are measured in mm. Weather data used in these 

calculations were collected between the dates of planting and side-dress. 

3.3.3 Site Delineation by Hydrologic Soil Group and Drainage Class 

Prior to the HG classification, a number of different approaches for grouping the 

49 site locations were explored. A few of these approaches included separating sites by 

low, medium, and high amounts of clay, depth of topsoil, % soil organic matter, pH, pre-

plant and pre-sidedress NO3- concentrations, and relative yield to added N fertilizer. 

These various means of classification were explored based on their previously 

documented ability to estimate crop N need or the fate of N in agricultural cropping 

systems (Reuss et al., 1977; Andraski and Bundy, 2002; Tremblay et al., 2012; Morris et 

al., 2018). From this preliminary exploratory analysis, the HG and drainage class 

delineation method was identified as having the greatest potential for grouping the 49 
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sites of this research for further variable assessment and N fertilizer recommendation 

development.  

Hydrologic soil group and drainage classification was gathered from the SSURGO 

database via Soil Web (University of California, Davis, CA). Initial site delineation was 

made by using HG classification. There are four total USDA-NRCS HGs (A,B, C, D) with 

group A having the least potential for runoff and group D having the highest potential. 

Seven total USDA-NRCS drainage classifications have been defined, however for this 

analysis sites were considered either poorly-drained (PD) or well-drained (WD). Further 

information on HG or drainage class is found in Tables 3.3 and 3.4. Initial site delineation 

was made by grouping sites that fell within HGs A and D. While HG A and D soils are 

vastly different, these soils are prone to N loss via leaching (HG A) or denitrification (HG 

D), and because both have a high propensity for N loss they were grouped together. 

Further delineation was made by grouping sites that were within HG B and then 

grouping sites that were within HG C. Final delineation was made by separating sites 

within HGs B and C by being either well- or poorly-drained (WD or PD; Figure 3.2).   Site 

delineation using this method resulted in five groups (Figure 3.2).  

3.3.4 Evaluation and Statistics 

Data were analyzed using SAS version 9.2 (SAS Institute Inc., Cary, NC) on a site-

level basis by delineated HG. An EONR [corn grain price, $ 0.158 kg-1 ($4.00 bu-1), N 

fertilizer cost, $0.88 kg N-1 ($0.40 lb-1)] was calculated for both the at-planting and split 

N treatments (split N treatments were applied with 45 kg N ha-1 at planting and the 
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remainder applied at the V9 development stage as a side-dress; Kitchen et al., 2017). 

The quadratic-plateau function was found most appropriate for all but one site where, a 

quadratic function was a better fit (Kitchen et al., 2017). The EONR values were 

calculated as:  

𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸 = −𝑏𝑏−(𝑁𝑁:𝑐𝑐𝑟𝑟𝑟𝑟𝑙𝑙 𝑠𝑠𝑟𝑟𝑟𝑟𝑐𝑐𝑠𝑠)
(2𝑐𝑐)

        [4] 

where b and c = linear and quadratic response coefficients from optimized 

quadratic function. For evaluating HG-based N recommendation models for corn that 

received 45 kg N ha-1 at planting, the EONR value was reduced by this same amount so 

that it represents the N fertilizer that was applied as side-dress. Throughout the rest of 

this analysis “EONR” is used in the general sense to represent both situations.  

Proc REG linear regression (p < 0.05) was utilized for evaluating, by delineated 

HG group, EONR (both N fertilizer timings) as a function of soil (both depth intervals), 

canopy reflectance, and weather variables. Included were all two-way interactions 

between these variables. Due to the nature of applying all N fertilizer at-planting, there 

were no weather variables or V5 soil respiration tests used in the analysis of the at-

planting EONR (Table 3.5). From the regression model producing the greatest 

probability significance (either single or two-way interaction variable) the intercept and 

coefficient values were used to generate N recommendation models by HG group.  

The performance of each created model was evaluated by comparing the N 

recommendation to the site level EONR that was determined using the total season-long 

N application and to the Farmer’s N rate (FNR). The FNRs were collected from 
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participating producers and research farm site-managers or principle investigators. 

These values are based on personal field-specific experience and likely incorporated 

yield goal and MRTN approaches. Model and FNR performance was based on root mean 

square error (RMSE) and the percentage of sites within 34 kg N ha-1 of EONR. This value 

is similar to what others have used for testing N recommendation tool performance 

(Sawyer, 2013; Laboski, 2014) and is similar to the economic-environmental threshold 

determined using this same dataset (Bandura, 2017).  

The RMSE was calculated for each algorithm as follows: 

𝐸𝐸𝑅𝑅𝑆𝑆𝐸𝐸 =      �∑(𝑁𝑁𝑀𝑀𝑀𝑀𝑀𝑀−𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)2

𝑙𝑙
          [5] 

where NMod = the model N rate recommendation, NEONR is the measured EONR, and n is 

the total number of site years.   

3.4  Results and Discussion 

Following site-delineation, a total of nine sites were in HGs A and D, 14 sites in 

HG B-WD, five sites in HG B-PD, six sites in HG C-WD, and 15 sites in HG C-PD. The most 

significantly related variables to EONR for both N timings are found in Table 3.6. 
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3.4.1 Variables Most Significantly Related to At-planting EONR 

3.4.1.1 HGs A and D 

There were no variables used in this analysis found significantly related to EONR 

for HGs A and D for the at-planting N application time. This is likely due to the 

complexity of predicting seasonal N need, at the time of planting, on two contrasting 

soils both of which respond to weather events differently and are highly prone to N loss. 

Without weather information estimating corn N response on these soils with this HG-

based approach is not possible. Therefore, when applying all N fertilizer at-planting for 

these soils another recommendation method would need to be used. 

3.4.1.2 HG B-WD 

For HG B-WD sites, EONR decreased as soil organic matter increased in the first 

30 cm of soil (Table 3.6; HG B-WD graph in Figure 3.3). This result suggests sites with 

greater amounts of SOM provided greater soil N, which led to a lesser amount of 

inorganic N fertilizer for EONR. The IN coarse textured sites and MO river bottom site 

with low SOM (top left-hand corner of HG B-WD graph in Figure 3.3), were several of 

those that required the most amount of inorganic N fertilizer. Three of the WI sites with 

greater amounts of SOM (bottom right-hand corner of HG B-WD graph in Figure 3.3), 

were those that needed the least amount of inorganic N fertilizer.  

While the main agronomic explanation for the relationship found is greater N 

mineralization with higher SOM, other soil properties and behavior are enhanced as 
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SOM increases, even though it makes up a small percentage of the total soil volume. 

Roughly 20 – 80% of the cation exchange capacity is determined by SOM. The products 

of SOM decomposition promote soil aggregation ultimately increasing the amount of 

water-stable aggregates. This allows for better infiltration, aeration, and root growth 

development (Sylvia et al., 2005). These characteristics help buffer against extreme 

weather conditions by storing soil water (Sylvia et al., 2005), which in turn allows for 

sustained biological activity and therefore conditions for N mineralization. 

3.4.1.3 HGs B-PD and C-WD 

A similar soil interaction was found for HG B-PD and HG C-WD (HG B-PD and HG 

C-WD graphs in Figure 3.3). For HG B-PD a positive interaction between PAWC and SOM 

(60 cm) best explained EONR, while for HG C-WD a positive interaction between clay 

and SOM (30 cm) best explained EONR. One explanation of this outcome for the sites of 

these groups are that since these soils are either poorly-drained or have low saturated 

hydraulic conductivity (KSAT) values they were likely to have experienced anaerobic 

conditions during portions of the growing season. With increasing SOM and PAWC or 

clay, water movement through the soil profile becomes more stagnant. These 

properties result in soils staying wetter longer after precipitation events. In years with 

inadequate or interspersed rainfall these characteristics can be associated with 

improved crop yields, since crop water stress is dominant and soil water storage from 

these soils is relatively better. For this research, this outcome was not observed because 

the corn crop during the growing seasons included in this study was not drought 
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stressed (Kitchen et al., 2017). However, when rainfall exceeds crop N needs for these 

soils, anaerobic conditions may exist and substantial inorganic N loss through 

denitrification can occur (Blevins et al., 1996). Comparing sites with similar SDI and 

precipitation values reveals the effect these three soil characteristics had on EONR. For 

example, the 2014 IN and IL sites had similar SDI and precipitation values following 

planting. However, the IN site had less PAWC allowing for better soil drainage, creating 

a more aerobic environment for microbial activity and ultimately greater N 

mineralization. Likewise, when comparing the two 2015 WI sites in HG C-WD (HG C-WD 

graph in Figure 3.3), two sites that were within 13 km of each other, it is evident 

increasing clay and/or SOM content led to an increase in EONR. These two sites had 

nearly identical SDI and precipitation values. The site that was 0 EONR in WI (Belmont) 

had 10% less clay and 1% less SOM. A possible explanation is that this site was not as 

susceptible to anaerobic conditions causing N loss, and/or had greater N mineralization. 

3.4.1.4 HG C-PD 

Within HG C-PD, variation in EONR was best related to total C (30 cm). This was 

the weakest relationship observed (HG C-PD graph in Figure 3.3). As the amount of total 

C increased, the N fertilizer needed to reach EONR decreased. As discussed previously 

relative to SOM, here soil C provides an energy source for soil microbes allowing for the 

mineralization of N. This property also was related to soil bulk density, a property 

important for promoting root growth (Weil and Brady, 2017). As total C increased, bulk 

density decreased. Although considered poorly drained, sites in HG C-PD with lower bulk 



 

92 
 

densities (1.1 - 1.3 g cm-3) and higher total C content (i.e., ND sites in bottom right-hand 

corner of the HG C-PD graph in Figure 3.3) were potentially less susceptible to N loss 

and/or greater N mineralization due to greater soil aeration conditions. Sites with higher 

bulk densities (1.3- 1.6 g cm-3) and less total C (i.e., MO sites in the top left-hand corner 

of the HG C-PD graph in Figure 3.3) are most susceptible to N loss ultimately being more 

responsive to added N fertilizer. Interestingly, soils within this group had the largest 

range in EONR (>150 kg N ha-1), suggesting the need to have N fertilizer 

recommendation tools for this group with greater flexibility to these soil conditions. 

3.4.2 Variables Most Significantly Related to Side-dress EONR 

3.4.2.1 HGs A and D 

For side-dress applications for the combined HGs A and D, soil properties were 

not helpful in explaining variation in EONR, but weather information was. From weather 

variables SDI was most significantly related to EONR (HGs A and D graph in Figure 3.4). 

As SDI approached one (precipitation events are more evenly distributed) the amount of 

N fertilizer needed to reach EONR increased. The relationship was fairly strong for 8 of 

the 9 sites in this group, the 2016 IL Shumway site being the exception. Were this IL site 

removed, the regression coefficient of determination for this group would increase from 

0.54 to 0.85 (discussed more below). 

As previously documented, the evenness of precipitation can influence N uptake, 

mineralization, leaching, and denitrification (Tremblay et al., 2012). Hydrologic soil 

group A contains coarse textured soils (>90% sand) with high saturated hydraulic 
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conductivity rates (KSAT) and low runoff potential. Hydrologic soil group D contains soils 

that are high in clay content (>50%) with low KSAT rates and high surface runoff 

potential. Therefore, more evenly distributed precipitation events from the time of 

planting to side-dress allowed these soils to stay wet longer ultimately increasing the 

potential for N loss via leaching and denitrification. Others comparing SDI to N response 

have found similar results (Tremblay et al., 2012; Kablan et al., 2017). While SDI from 

the time of planting to the time of side-dress was considered for this analysis, it was 

weather following side-dress that largely influenced the 2016 IL Shumway site. This site 

had similar soil characteristics as the 2014 and 2015 IL sites. However, the Shumway site 

received 15.6 cm of rain during the two weeks leading up to the silking reproductive 

stage (R1). In contrast, the 2014 and 2015 IL sites received approximately 3-4 cm of rain 

during this same 2-week period. As others have reported, corn is most sensitive to stress 

at this period due to pollination and fertilization (Abendroth et al., 2011). Stress during 

this period can greatly reduce kernel number (Abendroth et al., 2011). The timely 

rainfall at this site likely reduced stress and helped the corn achieve better N use 

efficiency compared to the other IL sites that received substantially less rainfall during 

this same time period in 2014 and 2015. Nonetheless, these results demonstrate that 

the relationship between SDI and EONR helps in estimating an in-season N fertilizer 

recommendation for soils found within HGs A and D. 
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3.4.2.2 HG B-WD 

For HG B-WD, EONR was most related to soil respiration (HG B-WD graph in 

Figure 3.4). The negative relationship observed was similar to that reported by Yost et al 

(2018). As soil respiration increased, presumably the amount of plant-available N being 

supplied by soil microbial activity became more abundant, resulting in less need for 

inorganic N fertilizer to reach EONR. Not surprisingly, the coarse-textured IN sites (HG B-

WD graph in Figure 3.4) with little organic matter (0.8 and 1.4 %, respectively) and lower 

PAWC had the lowest soil respiration and therefore the highest amount of inorganic N 

fertilizer required to reach EONR. Oppositely, two of the WI sites (classified as either 

loam or silt loam) with greater amounts of organic matter (3.5 and 4.4 %, respectively) 

and plant available water had the highest soil respiration and therefore the lowest 

amount of inorganic N fertilizer required to reach EONR.  

Soil microbial activity is largely dependent on soil temperature and moisture 

(Linn and Doran, 1984; Howard and Howard, 1993; Davidson and Janssens, 2006). 

Nitrifying bacteria are aerobic requiring oxygen to make NO2--N and NO3-N and 

therefore favor well-drained soils (Weil and Brady, 2017). Soils within HG B-WD seem to 

have been buffered against extreme temperature and moisture events preventing 

leaching and denitrification, ultimately creating a good environment for microbial 

activity. Results from chapter two of this dissertation support this claim. When 

compared by year soil respiration was found better related to EONR for the 2016 

growing season (r2 = 0.50) than the 2014 and 2015 growing seasons (r2 < 0.17). 
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However, HG B-WD contains sites from all three growing seasons. Therefore, the sites 

within this group are buffered against year-to-year variations in weather allowing soil 

respiration measurements to more accurately estimate EONR.   

3.4.2.3 HGs B-PD and C-WD 

For both HG B-PD (clay in top 60 cm) and HG C-WD (clay in top 30 cm) EONR was 

related to the interaction between SDI and clay.  With both, as this interaction 

increased, so did EONR, indicating that as either clay or SDI increased, the amount of 

inorganic N fertilizer required to reach EONR increased (HG B-PD and HG C-WD graphs 

in Figure 3.4). These sites were characterized with soil and weather factors such as poor 

drainage (wet at shallow depths during a large portion of the growing season), a shallow 

water table, nearly continuous rainfall, or increasing clay amounts (relative to HG B-WD 

soils). Such conditions lead to a lack of oxygen in the root zone, forcing facultative 

anaerobes to use the oxygen in NO3-N as electron acceptors, whereby transforming 

soluble inorganic N into gaseous forms that easily release into the atmosphere 

(denitrification). Higher clay content as found in soils with pronounced argillic horizons 

magnifies the relationships described above because these horizons often are 

associated with inhibited infiltration, and thus ponding after significant precipitation 

events. These results are similar to those found by others. An analysis on 51 sites across 

North America revealed corn N response was greater on fine-textured soils than on 

medium-textured soils. Corn yields increased to added N fertilizer by a factor of 1.6 on 

medium textured soils but by a factor of 2.7 on fine-textured soils (Tremblay et al., 
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2012). In other work soil N supply was found to be greater on soils with relatively lower 

clay content (Shahandeh et al., 2011). 

3.4.2.4 HG C-PD 

For HG C-PD, EONR increased as the interaction between SDI and SSURGO-PAWC 

(60 cm) increased (HG C-PD graph in Figure 3.4). With the exception of HG D, soils within 

HG C-PD have the greatest amount of clay, the lowest KSAT (0.36-3.6 cm hr-1), likely have 

a restrictive layer or shallow water table, and experience long periods of standing water 

due to high episodic rainfall during the growing season. During dry years or years of 

more intermittent rainfall these characteristics may be beneficial. This is evident by 

comparing the 2016 North Dakota (ND) sites (bottom left-hand corner in the HG C-PD 

graph of Figure 3.4) with the ND sites in 2014 and 2015 (middle of the HG C-PD graph of 

Figure 3.4). The SDI at the 2016 sites was 0.53 while the SDI measurements at the 2014 

and 2015 sites were between 0.63 – 0.68. With more interspersed rainfall during 2016, 

the high clay content and PAWC likely allowed for an increase in available soil N through 

mineralization, while the more evenly distributed rainfall of 2014 and 2015 likely 

created anaerobic conditions promoting N loss through denitrification (as described 

previously). This conclusion was also seen by Yost et al. (2018). Similarly, the 2015 

Missouri site (MO; top right-hand corner of HG C-PD graph in Figure 3.4), a site adjacent 

to the Missouri River, had a near-surface elevated water table due to extended high 

water in the river from extreme rainfall events up river. Therefore, the soil profile was 
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saturated for a prolonged period of time during the growing season leading to N loss. 

This MO site required a high N rate to reach EONR (270 kg N ha-1). 

3.4.2.5 Canopy Sensors 

As stated previously, canopy reflectance was one of the variables explored in this 

analysis and vegetative and sufficiency indices were found significantly related to EONR 

for HGs C-WD and C-PD (totaling 21 of the 49 site locations). However, using the HG-

based approach the relationship between canopy reflectance and EONR could not be 

agronomically explained. For example, as the indices analyzed increased or approached 

“1.0” the amount of N fertilizer needed to reach EONR increased. This is contrary to 

what others have observed (Scharf and Lory, 2009). The inverse was expected namely as 

N-deficient corn canopy reflectance mirrored that of the adequately fertilized corn (at 

the V9 growth development stage) a lesser amount of N fertilizer would be required to 

reach EONR. Coupled with a canopy sensor algorithm, such as the University of Missouri 

algorithm (Scharf et al., 2011; Bean et al., 2018), the observed relationship would lead 

to a negative correlation between actual and algorithm-estimated EONR. Meaning, as 

the algorithm recommended more N fertilizer, the opposite would be needed. 

Therefore, due to this relationship no canopy reflectance variable for these HG-based 

groups were used further. 

3.4.3 Model Performance  

Using the models reported in Table 3.6 and illustrated in Figures 3.3 and 3.4, N 

fertilizer recommendations were applied to these same 49 sites and contrasted with 
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actual EONR. Though doing this utilizes the same data for both developing and testing, it 

is only an initial evaluation to view how this procedure impacted all sites across the 

different HG-based models. Certainly additional validation is needed. This comparison is 

summarized graphically in Figure 3.5. Sites on or near the 1:1 diagonal line are those in 

which the HG-based model N fertilizer recommendations performed reasonably well for 

making N fertilizer recommendations. Sites below or above the 1:1 line represent 

recommendations that under- or over-estimated inorganic N fertilizer need, 

respectively. Sites within the yellow shaded region were found to be within 34 kg N ha-1 

of EONR. The dashed linear fit line represents the regression between HG model 

recommendations and EONR. For comparison, a similar figure is provided for FNR 

(Figure 3.6). 

The at-planting HG-based model was mediocre at estimating EONR. The sites in 

HG A and D (9 total sites) are not included in this analysis because no variable was found 

significantly related to EONR. A total of 22 of the 40 remaining sites (55%) were within 

34 kg N ha-1 of EONR. The at-planting HG-based model was able to predict 50% of the N 

needed as represented by the end-of-season calculated EONR (Figure 3.5) suggesting 

dull sensitivity to variations in EONR. When observing the five ND sites, which are all 

considered HG C-PD, the range in model N recommendations was 60 to 125 kg N ha-1. 

However, the range in EONR for these sites was 0 to 175 kg N ha-1. The difference 

between model and EONR ranges was due to year-to-year temporal variability. 

Furthermore, the 2015 and 2016 HG C-PD Illinois (IL) sites (top right-hand corner of the 

at-planting graph in Figure 3.5) were < 200 m apart but their EONR values were more 
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than 60 kg N ha-1 different. This could in part be explained by an additional 21 cm of 

rainfall received during the 2016 growing season. This demonstrates the importance of 

the interaction between soil and weather variables and the risk of applying all N 

fertilizer at planting. 

The side-dress HG-based model performed well at estimating EONR. A total of 39 

of the 49 sites (78%) were within 34 kg N ha-1 of EONR. The side-dress HG-based model 

was able to predict 75% of the N needed as represented by the end-of-season 

calculated EONR (the side-dress graph in Figure 3.5) suggesting better sensitivity to 

variations in EONR. However, for some sites the HG approach did not accurately 

estimate side-dress N need. For example, the model N recommendation over-estimated 

N need for one of the 2016 Illinois (IL) sites. This site was included in HG D (top center in 

Figure 3.5) where SDI was found to explain the most variation in EONR (HGs A and D 

graph in Figure 3.5). While classified as HG D, timely rainfall aided in preventing N stress 

and promoting soil microbial activity lowering the need for added N. Additionally, the 

HG-based model under-estimated N need for one of the 2015 MO site (top right hand 

corner of side-dress graph in Figure 3.5). As discussed previously, this site experienced 

surface water seepage due to non-local rainfall events upriver. Simply, the model could 

not account for these events. An additional analysis comparing the performance of 31 N 

recommendation tools on this same dataset by Ransom et al (2018) revealed tools 

designed to capture site-specific soil and weather were poorly related to EONR. From 

this analysis, no N recommendation tool resulted in greater than 39 or 43% of the 

recommendations being within 30 kg N ha-1 of EONR for the at-planting and side-dress N 
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timings, respectively. As others have observed, N recommendation tools may be 

successful in one specific field or during one growing season but reliably predicting the 

correct EONR over a spatially and temporally diverse landscape is difficult (Scharf et al., 

2005; Scharf and Lory, 2009; Morris et al., 2018).  

Both HG-based at-planting and side-dress models (Figure 3.5) performed better 

than the FNR (Figure 3.6). For FNR, a total of 38 and 41 % percent of the sites were 

within 34 kg N ha-1 of EONR for the at-planting and side-dress N fertilizer timings, 

respectively. With near zero coefficient of determinations and slopes as represented by 

the dashed linear fit lines, demonstrates the lack of the FNR methods to predict corn N 

need for these study sites. Across all years, sites, and N times the FNR over-estimated 

EONR by approximately 30 kg N ha-1. 

3.5  Conclusions 

Unlike side-dress N management, when applying all N fertilizer at-planting 

weather and other in-season variables are unavailable in determining an N 

recommendation. Therefore, only soil variables collected before planting were used in 

the at-planting N time analysis. However, several similarities were found between the 

side-dress and at-planting analyses. For example, no soil variables were significantly 

related to EONR for HG A and D. Soil organic matter explained the most variation in 

EONR for HG B-WD soils. Further study reveals % SOM and soil respiration (HG B-WD for 

the side-dress N time) were positively correlated. At both N timings and for HGs B-PD 

and C-WD, soil variables (i.e. % clay, % SOM, and PAWC) that impact the flow of soil 
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water were found significantly related to EONR. Hydrologic soil group C-PD had the 

greatest variation in EONR and the weakest relationship between EONR and collected 

variables for both the side-dress and at-planting N timings. Some of the delineated HG 

groups had as few as five observations for model development, which is perhaps too 

few for confidently relying on them for N fertilizer recommendations. 

For the side-dress N time, SDI was found significantly related to EONR for all but 

HG B-WD. As SDI approached “1” more inorganic N was needed to reach EONR. For 

three of the five delineated groups the interaction between SDI and either clay or 

SSURGO-PAWC explained the most variation in EONR. Variation in EONR for sites within 

HG B-WD was best explained by V5 soil respiration. The soil characteristics of these sites 

are such that they are buffered against extreme weather conditions making EONR 

sensitive to changes in soil respiration.  

The side-dress HG-based N recommendation model performed best 

demonstrating the importance of weather from the time of planting to the time of side-

dress in determining the correct amount of N fertilizer to apply. However, both side-

dress and at-planting N models outperformed the FNR. While 41 and 38 % of the sites 

were within 34 kg N ha-1 of EONR for the side-dress and at-planting N times, the FNR 

was not sensitive to changes in EONR. These results suggest using HG and drainage 

classifications could aid in determining the amount of in-organic N fertilizer needed to 

reach EONR. However, the models created in this analysis need to be validated using 

outside N response datasets to ensure the relationships observed here are useable.      

Therefore, further research is needed to explore these relationships. 
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Also, canopy reflectance vegetative and sufficiency indices included in this 

analysis were found significantly related to EONR for two HG-based groups. However, 

our observations between canopy reflectance indices and EONR were contrary to those 

of others and warrants further investigation. Therefore, these relationships were not 

used in the formation of the HG-based N fertilizer recommendation models.
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3.7  Tables and Figures 

Table 3.1. Management description for the 49 sites for the 2014 – 2016 growing 
seasons. Each of the eight participating states chose two contrasting locations with 
varying productivity. 
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         Seeds ha-1 cm  

2014 IA Ames L SB No No FC P0987AMX 86,450 76 7 
May 

2014 IA Mas H SB No No FC P1498AM 85,215 76 9 
May 

2014 IL Brown L SB No No SP FC/ F 
deep ripped P1498AM 86,450 76 24 

Apr 

2014 IL Urbana H SB No No FC / F deep 
ripped P0987AMX 86,450 76 25 

Apr 

2014 IN Loam H SB No No FC P0987AMX 80,275 76 19 
May 

2014 IN Sand L SB No No No-till P0987AMX 80,275 76 19 
May 

2014 MN New H SB No No F FC/ SP FC P0157AMX 87,685 76 21 
May 

2014 MN Charles L SB No No Vertical-till P0157AMX 85,215 76 16 
May 

2014 MO Bay L SB No No FC P1498AM 86,450 76 2 
May 

2014 MO Troth H SB No No FC P1498AM 86,450 76 2 
May 

2014 ND Amenia H Corn Yes No No-till P9188AMX 83,980 56 23 
May 

2014 ND Durbin L Corn No No No-till P9188AMX 83,980 56 23 
May 

2014 NE Brandes L SB No Yes F chisel/ SP 
FC P1151HR 86,450 76 19 

Apr 

2014 NE SCAL H SB No Yes F chisel/ SP 
FC P1151HR 83,980 76 7 

May 

2014 WI Waz L SB No No No-till P0987AMX 90,155 76 7 
May 
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2014 WI Steuben H SB No No No-till P0987AMX 93,119 76 6 
May 

2015 IA Boone L SB No No FC P0987AMX 86,450 76 18 
May 

2015 IA Lewis H SB No No FC P1498AM 85,215 76 29 
Apr 

2015 IL Brown2 L SB No No SP FC/ F 
deep ripped P1498AM 86,450 76 28 

Apr 

2015 IL Urbana2 H SB No No FC / F deep 
ripped P0987AMX 86,450 76 23 

Apr 

2015 IN Loam2 H SB No No FC P0987AMX 80,275 76 29 
Apr 

2015 IN Sand2 L SB No No No-till P0987AMX 80,275 76 29 
Apr 

2015 MN New2 H SB No No F FC/ SP FC P0157AMX 87,685 76 18 
Apr 

2015 MN Charles2 L SB No No Vertical-till P0157AMX 85,215 76 1 
May 

2015 MO Lonetree L SB No No FC P1498AM 86,450 76 17 
Apr 

2015 MO Troth2 H SB No No FC P1498AM 86,450 76 14 
Apr 

2015 ND Amenia2 H Corn Yes No No-till P9188AMX 83,980 56 24 
Apr 

2015 ND Durbin2 L Corn No No No-till P9188AMX 83,980 56 24 
Apr 

2015 NE Brandes2 L SB No Yes F chisel/ SP 
FC P1151HR 86,450 76 19 

Apr 

2015 NE SCAL2 H SB No Yes F chisel/ SP 
FC P1151HR 83,980 76 24 

Apr 

2015 WI Belmont L SB No No No-till P0987AMX 90,155 76 4 
May 

2015 WI Darling H SB No No No-till P0987AMX 93,119 76 4 
May 

2016 IA Crawford H SB Yes No Chisel P1197AMX
T 86450 76 26 

Apr 

2016 IA Story L SB Yes No Chisel P1197AMX
T 86450 76 12 

May 

2016 IL Shumway L SB No No FC/ Vertical-
till P1197AM 79040 76 25 

Apr 

2016 IL Urbana H SB No No FC P1197AMX
T 88920 76 19 

Apr 
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2016 IN Loam H SB No No F Rip/ SP FC P1197AMX
T 80275 76 20 

May 

2016 IN Sand L SB No No F Chisel / SP 
FC 

P1197AMX
T 80275 76 20 

May 

2016 MN Becker L SB No Yes SP Chisel/ 
Rip P0157AMX 87685 76 27 

Apr 

2016 MN Waseca H SB No No F Chisel/ FC P0157AMX 87685 76 6 
May 

2016 MO Bradford L SB No No SP Disk/ FC P1197AM 86450 76 16 
Apr 

2016 MO Loess H SB No No SP FC P1197AM 83980 76 6 
Apr 

2016 MO Troth3 H SB No Yes SP Disk/ FC P1197AM 86450 76 13 
Apr 

2016 ND Amenia3 H SB No No F Chisel/ FC P9188AMX 93860 56 6 
May 

2016 ND Durbin3 L SB Yes No F Chisel/ FC P9188AMX 88920 56 6 
May 

2016 NE Kyes L SB No Yes No-till P1197AMT 79040 76 5 
May 

2016 NE SCAL3 H Corn No Yes No-till P1197AMT 83980 76 12 
May 

2016 WI Lorenzo L SB No No No-till P0157AMX 86450 76 23 
Apr 

2016 WI Plano H SB No No No-till P0157AMX 86450 76 23 
Apr 

†L, Low; H, High; *FC, field cultivated; F, fall; Chis, Chisel; SP, spring. 
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Table 3.2. Sixteen different N fertilizer rates split over two times were replicated four 
times at each site. Treatments 1, 2, and 9-14 were used to calculate the economical N 
fertilizer rate for each site location. Treatments 1, 2, and 6 were used for soil respiration 
analysis. 

Trt # Planting N Topdress N Total N 
 —————kg ha-1—————— 

1 0 0 0 
2 45 0 45 
3 90 0 90 
4 135 0 135 
5 180 0 180 
6 225 0 225 
7 270 0 270 
8 315 0 315 
9 45 45 90 

10 45 90 135 
11 45 135 180 
12 45 180 225 
13 45 225 270 
14 45 270 315 
15 90 90 180 
16 90 180 270 
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Table 3.3 United States Department of Agriculture’s defined hydrologic soil groups (HG). The HG delineations are made with 
the considerations that 1) the intake and transmission of water are under the conditions of maximum yearly wetness, 2) the 
soil is not frozen, 3) the soil surface is bare, and 4) maximum swelling of expansive clays are measured (where applicable). It 
should also be noted that the soil surface slope is not considered and when assigning a soil to an HG, the least transmissive 
layer is used.    

Hydrologic group 
Runoff Water transmission 

Soil texture KSAT Depth to 
water table 

Depth to 
impermeable 

layer 
    cm hr-1 ----------------cm------------------- 

A Low Unrestricted >90% sand and <10% 
clay 

>14.5  >61 >51 

B Mod. Low Unrestricted 10-20% clay and 50-
90% sand 

3.6-14.5 >61 >51 

C Mod. High Somewhat restricted 20-40% clay and 
<50% sand 

0.36-3.6 >61 >51 

D High Very restricted >40% clay and <50% 
sand 

<0.36 <61 <51 
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Table 3.4. The United States Department of Agriculture’s drainage classifications. Seven 
classes of natural drainage have been defined and refer to the frequency and duration 
of wet periods similar to those in which the soil formed. It should be noted that human 
modifications to drainage or irrigation were not considered in these classifications 
unless they greatly influenced the morphology of the soil. 

Drainage Class USDA Description 
Excessively drained - Water removed rapidly 

- Internal free water is very rare or deep 
- Coarse-textured soils with very high KSAT 

Somewhat excessively drained - Water removed rapidly 
- Internal free water is rare or deep 
- Coarse-textured soils with high KSAT 

Well drained - Water removed readily but not rapidly 
- Internal free water is deep to very deep 
- Water is available to plants for most of the 

growing season (in humid areas) 
- Wetness does not prevent growth of roots for 

prolonged periods of time 
- Mainly free from redoximorphic features 

Moderately well drained - Water is removed from the soil somewhat 
slowly throughout different times of the year 

- Internal free water is moderately deep and 
transitory 

- Soils are wet within the rooting zone for only 
a short time during the growing season but 
long enough for mesophytic plants to be 
affected 

- Periodically receive high rainfall 
- Low KSAT within upper 1 m of soil 
- Periodically receives high rainfall 

Somewhat poorly drained - Water is removed slowly 
- Soil is wet at shallow depths for a significant 

amount of time during the growing season 
- Internal free water is hallow to moderately 

deep and transitory to permanent 
- Wetness restricts the growth of mesophytic 

plants 
- Usually have either low to very low KSAT, a 

high water table, continuous rainfall, or 
additional water seepage 

Poorly drained - Water is removed slowly 
- Soil is wet at shallow depths periodically or 

remains wet for much of the growing season 
- Internal free water is shallow or very shallow 

and common or persistent 
- Free water is found at or near the surface for 

long periods of time throughout the growing 
season 

- Mesophytic plants cannot be grown unless 
artificially drained 
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- The soil is not continuously wet below the 
plow layer 

- Shallow water table is a result of low or very 
low KSAT or continuous rainfall 

Very poorly drained - Water is removed very slowly 
- Standing water for much of the growing 

season 
- Internal free water is very shallow and is 

persistent or permanent 
- Most mesophytic plants cannot be grown 

unless artificially drained 
- Soils are commonly level or depressed and 

frequently have standing water 
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Table 3.5. Soil, weather, and canopy reflectance variables and potential two-way 
interactions that were examined using linear regression for relating the economic 
optimal nitrogen rate (EONR) to soil, weather, and canopy reflectance variables as 
delineated by USDA-NRCS defined hydrologic soil groups and drainage classifications. 
Analyses were performed for both at-planting and side-dress N times. The at-planting 
analysis did not included the weather or canopy reflectance variables as this information 
would not be available at the time of planting. For soil variables, all were considered for 
both the 0 to 30- and 0 to 60-cm depths except soil respiration. 

Weather/Soil/Canopy Reflectance  Variable† 
Weather SDI 
 GDD 
 PPT 
 AWDR 
Measured Clay 
 PAWC 
 SOM 
 TOC 
 TC 
 pH 
 Soil Resp. 
 Clay × PAWC 
 Clay × SOM 
 Clay × TOC 
 Clay × TC 
 Clay × pH 
 Clay × Soil Resp. 
 SOM × TOC 
 SOM × TC 
 SOM × pH 
 SOM × Soil Resp. 
 TOC × TC 
 TOC × pH 
 TOC × Soil Resp. 
 pH × Soil Resp. 
SSURGO Clay 
 PAWC 
 SOM 
Weather × SSURGO SDI × Clay 
 SDI × PAWC 
 SDI × SOM 
 GDD × Clay 
 GDD × PAWC 
 GDD × SOM 
 PPT × Clay 
 PPT × PAWC 
 PPT × SOM 
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 AWDR × Clay 
 AWDR × PAWC 
 AWDR × SOM 
Weather × Measured SDI × Clay 
 SDI × PAWC 
 SDI × SOM 
 SDI × TOC 
 SDI × TC 
 SDI × pH 
 SDI × Soil Resp. 
 GDD × Clay 
 GDD × PAWC 
 GDD × SOM 
 GDD × TOC 
 GDD × TC 
 GDD × pH 
 GDD × Soil Resp. 
 PPT × Clay 
 PPT × PAWC 
 PPT × SOM 
 PPT × TOC 
 PPT × TC 
 PPT × pH 
 PPT × Soil Resp. 
 AWDR × Clay 
 AWDR × PAWC 
 AWDR × SOM 
 AWDR × TOC 
 AWDR × TC 
 AWDR × pH 
 AWDR × Soil Resp. 
Canopy Reflectance NDVI 
 NDRE 
 ISR 
 ISRRE 
 CI 
 CIRE 

† SDI, Shannon Diversity Index; GDD, growing degree days; PPT, total precipitation from 
time of planting to time of sensing (mm); AWDR, abundant and well distributed rainfall; 
Clay, % clay; PAWC, plant available water content (cm/30 cm); SOM, % soil organic 
matter; TOC, total organic carbon; TC, total carbon; Soil Resp., soil respiration; NDVI, 
Normalized Difference Vegetative Index; NDRE, Normalized Difference Red-Edge; ISR, 
Inverse Simple Ratio; ISRRE, Inverse Simple Ratio Red-Edge; CI, Chlorophyll Index; CIRE, 
Chlorophyll Index Red-Edge. 
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Table 3.6. Using linear regression, significant (p < 0.05) soil and weather variables found 
related to the economic optimum nitrogen rate (EONR) as delineated by USDA-NRCS 
defined hydrologic soil groups (HG) and drainage class. All four defined HGs (A, B, C, and 
D) were utilized. However, for this analysis sites within HGs A and D were clustered 
together as soils within these groups are prone to N loss. While seven drainage 
classifications exist, for this analysis sites were either well- (WD) or poorly-drained (PD). 
Results shown are for both N times (at-planting and side-dress). Weather variables were 
calculated using data from the time of planting to the time of sensing (approximately 
development stage V9).     

N-time HG 
Delineation Variable† Model r2 p-value 

At-
planting A & D - - - - 

 B-WD SOM30 y = 251 – 44 x SOM30 0.64 0.001 

 B-PD PAWC30 × 
SOM60 y = 83 + 340 x (PAWC30 x SOM60) 0.74 0.039 

 C-WD Clay30 × SOM30 y = -296 + 447 x (Clay30 x SOM30) 0.78 0.012 
 C-PD TC y = 260 – 75 x TC 0.32 0.016 

Side-
dress A & D SDI y = 265 + 645 x SDI 0.54 0.015 

 B-WD Soil Resp. y = 193 – 0.6 x Soil Resp. 0.55 0.003 
 B-PD SDI × Clay60 y = 11 + 929 x (SDI x Clay60) 0.85 0.017 
 C-WD SDI × Clay30 y = -191 + 1324 x (SDI x Clay30) 0.70 0.023 

 C-PD SDI × 
SRGO_PAWC60 

y = -171 + 100 x (SDI x 
SRGO_PAWC60) 0.48 0.003 

† SDI, Shannon Diversity Index; Clay30, % clay in the upper 30 cm of soil; Clay60, % clay in 
the upper 60 cm of soil; SOM60, soil organic matter in the upper 30 cm of soil; GDD, 
growing degree days; PAWC30, plant available water content in the upper 60 cm of soil 
(cm/30 cm); SRGO_PAWC60, SSURGO gathered plant available water content in the 
upper 60 cm of soil (cm/30 cm); TC, total carbon in the first 30 cm of soil; Soil Resp., soil 
respiration in the first 30 cm of soil as measured using the 4-day Cornell Soil Health 
Assessment test.
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Figure 3.1. Field research sites were located within eight U.S. Midwest Corn Belt states 
(Iowa, Illinois, Indiana, Minnesota, Missouri, Nebraska, North Dakota, and Wisconsin). 
Each state contained two sites for each of the three growing seasons (2014 – 2016; 
Missouri had three sites for the 2016 growing season), totaling 49 sites. 
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Figure 3.2. The delineation of all 49 site locations using United States Department of 
Agriculture – Natural Resource Conservation Service (USDA-NRCS) defined hydrologic 
soil group (HG) and drainage class. There are four total USDA-NRCS HG (A, B, C, D) with 
group A having the least potential for runoff and group D having the highest potential. 
Seven total USDA-NRCS drainage classifications have been defined, however for this 
analysis sites were considered either poorly-drained (PD) or well-drained (WD). Further 
information on HG or drainage class is found in text. Initial site delineation was made by 
using HG classification. Sites that fell within group A or D were combined. While these 
HG represent opposite soil water behavior in definition, sites within these groups are 
most prone to N loss via leaching or denitrification. Drainage class was then used for the 
final delineation of sites. A total of 5 separate groups resulted.
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Figure 3.3. The most significant soil and/or weather variables related to the economic 
optimal N rates (EONR) for each delineated group for the at-planting N fertilizer timing. 
Each group was formed by using USDA-NRCS defined hydrologic soil groups (HG; A, B, C, 
and D) and drainage class information (WD = well-drained; PD = poorly-drained). Five 
total groups resulted (see Figure 3.2). There were no variables found significantly related 
to EONR for sites in HGs A and D (sites within HGs A and D were combined into one 
group). Therefore, only graphs for the remaining four groups are present. Percent soil 
organic matter (% Soil Org. Matter; 30 cm), the interaction between plant-available 
water content (PAWC; 60 cm) and % Soil Org. Matter, the interaction between clay (30 
cm) and % Soil Org. Matter (30 cm), and total C (30 cm) were the variables most 
significantly related to EONR for HGs B-WD, B-PD, C-WD, and C-PD, respectively.   
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Figure 3.4. The most significant soil and/or weather variables related to the economic optimal N rates (EONR) for 
each delineated group for the side-dress N fertilizer timing. Each group was formed by using USDA-NRCS defined 
hydrologic soil groups (HG; A, B, C, and D) and drainage class information (WD = well-drained; PD = poorly-
drained). Five total groups resulted (see Figure 3.2). The Shannon Diversity Index (SDI; evenness of rainfall from the 
time of planting to side-dress), soil respiration (Resp.; 30 cm), the interaction between SDI and clay (60 cm), the 
interaction between SDI and clay (30 cm), and the interaction between SDI and SSURGO plant-available water 
content (PAWC; 60 cm) were the variables most significantly related to EONR for HGs A and D, B-WD, B-PD, C-WD, 
and C-PD, respectively.   
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Figure 3.5. The economical optimum N fertilizer rate (EONR) compared to N recommendation models (N Fert. Rec) based on 
USDA-NRCS defined hydrologic soil groups (A, B, C, D) and drainage class (well-drained, WD; poorly-drained, PD) for both at-
planting and side-dress N fertilizer timings. Overall, model N recommendations were better at side-dress. For the at-planting 
timing, no soil variable was found significantly related to EONR for soils in the A and D hydrologic soil groups. Therefore this 
approach is not applicable to those specific soils when N is applied all at-planting. Also, weather variables were not included 
in the at-planting models since seasonal weather is not available at the time of planting.  

0 50 100 150 200 250 300 350
EONR (kg N ha-1)

0

50

100

150

200

250

300

350

N
 F

er
t. 

R
ec

 (k
g 

N
 h

a-1
)

WI

WI

MOIN

MN
ND

WI
IA

NE

IN

MN

IN

WI
IA

IA

INININ

IL WI

IA

NE

WI

NE
NE

MO

MO

ND

ND

MN

ND

IL

MN

MOIA

MNND

ND

ILIA

At-plantingr2 = 0.61
RMSE = 55 kg N ha-1

% sites = 55
 Y = 0.51X + 60

Groups A and D
Group B-WD
Group B-PD
Group C-WD
Group C-PD

0 50 100 150 200 250 300 350

MN

MO
NE

IL

MO

NE

MO

IL

IL

IAND
IN

IAMN

WI

WI

MN

WI

WI MO
NE

IN

IL

IN

IAIN
IN

WI

WI

NE

IA

NE

NE
ND IL

MN

MO

IL

MN
ND

ND

MO

IA

MN

ND

ND

IA MO

Side-dressr2 = 0.74
RMSE = 34 kg N ha-1

% sites = 78
 Y = 0.73X + 33



 
 

 

Figure 3.6. The economical optimum N fertilizer rate (EONR) compared to the Farmer’s N recommendation (FNR). Overall, 
FNR were not significantly related to EONR (r2 is not reported because of the lack of significance between EONR and FNR). 
However, when using the FNR 41 and 38 % of the sites were within 34 kg N ha-1 of EONR for the side-dress and at-planting N 
times, respectively.
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Chapter 4: Validating N Fertilizer Recommendation Models Developed Using 
USDA-NRCS Hydrologic Soil Groups and Drainage Classifications 

4.1  Abstract 

 Nitrogen fertilizer recommendations in corn (Zea mays L.) that match the 

economical optimum N fertilizer rate (EONR) are imperative to increasing profitability 

and preventing environmental contamination. However, processes influencing corn 

production (i.e. leaching and denitrification) are affected by soil and weather 

characteristics making it difficult to know when and how much N fertilizer to apply to 

match EONR. This analysis tests the performance of N recommendation models based 

on USDA-NRCS defined hydrologic soil groups (HG) and drainage classifications (Chapter 

3 of this dissertation). A total of 182 site-years of corn N response trial data were 

gathered across six U.S. Midwest Corn Belt states to validate these models. Two 

analyses were performed, one for comparing the HG-based model recommendations to 

EONR and another comparing HG-based model recommendations with state-specific 

corn N rate tools. Appropriate measured and Soil Survey Geographic Database 

(SSURGO) soil variables along with weather information (gathered from the time of 

planting to the time of side-dress) were collected and used in conjunction with the 

applicable HG-based and state-specific N tools. Across all site-years and N timings the 

HG-based N recommendations were within 34 kg N ha-1 of EONR 38% of the time. State-

specific N recommendation tools were within 34 kg N ha-1 of EONR 32% of the time. 

Following a two-tailed paired t-test these two approaches were not significantly 



 

128 
 

different from one another. When analyzed within each individual state, significant 

differences between approaches were observed. While showing some promise, these 

results suggest more research is required to determine the applicability of the HG-based 

model approach for corn N fertilizer management.   

4.2  Introduction 

Sustainable N fertilizer practices in corn (Zea mays L.) are accomplished by 

applying the correct amount of N fertilizer and at the correct time necessary to reach 

the economical optimal N rate (EONR). These practices help maintain profit while 

minimizing N lost to the environment. Commonly, N fertilizer amount is over-applied to 

ensure maximum yield, resulting in poor N use efficiency and environmental pollution 

(Tremblay et al., 2012; Schröder et al., 2000; Shanahan et al., 2008). But because of the 

spatial and temporal variability of soil and weather factors impacting the fate of soil N, 

determining EONR before or early in the growing season is difficult. Corn N uptake is 

negligible early in the growing season, and when uncertain weather conditions prevail 

year-to-year, producers are motivated to split-apply N fertilizer mid-season to help 

synchronize application timing with crop uptake.   

Historically, N fertilizer recommendations have been derived from expected 

grain yield (Blackmer et al., 1992; Gehl et al., 2005; Morris et al., 2018), but this fails to 

consider N need in response to specific interactive soil and weather conditions of the 

year ahead. Studies have established how soil and weather factors relate to corn N 

response (Xie et al., 2013, Tremblay et al., 2012). Understanding weather and soil 
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variability, and their relationship to crop response measurements can be used to 

improve N fertilizer recommendations and help prevent environmental losses of N. 

Spatial diversity of soil texture, soil organic matter (SOM), and plant available 

water (PAWC) across any given landscape combined with varying total rainfall, the 

evenness of rainfall, and temperature contribute to the complexities and fate of N in 

crops and the environment. Denitrification (the conversion of NO3- to N0x and N2 gases) 

most often occurs in clayey textured soils experiencing anaerobic soil conditions from 

excessive rainfall and with warm soil temperatures (Blevins et al., 1996). In contrast, 

NO3- leaching below the rooting depth results when large amounts of rainfall occur on 

soils with low water holding capacity or coarse textured soils (Power et al., 2001). 

Volatilization, (the loss of N through ammonia-NH3 gas), may also occur if certain N 

fertilizers, such as urea, are not incorporated into the soil (Ma et al., 2010). These 

interactions require different methods of N management. Research is needed to decide 

how these soil and weather variables can aid in making better N fertilizer 

recommendations.    

Precipitation and temperature generally drive plant growth and influence soil 

conditions including soil microbial activity (Tremblay and Bélec, 2006), which ultimately 

influence corn yield. In years with above-average rainfall, corn has been generally found 

to respond more to applied N fertilizer than years of below-average rainfall (Yamoah et 

al., 1998). Across North America, corn yield response to N fertilization was affected the 

most by precipitation during June and July, as well as by temperatures during July and 

August (Jeutong et al., 2000). The distribution or evenness of rainfall has also been 
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found significant in describing corn yield responsiveness to N fertilizer, thus affecting 

yield (Shaw, 1964; Reeves et al., 1993; Tremblay et al., 2012). For example, frequent 

rainfall events in 51 studies were observed from 2006 to 2009 in several North American 

locations and were found to have large amounts of soil moisture early in the growing 

season that prompted N loss through denitrification and leaching, as well as increased 

the responsiveness to N fertilizer (Tremblay et al., 2012). Rainfall and temperature are 

widely accepted as variables directly impacting yield-limiting soil factors. These factors 

include oxygen levels, soil microbial activity, decomposition of organic matter (N 

mineralization), nutrient availability, plant-available water, and ultimately crop yield 

(Power et al., 2001; Tremblay, 2004; Tremblay and Bélec, 2006; Kyveryga et al., 2007; 

Shanahan et al., 2008; Tremblay et al., 2012).  

Soil texture affects soil water flow, available N, plant-available water content 

(PAWC), the transportation and availability of ions (Schaetzl and Anderson, 2014), and 

crop yield (Zhu et al., 2009; Armstrong et al., 2009; Tremblay et al., 2012). While 

conflicting results exist, corn yield is generally greater on coarse-textured soils during 

wet years than during dry years. Also, corn yields tend to be greater on fine-textured 

soils during dry years than during wet years (Tremblay et al., 2011). Fifty-seven studies 

on smallholder farms in sub-Saharan Africa demonstrated the effect of soil texture on N 

fertilizer response. Nitrogen response was found to be greater on clay soils compared to 

loam or sandy soils (Chivenge et al., 2011). Similarly, in North America, finer textured 

soils were found to respond more to N fertilizer (Tremblay et al., 2012). Soil organic 

matter has also proven to be related to corn yield; soil organic matter makes up a small 
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percentage of the total soil volume (<5%) but has a large effect on other soil properties 

(Sylvia et al., 2005). As SOM increases, soil aggregation improves, water infiltration rates 

rise and aeration increases. Collectively, these effects ultimately improve growing 

conditions. 

Some of the above mentioned soil and weather interactions have been used by 

the USDA-NRCS to classify hydrologic soil groups (HG) and drainage classes. Each USDA-

NRCS Soil Survey Geographical database (SSURGO) soil series is assigned a HG and 

drainage class (NRCS, 2007). Hydrologic soil groups are based on the depth to a 

restrictive layer or water table, the transmission rate of water through the soil profile, 

soil texture, soil structure, and the degree of soil swelling when saturated (NRCS, 2007). 

Soils that fall within the same HG are thought to respond similarly. The seven drainage 

classifications are centered on the frequency and duration of wet periods, the 

occurrence of internal free water, and the rate of water removal from the soil profile 

(Soil Survey Division Staff, 1993). When considering NO3-N loss on a watershed scale, HG 

were found to be one of the most important factors in estimating NO3-N movement and 

loss pathways (Blanchard and Lerch, 2000). In forested soils in southern Quebec, 

drainage class was significantly related to N transformation rates and internal N cycling 

(Ullah and Moore, 2009). On soils in North Carolina, and when analyzed by drainage 

class, the Illinois soil N test was found negatively related to EONR (Williams et al., 2007).  

Most current publically available N fertilizer recommendation tools such as those 

based on yield goal (Stanford, 1973; Brown et al., 2004; Shapiro et al., 2008), pre-plant 

and pre-sidedress soil NO3- tests (Bundy et al., 1999; Franzen, 2010; Sawyer and 
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Mallarino, 2017), Maximum Return to Nitrogen (MRTN; Sawyer et al., 2006; Morris et 

al., 2018), and canopy reflectance (Kitchen et al., 2010; Dellinger et al., 2008; Scharf and 

Lory, 2009; Barker and Sawyer. 2010) do not use guideline subgroups based on soil or 

weather characteristics in the formulation of an N fertilizer recommendation. As 

described previously, using such soil and weather groupings has proven effective in 

determining the fate of N. Additionally, crop growth models including Maize-N 

(http://hybridmaize.unl.edu/maizen.shtml) simulate soil and crop processes in an 

attempt to estimate EONR. Varying success has been observed with these models 

(Setiyono et al., 2011; Thompson et al., 2015; Ransom et al., 2018). A recent study 

comparing 31 unique N recommendation tools, including all those mentioned above, 

was conducted across 49 different site locations in the US Midwest Corn Belt over three 

growing seasons (2014 – 2016). When compared to EONR, all N fertilizer 

recommendation tools evaluated had correlation coefficients < 0.20 (Ransom et al., 

2018).  

In Chapter Three of this dissertation, an attempt to improve the ability to 

estimate EONR by using guideline soil groups (as described above) was made. All 49 site 

locations were grouped by HG and drainage classification. Using simple linear 

regression, soil and weather variables were compared to EONR for each site in their 

respective delineated group. The resulting regression model equations from the most 

significant soil and weather variables within each delineated group were then used to 

estimate EONR for all site locations. This approach is commonly referred to as an 

empirical or statistical model (Tonitto et al., 2018). Outcomes using this empirical model 

http://hybridmaize.unl.edu/maizen.shtml
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were promising and outperformed the farmer N recommendation, but this test was 

applied back to the same dataset from which it was developed. A total of 55 and 78% of 

the sites were within 34 kg N ha-1 of EONR for the at-planting and side-dress N 

application times, respectively.  

In general, empirically-based models are simple and are almost always easier to 

use than more complex process-based simulation models (such as Maize-N). Empirical 

models estimate environmental responses based on previous observations between a 

specific process and one or more controlled variables (Tonitto et al., 2018; Dalgaard et 

al., 2011; Leip et al., 2011; Waggoner, 1984). This approach does not model complete 

environmental systems and is specific to the region in which it was developed (Tonitto 

et al., 2018). Likewise, the models developed in Chapter Three of this dissertation are 

dependent on the observations used to derive the relationships between EONR and soil 

and weather information. Therefore, this approach’s outcomes as presented in Chapter 

Three need to be validated. 

Model validation is the process by which model estimates are compared to 

observed responses from datasets not originally used in the development of the 

proposed model (Hoffman and Hammonds, 1994; Aral, 2010). If validated, a model 

retains the accepted and consistent accuracy required for its intended application 

(Sargent, 1994; Curry et al., 1989). This process is thought to have a “yes” or “no” 

outcome. Namely, if a model is validated it fits the specified validation criteria. This 

criteria includes different statistical properties including goodness-of-fit (Aral, 2010), 

root-mean-square-error, or a range of allowable difference between the estimated and 
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actual observations. However, a validated model does not always represent the best 

available model for that specific system (Rykiel, 1996; Aral, 2010). Nonetheless, for the 

models in Chapter Three to be determined relevant, validation is required.   

The objective of this research was to validate the HG-based models developed in 

Chapter Three of this dissertation using independent data.  

4.3  Materials and Methods 

4.3.1 Site Information 

Validation data were collected from six major land-grant universities [Iowa State 

University (Dr. J. Sawyer), Purdue University (Dr. J. Camberato), University of Missouri 

(Dr. N. Kitchen), North Dakota State University (Dr. D. Franzen), University of Nebraska 

(Dr. R. Ferguson), and the University of Wisconsin (Dr. C. Laboski] within the U.S. Corn 

Belt. The approach for this validation analysis was to gather data previously collected 

from N fertilizer application response studies conducted across a wide range of soil and 

weather conditions. Yield, soil, and weather measurements from these studies provided 

the information needed to generate N recommendations and N response functions. A 

total of 182 site-years of corn N response trials (75 at-planting and 107 side-dress site-

years) were conducted from 1999 to 2018 in six Midwestern Corn Belt States (Figure 1). 

Many sites included multiple years from the same location. Brief descriptions of the 

collected datasets are presented in Tables 4.1 and 4.2. 
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4.3.2 Soil and Weather Measurements 

Measured soil data necessary for model validation were gathered for all sites 

through original data collection. However, for sites with missing model specific soil data 

or not included in the original experiment, additional soil sampling was performed in the 

late summer and early fall of 2018. Sites requiring additional soil collection were 

sampled in a “Z” pattern across the footprint of the site via a Backsaver hand soil probe 

(JMC Soil Samplers, Newton, IA) with no less than 10 sampling points per site. Samples 

were taken and aggregated in 0-30 and 30-60 cm depth increments to satisfy the HG-

based model requirements. Samples were sent to the University of Missouri Soil health 

Assessment Center and USDA-ARS Soil Quality Lab (located on the University of 

Missouri-Columbia campus) for further analyses. Analyses included the following: 

particle size determination through the pipette method, total carbon, total organic 

carbon, total inorganic carbon, soil organic matter (SOM), and soil respiration (R. Burt 

and Soil Survey Staff, 2014). Amount of clay (i.e., % clay) was calculated by using the 

particle size determination (R. Burt and Soil Survey Staff, 2014; Nelson and Sommers, 

1996). Soil respiration was measured using the Cornell Soil Health Assessment (CASH) 

soil respiration test (Moebius-Clune et al., 2016; Zibilske, 1994). Plant Available Water 

Content was determined using the Saxton and Rawls formula (Saxton and Rawls, 2006). 

This equation uses measured sand and clay textural information along with SOM to 

determine soil moisture at both the permanent wilting point and field capacity. The 

difference between the soil moisture at field capacity and permanent wilting point 

produces PAWC.  
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The SSURGO data for each site was obtained from the USDA-NRCS via the “Web 

Soil Survey” website and the “Soil Data Viewer” plug-in available in ArcMap (ESRI, 

Redlands, CA) or the Soil Web (University of California, Davis, CA). If more than one 

SSURGO mapping unit was assigned to the research site, the most dominant mapping 

unit was chosen. Data collected from SSURGO included PAWC, HG, and drainage 

classification. 

Each site’s weather data were collected either using on-site weather stations or 

the National Oceanic and Atmospheric Administration’s (NOAA) cooperative climate 

dataset resource (http://www.ncdc.noaa.gov). Weather data gathered through NOAA 

were taken from the weather station nearest the site location. Daily precipitation and 

any irrigation was used to calculate the Shannon Diversity Index (a measure of 

evenness; SDI; Tremblay et al., 2012) from the time of planting to the time of side-dress. 

This variable was calculated as:  

𝑆𝑆𝐺𝐺𝑆𝑆 =  �−∑𝑝𝑝𝑠𝑠 𝑠𝑠𝑙𝑙(𝑠𝑠𝑟𝑟)
𝑠𝑠𝑙𝑙(𝑙𝑙)

�         [1]  

where pi = daily rainfall/total precipitation and n = number of days in the specified time 

being used. Irrigation amounts were not recorded for the 2017 NE locations and 

therefore were not included in the total precipitation amounts.  

4.3.3 Site Delineation by Hydrologic Soil Group and Drainage Class 

Hydrologic soil group and drainage classification was gathered from the SSURGO 

database via Soil Web (University of California, Davis, CA). Initial site delineation was 

made by using HG and drainage classification. Further information on site delineation is 
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found in chapter three of this dissertation and Figure 4.2 as well as Tables 4.3 and 4.4 in 

this chapter.     

4.3.4 Evaluation and Statistics 

Data were analyzed on a site-level basis by delineated HG using SAS version 9.2 

(SAS Institute Inc., Cary, NC). First, EONR values were calculated for both the at-planting 

and split-N treatments. Some of the outside datasets already had EONR values 

calculated for each respective N fertilizer timing (all used a 10:1 corn: N price ratio) 

while others did not. A corn grain price of $ 0.158 kg-1 ($4.00 bu-1) and N fertilizer cost, 

$0.88 kg N-1 ($0.40 lb-1) was used for datasets needing EONR calculated. The EONR 

calculation was as follows:  

𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸 = −𝑏𝑏−(𝑁𝑁:𝑐𝑐𝑟𝑟𝑟𝑟𝑙𝑙 𝑠𝑠𝑟𝑟𝑟𝑟𝑐𝑐𝑠𝑠)
(2𝑐𝑐)

        [2] 

where b and c = linear and quadratic response coefficients from optimized 

quadratic function. For evaluating HG N recommendation models for corn that received 

N fertilizer at planting, the EONR value was reduced by this same amount so that it 

represents the N fertilizer that was applied as side-dress. Throughout the rest of this 

analysis “EONR” is used in the general sense to represent both N fertilizer timings.   

The performance of each developed model was evaluated in the following ways: 

1. Using absolute differences, two-tailed t-tests between HG-based model 

(modelDIFF) and state-specific (stateDIFF) recommendations and EONR were 

used to determine if the HG-based and state-specific approaches were 
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statistically different (ɑ = 0.10).  All state-specific approaches are listed in 

Table 4.5. 

2. The percentage of sites within 34 kg N ha-1 of EONR. A large percentage of 

sites within 34 kg N ha-1 of EONR leads to better model and/or approach 

performance. 

3. The root mean square error (RMSE), which was calculated as follows: 

𝐸𝐸𝑅𝑅𝑆𝑆𝐸𝐸 =      �∑(𝑁𝑁𝑀𝑀𝑀𝑀𝑀𝑀−𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)2

𝑙𝑙
         [3] 

where NMod = the model N rate recommendation, NEONR is the measured 

EONR, and n = the total number of site years.  Smaller RMSE values propose 

better performance. 

4. Using linear regression, the comparison between the HG-based model and 

state-specific N recommendations to the site level EONR. If no relationship 

was observed (ɑ = 0.10) the respective slope was considered zero and only 

the intercept is shown. Comparisons with no significant relationship to EONR 

suggest a lack of sensitivity to site-specific corn N need.  

5. Using a t- (n<25) or z-test (n>25) for parallelism, the slopes between the HG-

based model and state-specific N recommendations were compared (ɑ = 

0.10). Tests were performed when data was aggregated by approach and by 

state across all site-years. These tests allowed for the N response 

relationships to be compared between HG-based and state-specific 

approaches. In addition, this process was used to test HG-based model 
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performance differences between N application timings (at-planting v. side-

dress) across all site-years. 

4.4 Results and Discussion 

4.4.1 Site Delineation 

Site delineation resulted in five groups (Figure 4.2). A total of 50 sites were in 

HGs A and D, 37 sites in HG B-WD, 31 sites in HG B-PD, 13 sites in HG C-WD, and 50 sites 

in HG C-PD. Figures 4.3 to 4.5 graphically show the comparison between model-

estimated N recommendations and the end-of-season calculated EONR with Figures 4.6 

to 4.12 showing the comparison between HG-based and state-specific N 

recommendations. Sites within the yellow band are those within 34 kg N ha-1 of EONR 

and represent satisfactory model performance. Sites above and below the yellow band 

are those in which the model over- or under-estimated EONR.  

4.4.2 Overall Performance 

For the at-planting HG-based models, 37% of the recommendations were within 

34 kg N ha-1 of EONR with an RMSE of 70 kg N ha-1 with the overall model being related 

to EONR (p = 0.003). Comparatively, a total of 42% of the N fertilizer recommendations 

were within 34 kg N ha-1 of EONR with an RMSE of 68 kg N ha-1 for the side-dress HG-

based recommendations. This model was also found related to EONR (p <0.001). 

However, when relating the N response relationships between these two N application 

times a significant difference was observed (p < 0.001). Therefore, the side-dress HG-
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based model was more sensitive to corn N need. Performance differences between N 

application times are due to the susceptibility for N loss early in the growing season. 

While contrasting observations exist, when applied before the period of rapid N uptake 

(V5 – V9; Abendroth et al., 2011) the fate of N is more uncertain then when applied in-

season (Randall and Vetsch, 2005; Bakhsh et al., 2006). Therefore, estimating corn N 

need at the time of planting is likely to be less accurate than when estimated in-season. 

Split applying N allows synchronization between application and rapid N uptake (IPNI, 

2018). Additionally, weather information from the time of planting to the time of side-

dress can be included in the side-dress HG-based model accounting, at least partially, for 

temporal variability. This leads to more accurate estimations of corn N need and 

ultimately more model recommendations within 34 kg N ha-1 of EONR.    

4.4.3 Model Performance for N Applied At-planting 

4.4.3.1 HGs A and D 

A total of 16 sites fell within HGs A and D for the at-planting N time. However, 

chapter three of this dissertation revealed there were no soil variables used in the 

development of these models significantly related to EONR for this N application time. 

This was not surprising as the only soil or weather variable found related to EONR for 

these soils for the side-dress analysis was SDI, a variable not included in the at-planting 

analysis. Therefore, for these soils when applying all N fertilizer at-planting another 

recommendation method would be needed. 

4.4.3.2 HG B-WD 
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Soil organic matter in the first 30 cm of soil was used to estimate EONR for HG B-

WD. Using this model resulted in 46% of the sites being within 34 kg N ha-1 of EONR with 

an RMSE of 47 kg N ha-1 (HG B-WD graph in Figure 4.4). This model was not significantly 

related to EONR (p = 0.11). However, 16 of the 22 at-planting site-years found in this HG 

came from one field in central Iowa (IA). Nitrogen response data on this site were 

collected from 2000 to 2016. In addition, SOM information needed to validate the 

model was not available for these years. Therefore, this site was soil sampled in the fall 

of 2018 to determine SOM content, assumed to be relatively stable over this time 

period. Essentially, 2018 SOM content was used in proxy of the year-specific SOM to 

estimate EONR. This resulted in the same N recommendation for all years. Interestingly, 

over the first half of the N response experiment at this site (first eight years) EONR 

averaged 113 kg N ha-1. The remaining nine years had an average EONR of 152 kg N ha-1. 

This was likely due to site management. This site was conventionally tilled in the fall 

(chisel plow) and spring (disk and field cultivator) every year. Others have found a 

decline in SOM content with continuous forms of conventional tillage (Linn and Doran, 

1984; Sylvia et al., 2005; Zuber et al., 2015). Conventional tillage increases soil 

temperature and oxygen levels, breaks up otherwise protected organic residues, which 

makes C more accessible stimulating microbial activity ultimately consuming more soil 

organic matter (Balesdent et al., 1988; Weil and Brady, 2017). Additionally, tillage makes 

soil more susceptible to erosion leading to greater SOM loss (Kern and Johnson, 1993; 

Balesdent et al., 2000; Laird and Chang, 2013). Generally, declining levels of SOM results 

in less N mineralization and a greater need for added N fertilizer (McCarty et al., 1995). 
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Iowa State University Extension guidelines suggest agricultural soils should be sampled 

every 2 – 4 years (Sawyer et al., 2003). Whether or not SOM changed significantly over 

this 16 year period is unknown. Perhaps the model performance for this delineated 

group would have been more sensitive to crop N need if year-specific SOM amounts 

were available for this site. 

4.4.3.3 HGs B-PD and C-WD 

Similar soil interactions were used to estimate EONR for HG B-PD and HG C-WD 

(HG B-PD and HG C-WD graphs in Figure 4.4). For HG B-PD the interaction between 

PAWC and SOM (in the top 60 cm of soil) was used to estimate EONR. Using the HG-PD 

model resulted in 56% of the sites being within 34 kg N ha-1 of EONR with an RMSE of 61 

kg N ha-1. This model was not related to EONR (p = 0.31). Five of the seven IN site-years 

within this group were located at the Pinney Purdue Agricultural Center (PPAC) and 

were within 600-m of one another (D-South, A4, and C4). Using this model resulted in 

similar N fertilizer recommendations across these site-years except for the 2013 D-South 

location. The D-South site had nearly three times the amount of SOM (approximately 

10% SOM) and twice the PAWC as the other sites resulting in a model N 

recommendation that over-estimated EONR and was approximately 100 kg N ha-1 

greater than the other site-years. Poor model performance for this site may be due to 

the range in SOM levels originally used to develop it. The five sites originally used to 

create the linear-based HG B-PD model (see chapter three) had SOM levels ranging from 

2.1 to 4.2%. Therefore, the D-South SOM value was more than twice the upper limit 

from which the model was developed, and potentially the reason the model over-
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estimated the N recommendation. Model performance may have improved if sites with 

a wider range in SOM values were included in the creation of this model.  

The interaction between clay and SOM (in the top 30 cm of soil) was used to 

estimate EONR for HG C-WD. Only three sites fell within this group for the at-planting N 

time, thus the validation for this specific situation is weak. All three sites were located in 

ND. The model recommendation for two of the sites was within 34 kg N ha-1 of EONR 

while the other recommendation under-estimated EONR by approximately 75 kg N ha-1. 

Additionally, this model was found positively related to EONR (p = 0.02). Ultimately, 

many more sites are required to validate this particular model. 

4.4.3.4 HG C-PD 

The amount of total C (in the top 30 cm of soil) was used to estimate EONR for 

HG C-PD. Only 26% of the site-years in this group were within 34 kg N ha-1 of EONR with 

an RMSE of 89 kg N ha-1 (HG C-PD graph in Figure 4.8). This model was not related to 

EONR (p = 0.16). Recommendations for 13 of the 16 IA site-years under-estimated 

EONR. Most of these site-years were located at the South and Southeast IA locations. 

The Southeast location is assigned to HG C. However, the soil textural analysis revealed 

a site average clay content of 37.4%. Therefore, these site-years may respond more 

similarly to soils within HG D. Because the HG-based approach does not have the 

appropriate N recommendation model for HG A or D soils another N fertilizer 

recommendation approach would have to be utilized altogether for these site-years.  
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4.4.4 Model Performance for Side-dress N Applications 

4.4.4.1 HGs A and D 

The SDI was used to estimate EONR for soils within HGs A and D. A total of 49% 

of the model recommendations were within 34 kg N ha-1 of EONR with an RMSE of 65 kg 

N ha-1 (HGs A and D graph in Figure 4.5). This model was positively related to EONR (p = 

0.001). The relationship between SDI and EONR (as described in chapter three) was 

based on weather information from the time of planting to side-dress. This period is 

roughly one-third of the total growing season allowing for weather, and in particular 

rainfall, to impact that portion of the growing season when the crop N uptake is 

minimal.  Impact is season-long affecting the fate of N, but vulnerability for N loss is 

greatest during the spring or fall (Randall and Vetsch, 2005). The positive relationship 

between SDI and EONR was encouraging, supporting the concept others have made that 

N fertilizer need increases with precipitation evenness (Tremblay et al., 2012). Site-years 

where model-predicted N rate over-estimated EONR had high SDI values from the time 

of planting to the time of side-dress, but low SDI values following side-dress (data not 

included). This produced inaccurate model recommendations. This was evident for the 

2014 and 2015 IA Northwest site-years. These site-years had SDI values of 0.66 and 0.67 

before side-dress and SDI values of 0.57 and 0.58 following side-dress. Inversely, site-

years where the model-predicted N rate under-estimated EONR had low SDI values from 

the time of planting to the time of side-dress, but high SDI values following side-dress. 

This was true for the 2012 and 2014 IA, Northwest site-years. These site-years had SDI 

values of 0.53 and 0.42 prior to side-dress and SDI values of 0.59 and 0.52 following 
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side-dress. These results demonstrate how precipitation patterns following side-dress 

affect crop N need, and the difficulty in estimating season long N fertilizer need with 

weather from only a portion of the season.  

4.4.4.2 HG B-WD 

Soil respiration was used to estimate EONR for HG B-WD (HG B-WD graph in 

Figure 4.5). Thirty-nine percent of the site-year N recommendations in this group were 

within 34 kg N ha-1 of EONR with a RMSE of 55 kg N ha-1. This model was not related to 

EONR (p = 0.19). The Cornell Soil Health Assessment test uses capillary forces and a 

known volume of water (7.5 ml) to re-wet the 20 g dried soil sample. This method has 

been found to inaccurately measure mineralizable carbon on coarse-textured soils 

(Franzluebbers and Haney, 2017). The USDA-NRCS classified the two 2016 NE site-years 

as HG B containing 65% sand. However, actual analysis from these sites were found to 

contain ~90% sand. This partially qualifies them to be in HG A (soils that are excessively 

drained). Interestingly, when using the HGs A and D SDI-based N recommendation 

model for these NE site-years, performance improved. The difference between model 

recommendations and EONR decreased by over 20 kg N ha-1. Additionally, four of the six 

IN site-years included in this group were from the same field located at the Southwest 

Purdue Agricultural Center (SWPAC). Soil samples taken in the fall of 2018 were used to 

estimate soil respiration for 2006, 2008, 2011, and 2012 growing seasons. This is 

problematic since soil respiration is sensitive to temporal variability (Linn and Doran, 

1984; Howard and Howard, 1993; Davidson and Janssens, 2006). Model performance 

may have improved if year-specific soil was used for soil respiration analyses.  
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4.4.4.3 HG B-PD and C-WD 

The interaction between clay and SDI was used to estimate EONR for HG B-PD 

(SDI × clay in the top 60 cm; HG B-PD graph in Figure 4.6). All 21 site-years included in 

this group were from two research farms in IN. Five site-years were located at the 

Agronomy Center for Research and Education (ACRE) and the remaining site-years at the 

PPAC. A total of 11 site-years (52%) were within 34 kg N ha-1 of EONR with an RMSE of 

46 kg N ha-1. This model was not related to EONR (p = 0.20). For eight of the 10 site-

years not within 34 kg N ha-1 of EONR, the HG B-PD model under-estimated EONR. 

Rainfall evenness, as measured by SDI, partially drives this model and was calculated 

using weather data from the time of planting to the time of side-dress. The site-years in 

which the model N recommendation under-estimated EONR experienced post side-

dress weather that increased N loss and therefore required a greater amount of 

fertilizer N to reach EONR. This is evident in the 2012 PPAC and 2015 ACRE site-years. 

Before side-dress these sites experienced SDI values of 0.27 and 0.45 while following 

side-dress SDI values increased to 0.60 and 0.66 for the PPAC and ACRE site-years, 

respectively. As determined in chapter three, increasing SDI values suggest anaerobic 

conditions and suppressed N mineralization and/or N loss through leaching and 

denitrification loss pathways.  

The interaction between clay and SDI was also used to estimate EONR for HG C-

WD (SDI × clay in the top 30 cm; HG C-WD graph in Figure 4.5). These sites produced 

some of the best validation results of this study.  Here there were 10 site-years included 

in this group. One site from IN, three from MO, and six from NE. Seven of these site-
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years (70%) were within 34 kg N ha-1 of EONR; and the overall RMSE was only 39 kg N 

ha-1. This model was positively related to EONR (p = 0.003). The HG C-WD model over-

estimated EONR for three site-years (all from NE), but only one site over-estimated N 

need by more than 50 kg N ha-1. These three site-years were all included in the 2017 

growing season and were irrigated. Unfortunately, irrigation timing and amounts were 

not recorded during the 2017 growing season. 

4.4.4.4 HG C-PD 

For HG C-PD, the interaction between SDI and SSURGO-PAWC (in the top 60 cm 

of soil) was used to estimate EONR (HG C-PD graph in Figure 4.5). A total of 27 site-

years, all located in either IA or IN, were included in this group with only 4 site-years 

(15%) being within 34 kg N ha-1 of EONR, and with one of the highest RMSE of this 

investigation (96 kg N ha-1). However, this model was positively related to EONR (p = 

0.10). Seventeen (63%) of the HG C-PD model recommendations not within 34 kg N ha-1 

of EONR under-estimated N need. It should be noted at these site locations SSURGO 

PAWC was nearly identical to the PAWC estimated using the Saxton and Rawls equation 

(Saxton and Rawls, 2006), ruling out inaccurate SSURGO PAWC values as a cause for 

poor model performance. Similar to other models already mentioned the HG C-PD 

model utilizes weather from the time of planting to the time of side-dress to estimate 

SDI. When SDI values increase following side-dressing applications, N loss is likely and 

the amount of N fertilizer needed to reach EONR increases. Ultimately this results in an 

under-estimation of EONR. This situation was evident in several site-years at both the IA 

and IN locations. Contrastingly, during some growing seasons at the IA locations, SDI 
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values were greater before side-dress than they were following side-dress, leading to an 

over-estimation of EONR.       

4.4.5 Model Performance Compared to State-Specific N Recommendations  

4.4.5.1 Overall Performance between Approaches 

Across all site-years, the HG-based model and state-specific recommendations 

performed similarly. Thirty eight percent of the HG-based N recommendations were 

within 34 kg N ha-1 of EONR with an RMSE of 70 kg N ha-1 (Model graph in Figure 4.6). 

The HG-based approach was related to EONR (p < 0.001). Comparatively, 32% of the 

state-specific N recommendations were within 34 kg N ha-1 of EONR with an RMSE of 80 

kg N ha-1 (State-Specific graph in Figure 4.6). The state-specific approach was also 

related to EONR, but weakly (p = 0.07). On average, recommendations from these two 

methods were the same. However, a difference between the N responses of the HG-

based and state-specific approaches was observed (p < 0.001). This suggests the HG-

based model was more sensitive to corn N need. Also, when analyzed by individual 

state, significant differences were observed between modelDIFF and stateDIFF and are 

discussed below.   

4.4.5.2 States Using Maximum Return to Nitrogen Recommendations 

Four of the six states included in this validation dataset employ the MRTN 

approach to corn N management (IA, IN, ND, and WI). Each participating state uses 

within-state empirical N response trial data coupled with an economic analysis to 

determine the N rate at which yield is maximized (i.e. MRTN; Morris et al., 2018). The 
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number of N response trials used within each state to determine the MRTN is variable. 

As of 2016, a total of 371, 150, and 138 N response trials were used for MRTN 

development in IA, IN, and WI, respectively (Morris et al., 2018). It should be noted that 

year-specific MRTN rates were not available therefore the calculated 2018 MRTN rates 

were employed. 

The performance of the MRTN tool was variable across this validation dataset. 

For the IA site-years, HG-based N fertilizer recommendations for 11 of 68 site-years 

(16%) were within 34 kg N ha-1 of EONR with an RMSE of 86 kg N ha-1 (Model graph in 

Figure 4.7). This approach was not related to EONR (p = 0.54). When using the IA-

specific MRTN 23 of 68 site-years (34%) were within 34 kg N ha-1 of EONR with an RMSE 

of 58 kg N ha-1 (State-Specific graph in Figure 4.7). Similar to the HG-based model, this 

approach was not related to EONR (p = 0.87). Additionally, N responses were the same 

(p = 0.55). However, recommendations from these two methods were statistically found 

to be unique. The performance of the HG-based model may have improved, especially 

for the Southeast site-years, if year-specific soil samples were available for model 

inclusion. However, the IA-specific MRTN is user friendly, fast to use, and does not 

require soil sampling, perhaps making it a more appealing and adoptable option for N 

fertilizer management in IA. 

The MRTN tool was less accurate in IN, WI, and ND. For the IN site-years, using 

the HG-based model resulted in a total of 29 of 67 site-years (43%) being within 34 kg N 

ha-1 of EONR with an RMSE of 68 kg N ha-1 (Model graph in Figure 4.8). This approach 

was related to EONR (p < 0.001). Using the MRTN tool unique to IN resulted in 22 site-
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years (33%) being within 34 kg N ha-1 of EONR with an RMSE of 73 kg N ha-1 (State-

Specific graph in Figure 4.8). This approach was also related to EONR (p = 0.02). For the 

WI site-years, 6 of 13 site-years (46%) had HG-based model recommendations within 34 

kg N ha-1 of EONR, with an RMSE of 53 kg N ha-1 and was weakly related to EONR (p = 

0.07; Model graph in Figure 4.9). When using the MRTN tool unique to WI only three of 

13 sites ( 23%) were within 34 kg N ha-1 of EONR, with an RMSE of 78 kg N ha-1 and was 

not related to EONR (p = 0.38); State-Specific graph in Figure 4.9). This suggests the WI 

MRTN had poor sensitivity to corn N need. For ND, the HG-based model N 

recommendations were especially promising. Sites were within 34 kg N ha-1 of EONR 

78% of the time with an RMSE of 39 kg N ha-1 (Model Graph in Figure 4.10). This 

approach was related to EONR (p = 0.01). There were no ND-specific MRTN N 

recommendations within 34 kg N ha-1 of EONR, and the RMSE was 95 kg N ha-1 (State-

Specific graph in Figure 4.10). Also, no relationship to EONR was observed (p = 0.52). 

Following a two-tailed paired t-test between modelDIFF and stateDIFF for IN, WI, and ND 

revealed there was only a significant difference between the HG-based model and ND 

state-specific recommendations. However, an N response comparison between the HG-

based and state-specific approaches revealed differences in every case (IN, WI, and ND). 

Therefore, the HG-based model is more adaptable to site-specific N need. It should be 

noted that one of the inputs for the ND-specific MRTN calculation is pre-season soil 

nitrate concentration (down to 60 cm), but this was not available for inclusion. 

Accounting for this allows the MRTN recommendation to reduce to match site-specific 
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needs. Since the majority of the sites gave over-estimated N recommendations, soil 

nitrate information would have improved this state recommendation.       

4.4.5.3 States Using Yield Goal recommendations 

Using different yield goal derivations for calculating N fertilizer 

recommendations (Table 4.5), MO and NE sites were also compared to HG model 

recommendations. For these states unique approaches exist using expected yield, 

internal N requirement, subtractions or additions to the base N rate, and credits or 

debits from the previous crop to formulate an N fertilizer recommendation (Morris et 

al., 2018). Both the MO and NE yield goal recommendation tools performed similarly.  

For the limited sites from MO, all HG-based model recommendations were 

within 34 kg N ha-1 of EONR with an RMSE of 11 kg N ha-1 (Model graph in Figure 4.11). 

This approach was related to EONR (p < 0.001). When using the MO state-specific N 

recommendation tool zero recommendations were within 34 kg N ha-1 of EONR (State-

Specific graph in Figure 4.11). Recommendations from these two methods were unique. 

In addition, no relationship was observed between EONR and the MO state-specific tool 

(p-value = 0.22). While a statistical significance between the HG-based model and MO 

yield goal was found using this analysis, only five site-years were included. Therefore, 

more data is needed to compare the relationships between these two N 

recommendation approaches and EONR.  

For NE, seven of 14 HG-based model recommendations (50%) were within 34 kg 

N ha-1 of EONR with a RMSE 53kg N ha-1 (Model graph in Figure 4.12). When using the 
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NE state yield goal calculation four of 14 N recommendations (29%) were within 34 kg N 

ha-1 of EONR with an RMSE of 80 kg N ha-1 (State-Specific graph in Figure 4.12 

Recommendations from these two methods were statistically found to be unique. Also, 

no relationship was observed between EONR and the NE yield goal. Similar to the MO 

state-specific tool, this suggests that the NE state-specific tool does not account for site-

specific N need. The NE yield goal calculation requires several inputs, two of which are 

irrigation amount and irrigation water nitrate concentration. Irrigation amounts were 

not recorded for 2017 and irrigation water nitrate concentrations not offered for either 

year. If this information was available the NE yield goal performance may have 

improved.    

4.5 Conclusions 

Predicting corn N need is difficult due to spatial and temporal variability. 

However, increasing the accuracy of N fertilizer recommendations is imperative for 

sustainable corn N management. Several tools have been developed for this purpose, 

but with varying success. Here a proposed tool was evaluated based on identifying a site 

relative to HG, and using HG-specific models that employed soil and/or precipitation 

information for making an N fertilizer recommendation. When model performance was 

compared by N timing, a greater percentage of sites were within 34 kg N ha-1 of EONR 

for sites with N applied as a side-dress (Figure 4.3; 42% as compared to 37%). Both the 

at-planting and side-dress models, across all site-years, were found related to EONR. 

However, following an N response comparison, the side-dress model was observed to 
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be more sensitive to N need. Model performance may have been hindered for both N 

timings due to using soil data gathered in 2018 in-place of year-specific data. When 

separated by N timing and HG-based delineation groups, a wide range in performance 

was observed.  

When evaluating the HG-based and state-specific approaches across all site-

years there was no significant difference between modelDIFF and stateDIFF. However, 

uniqueness between approaches was observed following an N response comparison 

with the HG-based model being more adaptable to corn N need. Additionally, 

comparing modelDIFF and stateDIFF within each respective state revealed mixed 

performances. For example, significant differences between modelDIFF and stateDIFF for 

IA, ND, NE, and MO were observed with IA-specific MRTN outperforming the HG-based 

model and the HG-based model outperforming ND-specific MRTN and NE and MO yield 

goals. There was no significant difference found between modelDIFF and stateDIFF for IN 

and WI. Interestingly, within each respective state uniqueness among N responses were 

found with the HG-based approach outperforming the state-specific methods. These 

observations suggest while the HG-based and state-specific approaches may be similar 

on average, the HG-based model was more sensitive to the spatial and temporal 

variability found at each site.   

The performance of current N recommendation tools is such that dependable 

estimates of corn N need across years and sites is unavailable (Morris et al., 2018). This 

is in large part due to the complexity of the N-cycle across and among fields. These 

tools, with the exception of process-based computer models (i.e., Adapt-N, Maize-N, 
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Encirca, etc.), attempt to estimate corn N need without taking into account N processes 

dependent on soil properties and site-specific weather events. The empirical and HG-

based models presented in this dissertation incorporate in a simplified way these soil 

and weather (water) interactions to better estimate N-cycle processes and ultimately 

EONR. For example, initial site grouping was determined based on soil and/or soil-water 

characteristics such as KSAT, soil texture, depth to water table or restrictive layer, the 

likelihood of ponding, etc. This grouping combined soils where N cycle processes are 

likely to respond similarly given alike environmental conditions. Furthermore, within 

each group specific soil and weather variables determined to be most related to EONR 

were used to estimate corn N need. This approach allowed for a more accurate 

prediction of the fate of N as compared to MRTN and yield goal state-specific 

approaches.  

However, it should be noted that the dataset used to create these HG-based 

models did not contain site-years that experienced severely wet or dry conditions. Being 

an empirically based model the HG approach is limited to the environments in which it 

was based. Therefore, the lack of extreme weather conditions restricts the use of this N 

recommendation approach. The varying results from this analysis and the lack of 

observations for some HG-based groups suggests that further research is required to 

better understand the applicability of the HG-based N fertilizer recommendation 

approach. Preferably, current or additional N response studies could be used to ensure 

all required data measurements are collected for both N fertilizer recommendation 

approaches.         
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4.7 Tables and Figures 

Table 4.1. A list and brief description of the outside datasets used in this validation analysis. 

State Study Characteristics Site-
years References 

IA 

Long-term corn N response plot studies established (1999 
– 2016) at several Iowa State University Research Farms to 
observe the effect of N fertilization on soil organic carbon, 
crop yield in varying corn cropping systems, and corn 
model development 

68 
Brown et al., 2014; Puntel et 
al., 2016; Poffenbarger et al., 

2017; Puntel et al., 2018;  

IN 
Corn N response studies at several Purdue University 
Agricultural centers focused on fertilizer application 
timing, rate and residual effects, and canopy reflectance 

67 Emmert et al., 2009; Miller et 
al., 2012; Moser et al., 2016  

MO 

Field-length N response sites used in the comparison 
between variable-rate canopy sensor-based N fertilizer 
recommendations and producer N rate. Additional studies 
on corn N response related to soil texture and weather 

properties  

5 Kitchen et al., 2010; Tremblay 
et al., 2012 

NE 
Large plot N response studies aimed at incorporating 
management zones and canopy sensing ultimately to 
improve N recommendation equations  

14 Crowther et al., 2018 

ND 

Nitrogen response studies used to compare satellite 
imagery and canopy reflectance sensors as yield 
predictors in corn. Additional studies on using rainfall data 
to improve canopy sensor based yield predictions 

13 Bu et al., 2017; Sharma et al., 
2018 
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Table 4.2. Soil characteristics for all 182 site-years. Validation N response data was collected from six U.S. Midwest Corn Belt 
states. Hydrologic soil group and drainage classification information was gathered to delineate each site-year into one of five 
groups. Within each delineated group site-years were separated by N time (1 = N applied at-planting; 2 = N applied at side-
dress). Other variables measured for each site-year included soil organic matter in the top 30 and 60 cm (SOM 30; SOM 60) 
of soil, total carbon (TC) and soil respiration in the top 30 cm of soil, percent clay in the top 30 and 60 cm of soil (clay 30; clay 
60), SSURGO plant available water (SRGO PAWC 60, and the evenness of rainfall from the time of planting to the time of 
rainfall (SDI).   
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      -----%-----  mg kg-1 soil ----------%--------- cm 30 cm-1  
1999 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2000 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2001 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2002 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2003 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2004 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2005 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2006 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2007 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2008 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2009 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2010 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2011 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2012 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2013 IA Central C 2 2 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 0.683 
2014 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2015 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
2016 IA Central C 2 1 3.1 2.3 1.8 108 26.3 27.9 0.14 5.49 . 
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2000 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2001 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2002 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2003 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2004 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2005 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2006 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2007 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2008 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2009 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2010 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2011 IA Northwest NW 1 2 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 0.63 
2012 IA Northwest NW 1 2 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 0.53 
2013 IA Northwest NW 1 1 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 . 
2014 IA Northwest NW 1 2 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 0.42 
2015 IA Northwest NW 1 2 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 0.66 
2016 IA Northwest NW 1 2 4.3 2.8 2.5 100 38.5 37.5 0.17 6.19 0.67 
1999 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.51 
2000 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.40 
2001 IA South S 5 1 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 . 
2002 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.65 
2003 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.47 
2004 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.65 
2005 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.47 
2006 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.60 
2007 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.57 
2008 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.30 
2009 IA South S 5 1 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 . 
2010 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.71 
2011 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.59 
2012 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 . 
2013 IA South S 5 2 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 0.64 



 

 
 

166 

2014 IA South S 5 1 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 . 
2015 IA South S 5 1 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 . 
2016 IA South S 5 1 3.1 2.2 2.0 87 26.1 35.8 0.21 5.12 . 
1999 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2000 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2001 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2002 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2003 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2004 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2005 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2006 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2007 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2008 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2009 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2010 IA Southeast SE 5 2 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 0.55 
2011 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2012 IA Southeast SE 5 2 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 0.25 
2013 IA Southeast SE 5 2 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 0.63 
2014 IA Southeast SE 5 2 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 0.55 
2015 IA Southeast SE 5 2 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 0.69 
2016 IA Southeast SE 5 1 3.9 3.0 2.6 96 37.4 41.5 0.17 5.43 . 
2006 IN ACRE 93 1 2 3.1 2.0 1.9 94 27.4 33.3 0.17 6.19 0.73 
2007 IN ACRE 92 3 2 3.5 2.1 2.1 119 30.8 32.8 0.17 6.19 0.50 
2007 IN ACRE 94 5 2 . . . . 36.9 37.9 . 5.80 0.50 
2008 IN ACRE 93 1 2 3.1 2.0 1.9 

 
94 27.4 33.3 0.17 6.19 0.66 

2008 IN ACRE 94 5 2 . . . . 36.9 37.9 . 5.80 0.66 
2009 IN ACRE 92 3 2 3.5 2.1 2.1 119 30.8 32.8 0.17 6.19 0.48 
2009 IN ACRE 94 5 2 . . . . 36.9 37.9 . 5.80 0.48 
2010 IN ACRE 93 1 2 3.1 2.0 1.9 

 
94 27.4 33.3 0.17 6.19 0.67 

2010 IN ACRE 94 5 2 . . . . 36.9 37.9 . 5.80 0.67 
2011 IN ACRE 92 3 2 3.5 2.1 2.1 119 30.8 32.8 0.17 6.19 0.55 
2012 IN ACRE 93 1 2 3.1 2.0 1.9 

 
94 27.4 33.3 0.17 6.19 0.54 
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2012 IN ACRE 93 3 1 3.1 2.0 1.9 94 27.4 33.3 0.17 6.19 . 
2013 IN ACRE 92 3 2 3.5 2.1 2.1 119 30.8 32.8 0.17 6.19 0.58 
2013 IN ACRE 92 3 1 3.5 2.1 2.1 119 30.8 32.8 0.17 6.19 . 
2014 IN ACRE 93 1 2 3.1 2.0 1.9 94 27.4 33.3 0.17 6.19 0.54 
2015 IN ACRE 92 3 2 3.5 2.1 2.1 119 30.8 32.8 0.17 6.19 0.45 
2006 IN DPAC N 5 2 . . . . 43.6 52.6 . 4.58 0.43 
2007 IN DPAC M1 1 2 . .  . 43.6 52.6 . 4.58 0.51 
2007 IN DPAC M2 1 2 2.6 1.8 1.4 154 33.0 42.5 0.16 4.58 0.51 
2008 IN DPAC M1 1 2 . . . . 43.6 52.6 . 4.58 0.47 
2008 IN DPAC P 5 2 2.4 2.0 1.5 200 32.8 41.1 0.16 4.58 0.47 
2009 IN DPAC M1 1 2 . . . . 43.6 52.6 . 4.58 0.61 
2009 IN DPAC M1 1 2 . . . . 43.6 52.6 . 4.58 0.61 
2009 IN DPAC M1 1 2 . . . . 43.6 52.6 . 4.58 0.61 
2009 IN DPAC M2 1 2 2.6 1.8 1.4 154 33.0 42.5 0.16 4.58 0.61 
2011 IN DPAC M2 1 2 2.6 1.8 1.4 154 33.0 42.5 0.16 4.58 0.46 
2012 IN DPAC P 5 2 2.4 2.0 1.5 200 32.8 41.1 0.16 4.58 0.48 
2012 IN DPAC P 5 1 2.4 2.0 1.5 200 32.8 41.1 0.16 4.58 . 
2013 IN DPAC M2 1 2 2.6 1.8 1.4 154 33.0 42.5 0.16 4.58 0.54 
2013 IN DPAC M2 1 1 2.6 1.8 1.4 154 33.0 42.5 0.16 4.58 . 
2014 IN DPAC P 5 2 2.4 2.0 1.5 200 32.8 41.1 0.16 4.58 0.63 
2014 IN DPAC P 5 1 2.4 2.0 1.5 200 32.8 41.1 0.16 4.58 . 
2015 IN DPAC M2 1 2 2.6 1.8 1.4 154 33.0 42.5 0.16 4.58 0.65 
2006 IN PPAC A4 3 2 3.0 1.9 1.7 110 21.9 26.9 0.13 5.19 0.65 
2007 IN PPAC B4 3 2 . . . . 32.3 28.9 . 5.19 0.51 
2007 IN PPAC C4 3 2 3.8 1.6 2.1 106 26.2 23.1 0.15 5.19 0.51 
2007 IN PPAC C4 3 2 3.8 1.6 2.1 106 26.2 23.1 0.15 5.19 0.51 
2008 IN PPAC A4 3 2 3.0 1.9 1.7 110 21.9 26.9 0.13 5.19 0.53 
2008 IN PPAC B4 3 2 . . . . 32.3 28.9 . 5.19 0.53 
2009 IN PPAC B4 3 2 . . . . 32.3 28.9 . 5.19 0.45 
2009 IN PPAC C4 3 2 3.8 1.6 2.1 106 26.2 23.1 0.15 5.19 0.45 
2009 IN PPAC M2 2 2 1.6 0.9 0.8 73 11.7 13.2 0.11 4.27 0.61 
2009 IN PPAC M2 2 1 1.6 0.9 0.8 73 11.7 13.2 0.11 4.27 . 
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2010 IN PPAC A4 3 2 3.0 1.9 1.7 110 21.9 26.9 0.13 5.19 0.67 
2010 IN PPAC B4 3 2 . . . . 32.3 28.9 . 5.19 0.67 
2011 IN PPAC C4 3 2 3.8 1.6 2.1 106 26.2 23.1 0.15 5.19 0.61 
2011 IN PPAC C4 3 1 3.8 1.6 2.1 106 26.2 23.1 0.15 5.19 . 
2011 IN PPAC E1 4 2 . . . . 32.3 28.9 . 2.75 0.27 
2012 IN PPAC A4 3 2 3.0 1.9 1.7 110 21.9 26.9 0.13 5.19 0.27 
2012 IN PPAC A4 3 1 3.0 1.9 1.7 110 21.9 26.9 0.13 5.19 . 
2012 IN PPAC I6 3 2 2.8 1.3 1.7 102 14.7 18.3 0.13 5.19 0.61 
2012 IN PPAC I6 3 1 2.8 1.3 1.7 102 14.7 18.3 0.13 5.19 . 
2013 IN PPAC C4 3 2 3.8 1.6 2.1 106 26.2 23.1 0.15 5.19 0.61 
2013 IN PPAC C4 3 1 3.8 1.6 2.1 106 26.2 23.1 0.15 5.19 . 
2013 IN PPAC D-South 3 2 10 3.7 7.3 418 27.0 5.2 0.18 5.19 0.45 
2013 IN PPAC D-South 3 1 10 3.7 7.3 418 27.0 5.2 0.18 5.19 . 
2014 IN PPAC A4 3 2 3.0 1.9 1.7 110 21.9 26.9 0.13 5.19 0.66 
2014 IN PPAC A4 3 1 3.0 1.9 1.7 110 21.9 26.9 0.13 5.19 . 
2014 IN PPAC M1 2 2 1.7 1.1 0.9 73 12.1 14.7 0.12 4.27 0.66 
2014 IN PPAC M1 2 1 1.7 1.1 0.9 73 12.1 14.7 0.12 4.27 . 
2015 IN PPAC C4 3 2 3.8 1.6 2.1 106 26.2 23.1 0.15 5.19 0.54 
2006 IN SWPAC 23 2 2 1.3 1.1 0.8 92 9.0 10.6 0.10 5.19 0.57 
2007 IN SWPAC 20 1 2 1.1 0.6 0.6 43 7.1 7.0 0.07 5.49 0.49 
2008 IN SWPAC 23 2 2 1.3 1.1 0.8 92 9.0 10.6 0.10 5.19 0.54 
2009 IN SWPAC 18 1 2 1.1 0.8 0.7 48 9.3 11.2 0.09 2.85 0.61 
2010 IN SWPAC 20 1 2 1.1 0.6 0.6 43 7.1 7.0 0.07 5.49 0.73 
2011 IN SWPAC 23 2 2 1.3 1.1 0.8 92 9.0 10.6 0.10 5.19 0.43 
2013 IN SWPAC 23 2 2 1.3 1.1 0.8 92 9.0 10.6 0.10 5.19 0.54 
2014 IN SWPAC 20 1 2 1.1 0.6 0.6 43 7.1 7.0 0.07 5.49 0.62 
2004 MO Wilson North 1 2 2.6 1.9 1.3 94 32.5 48.2 0.18 3.66 0.67 
2004 MO Wilson South 1 2 2.3 2.2 1.3 64 22.5 44.8 0.21 4.43 0.67 
2006 MO Gebhardt summit 4 2 2.0 1.6 1.0 52 22.1 29.3 0.21 6.59 0.53 
2006 MO Gebhardt Toe 4 2 1.9 1.4 0.9 37 21.9 27.3 0.21 5.80 0.53 
2007 MO Gebhardt House 4 2 2.0 1.3 1.1 50 17.7 19.2 0.22 6.57 0.54 
2016 NE AR 3 1 2 3.1 2.2 1.7 50 37.0 41.2 0.17 5.29 0.47 
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2016 NE AR 8 1 2 3.6 2.0 2.2 44 28.6 25.4 0.20 4.55 0.47 
2016 NE HU 6 4 2 2.2 1.5 1.2 58 32.0 32.4 0.18 5.31 0.63 
2016 NE HU 14 4 2 1.4 0.9 0.6 92 29.2 27.5 0.18 5.19 0.63 
2016 NE KR 12 2 2 0.8 0.8 0.4 18 3.5 5.5 0.05 5.19 0.66 
2016 NE KR 13 2 2 0.6 0.5 0.3 20 3.5 4.7 0.04 5.19 0.66 
2017 NE AR 7 4 2 2.9 2.7 1.6 41 32.8 37.5 0.18 4.88 0.59 
2017 NE AR 11 4 2 2.9 2.1 1.5 37 35.7 37.7 0.17 4.88 0.59 
2017 NE HU 5 4 2 2.9 2.5 1.7 50 25.4 31.9 0.19 5.31 0.86 
2017 NE HU 6 4 2 2.8 2.4 1.7 43 23.1 28.4 0.20 5.31 0.86 
2017 NE JA 11 1 2 1.6 1.0 1.0 29 8.1 7.6 0.09 3.05 0.66 
2017 NE JA 12 1 2 1.4 1.0 0.9 22 7.7 6.7 0.09 3.05 0.66 
2017 NE KR 3 1 2 1.6 0.6 0.7 23 5.9 4.3 0.07 2.47 0.56 
2017 NE KR 4 1 2 1.2 0.4 0.7 43 5.9 2.7 0.07 2.47 0.56 
2010 ND Embden Embden 4 1 1.9 . 1.2 159 14.8 . 0.09 5.10 . 
2010 ND Hankinson Hankinson 4 1 3.7 . 2.5 121 22.1 . 0.14 5.75 . 
2010 ND Prosper Prosper 5 1 2.3 . 1.7 146 23 . 0.13 5.49 . 
2010 ND Prosper#2 Prosper#2 1 1 3.7 . 2.6 114 38.9 . 0.16 5.49 . 
2010 ND Walcott Walcott 3 1 1.7 . 1.7 152 11.5 . 0.06 3.66 . 
2011 ND Arthur Arthur 5 1 2.3 . 1.5 140 18.9 . 0.11 4.79 . 
2011 ND Fairmont Fairmont 1 1 2.9 . 2.4 132 6.7 . 0.24 5.57 . 
2011 ND Valley City Valley City 2 1 3.8 . 2.3 161 23.2 . 0.14 5.29 . 
2012 ND Arthur Arthur 5 1 1.8 0.8 1.5 157 13.7 3.2 0.08 0.00 . 
2012 ND Mooreton Mooreton 3 1 0.8 . 1.1 171 4.8 . 0.07 3.66 . 
2012 ND Walcott Walcott 3 1 2.5 . 2.3 147 4.5 . 0.10 4.01 . 
2013 ND Gardner Gardner 5 1 2.0 . 1.4 145 15.1 . 0.09 4.58 . 
2014 WI NTIME LAN 2 1 1.9 1.3 0.9 129 22.6 28.8 0.21 5.80 . 
2014 WI NTIME LAN 2 2 1.9 1.3 0.9 129 22.6 28.8 0.21 5.80 0.54 
2014 WI NTIME MAR 1 1 2.4 0.9 1.2 142 15.3 23.2 0.20 6.10 . 
2014 WI NTIME MAR 1 2 2.4 0.9 1.2 142 15.3 23.2 0.20 6.10 0.65 
2015 WI NTIME LAN 2 1 2.0 1.3 1.1 . 19.2 27.4 0.21 5.80 . 
2015 WI NTIME LAN 2 2 2.0 1.3 1.1 . 19.2 27.4 0.21 5.80 0.63 
2015 WI NTIME MAR 1 1 2.5 1.0 1.4 133 18.9 21.9 0.20 6.10 . 



 

 
 

170 

2015 WI NTIME MAR 1 2 2.5 1.0 1.4 133 18.9 21.9 0.20 6.10 0.69 
2016 WI MCOV ARL 2 2 4.5 2.4 2.8 219 25.0 26.1 0.21 5.80 0.63 
2016 WI MCOV MAR 1 2 2.5 1.2 1.4 154 18.1 19.5 0.20 6.10 0.69 
2016 WI NTIME LAN 2 1 1.7 1.1 0.9 . 23.2 29.9 0.21 5.80 . 
2016 WI NTIME LAN 2 2 1.7 1.1 0.9 . 23.2 29.9 0.21 5.80 0.61 
2016 WI NTIME MAR 1 1 2.7 1.3 1.5 157 16.2 20.3 0.20 6.10 . 
2016 WI NTIME MAR 1 2 2.7 1.3 1.5 157 16.2 20.3 0.20 6.10 0.69 
2017 WI MCOV ARL 2 2 3.9 3.5 2.2 178 25.5 27.5 0.21 5.80 0.63 
2017 WI MCOV MAR 1 2 3.1 1.2 1.7 154 19.0 20.3 0.21 6.10 0.67 
2018 WI MCOV ARL 2 2 2.1 3.2 0.9 125 30.4 26.3 0.18 5.80 0.68 
2018 WI MCOV MAR 1 2 2.4 1.5 1.3 113 16.6 21.2 0.21 6.10 0.42 
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Table 4.3 United States Department of Agriculture’s defined hydrologic soil groups (HG). The HG delineations are made with 
the considerations that 1) the intake and transmission of water are under the conditions of maximum yearly wetness, 2) the 
soil is not frozen, 3) the soil surface is bare, and 4) maximum swelling of expansive clays are measured (where applicable). It 
should also be noted that the soil surface slope is not considered and when assigning a soil to an HG, the least transmissive 
layer is used.    

Hydrologic 
group Runoff Water 

transmission 
Soil texture KSAT Depth to 

water table 
Depth to 

impermeable layer 
    cm hr-1 ----------------cm------------------------ 

A Low Unrestricted >90% sand and <10% clay >14.5  >61 >51 
B Mod. Low Unrestricted 10-20% clay and 50-90% sand 3.6-14.5 >61 >51 
C Mod. High Somewhat 

restricted 
20-40% clay and <50% sand 0.36-3.6 >61 >51 

D High Very restricted >40% clay and <50% sand <0.36 <61 <51 
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Table 4.4. The United States Department of Agriculture’s drainage classifications. Seven 
classes of natural drainage have been defined and refer to the frequency and duration 
of wet periods similar to those in which the soil formed. It should be noted that human 
modifications to drainage or irrigation were not considered in these classifications 
unless they greatly influenced the morphology of the soil. 

Drainage Class USDA Description 
Excessively drained - Water removed rapidly 

- Internal free water is very rare or deep 
- Coarse-textured soils with very high KSAT 

Somewhat excessively drained - Water removed rapidly 
- Internal free water is rare or deep 
- Coarse-textured soils with high KSAT 

Well drained - Water removed readily but not rapidly 
- Internal free water is deep to very deep 
- Water is available to plants for most of the 

growing season (in humid areas) 
- Wetness does not prevent growth of roots for 

prolonged periods of time 
- Mainly free from redoximorphic features 

Moderately well drained - Water is removed from the soil somewhat 
slowly throughout different times of the year 

- Internal free water is moderately deep and 
transitory 

- Soils are wet within the rooting zone for only 
a short time during the growing season but 
long enough for mesophytic plants to be 
affected 

- Periodically receive high rainfall 
- Low KSAT within upper 1 m of soil 
- Periodically receives high rainfall 

Somewhat poorly drained - Water is removed slowly 
- Soil is wet at shallow depths for a significant 

amount of time during the growing season 
- Internal free water is hallow to moderately 

deep and transitory to permanent 
- Wetness restricts the growth of mesophytic 

plants 
- Usually have either low to very low KSAT, a 

high water table, continuous rainfall, or 
additional water seepage 

Poorly drained - Water is removed slowly 
- Soil is wet at shallow depths periodically or 

remains wet for much of the growing season 
- Internal free water is shallow or very shallow 

and common or persistent 
- Free water is found at or near the surface for 

long periods of time throughout the growing 
season 

- Mesophytic plants cannot be grown unless 
artificially drained 
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- The soil is not continuously wet below the 
plow layer 

- Shallow water table is a result of low or very 
low KSAT or continuous rainfall 

Very poorly drained - Water is removed very slowly 
- Standing water for much of the growing 

season 
- Internal free water is very shallow and is 

persistent or permanent 
- Most mesophytic plants cannot be grown 

unless artificially drained 
- Soils are commonly level or depressed and 

frequently have standing water 
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Table 4.5. A list, brief description, and the calculation used to determine the state-specific corn N fertilizer recommendation 
for IA, IN, MO, NE, ND, and WI. 

State Corn N recommendation approach Calculation Reference 
IA, IN, 
ND, WI 

Maximum Return to Nitrogen 
(MRTN): a series of corn N 
response models derived from 
years of N response trials unique 
to a designated area or region. 
Each year area appropriate corn N 
response trials, where yield 
response is empirically modeled as 
a function of N rate, are used to 
regularly adjust MRTN. 
Adjustments can also be made 
based on corn and fertilizer prices.  

- No available calculation.  Sawyer et al., 
2006 

MO Yield Goal (YG): A calculation in 
which an expected yield, the N 
supplying ability of the soil (based 
on soil organic matter and cation 
exchange capacity), plant 
population, and a 34 kg N ha-1 
soybean credit are used to 
determine corn N need. 

𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃 = 1.12 × [0.9 × 𝑌𝑌𝐺𝐺 + 4 × 𝑃𝑃𝑚𝑚𝑇𝑇𝑃𝑃𝑇𝑇 𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑇𝑇𝑇𝑇𝑠𝑠𝑚𝑚𝑃𝑃
− 𝑆𝑆𝐶𝐶𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑠𝑠𝑇𝑇 − 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑠𝑠𝑇𝑇 

Brown et al., 2004 

NE Yield Goal (YG): A calculation 
which includes expected yield, soil 
inorganic nitrate (measured or 
estimated), potential N 
mineralized from soil organic 
matter, and a 39 or 50 kg N ha-1 
soybean credit for sandy and non-
sandy soils, respectively. 
Adjustments to this calculation 
can be made via soil texture and N 
fertilizer application time. 

𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃 = 1.12 × [35 + (1.2 × 𝑌𝑌𝐺𝐺) − (8 × 𝐸𝐸𝑠𝑠𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇𝑃𝑃1.2 𝑠𝑠 ) − 0.14 
× 𝑌𝑌𝐺𝐺 × 𝑆𝑆𝐶𝐶𝑅𝑅 − 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑠𝑠𝑇𝑇] × 𝐸𝐸𝑇𝑇𝑠𝑠𝑚𝑚𝑃𝑃 × 𝑃𝑃𝑃𝑃𝑠𝑠𝑃𝑃𝑃𝑃 

Shapiro et al., 
2008 



 

175 
 

 

Figure 4.1. Field research sites were located within six U.S. Midwest Corn Belt states 
(Iowa, Indiana, Missouri, Nebraska, North Dakota, and Wisconsin). 

Legend
= Site location
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Figure 4.2. The delineation of all site locations using United States Department of 
Agriculture – Natural Resource Conservation Service (USDA-NRCS) define hydrologic soil 
group (HG) and drainage class. There are four total USDA-NRCS HG (A, B, C, D) with HG A 
having the least potential for runoff and HG D having the highest potential. Seven total 
USDA-NRCS drainage classifications have been defined, however for this analysis sites 
were considered either poorly-drained (PD) or well-drained (WD). Further information 
on HG or drainage class is found in Tables 4.3 and 4.4. Initial site delineation was made 
by using HG classification. Sites that fell within group A or D were combined. While 
these HG are opposite in definition, sites within these groups are most prone to N loss 
via leaching or denitrification. Drainage class was then used for the final delineation of 
sites. A total of 5 separate groups resulted. 
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Figure 4.3. The economical optimum N fertilizer rate (EONR) compared to N recommendation models (N Fert. Rec) based on 
USDA-NRCS defined hydrologic soil groups (A, B, C, D) and drainage class (well-drained, WD; poorly-drained, PD) for both at-
planting and side-dress N fertilizer timings. Sites within the yellow band are those within 34 kg N ha-1 of EONR. Overall, model 
N recommendations were better at side-dress. For the at-planting timing, no weather variables were included in the at-
planting models since seasonal weather is not available at the time of planting. Also, for the at-planting N time, no soil 
variable was found significantly related to EONR for soils in the A and D hydrologic groups. Therefore, this approach is not 
applicable for soils where N is applied all at-planting.
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Figure 4.4. The economical optimum N fertilizer rate (EONR) compared to N 
recommendation models (N Fert. Rec) based on USDA-NRCS defined hydrologic soil 
groups (A, B, C, D) and drainage class (well-drained, WD; poorly-drained, PD) for the at-
planting N fertilizer time. For non-significant relationships between the model 
recommendation and EONR the slope was set to zero and no r2 reported. Sites within 
the yellow band are those within 34 kg N ha-1 of EONR. No weather variables were 
included in the at-planting models since seasonal weather is not available at the time of 
planting. Also, no soil variable was found significantly related to EONR for soils in the A 
and D hydrologic groups, therefore no graph was made.  
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Figure 4.5. The economical optimum N fertilizer rate (EONR) compared to N recommendation models (N Fert. Rec) based on 
USDA-NRCS defined hydrologic soil groups (A, B, C, D) and drainage class (well-drained, WD; poorly-drained, PD) for the side-
dress N fertilizer time. For non-significant relationships between the model recommendation and EONR the slope was set to 
zero and no r2 reported. Sites within the yellow band are those within 34 kg N ha-1 of EONR.
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Figure 4.6. A comparison between the USDA hydrologic soil group based (HG-based) and state-specific N recommendation 
approaches. Four states in this analysis (IA, IN, ND, WI) employ the Maximum Return to Nitrogen Tool (MRTN) and two states 
the yield goal approach (MO, NE). For non-significant relationships between the model recommendation and EONR the slope 
was set to zero and no r2 reported. Site-years that fall within the yellow band are those within 34 kg N ha-1 of EONR. 
Comparing across all 182 site-years revealed no significant difference between HG-based and state-specific N 
recommendation approaches. However, N responses (i.e., slopes) were found to be unique from one another suggesting the 
HG-based model was more sensitive to N need.
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Figure 4.7.The hydrologic soil group (HG) based model N fertilizer recommendations for IA compared to the IA-specific 
Maximum Return to Nitrogen (MRTN) tool. For non-significant relationships between the model recommendation and EONR 
the slope was set to zero and no r2 reported. Site-years that fall within the yellow band are within 34 kg N ha-1 of EONR. 
Overall, the IA-specific MRTN tool outperformed the HG-based model for estimating EONR. 
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Figure 4.8. The hydrologic soil group (HG) based model N fertilizer recommendations for IN compared to the IN-specific 
Maximum Return to Nitrogen (MRTN) tool. For non-significant relationships between the model recommendation and EONR 
the slope was set to zero and no r2 reported. Site-years that fall within the yellow band are within 34 kg N ha-1 of EONR. 
Overall, the HG-based model outperformed the IN-specific MRTN tool for estimating EONR. 
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Figure 4.9. The hydrologic soil group (HG) based model N fertilizer recommendations for WI compared to the WI-specific 
Maximum Return to Nitrogen (MRTN) tool. For non-significant relationships between the model recommendation and EONR 
the slope was set to zero and no r2 reported. Site-years that fall within the yellow band are within 34 kg N ha-1 of EONR. 
Overall, the HG-based model outperformed the WI-specific MRTN tool for estimating EONR. 
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Figure 4.10. The hydrologic soil group (HG) based model N fertilizer recommendations for ND compared to the ND-specific 
Maximum Return to Nitrogen (MRTN) tool. For non-significant relationships between the model recommendation and EONR 
the slope was set to zero and no r2 reported. Site-years that fall within the yellow band are within 34 kg N ha-1 of EONR. 
Overall, the HG-based model outperformed the ND-specific MRTN tool for estimating EONR. 
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Figure 4.11. The hydrologic soil group (HG) based model N fertilizer recommendations for MO compared to the MO-specific 
yield goal calculation. For non-significant relationships between the model recommendation and EONR the slope was set to 
zero and no r2 reported. Site-years that fall within the yellow band are within 34 kg N ha-1 of EONR. Overall, the HG-based 
model outperformed the MO-specific yield goal calculation for estimating EONR. 
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Figure 4.12. The hydrologic soil group (HG) based model N fertilizer recommendations for NE compared to the NE-specific 
yield goal calculation. For non-significant relationships between the model recommendation and EONR the slope was set to 
zero and no r2 reported. Site-years that fall within the yellow band are within 34 kg N ha-1 of EONR. Overall, the HG-based 
model outperformed the NE-specific yield goal calculation for estimating EONR. 
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Dissertation Conclusion 

Efforts to maximize corn (Zea mays L.) yield often result in over-applying N 

fertilizer, consequently leading to financial loss and environmental contamination. 

Matching N fertilizer application rates with corn N need can decrease the likelihood of N 

loss. However, predicting corn N need is difficult due to spatial and temporal variability. 

Therefore, the aim of this dissertation was to develop and evaluate empirically-derived 

N fertilizer recommendation models capable of accounting for soil and weather 

characteristics. Using a regional U.S. Midwest Corn Belt dataset (totaling 49 sites over 

three growing seasons), models were created by using linear regression analysis to 

determine which soil and/or weather factors best related to the economic optimal N 

rate (EONR) within delineated groups based on USDA-NRCS soil classification. The 

created models were then evaluated using compiled outside datasets from six U.S. 

Midwest states. Several important observations were made during model creation and 

evaluation. These include: 1) soil and weather information most significantly related to 

EONR varied by N application time, 2) this model approach outperformed current state-

specific N recommendation tools, and 3) using USDA-NRCS soil classification allowed for 

a better prediction of the fate of N for alike soils and therefore improved N 

recommendations. These results suggest further research should be performed to 

validate the applicability and usefulness of this approach.
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