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Globally, around 60% of synthesized N is applied to cereal crops. In these cereal systems, 

nitrogen use efficiency (NUE) is approximately 33%. In other words, approximately one-third of 

applied N is recovered in harvested grain, leaving two-thirds of applied N for subsequent crops 

or as potential gaseous plant emissions, denitrification, surface runoff, volatilization, and 

leaching. Poor NUE represents not only a financial loss to the grower, but an environmental 

threat contributing to N2O emissions and degradation of surface and ground waters through 

leached NO3
-. Current fertilizer recommendation for the Inland Pacific Northwest region of the 

United States are based on uniform, whole-field applications that result in large variability in 

crop N use across field landscapes. Precision N management has been proposed as a solution to 

decrease negative environmental and economic impacts of variable crop N use and low NUE in 

cereal production systems. 
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Creating site-specific management zones (SSMZ) is a common method to generate 

prescription maps for variable N fertilizer applications. Areas of the field with similar attributes 

(e.g. soil properties, fertility, terrain) are grouped and treated as sub-field sections or SSMZ. 

Prescription fertilizer application maps are created based on SSMZ that estimate crop 

performance and the associated N fertilizer requirements, and then variable rate (VR) 

technologies are used to apply site-specific N fertilizer. This method of precision N management 

has had varying success in improving crop NUE and economic performance.  

The objective of chapter 1 in this thesis is to evaluate site-specific wheat performance 

under VR and uniform N applications using yield, protein, NUE, and NUE components as 

performance criteria. The goal is to determine if current practices adequately improve crop 

performance with regards, not only to yield and protein, but to N fertilizer use efficiencies. The 

objective of chapter 2 is to evaluate the performance of rainfed, winter wheat among field 

divisions created using: 1) typical methods of SSMZ delineation; and 2) performance 

classifications derived from NUE and NUE components. These objectives could inform science-

based evaluation and decision-support systems for precision N management that are based on 

easily measureable crop performance data. 
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Chapter 1 

 Evaluation of Variable Rate Nitrogen Application in Dryland Winter Wheat 

 

Abstract 

Site-specific or precision nitrogen (N) management has been proposed as a solution to 

decrease negative environmental and economic impacts of variable crop N use and low nitrogen 

use efficiencies (NUE) in cereal production systems. The current research objective is to evaluate 

site-specific wheat performance under variable rate (VR) and uniform N applications using yield, 

protein, NUE, and NUE components as performance criteria. The goal is to determine if current 

practices adequately improve dryland soft white winter wheat (SWWW) performance with 

regards not only to yield and protein, but to N fertilizer use efficiencies.  

Sub-field management zones were created for three field sites in the inland Pacific 

Northwest Palouse region using yield and electrical conductivity (ECa) data, a method that 

reflected current grower practices. Uniform and variable N fertilizer rates were applied in strips 

across all three sites. Paired points were established for each N fertilizer treatment. Performance 

criteria were calculated at all points and pairwise comparisons made to establish differences in 

crop performance under varying amounts of applied N fertilizer. Significant differences in NUE, 

N uptake efficiency, and N utilization efficiency ranged from 0% to increases of over 30%, 17%, 

and 25%, respectively. Spatial variability in grain protein response to N, and increases of 10 g 

kg-1 were observed as N fertilizer increased.  Grain yield response to N fertilizer was small and 

significant differences were only observed between points that received starter fertilizer (19 kg N 

ha-1) only and points receiving applied rates of 100 kg N ha-1.  
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Varying N rates at these sites was most effective in areas of the field that were defined as 

low yielding zones. Decreasing N fertilizer application decreased potential N losses and money 

spent without taking yield penalties. Increasing N rates in zones defined as high yielding did not 

improve yield and decreased NUE, thereby increasing the potential for N losses and decreasing 

financial profits. By using a method of evaluation that takes into account fertilizer use 

efficiencies, it becomes possible to observe areas where VR fertilizer decisions need to be 

improved to meet performance goals beyond yield and protein. 

 

Introduction 

Globally, around 60% of synthesized N is applied to cereal crops (Ladha et al., 2005). In 

these cereal systems, nitrogen use efficiency (NUE) is approximately 33%. In other words, 

approximately one-third of applied N is recovered in harvested grain, leaving two-thirds of 

applied N for subsequent crops or as potential gaseous plant emissions, denitrification, surface 

runoff, volatilization, and leaching (Raun and Johnson, 1999). Poor NUE represents not only a 

financial loss to the grower, but an environmental threat contributing to N2O emissions (Mosier 

et al., 1996) and degradation of surface and ground waters through leached NO3
- (Huggins et al., 

2001). Current fertilizer recommendation for the Inland Pacific Northwest (IPNW) region of the 

United States are based on uniform, whole-field applications (Koenig, 2013) that result in large 

variability in crop N use across field landscapes (Fiez et al., 1995). 

Precision N management has been proposed as a solution to decrease negative 

environmental and economic impacts of variable crop N use and low NUE in cereal production 

systems. However, farmer implementation has remained low (McBratney et al., 2005). Creating 

site-specific management zones (SSMZ’s) is a common method to generate prescription maps 
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for N fertilizer applications. Areas of the field with similar attributes (e.g. soil properties, 

fertility, terrain) are grouped and treated as sub-field sections (Khosla et al., 2002; Fridgen et al., 

2004). Prescription N fertilizer application maps are created based on SSMZ’s that estimate crop 

performance and associated N fertilizer requirements. Variable rate (VR) technologies are then 

used to apply site-specific N fertilizer.   

Methods to delineate management zones vary, but typically include collecting and 

integrating terrain layers such as elevation and slope (Long et al., 2015), apparent electrical 

conductivity (ECa) data (Moral et al., 2010), historical yield data (Hornung et al., 2003), 

remotely sensed data (Mulla, 2013), and farmer’s knowledge of field variability (Fleming et al., 

2000). Using these data layers in combination to divide the field into management zones is 

usually accomplished with a combination of principle components analysis (PCA) and a fuzzy 

means clustering statistical analysis to find the optimal number and location of clusters or 

“zones.” The optimal number and location of clusters is determined and evaluated using various 

cluster validation indices (Li et al., 2007; Vitharana et al., 2008; Zhang et al., 2010). 

The use of SSMZ’s has had varying success in improving crop NUE and economic 

performance. Huggins (2010) reported no yield or protein difference between VR and uniform 

application in some areas of the field, while other areas had higher yield in locations receiving 

variable rate applications (VRA) when compared to uniform applications. No economic analysis 

was performed, however areas that received less N but had higher yields would likely have 

higher economic returns, while areas with higher yields and higher N rates would require further 

analyses to determine economic returns. In an economic analysis, the cost of precision 

agriculture (PA) technology would also need to be considered for a complete idea of the value of 
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VRA. Long et al. (2015) reported no difference in grain protein and yield in VRA treatments 

compared to uniform application. Their economic analysis also reported no economic gain from 

VRA in their water-limited grain systems of northern Montana. Link et al. (2008) also reported 

no difference in yield between uniform and VRA, but did observe improvements in NUE with 

VRA. Improvements varied across landscape positions and overall, about 53% of site-

specifically managed grids showed higher NUE while no economic improvement was observed 

(Link et al., 2008). Raun et al. (2002) observed NUE increases >15% in VRA wheat compared to 

uniform treatment and reported some increases in overall revenue from VRA (Raun et al., 2002). 

Differences in results from VRA are likely due, in part, to differing methods of SSMZ 

delineation. The current research objective is to evaluate site-specific wheat performance under 

variable rate and uniform N applications using yield, protein, NUE, and NUE components 

(Huggins and Pan, 1993) as performance criteria. The goal is to determine if current practices 

adequately improve crop performance with regards, not only to yield and protein, but to N 

fertilizer use efficiencies. 

 

Research Design and Methodology 

Study Sites 

Three different field sites in the dryland cropping systems of Eastern Washington were 

used for the research. The first site was 8.9 ha of a 43.5 ha on-farm field located northeast of 

Walla Walla, Walla Walla County, WA (-118.27702, 46.16650). The region is characterized by a 

Mediterranean-like climate with a mean annual temperature of 12.1°C, and an average annual 
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precipitation of 474 mm (1981-2010 Normal data), the majority of which comes between 

September and April (Western Regional Climate Center, 2016). Loess deposits form the 

dominant soils having silt loam textures. This field consisted entirely of Walla Walla silt loam 

soil series (Coarse-silty, mixed, superactive, mesic Typic Haploxeroll) (Soil Survey Staff, 

2014b). 

The second and third sites were both located at Washington State University’s Wilke 

Research and Extension Farm near Davenport, Lincoln County, WA. The fields used were plot 2 

(-118.12260, 47.65350) and plot 6 (-118.12994, 47.65340) which are 10.5 ha and 12.0 ha plots, 

respectively. This region is also characterized by a Mediterranean-like climate with a mean 

annual temperature of 7.4°C, and an average annual precipitation of 353 mm (1981-2010 Normal 

data), the majority of which comes between September and April (Western Regional Climate 

Center, 2016). Loess deposits also form the dominant soils here with both plot 2 and plot 6 

consisting of the soil series: Broadax silt loam with 7-25% slopes (fine-silty, mixed, superactive, 

mesic Calcic Argixerolls), Hanning silt loam with 0-7% slopes (fine-silty, mixed, superactive, 

mesic Pachic Argixerolls), and Mondovi silt loam (coarse-silty, mixed, superactive, mesic 

Cumulic Haploxerolls) soils (Soil Survey Staff, 2014a). 

A summary of the weather data for harvest year 2015 is given in Table 1 with a 

comparison to normal weather summaries.  Weather data was taken from the Western Regional 

Climate Center database (Western Regional Climate Center, 2016).  

Creation of Management Zones 
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The creation of management zones was performed using simple methods that reflect 

common grower practices. Prescription maps for the Wilke plots were created using grain yield 

monitor data (1 year), NRCS web soil survey data, and spring soil ECa data at 75 and 150 cm 

depths. Soil ECa data was obtained from an electro-magnetic induction (EMI) field survey 

performed using a Geonics EM38-MK2 sensor (EM38-MK2, Geonics Limited, Ontario, 

Canada). Correlations between data layers were observed visually and it was found that negative 

correlations existed between soil ECa and yield. These correlations matched well with soil series 

data from the NRCS web soil survey.  Three management zones were created with different yield 

goals (high, medium, and low) using the visually observed correlations (Figure 1b).  

At the Walla Walla site, no grain yield monitor data was available and the field was one 

continuous soil series. Soil ECa data was collected in the fall of 2014 and spring of 2015. 

Regression kriging was used to create a yield map from hand-harvested points that received what 

was the uniform N rate in the remainder of the field outside the experimental plot. Management 

zones were created post-harvest so that the performance of different N rates within those zones 

could be analyzed and compared. Interpolated yield and spring ECa data layers at 75 cm and 150 

cm depths were created at breaks within, above, and below one standard deviation of the field 

means. The patterns were visually compared for correlations. High, medium, and low yielding 

zones were identified based on the standard deviation breaks. In this field there was a negative 

correlation between ECa and yield. Using these standard deviation breaks, it was found that mean 

yield differences by zone were close to 673 kg ha-1 (10 bu ac-1) (Appendix A, Figure 1). This led 

to the conclusion that the zones were capturing yield differences to a degree that would be 

significant to a grower (Figure 1a). 
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Agronomic Practices and Experimental Designs 

At the Walla Walla site, anhydrous ammonia (AA) was deep-banded in the fall of 2014 

using an Exactrix variable rate applicator. Applicator width was 4.57 m (15ft) with 30-cm disk 

spacing. There were 5 uniform rates (0, 40, 80, 110, 150 kg ha-1) of N applied the length of the 

study area in a repeated, randomized block design. This experimental layout allowed for 

sampling that could capture crop response to differing N treatments at a spatial scale of 4.57-m 

(Figure 2). The field was seeded 4 days later in paired rows on 30-cm centers using a Yielder no-

till drill. Starter fertilizer was applied with the seed equal to 19 kg N ha-1. Thus, with starter 

fertilizer finishing the fertilizer treatment, total N rates were 19 (control), 60, 100, 130, and 170 

kg N ha-1 (Table 2). Coverage maps from applicator showed target rates were not always met. 

However, a summary of actual total applied N is given in Table 2. 

 At both Wilke plot 2 and plot 6, starter fertilizer was placed with the seed as liquid 

ammonium polyphosphate (APP) and ammonium thiosulfate (ATS) at a rate of 10 kg ha-1. 

Anhydrous ammonia (AA) was banded below the seed at the time of seeding using a Case IH 

direct-seed hoe drill. Variable rates of N were applied according to yield goals for each 

management zone. In plot 2, high yielding zones received a total of 125 kg N ha-1, medium zones 

received 100 kg N ha-1, and low yielding zones received 75 kg N ha-1 including N applied with 

starter. In plot 6, high yielding zones received a total of 100 kg N ha-1, medium zones received 

75 kg N ha-1, and low yielding zones received 35 kg N ha-1 including N applied with starter. 

Strips across each plot were seeded and fertilized using uniform N rates that reflected field 

average yield goals and were the same as medium yielding zones (Figure 2). These strips served 
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as comparison points for the VRA paired t-tests. A summary of the agronomic practices for each 

field site is given in Table 3. 

Data Collection 

A Simple Sequential Inhibition process was used in R (R version 3.2.2, 2015) to 

optimized sampling for geostatistical analysis at the Walla Walla site. Eighty-five locations were 

randomly identified within the study area that provided good coverage and allowed for low 

kriging error near the edges. At each of the 85 locations, additional points were added so that the 

5 N rates were represented for a total of 425 sampling locations. Additional points were also 

added for each treatment to allow for geostatistical analysis at shorter lag distances. The total 

number of sampling locations came to 501, however agronomic factors (i.e. double-seeded areas 

or applied fertilizer errors) decreased that amount to 463 points with harvest data (Figure 2). 

 At the Wilke plots 2 and 6, sampling locations were chosen that represented each zone, 

and a paired point was selected within the uniform application strips. In plot 2, 5 pairs were 

created in the high yielding zones, 7 pairs were created in medium yielding zones, and 7 pairs 

created in the low yielding zones. In plot 6, 6 pairs were created in the high yielding zones, 5 in 

the medium yielding zones, and 3 in the low yielding zones (Figure 2). 

Yield was measured at all sites by hand harvesting 1-m2 areas at crop maturity. Harvested 

grain was bagged, dried, threshed using a stationary thresher, and then weighed to obtain yield 

measurements. Grain protein, test weight, and moisture data was obtained using near infrared 

reflectance (Infratec 1241 Grain Analyzer, FOSS, Denmark). Aboveground biomass samples 

were obtained at all Wilke sampling locations and at 72 locations in Walla Walla field where soil 

samples were also taken. This facilitated direct measurements of total plant N, and nitrogen 
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harvest index (NHI). At the Walla Walla site, NHI was linearly related to grain N (R2 = 0.9358) 

so total plant N could be predicted at sample locations where biomass was unmeasured. Total 

aboveground biomass was weighed and grain weight subtracted to get total aboveground residue 

biomass. Residue subsamples were ground to pass through a 1-mm sieve (Wiley Mill) and 

analyzed for total N by dry combustion (Elemental Combustion System, costech, Italy). 

Soil samples were taken at all field sites in the: (i) fall of 2014 prior to planting; (ii) 

spring of 2015; and (iii) the fall of 2015 following harvest. At the Walla Walla site, soil augers 

with inside diameters of 7.5-cm were used to collect soil cores in 30 cm increments to 150 cm 

depth. Soil cores were mixed and subsamples for each 30 cm increment were taken for analysis, 

transported on ice and stored at 4°C until processing. A giddings probe (4-cm inside diameter) 

was used for both plots at the Wilke site. Soil samples were analyzed for gravimetric water by 

oven drying samples at 105°C for 48 hours. Soil inorganic N concentration (NH4
+ and NO3

2-) 

was determined using 1M KCl extraction procedure with inorganic N analysis performed on a 

continuous flow analyzer (Maynard et al., 2008). The extraction was done by adding 25 mLs of 

1M KCl to 6 g of soil and shaking for 1 hour. The supernatant was filtered through an 8µm filter 

(Fisherbrand P8) and filtrate frozen until analysis on an automated spectrophotometer (AlpKem 

RFA-300, Austoria-Pacific International, Oregon, U.S.A.). Total N and C were determined using 

dry combustion (Elemental Combustion System, costech, Italy). 

Analysis and Calculations 

Wheat performance was evaluated using yield, protein, NUE, and NUE components 

(Huggins and Pan, 2003). Yield and protein were measured as mentioned above. NUE and 

components were determined using grain yield (Gw), grain N (Ng), aboveground plant N (Nt), N 
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mineralization (Nmin), applied N (Nf), and pre- and post-harvest root zone inorganic N.  Grain N 

was calculated using protein measurements and the assumption of 5.7% N in grain protein 

(Koenig, 2013). Total above-ground plant N (Nt) was calculated using aboveground biomass 

weights and total N concentrations in the residue. Net N mineralization (Nmin) was calculated 

using 1% total N in the top 30 cm of pre-plant soil samples and bulk density values from NRCS 

soil survey data for the corresponding soil series (Soil Survey Staff, 2014a; b). This Nmin 

calculation is a derivation of the reported findings that 19 kg N ha-1 is mineralized for every 1% 

organic matter (OM) in the top 30 cm (Koenig, 2013). N supply (Ns) was estimated from a sum 

of pre-plant residual N (Nr), calculated Nmin and N fertilizer application rate (Nf) for the Wilke 

plots (Equation 1). At Walla Walla, Ns was estimated from control points (19 kg ha-1 applied N) 

assuming 70% uptake efficiency (Nt Ns
-1) and adding Nf  (Equation 2) (Brown, 2015). 

Calculations and abbreviations for NUE and NUE components are summarized in Table 4, which 

is adapted from previous work (Huggins and Pan, 1993; Dawson et al., 2008). 

Nitrogen Supply, Ns = Nr + Nmin + Nf       [Equation 1] 

Nitrogen Supply, Ns = (Nt(control) –Nstarter) / 0.7) + Nf     [Equation 2] 

The estimation of N mineralization for the Wilke sites assumes that N fertilizer additions 

do not impact net N mineralization. In addition, for these sites, depositional N (Nd) and 

biologically fixed N were considered minimal and not included in the estimates of Ns. It is also 

unlikely, because of the low annual precipitation that much if any of the residual N leached out 

of the root zone.  

Student’s paired t-tests were performed using the stats package in R (R version 3.2.2, 

2015). Analysis of variance (anova) was also performed for all groups at the Walla Walla site to 
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observe treatment effects for each management zone. Analysis of variance allowed for a 

comparison of crop response to each N rate within low, medium, and high yielding zones at the 

Walla Walla field site (Table 7). R packages stats and agricolae were used to create the anova 

model and then perform a Tukey’s pairwise comparison, respectively (R version 3.2.2, 2015; 

agricolae package version 1.2-3). 

 Finally, an examination of potential N savings was done by calculating total applied N 

for each management zone in all field sites. Total applied N was calculated using uniform rates, 

variable rates that were applied for these harvest years, and ideal rates from post-harvest paired-t 

and anova tests. Respective rates were multiplied by the total ha for each zone, and values 

summed to find total applied N for each field and treatment (Table 8). Ideal rates were used that 

maximized yield while optimizing protein and NUE components for each zone in all sites.   

 

Results and Discussion 

Grain Yield and Protein Concentrations 

Lowering the N rate from uniform rates for each field in low yielding zones, as defined 

by our delineation, did not decrease yield at either Wilke or Walla Walla field sites (Table 5). At 

Wilke plot 6, lowering the N rate actually increased yield by 1,290 kg ha-1, which was an 

increase of more than 40%. In this plot, the low yielding zones under uniform N management 

were the lowest yielding areas (3113 kg ha-1), however lowering the N rate increased grain yield 

to the same level as the remainder of the field (about 4400 kg ha-1).  
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In medium yielding zones at the Wilke site, there were no yield differences, which is an 

expected outcome as uniform and variable rates were essentially the same in these zones. At the 

Walla Walla field, when control points (19 kg N ha-1) were compared to uniform rates (100 kg N 

ha-1) in medium zones, grain yield decreased by 555 kg ha-1 (9%) with only using starter 

fertilizer (control), and grain protein decreased by 14 g kg-1 (15%) (Table 5). 

 For Wilke and Walla Walla sites, areas of the field defined as high yielding, no grain 

yield differences were observed from increasing N rate above uniform applications (Table 5). At 

Wilke plot 6, yields tended to be greater with VRT, but not quite at the 0.95 confidence level At 

the Walla Walla site, the highest N rate did increase grain protein levels by 10 g kg-1 (9.5%) 

when compared to uniform applications. Grain protein differences were not observed between 

uniform and higher, variable rates in high yielding zones for either Wilke plot 2 or 6. 

Based on grain yield and protein data, uniform application led to over-applied N in low 

yielding zones at the Wilke and Walla Walla sites. This result is consistent with other research 

that found no yield and protein difference when applied nitrogen was decreased in areas of the 

field designated as “low yielding” (Huggins, 2010; Long et al., 2015). 

Increasing applied N in high yielding zones, as we have defined them, was not 

advantageous with respect to yield or protein. In fact, it may be a disadvantage if grain protein is 

elevated to a degree that would results in discounts for soft white winter wheat (SWWW). In the 

2015 harvest year, SWWW with protein levels below 105 g kg-1 received a +$0.05 price 

premium (“Northwest Grain Growers,” 2016). This suggests economic advantages for keeping 

lower N rates in high yielding zones as protein levels were unchanged in Wilke plots and 

increased in the Walla Walla plot, though increased mean grain protein concentrations still did 
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not exceed 105 g kg-1 for this season. Protein concentrations across all zones at both Wilke plots 

were higher than the 2015 premium concentration of 105 g kg-1, likely because the hot and dry 

weather led to water scarcity during grain fill, implying that all N rates were too high for both 

Wilke sites this harvest year. Overall, N rate could be lowered in low zones across all sites, and 

kept at uniform rate in high zones across all three field sites (Table 5). 

N Use Efficiency Components 

With regards to NUE and NUE components, at the Wilke plots, differences were only 

observed in low yielding zones (Table 6). In Wilke plot 2, NUE ranged from 12.1 kg grain kg-1 

N supply (Ns) in low zones with VRA to 20.9 kg grain kg-1 Ns in medium zones with uniform 

rate. N uptake efficiency ranged from 0.41 kg total aboveground N (Nt) kg-1 Ns in low zones to 

0.64 kg Nt kg-1 Ns in medium zones. Only N utilization efficiency was significantly different, and 

only in low zones. Interestingly, N utilization efficiency was higher at uniform rates than the 

lower, variable N rate, increasing from 29.0 kg grain kg-1 Nt with VRA in low zones and 35.2 kg 

grain kg-1 Nt in low zones with uniform rates.  

In Wilke plot 6, N balance index increased by over 200% with a lower N rate compared to 

the uniform N rate in low yielding zones (Table 6). No significant treatment effects were 

observed for NUE, Nt/Ns or Gw/Nt for Wilke plot 6. Here, NUE ranged from 14.6 to 22.9 kg 

grain kg-1 N; N uptake efficiencies from 0.38 to 0.63 kg Nt kg-1 Ns; and N utilization efficiencies 

from 32.4 to 43.3 kg grain kg-1 Nt.  

N efficiency components for both Wilke sites were generally low when compared to the 

Walla Walla site and other reported values for soft-white winter wheat (SWWW) in the 

literature. NUE values around 20.0 kg grain kg-1 Ns are common if high rates of N are applied, 
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but are usually closer to 30-40 kg grain kg-1 Ns in more efficient areas of a field (Huggins and 

Pan, 1993; Fiez et al., 1995; Brown, 2015). Wilke NUE values from 12.1 to 22.9 kg grain kg-1 Ns 

and protein concentrations above 112 g kg-1 across all zones suggest that both plots have soil 

factors that lead to low crop N use and N fertilizer is likely over-applied. The hot, dry weather 

for this harvest year was likely a large contributing factor to these observations as well (Table 1). 

Interestingly, N uptake efficiencies were below 0.50 kg Nt kg-1 Ns in both Wilke plot low zones, 

but higher than 0.50 kg Nt kg-1 Ns in all other zones. Low zones in these fields are typically 

rocky, with shallow rooting depths. N fertilizer may be leaching through the rooting zone and 

unavailable to crops even at lower N rates applied with VRA, or crop N demand was low due to 

water restraints in shallow rooting zone areas in this study.  

At the Walla Walla site generally, all efficiency measurements were higher than at the Wilke 

sites (Table 6). Typical reported NUE values for SWWW are between 20-40 kg grain kg-1 Ns in 

uniformly applied fields (Sowers et al., 1994; Huggins and Pan, 2003). NUE observations were 

generally at the higher end of that range, implying that soil N use was comparatively efficient for 

this site.  In the low yielding zones that were defined, NUE increased by 15% over uniform 

application (100 kg N/ha) with a VRA of 60 kg N ha-1 and by 47% with only starter applied N 

(19 kg N ha-1). No increase was observed in the N utilization efficiency when the VR was 

lowered to 60 kg N ha-1, but when uniform rates were compared to the control it increased by 

34%. Significant increases were also observed in N balance index (1.04 to 3.79 kg Ng kg-1 Nf) 

and N harvest index (0.80 to 0.83 kg grain N kg-1 Nt) for both the lower VR (60 kg N ha-1) and 

the control (19 kg N ha-1) when compared to uniform rates (100 kg N ha-1) in low zones. 
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In the medium yielding zones we defined at the Walla Walla site, when the uniform rate was 

compared to the starter N rate (19 kg N ha-1), NUE and all NUE components significantly 

increased (Table 6). NUE increased from 29.3 kg grain kg-1 N with uniform application to 48.5 

kg grain kg-1 N at starter N points. N utilization efficiency increased from 51.2 to 60.7 kg grain 

kg-1 Nt when uniform rates were compared to starter N. Because Ns was calculated based on 70% 

uptake efficiency assumption (Brown, 2015) in control points, N uptake efficiency for areas 

receiving only starter fertilizer were implicitly 0.70 kg Nt kg-1 Ns. This was significantly different 

than the 0.58 kg Nt kg-1 Ns utilization efficiency observed in medium zones using the uniform 

rate. N balance index and N harvest index also increased from 1.01 to 4.11 kg Ng kg-1 Nf and 

0.80 to 0.82 kg grain N kg-1 Nt, in comparing the uniform N rate with the control, respectively. 

In high yielding zones at the Walla Walla site, uniform rates outperformed VRA in all 

variables excepting N utilization efficiency, where no differences were observed (Table 6). NUE 

increased from 24.3 kg grain kg-1 Ns at highest N rate (170 kg N ha-1) to 27.3 kg grain kg-1 Ns at 

the next highest rate (130 kg N ha-1) to 33.0 kg grain kg-1 Ns at the uniform rate. N uptake 

efficiency decreased by 17% from uniform application at the highest rate, and by 13% from 

uniform rate to the next highest N rate. N utilization efficiency did not increase from uniform 

application to the next highest rate, however, when compared to the highest VR (170 kg N ha-1), 

it increased by 12%.  

Since no yield penalty was observed by lowering the N rate in low zones, the starter fertilizer 

combined with residual soil N may have been sufficient to meet crop N needs this season. 

However, high variability in the yield (1126 kg ha-1); low (82 g kg-1) protein levels; and high N 

efficiencies for starter N rates suggest that more N was needed than just starter N. In the medium 
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yielding zones, although all NUE and NUE components increased by lowering the N rate to only 

the starter fertilizer, there was a yield penalty of 555 kg ha-1. This may indicate that a lower N 

rate (as in 60 kg N ha-1) may have been sufficient to meet crop N needs in these zones without 

suffering a yield penalty. There was no yield or NUE advantage to increasing N rate in the Walla 

Walla high yielding zones beyond the uniform rate. Overall, residual N from previous crops and 

N mineralization provided sufficient N to meet most needs of the crop.  

The anova test for the Walla Walla site showed that, in low yielding zones, while yields 

ranged from 5441 to 5847 kg ha-1, significant yield differences between treatments were not 

observed at the α=0.95 level (Table 7). Grain protein concentration increased from 82 g kg-1 with 

control N rates to 123 g kg-1 at the highest applied N rate. All treatments were significantly 

different except the 100 and 130 kg N ha-1 rates. As expected, NUE and NUE components all 

decreased with increasing applied N. NUE ranged from 43.8 to 18.7 kg grain kg-1 Ns, N uptake 

efficiency ranged from 0.7 to 0.48 kg Nt kg-1 Ns, and N utilization efficiency ranged from 62.5 to 

39.7 kg grain kg-1 Nt.  

In medium yielding zones, maximum yield was reached at uniform N rates.  Yields ranged 

from 5628 kg ha-1 at control rates (19 kg N ha-1) to 6216 kg ha-1 at uniform rates (100 kg N ha-1) 

(Table 7). Those two were the only applied N treatments that were significantly different with 

regards to yield. Protein levels increased with each treatment from 84 g kg-1 at lowest N rate to 

113 g kg-1 at the highest N rate. NUE and NUE components all decreased with increasing rates 

of applied N. Similar patterns were observed in high yielding zones. Yields ranged from 6001 kg 

ha-1 with the control to 7095 kg ha-1 with the highest (170 kg N ha-1) N treatment. However 

yields reached a maximum at uniform rates (Table 7). In high yielding zones, protein 
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significantly increased with almost every N treatment, and all NUE and NUE components 

decreased with increasing applied N. It is also interesting to note that the highest grain protein 

concentration in high yielding zones was 105 g kg-1 at the highest applied N rate (170 kg N ha-1), 

while low and medium yielding zones reached concentrations of 123 and 113 g kg-1, 

respectively. 

These data suggest that, in low yielding zones, residual and starter fertilizer was sufficient to 

meet crop N needs with regards to yield. However, it is likely that the next higher rate of 60 kg N 

ha-1 would have led to overall higher yields, and less yield variability compared to the control 

rates. This is based on the 98 g kg-1 grain protein levels observed with the 60 kg N ha-1 treatment. 

When yield is graphed on the y-axis and protein on the x-axis, it is possible to observe protein 

levels that were associated with maximum yield (Figure 3).  

The yield and protein plot (Figure 3) indicated that maximum yields in medium zones was 

reached at approximately 100 g kg-1. Thus, in the medium yielding zone uniform rates were more 

than sufficient and led to maximum yields. However, uniform rates did lower N efficiency 

components significantly, increasing the potential for greater N losses. High yielding zones had 

maximum yields with the uniform rate of N and most N efficiency measurements were 

significantly different than higher N rates. The low grain protein concentration (87 g kg-1) at the 

lower, 60 kg N ha-1 rate suggest uniform rates were preferable in high yielding zones, as we have 

defined them, from the perspective of yield, grain protein, and N efficiency measurements (Table 

7). Box plots with data points overlaid and pairwise comparison grouping for zones and 

treatments are given in Appendix A, Figure 2. 
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For the Walla Walla site, when the relationship between yield and NUE; yield and N 

utilization efficiency; and yield and N uptake efficiency without control points set at 0.70 kg Nt 

kg-1 Ns was graphed on a scatter plot with quadratic models fit to the data (Figure 3) it was 

observed that, across all zones, maximum yield was reached at an NUE value of around 35 kg 

grain kg-1 Ns, an N uptake efficiency values of 0.8 kg Nt kg-1 Ns , and an N utilization efficiency 

value of 50 kg grain kg-1 Nt (Figure 3). There is a lot of variability associated with these data 

however, the modeled values may help inform target efficiency values for future management 

decisions to maximize yield, NUE, and NUE components.  

Potential N Savings 

By calculating total applied N based on the hectare size of each zone within the field 

sites, we were able to quantify the total N savings possible through variable rate application 

(Table 8).  Wilke plot 2 (10.5 ha) only decreased total applied N from uniform rates by 45 kg N, 

but if ideal rates had been applied for each zone it could have been closer to 100 kg N.  Wilke 

plot 6 (12.0 ha) saved only 10 kg N through the applied variable rates, but if ideal rates had been 

applied 123 kg N could have been saved. At Wilke sites, greater field variability is likely needed 

to warrant investments in VR technologies. At the Walla Walla site (8.9 ha), VR N application 

actually increased total N applied by 5 kg N, but if ideal rates had been applied, total N savings 

would have been 279 kg N from uniform application. When calculated on an amount per unit 

area basis, ideal N fertilizer application based on these data could have saved approximately 30 

kg N ha-1 at the Walla Walla site and approximately 10 kg N ha-1 at both Wilke sites, though for 

the Wilke sites all zones were still over-applied and more N savings were possible for this 

harvest year. 
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This analysis took into account the respective sizes of the management zones that we 

defined (Table 8).  If the management zones did not represent large portions of the field, then N 

savings from variable rate application would likely be minimized and perhaps not worth the 

investment in VR technologies. No economic analysis was performed, but other studies have 

shown little to no economic improvement from VR application in dryland wheat systems (Long 

et al., 2015). These data show that the economic gain from varying N application comes by 

decreasing N rates in low yielding zones, rather than increasing N rates and thereby increasing 

yields in higher yielding zones. The extent of spatial variability, therefore, should be taken into 

account when considering VR technology investments. 

 

Conclusions 

 Evaluation of crop performance using NUE and NUE components in tandem with yield 

and protein measurements allows an in-depth look at the response of soft-white winter wheat to 

variable rate N application. By using a method of evaluation that takes into account fertilizer use 

efficiencies, it becomes simple to see areas where VRA needs to be improved to meet 

performance goals beyond yield and protein. Varying N rates for Wilke plots 2 and 6, and an on-

farm field site near Walla Walla was most effective in areas of the field that were defined as low 

yielding areas. Through decreasing N fertilizer application, potential N losses can be decreased, 

as well as money saved without taking yield penalties in these areas. A decrease in potential N 

losses is evidenced by 16% increase of NUE, as well as increases in N uptake efficiencies with 

lower rates of N fertilizer application. These values are similar to other reported values in cereal 

grain systems (Raun et al., 2002; Huggins and Pan, 2003). In these data, increases were not 
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observed across all sites that received variable N application using the management zones we 

created. Increasing N rates in zones defined as high yielding did not improve yield and decreased 

NUE, thereby increasing the potential for N losses and decreasing financial profits. 

 Examining the relationships between yield and NUE components facilitated target values 

that were associated with maximum yields across different management zones (Figure 3).  Target 

values could be used in aiding N fertilizer application decisions if relationships to other, easily 

measurable crop performance parameters are found (e.g. grain yield and protein). Much of the 

current management zone delineation is targeted towards charactering spatial variability in wheat 

yield (Link et al., 2008). Based on these data, the improvements needed in VRA involve the 

efficient use of N fertilizer. The evaluation of management zone performance is an area where 

much work is needed as the current state is largely focused on evaluating the spatial variability in 

yield without other crop performance measures. If yield, protein, NUE and other N efficiency 

components are measured and combined in an integrative way, then site-specific management 

decisions could help farmers make goals with regards to the fertilizer use as well as yield and 

protein, and then evaluate those decisions using the same tools.  

In short, there is more research needed to develop site-specific management techniques 

that integrate fertilizer use efficiencies with yield and protein measurements, and then evaluate 

those site-specific management decisions using appropriate performance criteria. By including N 

use efficiency measurements in decision-support systems, more informed decisions can be made 

that allow farmer to target performance goals that include NUE and NUE components. 

 

 



 

21 
 

References Cited 

Brown, T. 2015. Variable rate nitrogen and seeding to improve nitrogen use efficiency. Ph.D. 
Diss. Washington State Univ., Pullman. 

Dawson, J.C., D.R. Huggins, and S.S. Jones. 2008. Characterizing nitrogen use efficiency in 
natural and agricultural ecosystems to improve the performance of cereal crops in low-
input and organic agricultural systems. Field Crops Res. 107(2): 89–101. 

Fiez, T.E., W.L. Pan, and B.C. Miller. 1995. Nitrogen use efficiency of winter wheat among 
landscape positions. Soil Sci. Soc. Am. J. 59(6): 1666–1671. 

Fleming, K.L., D.G. Westfall, D.W. Wiens, and M.C. Brodahl. 2000. Evaluating farmer defined 
management zone maps for variable rate fertilizer application. Precis. Agric. 2(2): 201–
215. 

Fridgen, J.J., N.R. Kitchen, K.A. Sudduth, S.T. Drummond, W.J. Wiebold, and C.W. Fraisse. 
2004. Management zone analyst (MZA). Agron. J. 96(1): 100–108. 

Hornung, A., R. Khosla, R. Reich, and D.G. Westfall. 2003. Evaluation of site-specific 
management zones: grain yield and nitrogen use efficiency (J Stafford and A Werner, 
Eds.). Wageningen Academic Publishers, Wageningen. 

Huggins, D. 2010. Site-specific N Management for Direct-seed Cropping Systems. Chapter 16 in 
Kruger, C., G. Yorgey, S. Chen, H. Collins, C. Feise, C. Frear, D. Granatstein, S. 

Higgins, D. 
Huggins, C. MacConnell, K. Painter, C. Stöckle. 2010. Climate Friendly Farming: 
Improving the Carbon Footprint of Agriculture in the Pacific Northwest. CSANR 

Research 
Report 2010-001. Washington State University. Available at 

http://csanr.wsu.edu/pages/Climate- 
Friendly-Farming-Final-Report/. (verified 29 March 2016). 

Huggins, D.R., and W. Pan. 1993. Nitrogen Efficiency Component Analysis - an Evaluation of 
Cropping System Differences in Productivity. Agron. J. 85(4): 898–905. 

Huggins, D.R., and W.L. Pan. 2003. Key Indicators for Assessing Nitrogen Use Efficiency in 
Cereal-Based Agroecosystems. J. Crop Prod. 8(1–2): 157–185. 

Huggins, D.R., G.W. Randall, and M.P. Russelle. 2001. Subsurface drain losses of water and 
nitrate following conversion of perennials to row crops. Agron. J. 93(3): 477–486. 

Khosla, R., K. Fleming, J.A. Delgado, T.M. Shaver, and D.G. Westfall. 2002. Use of site-
specific management zones to improve nitrogen management for precision agriculture. J. 
Soil Water Conserv. 57(6): 513–518. 



 

22 
 

Koenig, R.T. 2013. Eastern Washington Nutrient Management Guide. Available at 
http://cru.cahe.wsu.edu/CEPublications/EB1987E/EB1987E.pdf (verified 29 March 
2016). 

Ladha, J.K., H. Pathak, T. J. Krupnik, J. Six, and C. van Kessel. 2005. Efficiency of Fertilizer 
Nitrogen in Cereal Production: Retrospects and Prospects. p. 85–156. In  Advances in 
Agronomy. Elsevier. 

Li, Y., Z. Shi, F. Li, and H.-Y. Li. 2007. Delineation of site-specific management zones using 
fuzzy clustering analysis in a coastal saline land. Comput. Electron. Agric. 56(2): 174–
186. 

Link, J., W.D. Batchelor, S. Graeff, and W. Claupein. 2008. Evaluation of current and model-
based site-specific nitrogen applications on wheat (Triticum aestivum L.) yield and 
environmental quality. Precis. Agric. 9(5): 251–267. 

Long, D.S., J.D. Whitmus, R.E. Engel, and G.W. Brester. 2015. Net Returns from Terrain-Based 
Variable-Rate Nitrogen Management on Dryland Spring Wheat in Northern Montana. 
Agron. J. 107(3): 1055. 

Maynard, D.G., Y.P. Kalra, and J.A. Crumbaugh. 2008. Chapter 6: Nitrate and Exchangeable 
Ammonium Nitrogen. p. 71–80. In Carter, M.R., Gregorich, E.G. (eds.), Soil sampling 
and methods of analysis. 2nd ed. Canadian Society of Soil Science ; CRC Press. 

McBratney, A., B. Whelan, T. Ancev, and J. Bouma. 2005. Future directions of precision 
agriculture. Precis. Agric. 6(1): 7–23. 

Moral, F.J., J.M. Terrón, and J.R.M. da Silva. 2010. Delineation of management zones using 
mobile measurements of soil apparent electrical conductivity and multivariate 
geostatistical techniques. Soil Tillage Res. 106(2): 335–343. 

Mosier, A.R., J.M. Duxbury, J.R. Freney, O. Heinemeyer, and K. Minami. 1996. Nitrous oxide 
emissions from agricultural fields: Assessment, measurement and mitigation. p. 589–602. 
In  Progress in nitrogen cycling studies. Springer. 

Mulla, D.J. 2013. Twenty five years of remote sensing in precision agriculture: Key advances 
and remaining knowledge gaps. Biosyst. Eng. 114(4): 358–371. 

Northwest Grain Growers. 2016. Available at http://www.nwgrgr.com/ (verified 20 June 2016). 

Raun, W.R., and G.V. Johnson. 1999. Improving Nitrogen Use Efficiency for Cereal Production. 
Agron. J. 91: 357–363. 

Raun, W.R., J.B. Solie, G.V. Johnson, M.L. Stone, R.W. Mullen, K.W. Freeman, W.E. 
Thomason, and E.V. Lukina. 2002. Improving nitrogen use efficiency in cereal grain 
production with optical sensing and variable rate application. Agron. J. 94(4): 815–820. 



 

23 
 

Soil Survey Staff, N.R.C.S., United States Department of Agriculture. 2014a. Soil Survey 
Geographic (SSURGO) Database for Lincoln County, WA. Available online. Accessed 
5/6/2016. 

Soil Survey Staff, N.R.C.S., United States Department of Agriculture. 2014b. Soil Survey 
Geographic (SSURGO) Database for Walla Walla County, WA. Available online. 
Accessed 5/6/2016. 

Sowers, K., W. Pan, B. Miller, and J. Smith. 1994. Nitrogen Use Efficiency of Split Nitrogen 
Applications in Soft White Winter-Wheat. Agron. J. 86(6): 942–948. 

Vitharana, U.W.A., M. Van Meirvenne, D. Simpson, L. Cockx, and J. De Baerdemaeker. 2008. 
Key soil and topographic properties to delineate potential management classes for 
precision agriculture in the European loess area. Geoderma 143(1–2): 206–215. 

Western Regional Climate Center. 2016. Cooperative Climatological Data Summaries. Available 
at http://www.wrcc.dri.edu/climatedata/climsum/ (verified 3 June 2016). 

Zhang, X., L. Shi, X. Jia, G. Seielstad, and C. Helgason. 2010. Zone mapping application for 
precision-farming: a decision support tool for variable rate application. Precis. Agric. 
11(2): 103–114. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

24 
 

Tables 

 

Table 1.  Annual normal temperature and precipitation data compared to harvest year weather data. 

 
 

 

Table 2. Target and actual total applied N (kg ha-1). 
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Table 3. Summary of agronomic practices for each field site. 

 

 

Table 4. Summary of nitrogen use efficiency terminology†. 
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Table 5. Grain yield (Gw) and protein comparison of variable rate applied (VRA) and uniform N rates at three field 
sites using paired t-tests. 
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Table 6. NUE (Gw/Ns), N uptake efficiency (Nt/Ns), N utilization efficiency (Gw/Nt), and N balance index (Ng/Nf) 
comparisons by zone using pairwise t-tests at three field sites. 
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Table 7. Means for NUE and NUE components with ANOVA by N treatment within each management zone. 
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Table 8. Comparison of total applied N for different treatments using size of MZ (ha) and summed for each field. 
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Figures 

 

 
Figure 1. Management zone creation for Walla Walla (a) and Wilke plot 2 (b) sites using yield and spring ECa data. 
Wilke plot 6 management zones were created using the same process as Wilke plot 2 shown above. 

 

a. 

b. 
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Figure 2. Experimental design and sampling locations for Walla Walla site and Wilke plots 2 and 6. 



 

32 
 

 

Figure 3.  Yield (kg ha-1) plotted with grain protein (g kg-1); N use efficiency (NUE) (Gw Ns-1); N utilization efficiency 
(Gw Nt-1); and N uptake efficiency (Nt Ns-1). Quadratic models are fitted to high, medium, and low, yielding data to 
approximate protein, NUE, and NUE component values that were associated with maximum yields. 
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CHAPTER 2 

Management Zone Delineation Based on NUE Performance: a Decision-Support and 

Evaluation System for Precision N Applications 

Abstract 

 Creating site-specific management zones (SSMZ) is a common method to generate 

prescription maps for nitrogen (N) fertilizer applications in site-specific or precision agriculture 

systems. The use of SSMZs has had varying success in improving crop nitrogen use efficiency 

(NUE) and economic performance. The current research objective is to evaluate the performance 

of rainfed, soft white winter wheat (SWWW) among field divisions created using: 1) typical 

principle components analysis (PCA) and fuzzy clustering of terrain and soil apparent electrical 

conductivity (ECa) data; and 2) divisions based on performance classifications derived from 

NUE and NUE components. The overall research goals are to: 1) determine if current practices 

of MZ delineation adequately represent spatial differences in crop performance; and 2) develop a 

method of MZ delineation that is based solely on easily measurable components of crop 

performance. 

 Terrain and ECa were obtained for two field sites in the inland Pacific Northwest Palouse 

region. PCA and fuzzy means clustering were used to divide the fields into clusters or zones. 

Grain yield, protein, and other performance criteria were measured and calculated at grouped 

points receiving variable rates of N fertilizer. Performance classification criteria were created 

that reflected crop performance goals regarding maximum yield and N uptake efficiency. Groups 

were classified based on 4 performance criteria to identify areas of the field that performed 

similarly. Different N rates were then analyzed for MZs created using clustering and 
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performance classification criteria. Results of the clustering analysis and performance zone 

classification only captured significant differences between zones at one of the two sites. At the 

site where differences between zones were significant, grain protein ranged from 82 g kg-1 to 116 

g kg-1 and NUE increased by 81% to 118% from highest N rate to the lowest across all zones. 

Performance class zones captured similar responses to N rates across all performance classes. 

The development of management zones based on performance criteria provides basis for the 

creation of management zones and the evaluation of N fertilizer decisions made within those 

management zones. The advantages to this method are in the management interpretation of 

performance classes as well as detailed evaluation of VR decisions increasing crop performance 

with regards to yield and protein as well as NUE and NUE component measurements. 

 

Introduction 

Spatial and temporal variation of crop nitrogen (N) use in the inland Pacific Northwest 

(IPNW) dryland wheat systems is well documented (Fiez et al., 1995, Huggins et al., 2010a, 

Huggins et al., 2010b). This is also true in rainfed and irrigated systems around the United States 

and world. Mamo et al. (2003) found, in a Minnesota rainfed corn system, that only about 50% 

of the field had a yield response to N and yield averages ranged from 8.1 to 10.9 Mg ha-1 across 

3 years of data collection. Long and coworkers (1999) found, in a dryland winter wheat system 

in Montana, yield variability for a single year ranging from 1,285 to 3,591 kg ha-1 and protein 

ranging from 119.5 to 149.1 g kg-1. Reyniers et al. (2006) found yields ranging from about 2,000 

to 9,000 kg ha-1 in a central Belgium winter wheat system. 
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Precision N management has been proposed as a solution to decrease the environmental 

and economic impacts of variable crop performance and low nitrogen use efficiencies (NUE) in 

cereal production systems (Raun et al., 2002). However, farmer implementation has remained 

low (McBratney et al., 2005). Creating site-specific management zones (SSMZ’s) is a common 

method to generate prescription maps for N fertilizer applications. Areas of the field with similar 

attributes (e.g. soil properties, fertility, terrain) are grouped and treated as sub-field sections 

(Khosla et al., 2002; Fridgen et al., 2004). Prescription fertilizer application maps are created 

based on SSMZ’s that estimate crop performance and associated N fertilizer requirements. 

Variable rate (VR) technologies are then used to apply site-specific N fertilizer.   

The use of SSMZ’s has had varying success in improving crop NUE and economic 

performance. Huggins (2010a) reported no yield or protein difference between VR and uniform 

application in some areas of the field, while others had higher yield in locations receiving 

variable rate applications (VRA) when compared to uniform applications. No economic analysis 

was performed, however areas that received less N but had higher yields would likely have 

higher economic returns, while areas with higher yields and higher N rates would require further 

analyses to determine economic returns. In an economic analysis, the cost of precision 

agriculture (PA) technology would also need to be considered for a complete idea of the values 

of VRA.  

Long et al. (2015) reported no difference in grain protein and yield in VRA treatments 

compared to uniform application. Their economic analysis also reported no economic gain from 

VRA in their water-limited grain systems of northern Montana. Link et al. (2008) also reported 

no difference in yield between uniform and VRA, but did observe improvements in NUE with 
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VRA. Improvements varied across landscape positions and overall, about 53% of site-

specifically managed grids showed higher NUE while no economic improvement was observed. 

Raun and coworkers (2002) observed NUE increases >15% in VRA wheat compared to uniform 

treatment and reported some increases in overall revenue from VRA.  

Differences in results from VRA are likely due, in part, to differing methods of SSMZ 

delineation. A complete description of methods used to delineate SSMZ’s would be a large 

undertaking, but they typically include some combination of collecting and integrating terrain 

layers such as elevation and slope (Long et al., 2015), soil apparent electrical conductivity (ECa) 

data (Moral et al., 2010), historical yield data (Hornung et al., 2003; Huggins, 2010a), remotely 

sensed data (Mulla, 2013), and farmer’s knowledge of field variability (Fleming et al., 2000). 

Using those data layers in combination to divide the field into management zones is usually done 

with a combination of principle components analysis (PCA) and a fuzzy means clustering 

statistical analysis to find the optimal number and location of clusters or “zones” that are 

evaluated using cluster validation indices (Li et al., 2007; Vitharana et al., 2008; Zhang et al., 

2010). 

Past research on appropriate methods to characterize variability in wheat performance has 

largely focused on yield as the measure of wheat performance. With the ability to evaluate 

spatial variability in crop NUE and NUE components (Huggins and Pan, 1993), evaluation of 

variable rate N management should move beyond yield and protein to assessing the ability of 

wheat crops to efficiently use fertilizer inputs. Because crop performance is an integration of all 

soil and landscape properties affecting growth, it is logical to define variability in crop 
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performance by NUE and NUE components.  These kinds of analyses may allow for site-specific 

N recommendations and a more in depth evaluation of fertilizer applications (Fiez et al., 1995). 

The current research objective is to evaluate the performance of rainfed, soft white winter 

wheat (SWWW) among field divisions created using: 1) typical PCA and fuzzy means clustering 

of terrain and ECa data; and 2) divisions based on performance classifications derived from NUE 

and NUE components (Huggins and Pan, 2003). The research goals are to: 1) determine if 

current practices of MZ delineation adequately represent spatial differences in crop performance; 

and 2) develop a method of MZ delineation that is based solely on crop performance. This new 

method will be based on relationships between N fertilizer efficiencies and measurements of 

grain yield and protein and could provide a science-based decision-support and evaluation 

system for precision N management that is based on measureable crop performance data.  

 

Research Design and Methodology 

Study Site 

Two different field sites in the dryland cropping systems of Eastern Washington were 

used for the research. The first site was 8.9 ha of a 43.5 ha on-farm site located northeast of 

Walla Walla, WA (-118.27702, 46.16650). The region is characterized by a Mediterranean-like 

climate with a mean annual temperature of 12.1°C, and an average annual precipitation of 474 

mm, the majority of which comes between September and April (Western Regional Climate 

Center, 2016). Loess deposits form the dominant soils having silt loam textures. This field 
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consisted entirely of Walla Walla silt loam series (Coarse-silty, mixed, superactive, mesic Typic 

Haploxeroll) (Soil Survey Staff, 2014). 

The second site was 4.6 ha of Washington State University’s Cook Agronomy Farm 

(CAF). This field is located northeast of Pullman, WA (-117.07760, 46.78023). Also 

characterized by a Mediterranean-like climate, the field has a mean annual temperature of 8.7°C, 

and an average annual precipitation of 517 mm, the majority of which comes between September 

and April (Western Regional Climate Center, 2016). Loess deposits also form the dominant soils 

at this site with silt loam textures. This field varied in soil series and included Naff (Fine-silty, 

mixed, superactive, mesic Typic Argixerolls), Palouse (Fine-silty, mixed, superactive, mesic 

Pachic Ultic Haploxerolls), and Thatuna (Fine-silty, mixed, superactive, mesic Oxyaquic 

Argixerolls) soil series (Soil Survey Staff, 2015). 

A summary of weather data for harvests years 2010 at CAF site and harvest year 2015 for 

Walla Walla site is given in Table 1 with a comparison to normal weather summaries. Weather 

data was taken from the Western Regional Climate Center database (Western Regional Climate 

Center, 2016).  

Agronomic Practices and Experimental Designs 

At the Walla Walla site, anhydrous ammonia (AA) was deep-banded in the fall of 2014 

using an Exactrix variable rate applicator. Applicator width was 4.57 m (15ft) with 30-cm disk 

spacing. There were 5 uniform rates (0, 40, 80, 110, 150 kg ha-1) of N applied the length of the 

study area in a repeated, randomized block design. This experimental layout allowed for 

sampling that could capture crop response to differing N treatments at a spatial scale of 4.57 m 

(Figure 1a). The field was seeded 4 days later in paired rows on 30-cm centers using a Yielder 
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no-till seeding drill. Starter fertilizer was applied with the seed equal to 19 kg N ha-1. Thus, with 

starter fertilizer finishing the fertilizer treatment, total N rates were 19 (control), 60, 100, 130, 

and 170 kg N ha-1.  Coverage maps from applicator showed target rates were not always met. 

However, a summary of actual total applied N is given in Table 2. 

At the CAF site, grid points were established in 1999 as part of long-term, whole-field 

network. In the fall of 2009, variable rates were applied in 3 m2 quadrants around the grid points 

in 4.6 ha of the field for this study. Soft white winter wheat (‘OR102’) was planted in paired 

rows with 30-cm centers using a no-till seeding drill (Horsh-Anderson) equipped with hoe-type 

openers. Urea ammonium nitrate (32-0-0) fertilizer was applied at four different rates (0, 48, 76, 

and 104 kg N ha-1) to achieve total N rates, including 9 kg N ha-1 of starter fertilizer, of 9 

(control), 57, 85, and 113 kg N ha-1 (Figure 1b). A summary of the agronomic practices for each 

field site is given in Table 3. 

Data Collection 

A Simple Sequential Inhibition process was used in R (R version 3.2.2, 2015) to 

optimized sampling for geostatistical analysis at the Walla Walla site. 85 locations were 

randomly identified within the study area that provided good coverage and allowed for low 

interpolation error near plot edges. At each of the 85 locations, additional points were added so 

that the 5 N rates were represented for a total of 425 sampling locations. Additional points were 

also added to allow for geostatistical analysis at shorter lag distances. The total number of 

sampling locations came to 501, however agronomic factors (e.g. double-seeded areas or applied 

fertilizer mistakes) decreased that amount to 463 points with harvest data (Figure 1a). The CAF 
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grid points were established in 1999 to allow geostatistical analysis and provided sufficient data 

to aid the interpolation of plot maps using data collected at quadrants surrounding the grid points.  

  Yield was measured at the Walla Walla site by hand harvesting 1-m2 areas at crop 

maturity. Harvested grain was bagged, dried, threshed using a stationary thresher, and then 

weighed to obtain yield measurements. Grain protein, test weight, and moisture data was 

obtained using near infrared reflectance (Infratec 1241 Grain Analyzer, FOSS, Denmark). 

Aboveground biomass samples were obtained at 72 locations where soil samples were also 

taken. This facilitated the calculation of total plant N, and nitrogen harvest index (NHI). NHI 

was linearly related to grain N (R2 = 0.9358) so total plant N could be predicted at each sample 

location where biomass was unmeasured. Total aboveground biomass was weighed and grain 

weight subtracted to get total aboveground residue biomass. Residue subsamples were ground to 

pass through a 1-mm sieve (Wiley Mill) and analyzed for total N by dry combustion (Elemental 

Combustion System, costech, Italy).  

Soil N and total aboveground biomass data was unavailable for the CAF study, however 

grain yield, protein, and moisture data was available. These data were used to calculate N 

balance index defined as grain N (Ng) divided by total N fertilizer applied (Nf). Grain N was 

calculated using grain protein concentration measurements obtained using near infrared 

reflectance (Infratec 1241 Grain Analyzer, FOSS, Denmark) and the assumption of 5.7% N in 

grain protein (Koenig, 2013).The spatial variability in N balance index will be the only 

performance measurement besides yield and protein used for this site. 

A digital elevation model (DEM) of the Walla Walla 8.9-ha plot was created using a 

survey grade differential global positioning system (DGPS) comprised of a base station and a 
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rover unit (Trimble AgGPS 542 RTK). Elevation data with corresponding Easting and Northing 

values were collected in the spring of 2015. The projection used was Universal Transverse 

Mercator (UTM) with World Geodetic Systems (WGS) 1984 zone 11N datum. A central location 

was selected for the base unit to be placed so that it could remain stationary for 2 hours to 

calculate its position and facilitate continuous communication with the rover unit. The survey 

resulted in 5,946 Easting and Northing points with associated elevation data for the 8.9-ha plot. 

The DEM was then generated using Inverse Distance Weighted (IDW) interpolation to raster cell 

size of 5-m. Terrain attributes derived from the resulting DEM were slope (degrees), aspect, 

curvature, plan curvature, and profile curvature (ESRI ArcGIS v. 10.2). Aspect was transformed 

to trasp = (1-cos((π/180)(aspect-30)))/2. 

A kinematic survey of apparent electrical conductivity was obtained from an electro-

magnetic induction (EMI) field survey using a Geonics EM38-MK2 sensor (EM38-MK2, 

Geonics Limited, Ontario, Canada) coupled with a Trimble AgGPS 542 DGPS. The EM38 

obtained EC readings at 75-cm and 150-cm depths. ECa readings were coupled with Easting and 

Northing locations using HGIS (StarPal 1997) software package. The resulting text files were 

imported into R statistical software (R version 3.2.2, 2015) for interpolation using a thin plate 

spline model. The 463 geo-referenced harvest sample data points (Figure 1a) were combined 

with the terrain attributes calculated from the 5-m raster and ECa measurements for subsequent 

statistical analyses. CAF terrain and apparent electrical conductivity (ECa) data was collected in 

the fall and spring of 2000. This historical data was used for subsequent MZ creation and data 

interpolation (Uberuaga, 2010). 

Analysis and Calculations 
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Wheat performance at the Walla Walla site was evaluated using yield, protein, NUE, and 

NUE components (Huggins and Pan, 2003). Yield and protein were measured as mentioned 

above. NUE and components were determined using grain yield (Gw), grain N (Ng), aboveground 

plant N (Nt), N mineralization (Nmin), applied N (Nf), and pre- and post-harvest root zone 

inorganic N.  Grain N was calculated using protein measurements and the assumption of 5.7% N 

in grain protein (Koenig, 2013). Nt was calculated using aboveground biomass weights and total 

N in the residue. At Walla Walla site, Ns was estimated from control points assuming 70% 

uptake efficiency (Nt Ns
-1) and adding Nf (Equation 1) (Brown, 2015). NUE, NUE components, 

and their calculations are summarized in Table 4, which is adapted from previous work (Huggins 

and Pan, 1993; Dawson et al., 2008).  

As mentioned above, N balance index (Ng Nf
-1) will be the only performance index used 

at the CAF site, coupled with grain yield and protein data. This simple index was related to N 

uptake efficiencies at the Walla Walla site (Figure 4) and uses data easily obtained from 

combined-mounted yield monitor and grain protein sensors. 

Nitrogen Supply, Ns = (Nt(control) –Nstarter) / 0.7) + Nf     [Equation 1] 

Spatial Analysis and MZ creation 

 To create management zones using current-state procedures, terrain and ECa data were 

run through a Principle Components Analysis (PCA) and the resulting principle components 

were clustered using a fuzzy means clustering analysis (R version 3.2.2, 2015; cluster package 

version 2.0.4). This method of management zone delineation has been widely used (Fridgen et 

al., 2004; Li et al., 2007; Zhang et al., 2010). Silhouette width was used as a measure for the 

appropriateness of the number of clusters or “zones” chosen (Maechler et al., 2016). Silhouette 
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width is an integrated measure of the dissimilarity within a cluster as well as average 

dissimilarity between a point and other clusters to which it doesn’t belong. Values near 1 are 

considered well-clustered, and values near -1 are considered poorly-clustered (Rousseeuw, 

1987). Sampled data points were overlaid on resulting clusters (Figures 2, 3) and clustering 

assignments made based on all clustering outcomes.  

The first question to be answered with the fuzzy means clustering analysis results was: 

did the resulting clusters group together areas of the field that performed differently than other 

clusters based on grain yield, grain protein, NUE, and NUE components at the Walla Walla site 

and grain yield, grain protein, and N balance index at the CAF location? This was examined 

using a two-way analysis of variance (ANOVA) with N treatment and clustering assignments as 

independent variables. It was then observed whether cluster and N treatment were significant 

predictors of crop performance measurements in the ANOVA model.  Once it was observed if 

crop measurements were significantly different between clusters and treatments, then appropriate 

pairwise comparisons were made between different N rates and levels of clustering that resulted 

from silhouette width validation. 

 Performance classifications were developed to separate wheat performance into four 

classes based on grain protein concentration and N balance index (Figure 5). Performance 

classifications are helpful in identifying areas of a field that perform similarly given some 

criteria. They aid in the identification of management conditions that contributed to low or high 

N fertilizer use efficiency and also have potential to aid in evaluating management decisions and 

making N application decisions in the future. Target grain protein values were obtained by 

plotting grain protein on x-axis, grain yield on y-axis, fitting a quadratic model to the data, and 
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observing grain protein values where maximum yield was obtained (Figure 4).  Target N balance 

index values were obtained by plotting N uptake efficiency (Nt Ns
-1) on the x-axis, N balance 

index (Ng Nf
-1) on the y-axis, fitting a quadratic model to the data, and finding N balance index 

value where 0.50 N uptake efficiency values were obtained (Figure 4). This was done for the 

Walla Walla site, however because data to calculate N uptake efficiency values at the CAF site 

were unavailable, N balance index target values from the Walla Walla site were used. This was 

possible because target N balance index values can be arbitrarily chosen depending on grower’s 

desired goals or expectations for field N uptake efficiencies. Using target values, performance 

classification criteria were developed that facilitated the separation of the fields into similar 

performing areas. Groups of sampled points at the Walla Walla and CAF sites were then 

classified by the points that represented a single, uniform N application rate across the field (100 

kg N ha-1 for Walla Walla and 84 kg N ha-1 for CAF). This was done to create data similar to 

what a grower who applied a single, uniform rate across a field would have. The performance 

classification for these N rates was then extended to points within the same group (see Figure 1a 

and 1b). Two-way ANOVA and then Tukey’s pairwise comparisons were made to examine the 

significance of performance classification and N treatment effects in locations that performed 

similarly according to the established criteria (Figure 5). R packages stats and agricolae were 

used to create the ANOVA model and then perform Tukey’s pairwise comparisons, respectively 

(R version 3.2.2, 2015; agricolae package version 1.2-3).  
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Results and Discussion 

Clustering Analysis 

At the Walla Walla site, PCA yielded 7 principle components (Table 5).  Examining the 

proportion of variation, 95% of the variation was described with the first 5 principle components. 

Eigenvectors indicated that elevation and ECa data were the most significant predictors of 

variance in the first principle component (PC), which explain 40% of the variation, while 

transformed aspect and profile curvature were the most significant in PC2, the addition of which 

led to 61% of the variation being explained. Terrain and ECa data fuzzy c-means clustering 

analysis indicated 2 or 3 zones would be appropriate using silhouette width as clustering 

validation (Rousseeuw, 1987). Silhouette widths were 0.24 and 0.21 for 2 and 3 zones, 

respectively (Figure 2).  

At the CAF site, PCA yielded 8 principle components with 93% of the variation described 

with the first 5 principle components (Table 6). Eigenvectors indicated that curvature, profile 

curvature, and planar curvature were the most significant predictors of variance in the first PC, 

which explain 32% of the variation, while spring and fall ECa were the most significant 

predictors in the second PC. The first two PC explained 56% of variation (Table 6). Terrain and 

ECa data fuzzy c-means clustering analysis indicated 2, 3, or 4 zones would be appropriate using 

silhouette width as clustering validation (Figure 3). Those different levels of clusters were all 

examined for treatment effects. Silhouette widths were 0.2, 0.19, and 0.21 for 2, 3 and 4 clusters, 

respectively. 
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Performance Classification Criteria 

The relationship between yield and protein at Walla Walla and CAF sites indicated 

maximum yield was obtained at protein concentrations around 100 g kg-1. N balance index 

values that correlated with N uptake efficiencies of 0.50 were around 1.0 for the Walla Walla site 

(Figure 4). Those two values were chosen to represent goals for winter wheat performance, and 

were used in creating performance class criteria (Figure 5). Grouping harvest points using these 

criteria allowed interpretation of treatment response within performance class zones. 

One of the potential advantages of performance classification is the N management 

interpretation associated with each performance class.  Performance class 1 is defined as areas 

where grain protein concentrations were greater than or equal to 100 g kg-1 and N balance index 

was greater than or equal to 1.00 kg Ng kg Nf
-1. These are areas where maximum yield was 

obtained based on grain yield and protein relationships (Figure 4) and N efficiency goals were 

reached, where the goal was 50% N uptake efficiency. No changes in N fertilizer management 

would be advised in these locations.  Performance class 2 is defined as areas where grain protein 

concentrations were greater than or equal to 100 g kg-1 and N balance index was less than 1.00 

kg Ng kg Nf
-1. These are areas where maximum yield was likely obtained, however N uptake 

efficiency was lower than 50% indicating a lower N rate may be applied and maximum yields 

still obtained with higher efficiency. Performance class 3 is defined as areas where grain protein 

concentrations were less than 100 g kg-1 and N balance index was greater than or equal to 1.00 

kg Ng kg Nf
-1. These are areas where grain yield could have been increased, but N efficiency 

goals were met. Increasing N fertilizer rate in these areas would potentially increase yield while 

maintaining high efficiencies. Performance class 4 is defined as areas where grain protein 
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concentrations were less than 100 g kg-1 and N balance index was less than 1.00 kg Ng kg Nf
-1. In 

these locations neither grain yield nor N use efficiency goals were obtained.  The N fertilizer 

management interpretation for this classification is more complicated and may require 

management decisions that move beyond N rate and toward N timing (e.g. split spring/fall 

fertilizer applications).  

 The criteria used for performance classes were similar to those used in Brown, 2015 

where 5 performance classes were formed and criteria started with N utilization efficiency values 

of 45 kg grain kg Nt
-1 or greater as the first division, then N uptake efficiency values of greater 

than or equal to 0.5 kg Nt kg Ns
-1, and finally N use efficiency values greater than or equal 30 kg 

grain kg Ns
-1 (Brown, 2015). Grain protein concentration values of 100 g kg-1 at the Walla Walla 

site, while correlated with maximum yields (Figure 4) were also correlated with N utilization 

efficiency values of 50 kg grain kg Nt
-1 at the Walla Walla site (data not shown). N balance index 

values of 1.0 kg Ng kg Nf
-1 were correlated with N uptake efficiency values of 0.5 kg Nt kg Ns

-1.  

Using performance classification criteria described in Figure 5 and N rates that 

represented potential uniform rates by growers (100 kg N ha-1) at the Walla Walla site, resulted 

in 136 class 1 points representing 26 groups; 41 class 2 points representing 7 groups; 130 class 3 

points representing 22 groups; and 131 class 4 points representing 22 groups (Table 10). Using 

performance classification criteria and N rates that represented potential uniform rates by 

growers (84 kg N ha-1) at the CAF site resulted in 50 class 1 points representing 13 groups; 24 

class 2 points representing 6 groups; 12 class 3 points representing 3 different groups; and 62 

class 4 points representing 16 different groups. The amount of points in each grouping suggests 

that in these fields, there were not many locations where decreasing N rate (class 2 
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interpretation) would be advisable, and at the CAF there were not many locations where 

increasing N rate would be advisable (class 3 interpretation). This would lead us to believe, 

based on our performance criteria and interpretations, that uniform rates are meeting 

performance goals in some areas (class 1 interpretation), and in most other areas different N 

management strategies beyond changing N rate should be explored (class 4 interpretation).  

Treatment Response in Fuzzy means Clustered Zones 

When the clustering or zone designation for each sampling location was analyzed for its 

significance in predicting crop performance measures, it was observed that clustering was only 

significant at the Walla Walla site and the 3 or 4 clustering level at the CAF site, but not for all 

performance measures (Tables 7, 8). This indicated that clustering analysis was able to separate 

crop performance to a degree that there was significant between clusters.  

At the Walla Walla site, when performance measures for the clustering analysis that resulted 

in 2 zones were analyzed, grain yield means ranged from 5940 to 6586 kg ha-1 in zone 1 and 

from 5413 to 6058 kg ha-1 in zone 2 (Table 7). In both zones the 100 kg N ha-1 treatment results 

in maximum yields, but that treatment was not significantly different than the next lowest N rate 

of 60 kg N ha-1 in either zone. Grain protein concentration means varied from 84 to 108 g kg-1 in 

zone 1 and 83 to 116 g kg-1 in zone 2. Both zones grain protein concentration increased with 

increasing applied N. NUE ranged from 21.5 to 42.9 kg grain kg total N supply (Ns)-1 across the 

whole field and differences between clusters were not found to be significant at the α=0.95 level. 

NUE deceased significantly with increasing applied N in both zones. There was also no 

statistical difference observed between clusters in N uptake efficiency. Through the whole field 

N uptake efficiency means ranged from 0.49 to 0.70 kg Nt kg Ns
-1. Nitrogen utilization 
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efficiencies means ranged from 45.8 to 60.9 kg grain kg Nt
-1 in zone 1 and ranged from 42.6 to 

61.8 kg grain Nt
-1 in zone 2. Decreasing the N rates led to increased N utilization efficiencies in 

both zones. Nitrogen balance index means ranged from 0.71 to 4.14 kg Ng kg Nf
-1 in zone 1 and 

from 0.60 to 4.03 kg Ng kg Nf
-1 in zone 2. Decreasing N rates also led to increased N balance 

index in both zones.  

At the Walla Walla site, when performance measures for the clustering analysis that resulted 

in 3 zones were analyzed, grain yield means ranged from 6045 to 6673 kg ha-1 in zone 1, 5755 to 

6383 kg ha-1 in zone 2, and 5345 to 5973 kg ha-1 in zone 3 (Table 7). Grain protein 

concentrations ranged from 79 to 108 g kg-1 in zone 1, 86 to 114 g kg-1 in zone 2, and 86 to 114 g 

kg-1 in zone 3. When N treatment effects on efficiency measurements within each zone was 

analyzed, it was found that NUE means ranged from 23.0 to 44.3 kg grain kg Ns
-1 in zone 1, from 

20.9 to 42.1 kg grain kg Ns
-1 in zone 2, and 21.1 to 42.3 kg grain kg Ns

-1 in zone 3. For all zones, 

NUE increased with decreasing applied N. There was no statistical difference observed between 

clusters in N uptake efficiency. Through the whole field N uptake efficiency means ranged from 

0.49 to 0.70 kg Nt kg Ns
-1. Utilization efficiencies were significantly predicted by clustering, and 

ranged from 46.6 to 63.6 kg grain kg Nt
-1 in zone 1, 43.2 to 60.2 kg grain kg Nt

-1 in zone 2, 43.1 

to 60.1 kg grain kg Nt
-1 in zone 3. As expected, decreasing applied N increased N utilization 

efficiency. Nitrogen balance index means ranged from 0.67 to 4.12 kg Ng kg Nf
-1 in zone 1, from 

0.71 to 4.15 kg Ng kg Nf
-1 in zone 2, and from 0.57 to 4.01 kg Ng kg Nf

-1. Decreasing N rates also 

led to increased N balance index in both zones. 

 Results of the clustering analysis at the CAF were not found to be significant predictors 

of crop performance at the 2 cluster level and only for grain yield and protein concentrations at 
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the 3 and 4 cluster levels (Table 9). Applied N treatment effects were still examined within 

clusters at each level of clustering and no significant differences were found in grain yield or 

protein data within zones. Only control points (9 kg N ha-1) were significantly different than 

other rates of applied N with respect to N balance index. Field average for grain yield across all 

treatments was 4797 kg ha-1 with a range of 1603 to 8567 kg ha-1. Average grain protein 

concentration across all treatments was 107 g kg-1 with a range from 71 to 211 g kg-1. Field 

average N balance index at the CAF site was 1.08 kg Ng kg Nf
-1 with a range of 0.53 to 2.88 kg 

Ng kg Nf
-1 when control points were removed, and 8.43 kg Ng kg Nf

-1 with a range of 4.35 to 14.2 

kg Ng kg Nf
-1 when only control points were analyzed (data not shown).  

The observed NUE values for the Walla Walla site are similar to those reported in other 

literature for dryland, SWWW cropping systems where typical values range from 20-40 kg grain 

kg Ns
-1 (Fiez et al., 1995; Huggins and Pan, 2003). It was interesting to note that cluster was a 

significant predictor of wheat performance at the Walla Walla site and at CAF, but not for all 

levels of clustering. This may indicate that fuzzy clustering analyses are not accurately reflecting 

zones of similar crop performance at this site, or that soil properties vary enough with clusters 

based on terrain and ECa that other predictors would need to be used to appropriately divide the 

field into management zones. This is one potential advantage of management zones created using 

remote sensing data that is converted to indices related to plant N uptake and use (Mulla, 2013). 

When performance classification criteria were applied to sample means of crop performance 

measures within zones and for each treatment (Tables 7, 8) it was observed that N rates at which 

the crop performed better, according to that criteria, were similar across zones, and usually the 

lower N rates performed as well as the higher rates at both sites.  
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Treatment Response in Performance Class Zones 

When performance measures for the zones based on performance criteria were analyzed 

at the Walla Walla site, significant differences between N rates were observed in grain yield at 

points classified as performance zones 1, 2, 3 and 4 (Table 9).  Grain yield ranged from 5738 to 

6423 kg ha-1 in performance zone 1, from 5088 to 5773 kg ha-1 in performance zone 2, from 

6011 to 6696 kg ha-1 in performance zone 3, and from 5465 to 6150 kg ha-1 in performance zone 

4. In all performance zones, highest mean yield was observed at the 100 kg N ha-1 rate and 

lowest mean yield was observed at the control N rate of 19 kg N ha-1. Mean grain protein 

concentrations ranged from 90 g kg1 at the lowest N rate to 119 g kg-1 at the highest N rate in 

performance zone 1, from 81 g kg-1 at the lowest N rate to 115 g kg-1 at the highest N rate in 

performance zone 2, from 82 g kg-1 at the lowest N rate to 109 g kg-1 at the highest N rate in 

performance zone 3, and from 79 g kg-1 at the lowest N rate to 110 g kg-1 at the highest N rate in 

performance zone 4. Across all performance zones, NUE ranged from 19.2 kg grain kg Ns
-1 to 

45.4 2 kg grain kg Ns
-1 and increased with decreasing rate of applied N across all performance 

zones. Uptake efficiencies at the Walla Walla site ranged from 0.47 kg Nt kg Ns
-1 at the highest 

N rate to 0.7 kg Nt kg Ns
-1 across all performance zones and increased with decreasing N rate. 

Utilization efficiencies ranged from 41.1 to 64.8 kg grain kg Nt
-1 across all performance zones 

and N rates and increased with decreasing N rate. N balance index ranged from 0.55 at the 

highest N rate in zone 2 to 4.59 kg Ng kg Nf
-1 at the lowest N rate in zone 1 and increased with 

decreasing rate of applied N.  

At the CAF site, grain yield means ranged from 3348 kg ha-1 at the 84 kg N ha-1 rate in 

performance zone 2, and 6900 kg ha-1 at the 84 kg N ha-1 rate in performance zone 3 (Table 10).  
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Differences in grain yield between N treatments were not significant at α=0.95 level, indicating 

large variation in yield response to N within performance zones, but performance classification 

and the interaction were both significant at α=0.95 level. Grain protein concentration means 

ranged from 86 g kg-1 at the lowest N rate in performance zone 4 to 140 g kg-1 at the lowest N 

rate in performance zone 2, however grain protein concentration differences between applied N 

rates were not significantly different at the α=0.95 level. Mean grain protein concentrations were 

highest in performance zone 2 and lowest in performance zones 3 and 4. This matches with 

performance classification interpretation of over-applied N with class 2, under-applied N in class 

3, and differences in N timing or management needed with class 4. N balance index means 

ranged from 8.43 kg Ng kg Nf
-1 in the lowest, control N rate (9 kg N ha-1to 0.80 kg Ng kg Nf

-1 at 

the highest N rate. N balance index differences between applied N rates were only significantly 

different at α=0.95 level for the control points when compared to all other N rates, and 

performance classification was not significant in the ANOVA model. The extremely high N 

balance index values at control points suggests there were large amounts of residual soil N from 

the previous hard red spring wheat crop. This is also evidenced in the large N balance index 

values at the highest, 112 kg N ha-1 rate.  

The amount of variation in performance within performance zones suggests that 

classification based on one rate of applied N does not necessarily represent the type of response 

those locations will have to a change in applied N. This was especially true at the CAF site 

where large variation resulted in no statistical differences in crop performance based on grain 

yield, protein, and N balance index. This was explored by changing the performance criteria and 

observing areas where performance class changed. N balance index criteria was increased to 1.10 
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kg Ng kg Nf
-1 and classification maps were recreated using interpolated grain protein and N 

balance index maps for visualization of changes in classification (Figure 6). Locations where 

performance class changed from class 1 to class 2 indicate areas where N rates could have been 

lowered and efficiency goals still met at the lower, 1.0 N balance cut-off.  

The value of zones based on performance criteria is in the management interpretation of 

the zones. By using criteria that is easily measured and calculated using grain yield and grain 

protein data, these types of classification and performance expectations can be set by growers 

and then prescription maps created, and evaluated using that criteria. The increase in quality and 

availability of protein sensor will aid in improved VR decisions based on N efficiency 

measurements as we have defined here (Long et al., 2008). 

 

Conclusions 

 The development of management zones based on performance criteria provides basis for 

the creation of management zones (MZ) and the evaluation of N fertilizer decisions made within 

those zones. When MZ delineation methods using fuzzy clustering analysis of terrain and soil 

ECa data, and MZ delineation methods using performance classification were evaluated using 

grain yield, protein concentration, NUE and NUE derived measures, both were able to capture 

slight differences in crop performance at the Walla Walla  and CAF sites. When performance 

measure response to different N rates was evaluated, there were different responses to N within 

zones at the Walla Walla site, but not at the CAF site. Increasing the availability and decreasing 

the price of protein sensor and yield monitor technologies will help with the implementation of 

MZ delineation based on performance criteria. The advantages to this method are in the 
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management interpretation of performance classes as well as detailed evaluation of VR decisions 

increasing crop performance with regards to yield and protein as well as NUE and NUE 

component measurements. Using yield monitor and grain protein sensor data can make 

management zone delineation more accessible to growers who could collect high density field 

data, calculate efficiency measurements like N balance index, and then create performance 

classifications based on their crop performance goals. More research is needed to understand the 

relationship between easily obtainable crop performance measures like grain yield, protein, and 

N balance index with NUE and NUE components so that performance goals and criteria include 

fertilizer use efficiency measures.  

 

 

 

 

 

 

 

 

 

 



 

55 
 

References Cited 

Brown, T. 2015. Variable rate nitrogen and seeding to improve nitrogen use efficiency. Ph.D. 
Diss. Washington State Univ., Pullman. 

Dawson, J.C., D.R. Huggins, and S.S. Jones. 2008. Characterizing nitrogen use efficiency in 
natural and agricultural ecosystems to improve the performance of cereal crops in low-
input and organic agricultural systems. Field Crops Res. 107(2): 89–101. 

Fiez, T.E., W.L. Pan, and B.C. Miller. 1995. Nitrogen use efficiency of winter wheat among 
landscape positions. Soil Sci. Soc. Am. J. 59(6): 1666–1671. 

Fleming, K.L., D.G. Westfall, D.W. Wiens, and M.C. Brodahl. 2000. Evaluating farmer defined 
management zone maps for variable rate fertilizer application. Precis. Agric. 2(2): 201–
215. 

Fridgen, J.J., N.R. Kitchen, K.A. Sudduth, S.T. Drummond, W.J. Wiebold, and C.W. Fraisse. 
2004. Management zone analyst (MZA). Agron. J. 96(1): 100–108. 

Hornung, A., R. Khosla, R. Reich, and D.G. Westfall. 2003. Evaluation of site-specific 
management zones: grain yield and nitrogen use efficiency (J Stafford and A Werner, 
Eds.). Wageningen Academic Publishers, Wageningen. 

Huggins, D. 2010a. Site-specific N Management for Direct-seed Cropping Systems. Chapter 16 
in Kruger, C., G. Yorgey, S. Chen, H. Collins, C. Feise, C. Frear, D. Granatstein, S. 
Higgins, D. Huggins, C. MacConnell, K. Painter, C. Stöckle. 2010. Climate Friendly 
Farming: Improving the Carbon Footprint of Agriculture in the Pacific Northwest. 
CSANR Research Report 2010-001. Washington State University. Available at 
http://csanr.wsu.edu/pages/Climate-Friendly-Farming-Final-Report/. (Verified 29 March 
2016). 

Huggins, D.R., and W. Pan. 1993. Nitrogen Efficiency Component Analysis - an Evaluation of 
Cropping System Differences in Productivity. Agron. J. 85(4): 898–905. 

Huggins, D.R., and W.L. Pan. 2003. Key Indicators for Assessing Nitrogen Use Efficiency in 
Cereal-Based Agroecosystems. J. Crop Prod. 8(1–2): 157–185. 

Huggins, D., W. Pan, and J. Smith. 2010b. Yield, Protein and Nitrogen Use Efficiency of Spring 
Wheat: Evaluating Field-scale Performance. Chapter 17 in Kruger, C., G. Yorgey, S. 
Chen, H. Collins, C. Feise, C. Frear, D. Granatstein, S. Higgins, D. Huggins, C. 
MacConnell, K. Painter, C. Stöckle. 2010. Climate Friendly Farming: Improving the 
Carbon Footprint of Agriculture in the Pacific Northwest. CSANR Research Report 
2010-001. Washington State University. Available at http://csanr.wsu.edu/pages/Climate-
Friendly-Farming-Final-Report/. (Verified 29 March 2016). 

 



 

56 
 

Khosla, R., K. Fleming, J.A. Delgado, T.M. Shaver, and D.G. Westfall. 2002. Use of site-
specific management zones to improve nitrogen management for precision agriculture. J. 
Soil Water Conserv. 57(6): 513–518. 

Koenig, R.T. 2013. Eastern Washington Nutrient Management Guide. Available at 
http://cru.cahe.wsu.edu/CEPublications/EB1987E/EB1987E.pdf (verified 29 March 
2016). 

Li, Y., Z. Shi, F. Li, and H.-Y. Li. 2007. Delineation of site-specific management zones using 
fuzzy clustering analysis in a coastal saline land. Comput. Electron. Agric. 56(2): 174–
186. 

Link, J., W.D. Batchelor, S. Graeff, and W. Claupein. 2008. Evaluation of current and model-
based site-specific nitrogen applications on wheat (Triticum aestivum L.) yield and 
environmental quality. Precis. Agric. 9(5): 251–267. 

Long, D.S., G.R. Carlson, and R.E. Engel. 1999. Grain protein mapping for precision 
management of dryland wheat. Precis. Agric. (precisionagric4a): 787–796. 

Long, D.S., R.E. Engel, and M.C. Siemens. 2008. Measuring grain protein concentration with in-
line near infrared reflectance spectroscopy. Agron. J. 100(2): 247–252. 

Long, D.S., J.D. Whitmus, R.E. Engel, and G.W. Brester. 2015. Net Returns from Terrain-Based 
Variable-Rate Nitrogen Management on Dryland Spring Wheat in Northern Montana. 
Agron. J. 107(3): 1055. 

Maechler, M., P. Rousseeuw, A. Struyf, M. Hubert, and K. Hornik. 2016. cluster: Cluster 
Analysis Basics and Extensions. Available at https://cran.r-
project.org/web/packages/cluster/index.html. 

Mamo, M., G.L. Malzer, D.J. Mulla, D.R. Huggins, and J. Strock. 2003. Spatial and temporal 
variation in economically optimum nitrogen rate for corn. Agron. J. 95(4): 958–964. 

Maynard, D.G., Y.P. Kalra, and J.A. Crumbaugh. 2008. Chapter 6: Nitrate and Exchangeable 
Ammonium Nitrogen. p. 71–80. In Carter, M.R., Gregorich, E.G. (eds.), Soil sampling 
and methods of analysis. 2nd ed. Canadian Society of Soil Science ; CRC Press. 

McBratney, A., B. Whelan, T. Ancev, and J. Bouma. 2005. Future directions of precision 
agriculture. Precis. Agric. 6(1): 7–23. 

Moral, F.J., J.M. Terrón, and J.R.M. da Silva. 2010. Delineation of management zones using 
mobile measurements of soil apparent electrical conductivity and multivariate 
geostatistical techniques. Soil Tillage Res. 106(2): 335–343. 

Mulla, D.J. 2013. Twenty five years of remote sensing in precision agriculture: Key advances 
and remaining knowledge gaps. Biosyst. Eng. 114(4): 358–371. 



 

57 
 

Raun, W.R., J.B. Solie, G.V. Johnson, M.L. Stone, R.W. Mullen, K.W. Freeman, W.E. 
Thomason, and E.V. Lukina. 2002. Improving nitrogen use efficiency in cereal grain 
production with optical sensing and variable rate application. Agron. J. 94(4): 815–820. 

Reyniers, M., K. Maertens, E. Vrindts, and J. De Baerdemaeker. 2006. Yield variability related 
to landscape properties of a loamy soil in central Belgium. Soil Tillage Res. 88(1–2): 
262–273. 

Rousseeuw, P.J. 1987. Silhouettes: a graphical aid to the interpretation and validation of cluster 
analysis. J. Comput. Appl. Math. 20: 53–65. 

Soil Survey Staff, N.R.C.S., United States Department of Agriculture. 2014. Soil Survey 
Geographic (SSURGO) Database for Walla Walla County, WA. Available online. 
Accessed 5/6/2016. 

Soil Survey Staff, N.R.C.S., United States Department of Agriculture. 2015. Soil Survey 
Geographic (SSURGO) Database for Whitman County, WA. Available online. Accessed 
5/6/2016. 

Uberuaga, D. P. 2010. Field Heterogeneity of Soil Organic Carbon and Relationships to Soil 
Properties and Terrain Attributes. Chapter 14 in Kruger, C., G. Yorgey, S. Chen, H. 
Collins, C. Feise, C. Frear, D. Granatstein, S. Higgins, D. Huggins, C. MacConnell, K. 
Painter, C. Stöckle. 2010. Climate Friendly Farming: Improving the Carbon Footprint of 
Agriculture in the Pacific Northwest. CSANR Research Report 2010-001. Washington 
State University. Available at http://csanr.wsu.edu/pages/Climate-Friendly-Farming-
Final-Report/. (Verified 29 March 2016). 

Vitharana, U.W.A., M. Van Meirvenne, D. Simpson, L. Cockx, and J. De Baerdemaeker. 2008. 
Key soil and topographic properties to delineate potential management classes for 
precision agriculture in the European loess area. Geoderma 143(1–2): 206–215. 

Western Regional Climate Center. 2016. Cooperative Climatological Data Summaries. Available 
at http://www.wrcc.dri.edu/climatedata/climsum/ (verified 3 June 2016). 

Zhang, X., L. Shi, X. Jia, G. Seielstad, and C. Helgason. 2010. Zone mapping application for 
precision-farming: a decision support tool for variable rate application. Precis. Agric. 
11(2): 103–114. 

 

 

 



 

58 
 

Tables 

Table 1. Annual normal precipitation and temperature summaries compared to harvest year weather data. 

  

Table 2. Summary of actual total applied N rates (kg ha-1) for Walla Walla site. 

 

Table 3. Summary of agronomic practices for each field site. 
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Table 4. Summary of nitrogen use efficiency terminology†. 

 

 

 

Table 5. Principle components analysis eigenvectors and summary of components for Walla Walla terrain and ECa 
data. 
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Table 6. Principle components analysis eigenvectors and summary of components for CAF terrain and ECa data. 
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Table 7. ANOVA and pairwise comparison of Walla Walla winter wheat crop performance in clusters derived from 
terrain and apparent electrical conductivity (ECa) data. 
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Table 8. ANOVA and pairwise comparison of Cook Agronomy Farm (CAF) winter wheat crop performance in 
clusters derived from terrain and apparent electrical conductivity (ECa) data.
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Table 9. ANOVA and pairwise comparison of winter wheat crop performance at Walla Walla site using 
performance classification as grouping method. 
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Table 10. ANOVA and pairwise comparison of winter wheat crop performance at Cook Agronomy Farm (CAF) site 
using performance classification as grouping method. 
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Figures 

 

 

Figure 1. Walla Walla site sample locations overlaid on N rates (a) and CAF grid points with variable N rates 
surrounding each (b). 

 

a. b. 
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Figure 2. Clustering results for Walla Walla site using PCA and fuzzy c-means clustering analysis for 2 clusters (top) 
and 3 clusters (bottom) with silhouette width validation. 
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Figure 3. Clustering results for Cook Agronomy Farm (CAF) site using PCA and fuzzy c-means clustering analysis for 
2 clusters (top), 3 clusters (middle), and 4 clusters (bottom) with silhouette width validation. 
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Figure 4. Plots of Walla Walla yield and protein (left), Walla Walla N uptake efficiency and N balance index (middle) and Cook Agronomy Farm (CAF) yield and 
protein (right) with fitted quadratic models. These relationships were used to find target values for grain protein where yield was maximized and N balance 
index values that related to N uptake efficiencies of 0.5. Target values were then used in performance classification criteria. 
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Figure 5. Dichotomous key to the classification of soft white winter wheat performance based on optimal grain 
protein and N balance index values. Figure adapted from Brown, 2015 

 

 

Figure 6. Performance Classification maps for visualization of spatial variability in crop performance. Maps were 
created using inverse distance weighted (IDW) interpolations of grain protein concentration and N balance index in 
raster calculator (ArcGIS) to assign performance classes. 
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Figure 1. Summary statistics for interpolated yield data broken out by management zone. These data indicate the 
zones have captured yields that are different enough to be significant to a grower. 
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Figure 2. Box plot of Walla Walla site low, medium, and high yielding zone performance criteria. The boxes 
represent approximations of 95% confidence intervals and dark lines represent median values. Red dots are the 
actual data points. Letters indicate grouping calculated using Tukey’s pairwise comparisons at α=0.95 confidence 
level. 
 

 


