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Abstract 

An effective nutrient management plan is essential for optimum wheat (Triticum 

aestivum) yields. The objectives of the first study were to: i.) evaluate changes in concentration 

of nitrogen (N), phosphorus (P), potassium (K), sulfur (S), copper (Cu), manganese (Mn), and 

zinc (Zn), within separate plant parts, throughout the growing season, ii.) evaluate the uptake 

pattern and redistribution of each of these nutrients within the plant throughout the season, and 

iii.) evaluate the impact of micronutrient and S fertilization on concentration and uptake of 

nutrients and the potential use of fertilization for biofortification. Three locations were 

established and sampled every 7 to 10 days during the spring. Samples were divided into leaf, 

stem, head, spike and grain fractions and analyzed for nutrient concentration. Concentration 

levels tended to decrease throughout the season in non-grain plant fractions and stay relatively 

constant in the grain. Harvest grain concentration of Zn was significantly higher with 

micronutrient fertilization at all locations, suggesting the possibility of Zn biofortification 

through fertilization. S, Cu, and Zn showed nutrient accumulation increases in all plant fractions 

until the time period around anthesis (Feekes 10.5.1), at which point leaf and stem fractions 

decreased in total accumulation while nutrients were remobilized to the grain. N, P, K and Mn 

showed a similar trend although timing of remobilization varied between locations and 

treatments. The objectives of the second study were to i.) evaluate the interaction of wheat 

grazing management and soil and fertilizer N requirements with emphasis on dual purpose 

wheat, ii.) assess the use of NDVI sensors for N management and forage quantity assessment in 

wheat grazing systems, and iii.) evaluate forage quality and quantity interactions with N 

management. Three locations were established and fertilized with N application rates of 0, 34, 

67, and 101 kg ha-1 in the fall, followed by simulated grazing. Spring topdress applications were 



  

made at rates of 0 and 90 kg ha-1, or a sensor based rate. The impact of grazing on grain 

production varied by location. NDVI readings correlated with biomass at two of three locations 

and N recommendations using NDVI sensors resulted in significantly lower N rates and similar 

yield results to high N application rates. Forage dry matter and N concentration increased with 

higher N rates.   
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Chapter 1 - General Introduction 

 Introduction  

Winter wheat (Triticum aestivuum) was planted on 3.4 million hectares in 2015, roughly 

double the amount of corn or soybeans planted (USDA, 2016). The highest yielding year on 

record for winter wheat in Kansas was 2016 with an estimated average of 3830 kilograms per 

hectare (USDA, 2016). Winter wheat for human consumption requires continuous improvements 

in grain yield levels as well as grain quality including nutritional value of wheat grain. 

Optimizing nutrient management can improve grain yield and quality in winter wheat.  

The most recent evaluation of nutrient uptake patterns in winter wheat was published by 

Karlen and Whitney in 1980. The 10-year grain yield average between 1971 and 1980 was 2170 

kilograms per hectare compared to 2670 for the years between 2007 and 2016. This increase in 

average yield coupled with new plant genetics can result in significant changes in nutrient uptake 

patterns as well as changes in concentration levels throughout the plant. In order to continue to 

increase wheat yields, it is imperative to have a strong understanding of the nutrient 

concentration and uptake patterns to identify critical periods of rapid nutrient accumulation as 

well as the impact of timing on nutrient concentration. This evaluation also needs to be updated 

to consider new genetics, yield potential and changes in management over time.  

Wheat is considered of global relevance as one of the three most consumed human food 

sources in the world along with maize (Zea mays) and rice (Oryza sativa). The massive staple 

consumption of wheat paired with the widespread micronutrient deficiency in human nutrition, 

especially zinc (Zn), make it a key crop for potential improvements in grain nutrient 

biofortification.  
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Grazing and grain dual purpose system for wheat can be particularly important in some 

regions of the Great Plains. A dual-purpose system can be highly profitable for producers as long 

as soil moisture and soil nutrient levels are adequate to support the increased demand. Other key 

aspects include proper management decisions by the producer such as variety choice and grazing 

timing (Redmon et. al., 1995). A crucial component in optimizing forage and grain production is 

proper nitrogen (N) management. In one study grazing removed 38 kg ha-1 of N from the 

cropping system indicating the need for additional nitrogen in a dual purpose situation when 

compared to grain only (Virgona et. al., 2006). Producers also must apply nitrogen at the proper 

rate and time to optimize forage and grain production and minimize any N loses.  

 Thesis Organization 

This thesis is presented as a series of three chapters. The titles of the chapters are: 

ñSeasonal nutrient concentration changes in wheat plant partsò; ñEvaluation of nutrient uptake 

and partitioning in winter wheatò, and ñNitrogen fertilizer management for winter wheat under 

dual purpose grazing and grain production.ò Each chapter includes an abstract, introduction, 

materials and methods, results and discussion, conclusions, and references. The three chapters 

are preceded by a general introduction and proceeded by general conclusions (Chapters 1 and 4). 

 References 

Groskurth, D. C., 2016. Kansas Acreage News Release. National Agricultural Statistics Service 

News Release. United States Department of Agriculture. 
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Chapter 2 - Seasonal nutrient concentration changes in wheat plant 

parts 

 
ABSTRACT 

Understanding the seasonal changes in nutrient concentration in winter wheat (Triticum 

aestivum) plant fractions can help to improve the use of tissue analysis as a tool for nutrient 

management. The objective of this study was to evaluate seasonal changes in macro, secondary, 

and micronutrient concentration throughout the growing season and evaluate the impact of 

micronutrient fertilization in tissue analysis values. This study was established at three locations 

in Kansas, two locations during the 2014-2015 season, and one location during the 2015-2016 

season. The experimental design was a randomized complete block design with two treatments; a 

standard fertilization and standard fertilization plus treatment.  The standard fertilization was 

nitrogen (N) at rates of 113, 119 and 102 kg ha-1 at locations 1, 2 and 3, phosphorus (P) at rates 

of 86, 90, and 90 kg (P2O5) ha-1 at each location, and potassium (K) at a rate of 56 kg (K2O) ha-1. 

The plus treatment added 17 kg ha-1 of zinc (Zn), 11 kg ha-1 of manganese (Mn), 11 kg ha-1 of 

copper (Cu), 3 kg ha-1 of boron (B), and 45 kg ha-1 of sulfur (S) to the standard treatment. 

Aboveground plant biomass was collected every 7 to 10 days during the growing season and 

analyzed for N, P, K, S, Cu, Mn, and Zn concentrations as well as dry matter levels. Grain was 

harvested for yield and analyzed for the same nutrient concentrations. Significantly higher grain 

yields from S and micronutrient fertilizer were observed at one out of three locations. Harvested 

grain showed significantly higher Zn content for all locations and higher in Cu at two locations 

when micronutrient fertilizer was applied.  

 

  



5 

 

 INTRODUCTION  

Seasonal changes in nutrient concentration within the different plant fractions can be 

highly beneficial for the use of tissue analysis as a diagnostic tool, and a better understanding of 

tissue nutrient concentration effect on grain yield. Concentration levels can help indicate plant 

nutrient stress and in some cases, yield potential.  

Understanding how concentration levels change throughout the growing season in 

healthy wheat plants can provide a baseline for further advancements in tissue sampling timing. 

Furthermore, evaluating the concentration changes as they occur in separate plant fractions can 

show critical time periods of nutrient changes and how they relate to different developmental 

stages of the plant. The nutrient concentration change compared to timing can be used to identify 

the reasoning for concentration differences in tissue samples meant for field diagnostics. Many 

studies were conducted in years past on older wheat varieties focusing on whole plant wheat 

concentration changes. 

Karlen and Whitney (1980) found that whole plant concentration of N, P, and K in wheat 

all fell throughout the spring. Preez and Bennie (1991) showed similar findings for N and P 

although K concentration increased by roughly 10 g kg-1 during three weeks to approximately 

two months after planting. Preez and Bennie (1992) also showed a small increase in Mn 

concentration similar to K roughly 50 days after planting before decreasing in a curvilinear trend. 

Copper and Zn in this study showed a curvilinear decrease throughout the season.  The 

concentration decrease that these nutrients show is attributed to the slower rate of uptake 

compared to carbon accumulation (Gregory et. al., 1979). This decline reflects the decrease in 

nutrient sufficiency levels later in the season (Mengel and Ruiz Diaz, 2009).  



6 

 

Along with whole plant concentration changes, few studies have been conducted on 

nutrient concentration changes throughout the separate plant fractions. Karlen and Whitney 

(1980) found that N concentrations decreased linearly in living leaves and stems from jointing to 

maturity. Bauer et. al. (1987) also showed leaf N concentration to decrease linearly throughout 

the season but showed stem N concentration to be a curvilinear decrease with the most rapid rate 

between stem elongation and flag leaf (Feekes 6-Feekes 8). Karlen and Whitney (1980) showed 

that P, sulfur (S) and Copper (Cu) all decreased in the living leaves while P, K, and zinc (Zn) 

decreased in stems, from jointing to flowering.  Bauer et al. (1987) also showed P to decrease in 

both leaves and stems throughout the season in a curvilinear relationship. Boatwright and Haas 

(1961) also showed very similar results with N and P concentrations decreasing in leaf, stem and 

spike fractions, throughout the season, while grain concentrations were unchanging.  

Karlen and Whitney also showed that N concentrations remained relatively constant in 

the head and grain fractions from boot to maturity and flowering to maturity respectively (1980). 

In the head, K and Zn showed a decrease from booting to maturity whereas N, P, S, all stayed 

relatively constant (Karlen and Whitney, 1980). Grain showed a very similar pattern with all 

nutrients remaining constant from heading to maturity with exception to Mn and Zn which did 

not show a consistent trend (Karlen and Whitney, 1980).  

Boatwright and Haas (1961) found that fertilization with N and P caused significantly 

greater N and P concentrations in vegetative plant parts early in the season but levels were 

similar late in the season. This same study showed significant grain concentration increases, in N 

and P, at maturity due to fertilization.  

Nutrient concentration levels of wheat grain intended for human consumption can have a 

considerable impact on the nutritional value of the food. Low levels of micronutrients in the 
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grain can lead to nutritive deficiency of populations with a large portion of diet intake from a low 

number of crop sources. For example, micronutrient deficiencies of iron (Fe) and Zn are 

prevalent in populations with a high percentage of the diet being direct wheat consumption 

(Borril et. al., 2014). It is estimated that 15 to 20 percent of the world population is at risk for Zn 

deficiency due to inadequate supplies of Zn in food sources (Wessels and Brown, 2012). Iron 

deficiency is predicted to affect even more people worldwide, up to 25% (Caballero, 2002). 

Biofortification of wheat is generally centered on Fe and Zn because they are the most 

widely deficient nutrients in diets worldwide. Zhou et. al. (2012) showed that heavy Zn 

fertilization increased grain Zn levels by up to 90% and grain yield by as much as 5%. This 

suggests that it is possible to increase Zn concentration in grain while also increasing grain 

yields. Target Zn concentration level increase for purposes of biofortification is 12 mg kg-1 as 

defined by the HarvestPlus biofortification progress briefs (2014). HarvestPlus also sets the 

target concentration level of Zn at 35 mg kg-1 for wheat grain. Fertilization of wheat with Fe was 

shown to be less effective by Aciksoz et. al. (2011), with direct Fe applications showing minimal 

or no impact on Fe concentration.    

The objectives of this study were to i) describe the seasonal changes in nutrient 

concentration levels, within separate plant fractions, throughout the growing season and ii.) 

evaluate the effect of micronutrient fertilization on grain yield and micronutrient enrichment for 

improvement of human nutritive value. 

 MATERIALS AND METHODS  

This study was conducted at two locations during the 2014-2015 growing season and one 

location during the 2015-2016 season. The experimental design of the study was a randomized 

complete block design with two treatments and four replications. Individual plot size was 55.7 
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square meters for all locations, 6.1 meters by 9.1 meters at locations 1 and 3 and 5.5 meters by 

10.1 meters at location 2. All locations were non-irrigated and used conventional tillage.   

Both treatments received an application of a broadcast blend of mono ammonium 

phosphate (MAP) [11-52-0 (N-P2O5-K2O)] and potassium chloride (KCl) [0-0-62 (N-P2O5-K2O)] 

for a total application rate of 12 kg ha-1 of N, 56 kg ha-1 of P2O5, and 56 kg ha-1 of K2O. The 

micronutrient (NPK+Micros) treatment received a broadcast blend of 17 kg ha-1 of Zn, 11 kg ha-1 

of Mn, 11 kg ha-1 of Cu, 3 kg ha-1 of boron, and 45 kg ha-1 of S in addition to the previously 

described N, P, and K fertilizer. 

Location 1 was established in Manhattan, KS (Riley Co) (39°12'26"N; 96°35'46òW) 

(Table 2.1). A mixture of urea ammonium nitrate (UAN) 28% N and ammonium polyphosphate 

(APP) [10-34-0 (N-P2O5-K2O)] containing 56 kg ha-1 of N and 30 kg ha-1 of P2O5 was applied 

pre-plant in late July, along with the previously mentioned broadcast blend applied after 

planting, for a total of 68 and 86 kg ha-1 N and P applied during the fall. Spring top-dress of N 

was completed with 45 kg ha-1 of N applied in the spring as UAN (28-0-0) to the entire study 

area. The total amount of N applied during the entire season was 113 kg ha-1. 

Location 2 was in Belleville, KS (Republic Co) (39°48'53"N; 97°40'22"W) (Table 2.1). 

An application of a liquid mixture of UAN (28-0-0) and APP (10-34-0) containing 90 kg ha-1 of 

N and 34 kg ha-1 of P2O5 was applied pre-plant, along with the previously mentioned broadcast 

blend applied after planting, for a total of 102 kg ha-1 and 90 kg ha-1 N and P applied in the fall. 

In the spring, an additional 17 kg ha-1 of N was applied as broadcast urea. The total amount of N 

applied during the entire season was 119 kg ha-1. 

Location 3 was established in Ashland Bottoms (Riley Co) (39°8'45"N; 96°37'49"W) 

(Table 2.1). A liquid broadcast blend of UAN (28-0-0) and APP (10-34-0) was applied pre plant 
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containing 56 kg ha-1 of N and 34 kg ha-1 of P2O5, along with the previously mentioned broadcast 

blend applied after planting, for a total of 68 kg ha-1 and 90 kg ha-1 N and P applied during the 

fall. In the spring, an additional 34 kg ha-1 of N was applied as surface banded UAN (28-0-0). 

The total amount of N applied during the entire season was 102 kg ha-1. 

Soil Sampling and analyses 

Soil samples were collected from each plot at the time of planting at the 0-15 cm and 0-

60 cm.  Samples were dried at 40°C and ground to pass a 2mm sieve before analysis. The 0-15 

cm samples were analyzed for pH with a 1:1 (soil:water) method (Watson and Brown, 1998),  

soil test P with the Mehlich-3 extraction (Frank et al., 1998), K by the ammonium acetate 

extraction (Warncke and Brown, 1998), organic matter by loss on ignition (Combs and Nathan, 

1998), Cu, Mn, and Zn, with the DTPA extraction (Whitney, 1998). Samples collected at the 0-

60 cm depth were analyzed for nitrate using the KCl extraction (Gelderman and Beegle, 1998), 

Cl with a calcium nitrate extraction (Gelderman et al., 1998), and S using a calcium phosphate 

extraction (Combs et. al.,1998). Soil test results are listed in Table 2.2. 

Plant Tissue Sampling and Analysis 

Above ground plant sampling started in the fall before wheat dormancy in the winter. 

One sampling was completed in the fall for locations 1 and 2, and two fall samplings for location 

3. Sampling ceased throughout the winter and was reinitiated at spring green-up, with subsequent 

sampling once every 6 to 12 days depending on weather, for a total sampling number of 12 at 

location 1, 13 at location 2, and 15 at location 3. Plant samples were hand-clipped at ground level 

from two rows positioned roughly 1 m inside left and right plot edges, at a length of 76 cm. Total 

sampling area was .387 m2 at locations 1 and 3 and .29 m2 at location 2. Samples were taken 

from the front left corner of the plot at the first sampling time and then moved progressively up 
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the plot with roughly 50 cm between sample locations. Once sampling position reached the end 

of the plot, the samples were taken from the right front corner of the plot and moved up the plot 

on that side. This allowed the central area of the plot to remain undisturbed for the purpose of 

grain harvest. Samples were then separated into plant fractions that include leaf, stem, spike and 

grain depending on the growth stage. Samples were then dried at 60oC, weighed for biomass and 

ground to pass a 2mm mesh. They were then analyzed for total N using a sulfuric peroxide digest 

(Matsunaga & Shiozaki, 1987) and Zn, Cu, Mn, S, P, and K using a nitric perchloric digest 

(Gieseking et. al., 1935).  

Grain Harvest and Analysis 

Grain was harvested from the center of the plots where previous plant sampling did not 

occur, using a plot combine at a width of 1.4 m and the length of the plot. Grain was then 

weighed for yield and tested for moisture and test weight before being ground to pass a 2-mm 

mesh and analyzed for total N using sulfuric peroxide digest and Zn, Cu, Mn, S, P, and K using a 

nitric perchloric digest. Reported grain yield is adjusted to 13 % moisture. 

Statistical Analysis 

Statistical analysis by location was performed using the GLIMMIX procedure in SAS 9.4 

(SAS Institute Inc, 2012). Plant tissue nutrient concentration was analyzed using sampling time 

as repeated measure in the model and blocks as random effect. Grain yield analysis at the end of 

the season was done using blocks as random effect. A significance level of 0.10 was used for 

analysis.  
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 RESULTS AND DISCUSSION 

Leaf tissue nutrient concentration 

Leaf tissue biomass and nutrient concentration levels throughout the season show 

somewhat varied results across locations. Sampling date had a significant impact on every 

nutrient at all locations (Table 2-3). Leaf biomass at location 1 showed some increase in early 

spring and a decrease by harvest, however biomass levels were highly variable during the 

growing season (Fig 2.1). Leaf biomass at locations 2 and 3 increased rapidly until anthesis 

(Feekes 10.5.1) (Wise et. al, 2011) at which point it starts to decrease until harvest (Fig. 2-2 and 

2-3). Location 3 showed a significant biomass response to the application of S and 

micronutrients. This response may be due to a S fertilizer response considering the low soil OM 

and S levels (Table 2.2) (Rasmussen et. al., 1975).  

Nitrogen concentration in the leaf followed similar overall trends for all locations, with 

higher concentration at early growth stages and decreasing until harvest (Fig. 2.1, 2.2, and 2.3). 

This trend for N concentration in the leaf agrees with previous studies (Karlen and Whitney, 

1980). The application of S and micronutrients show no effect on leaf N concentration 

throughout the growing season.  

Phosphorus leaf tissue concentration showed an overall decrease over the growing season 

for all locations (Fig. 2.1, 2.2, and 2.3). The rate of decrease in P tissue concentration is generally 

faster during early growth until anthesis (Feekes 10.5.1) and little changes until harvest. 

Potassium tissue concentration showed a very similar trend for all locations (Fig. 2.1, 2.2, and 

2.3). The concentration of K showed a small increase around spring green-up then decreasing 

until anthesis (Feekes 10.5.1) at which point the rate of decrease becomes very rapid until 
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harvest. Gregory et. al. (1979) suggests this loss of K is efflux from the plants back through the 

roots while Miller (1939) claims leaching from senescing leaves may also be occurring.  

Sulfur concentration in the leaf tissue generally showed an increase around green-up until 

anthesis (Feekes 10.5.1) for all locations and then rapidly decreasing until harvest (Fig. 2.1, 2.2 

and 2.3). Locations 2 and 3 showed significantly higher tissue S concentration throughout the 

growing season with the application of S and micronutrients (Fig. 2.2 and 2.3). Copper leaf 

tissue concentration was generally constant during the growing season, with a slight decrease in 

concentration as the season progresses, however with some variability for all locations (Fig. 2.1  

2.2 and 2.3). The application of Cu fertilizer resulted in significant increase in Cu leaf tissue 

concentration for all locations. Relatively higher Cu concentration was significant at early and 

late growth stages. Manganese concentration in the leaf tissue varied during the growing season, 

however, the overall trend for all locations were for an increase in Mn concentration (Fig. 2.1, 

2.2 and 2.3). Location 1 showed higher Mn concentration with the application of Mn fertilizer 

for several sampling points during the growing season, particularly during early and late stages 

(Fig. 2.1). Zinc concentration in the leaf was generally higher early in the season and decreased 

during late growth stages, with similar trends for all locations (Fig. 2.1, 2.2 and 2.3). 

Furthermore, the application of Zn fertilizer treatments resulted in an overall increase in tissue 

Zn concentration at all locations.  

Stem tissue nutrient concentration 

Stem biomass and nutrient concentration levels showed less variable patterns during the 

growing season for all locations when compared to concentrations in the leaf (Fig. 2-4, 2-5, 2-6). 

Stem biomass increased rapidly at all locations early in the season until anthesis (Feekes 10.5.1) 

and decreasing at the end of grain fill. Stem biomass at location 3 was significantly higher with 
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the application of S and micronutrient fertilizers (Fig. 2.4, 2.5 and 2.6). This response was 

similar to the biomass response in the leaf, and was likely due to the applied S fertilizer because 

of the high amount of applied S and location conditions susceptible to S deficiency such as deep 

sand profile, low organic matter and high rainfall (Table 2.1, 2.2). Nitrogen concentration levels 

decreased from the start of stem elongation until harvest at all locations. Trends for P and K were 

also similar to N and showed a significant decrease at all locations. Sulfur trends were similar for 

all locations with higher concentration during early growth stages (Fig. 2.4, 2.5 and 2.6). Sulfur 

concentration in the stem was significantly higher with the application of S fertilizer and 

differences in concentration levels were particularly noticeable during late growth stages. Sulfur 

concentration values from location 1 at Feekes 10.5.4 were omitted due to excessively high 

values, potentially caused by sampling error (Figure 2.4). Copper decreased slightly throughout 

the season at all locations with some effect of Cu fertilizer application on Cu stem tissue 

concentration. Manganese concentration decreases throughout the season with significantly 

higher concentration levels in the treatment with S and micronutrients. Zinc concentration in the 

stem generally decreased throughout the season, with an overall increase in concentration with 

the application of Zn fertilizer (Fig. 2.4, 2.5 and 2.6). Furthermore, Zn fertilizer application 

resulted in a slight increase in Zn tissue concentration in the stem at the end of the growing 

season with significantly higher Zn values for the last two sampling dates.  

Head tissue nutrient concentration 

The head fraction was separated from stems when the heads were clearly differentiated 

from the stem (around Feekes 8-10 for all locations). The number of sampling dates for the head 

fraction was 4 at location 1 and 5 for locations 2 and 3, beginning at Feekes 11.2 the head 

fraction was further separated into the two fractions of spike and grain. The head biomass 
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increased linearly for all locations while N, P, K and Zn tissue concentration decreased in fairly 

linear trends. Head biomass at location 3 showed a significant effect of S and micronutrient 

fertilization, with a significant increase in biomass particularly for late growth stages. However, 

N, P, K and Zn tissue concentration were not affected by fertilizer application. Sulfur 

concentration generally decreases during the growing season in the head fraction, with 

significantly higher S concentration with S fertilizer application at location 3 (Fig. 2.7, 2.8 and 

2.9). Manganese concentration in the head tissue showed an overall increase over time for all 

locations with no significant effect of Mn fertilizer application. Copper tissue concentration 

generally decreases for all locations with no clear effect of Cu fertilizer application. 

Spike nutrient concentration 

Nutrient concentration levels for spike fractions were evaluated for the final two 

sampling dates when spike and grain samples were separated at the growth stages Feekes 11.2 

and 11.3. At all locations S showed a significant decrease from the first to second sampling date 

with no significant differences between fertilizer treatments (Table 2.3, 2.4). Copper did not 

show any discernible trend. Zinc showed a significant decrease at location 3 while Mn increased 

at the same location. 

Grain nutrient concentration 

Grain samples were collected during the same dates as spike samples with two sampling 

dates for each location. Grain biomass increased from one sampling date to the next at all 

locations (Table 2.5). Location 3 showed a significantly higher grain biomass for the treatment 

with S and micronutrient fertilizer. Nitrogen concentration in the grain showed little change 

between sampling time and treatments for all locations. Phosphorus, K and Mn all show 

decreases in both treatments with no significant differences. Potassium, S, Cu and Mn showed 
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little change between sampling times and treatments at all locations. Zinc concentration in the 

grain showed an increase with the application of Zn fertilizer particularly at locations 1 and 3.  

Grain yield and nutrient concentration at harvest  

Yield and nutrient concentrations of harvest grain in all treatments and locations are 

shown in Table 2.6. Yield results show a significantly higher yield for the treatment with S and 

micronutrient fertilizer at location 3. This yield increase is most likely due to the additional S 

fertilizer given the low soil test S levels (Table 2.2). Nitrogen concentration in the grain was 

significantly higher at location 3 with the NPK only treatment, likely due to lower yields and the 

same amount of N fertilizer applied. The NPK+Micros treatment was also significantly higher in 

Zn concentration levels at all locations. At all three locations the NPK+Micros treatment reached 

the target level of 35 mg kg-1 provided by HarvestPlus. Averaged across all locations Zn 

concentration was increased by 10 mg kg-1. This is still under the HarvestPlus target of 12 mg kg-

1 increased concentration level however, it shows fertilization of Zn to be one potential tool for 

biofortifying wheat. Across all sites average Zn removal was 0.14 kg ha-1 which is 0.008% of the 

applied amount of Zn. This reflects the high amount of fertilizer Zn that is required to increase 

concentration levels. Further studies are necessary to show the amount of concentration increase 

that heavy Zn fertilization increases concentration in proceeding years. Copper concentration 

levels were significantly higher in the NPK+Micros treatment at locations 1 and 2, however were 

much lower and not significantly different at location 3 likely due to much lower soil test Cu 

levels and higher sand content in the soil.  

 CONCLUSIONS 

Yield increase from S and micronutrient fertilization was seen at only one location and 

was most likely attributed to S fertilization due to low soil S levels. General macronutrient 
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concentration trends showed declining values throughout the season in vegetative parts and 

maintaining in grain throughout development. These results are similar to previously conducted 

studies. Significantly higher concentration levels, from S and micronutrient fertilizer application, 

were found for Cu and Zn within most plant parts, as well as S within leaves and stems. In 

harvest grain, Zn was significantly higher in the NPK+Micros treatment at all locations. Average 

Zn concentration level was 40 mg kg-1 in the NPK+Micros treatment, an increase of 10 mg kg-1 

over the NPK treatment. These values are above and very near the target values of 35 and 12 mg 

kg-1 established by HarvestPlus. Results from this study showed that Zn fertilization is a useful 

tool that can be implemented for biofortification purposes.  
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Table 2-1. Description of locations in 2014-2015 and 2015-2016. 

 

    Precipitation  Planting 

Rate 

Planting 

Date Location Year County  Soil SeriesÀ Soil Subgroup 30-yr 1-yr Season Variety 

     - - - - - - mm - - - - -  kg ha-1  

1 2014-2015 Riley Smolan ScL Pachic Argiustolls 904 777 599 Hotrod 45 10/6/2014 

2 2014-2015 Republic Crete SL Pachic Udertic Argiustolls 775 655 381 Everest 102 10/7/2014 

3 2015-2016 Riley Belvue SL Typic Udifluvents 904 988 652 Everest 45 10/6/2015 

À SCL, Silty clay loam; SL, Silty loam 
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Table 2-2. Initial soil test results from each location. 

 Location 

Soil parameter À 1 2 3 

pH 5.9 4.6 5.4 

OM (g kg-1) 21.5 29.0 16.0 

P (mg kg-1) 36 59 69 

K (mg kg-1) 293 475 232 

Cu (mg kg-1) 1.5 1.7 0.7 

Mn (mg kg-1) 25.5 82.5 14.5 

Zn (mg kg-1) 1.1 1.2 1.1 

NO3-N (mg kg-1) 13.0 21.5 21.0 

Cl (mg kg-1) 2.8 6.2 4.5 

S (mg kg-1) 9.8 13.8 1.9 

À pH 1:1 soil:water, organic matter, loss on ignition, P, Mehlich-

3, K, ammonium acetate, Cu, Mn, Zn, DTPA Extraction, NO3-

N, potassium chloride extractant, Cl, calcium nitrate extraction, 

S, calcium phosphate extraction. pH, organic matter, P, K, Cu, 

Mn, Zn were all sampled at 0-15 cm depth. NO3-N, Cl, S were 

all sampled at 0-60 cm depth.  
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Table 2-3. Significance of F values for fertilizer treatment (FT), sampling date (SD), and the interaction of fertilizer treatment by sampling date 

effects on N, P, K, S, Cu, Mn, and Zn concentrations in leaf, stem, head, spike and grain fractions at all location. 

 Leaf   Stem  Head   Spike    Grain  

Nutrient FTÀ SD FT × SD  FT SD FT × SD  FT SD FT × SD  FT SD FT × SD  FT SD FT × SD 

  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P < F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - 

Location 1 

N 0.442 <0.001 0.691  0.768 <0.001 0.456  0.497 <0.001 0.998  0.935 0.030 0.495  0.349 0.030 0.195 

P 0.484 <0.001 0.927  0.744 <0.001 0.404  0.871 <0.001 0.556  0.898 0.558 0.918  0.696 0.267 0.571 

K 0.761 <0.001 0.128  0.527 <0.001 0.677  0.844 <0.001 0.842  0.321 <0.001 0.634  0.419 <0.001 0.362 

S 0.132 <0.001 0.156  0.209 <0.001 0.246  0.988 <0.001 0.669  0.359 0.056 0.842  0.138 0.142 0.579 

Cu <0.001 <0.001 0.002  0.138 <0.001 0.912  0.114 0.036 0.229  0.561 0.710 0.091  0.060 0.045 0.125 

Mn 0.164 <0.001 0.716  0.268 <0.001 0.720  0.177 <0.001 0.840  0.268 0.265 0.495  0.353 0.642 0.760 

Zn 0.002 <0.001 0.249  0.010 <0.001 0.189  0.205 0.001 0.977  0.044 0.574 0.130  0.010 0.228 0.338 

Location 2 

N 0.716 <0.001 0.628  0.761 <0.001 0.057  0.066 <0.001 0.079  0.103 0.012 0.263  0.776 0.570 0.803 

P 0.466 <0.001 0.957  0.315 <0.001 0.452  <0.001 <0.001 0.000  0.235 0.018 0.079  0.628 0.508 0.518 

K 0.754 <0.001 0.173  0.963 <0.001 0.367  0.012 <0.001 0.008  0.230 0.318 0.739  0.798 0.000 0.372 

S <0.001 <0.001 0.345  0.004 <0.001 0.495  0.712 <0.001 0.033  0.747 0.002 0.550  0.526 0.099 0.866 

Cu <0.001 <0.001 <0.001  0.008 <0.001 0.631  0.092 <0.001 0.185  0.634 0.340 0.207  0.861 0.634 0.396 

Mn 0.185 <0.001 0.878  0.111 <0.001 0.752  0.401 <0.001 0.409  0.798 0.278 0.375  0.816 0.765 0.661 

Zn 0.001 <0.001 0.076  0.003 <0.001 0.068  0.303 <0.001 0.109  0.920 0.936 0.889  0.783 0.328 0.188 

Location 3 

N 0.281 <0.001 0.458  0.033 <0.001 0.792  0.021 <0.001 0.332  0.470 0.158 0.768  0.006 0.942 0.578 

P <0.001 <0.001 0.082  0.032 <0.001 0.952  0.523 <0.001 0.885  0.401 0.173 0.589  0.024 0.181 0.806 

K 0.207 <0.001 0.599  0.371 <0.001 0.008  0.309 <0.001 0.868  0.107 0.111 0.029  0.339 0.915 0.309 

S <0.001 <0.001 0.172  <.0001 <0.001 0.042  0.050 0.006 0.384  0.342 0.076 0.699  0.997 0.385 0.261 

Cu <0.001 0.001 0.006  0.001 <0.001 0.003  0.290 0.161 0.239  0.285 0.244 0.215  0.736 0.549 0.945 

Mn 0.133 <0.001 0.986  0.025 <0.001 0.390  0.432 <0.001 0.077  0.322 0.006 0.150  0.547 0.136 0.734 

Zn 0.001 <0.001 0.672   0.001 <0.001 0.324   0.057 <0.001 0.566   0.167 0.023 0.694   0.085 0.713 0.180 

À FT, Fertilizer Treatment, SD, Sampling date 
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Table 2-4. Nutrient concentration in spike fraction of plants at the last two whole plant sampling 

dates before harvest. 

TreatmentÀ Biomass N P K S Cu Mn Zn 

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

Location 1: June 4th 

NPK 1668 9.3 1.0 5.8 0.75   3.8bÿ 39 15 

NPK+Micros 1915 8.7 1.1 6.1 0.85 5.3a 54 20 

Location 1: June 17th 

NPK 1627 5.8 1.0 2.6 0.64 4.7 42 13b 

NPK+Micros 1381 6.5 1.0 3.1 0.73 3.9 63 26a 

Location 2: June 9th 

NPK 2051b 11.0 2.0 8.9 0.90 6.2 160 20 

NPK+Micros 2164a 10.8 2.0 8.6 0.91 4.5 156 20 

Location 2: June 16th 

NPK 1876a 9.1a 1.9a 8.6 0.76 5.5 161 20 

NPK+Micros 1744b 8.1b 1.5b 8.4 0.73 8.8 172 21 

Location 3: June 3rd 

NPK 1108b 6.8 1.9 7.6a 0.64 1.9 98 14 

NPK+Micros 2016a 6.2 1.8 6.3b 0.62 1.8 81 24 

Location 3: June 10th 

NPK 1387 5.8 2.3 6.3 0.54 1.8b 108 10 

NPK+Micros 1531 4.8 2.0 5.7 0.48 2.5a 105 18 
À NPK treatment received a total of 113 kg ha-1 N, 86 kg ha-1 P2O5, 56 kg ha-1 K2O from fertilizer at location 1, 119 

kg ha-1 N, 90 kg ha-1 P2O5, 56 kg ha-1 K2O from fertilizer at location 2, and 102 kg ha-1 N, 90 kg ha-1 P2O5, 56 kg ha-1 

K2O from fertilizer at location 3. NPK+Micros treatment received the same amounts of N, P2O5, and K2O amounts 

as the NPK treatment plus 17 kg ha-1 of Zn, 11 kg ha-1 of Mn, 11 kg ha-1 of Cu, 3 kg ha-1 of B, and 45 kg ha-1 of S.  

ÿ Letters represent a statistical difference between treatments at a probability level of 0.1. 

 

 

  



26 

 

Table 2-5. Concentration levels of nutrients in grain fraction of plants at the last two whole plant 

sampling dates before harvest. 

À NPK treatment received a total of 113 kg ha-1 N, 86 kg ha-1 P2O5, 56 kg ha-1 K2O from fertilizer at location 1, 119 

kg ha-1 N, 90 kg ha-1 P2O5, 56 kg ha-1 K2O from fertilizer at location 2, and 102 kg ha-1 N, 90 kg ha-1 P2O5, 56 kg ha-1 

K2O from fertilizer at location 3. NPK+Micros treatment received the same amounts of N, P2O5, and K2O amounts 

as the NPK treatment plus 17 kg ha-1 of Zn, 11 kg ha-1 of Mn, 11 kg ha-1 of Cu, 3 kg ha-1 of B, and 45 kg ha-1 of S.  

ÿ Letters represent a statistical difference between treatments at a probability level of 0.1. 

 

 

  

TreatmentÀ Biomass N P K S Cu Mn Zn 

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

Location 1: June 4th 

NPK 3710 18 3.3 4.2 1.18   3.9bÿ 37 26b 

NPK+Micros 4130 18 3.3 4.2 1.26 5.0a 43 35a 

Location 1: June 17th 

NPK 4650 18 2.9 2.8 1.23 3.7 35 27b 

NPK+Micros 4703 20 3.1 3.1 1.34 4.0 39 41a 

Location 2: June 9th 

NPK 3321 22 4.3 6.3 1.39 4.1 77 38 

NPK+Micros 3233 22 4.3 6.3 1.34 3.9 76 34 

Location 2: June 16th 

NPK 3730 22 4.3 5.6 1.24 3.6 74 37 

NPK+Micros 3891 22 4.2 5.5 1.21 4.0 77 41 

Location 3: June 3rd 

NPK 2238b 22a 4.6 5.2 1.12 2.3 48 29b 

NPK+Micros 4022a 18b 4.3 4.9 1.17 2.4 52 40a 

Location 3: June 10th 

NPK 3054 22a 4.8 5.0 1.20 2.5 56 33 

NPK+Micros 3967 18b 4.6 5.1 1.15 2.7 58 38 
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Table 2-6. Grain yield and nutrient concentration in the grain at harvest for at all 

locations. 

TreatmentÀ Yield N P K S Cu Mn Zn 

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

Location 1 

NPK 4570 19 3.3 3.1 1.2 3.5bÿ 36 28b 

NPK+Micros 4696 18 3.3 3.1 1.3 4.0a 37 40a 

Location 2 

NPK 3818 21 4.4 4.7 1.3 3.5b 74 38b 

NPK+Micros 3643 21 4.3 4.6 1.3 4.0a 78 45a 

Location 3 

NPK 3310b 19a 3.3 3.1 1.0 1.2 41b 26b 

NPK+Micros 4014a 17b 3.3 3.3 1.0 1.2 48a 37a 

À NPK treatment received a total of 113 kg ha-1 N, 86 kg ha-1 P2O5, 56 kg 

ha-1 K2O from fertilizer at location 1, 119 kg ha-1 N, 90 kg ha-1 P2O5, 56 kg 

ha-1 K2O from fertilizer at location 2, and 102 kg ha-1 N, 90 kg ha-1 P2O5, 

56 kg ha-1 K2O from fertilizer at location 3. NPK+Micros treatment 

received the same amounts of N, P2O5, and K2O amounts as the NPK 

treatment plus 17 kg ha-1 of Zn, 11 kg ha-1 of Mn, 11 kg ha-1 of Cu, 3 kg ha-

1 of B, and 45 kg ha-1 of S.  

ÿ Letters represent a statistical difference between treatments at a 

probability level of 0.1. 
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Figure 2-1.  Concentration levels of nutrients in the leaves at various sampling times throughout 

the growing season, initiated on December 3rd and concluded on June 17th. Figures show both 

NPK fertilizer and NPK+Micros fertilizer treatments at Location #1. 
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Figure 2-2. Concentration levels of nutrients in the leaves at various sampling times throughout 

the growing season, initiated on December 3rd and concluded on June 16th. Figures show both 

NPK fertilizer and NPK+Micros fertilizer treatments at Location #2. 
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Figure 2-3. Concentration levels of nutrients in the leaves at various sampling times throughout 

the growing season, initiated on November 9th and concluded on June 10th. Figures show both 

NPK fertilizer and NPK+Micros fertilizer treatments at Location #3. 
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Figure 2-4. Concentration levels of nutrients in the stems at various sampling times throughout 

the growing season. Separation of stems and leaves began on April 9th and continued until June 

17th. Figures show both NPK fertilizer and NPK+Micros fertilizer treatments at location #1. 
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Figure 2-5. Concentration levels of nutrients in the stems at various sampling times throughout 

the growing season. Separation of stems and leaves began on April 9th and continued until June 

16th. Figures show both NPK fertilizer and NPK+Micros fertilizer treatments at location #2. 



33 

 

Nitrogen

g
 k

g
-1

10

20

30

40

Biomass

k
g

 h
a

-1

1000

2000

3000

4000

5000

6000

7000

Phosphorus

g
 k

g
-1

2

4

6

Potassium

g
 k

g
-1

10

20

30

40

50

Sulfur

g
 k

g
-1

0.5

1.0

1.5

2.0

a

b

a

b

a

b

a

b

a

b

a
aaaaa

b
bbbbb

10 10
.5
.2

8 11
.1

Feekes Stage

5 11
.3

7 11
.2

6 11
.1

Copper

m
g

 k
g

-1

2

4

6

a

b

a

b

Date vs Trt 1 

Date vs Trt 2 

Manganese

Day

Mar-14  Mar-28  Apr-11  Apr-25  May-9  May-23  Jun-6  

m
g

 k
g

-1

0

20

40

60

80

100

120

140

Zinc

Day

Mar-14  Mar-28  Apr-11  Apr-25  May-9  May-23  Jun-6  

m
g

 k
g

-1

0

10

20

30

40

a

b

a

a

a

a

b

bb

b

NPK Fertilizer Treatment

NPK+Micros Fertilizer Treatment

9 10
.5
.4

a

b

a

b

a

b

a

b

a

b

a

b

a

b
a

b

a

b

a

b

a

b

a

b

a

b

a

b

a

b

10 10
.5
.2

8 11
.1

5 11
.3

7 11
.2

6 11
.1

9 10
.5
.4

Figure 2-6. Concentration levels of nutrients in the stems at various sampling times throughout 

the growing season. Separation of stems and leaves began on March 17th and continued until 

June 10th. Figures show both NPK fertilizer and NPK+Micros fertilizer treatments at location 

#3. 
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Figure 2-7. Concentration levels of nutrients in the heads at various sampling times throughout 

the growing season. Separation of heads from stems began on April 29th and continued until 

June 4th when heads were then separated into spike and grain. Figures show both NPK fertilizer 

and NPK+Micros fertilizer treatments at Location #1. 
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Figure 2-8. Concentration levels of nutrients in the heads at various sampling times throughout 

the growing season. Separation of heads from stems began on April 30th and continued until 

June 9th when heads were then separated into spike and grain. Figures show both NPK fertilizer 

and NPK+Micros fertilizer treatments at Location #2. 
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Figure 2-9. Concentration levels of nutrients in the heads at various sampling times throughout 

the growing season. Separation of heads from stems began on April 21st and continued until 

June 3rd when heads were then separated into spike and grain. Figures show both NPK fertilizer 

and NPK+Micros fertilizer treatments at Location #3.  
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Chapter 3 - Evaluation of nutrient uptake and partitioning in winter 

wheat 
 

 ABSTRACT 

The nutrient uptake and partitioning patterns of winter wheat (Triticum aestivum) has 

been studied in the past however, advancing wheat genetics and new varieties warrant further 

research into the area. The objective of this study was to evaluate the macro, secondary, and 

micronutrient uptake and partitioning patterns of winter wheat throughout the growing season 

and evaluate potential nutrient remobilization differences due to micronutrient fertilization. This 

study was established at three locations in Kansas, two locations during the 2014-2015 season, 

and one location during the 2015-2016 season. The experimental design was a randomized 

complete block design with two treatments; a standard fertilization and standard fertilization plus 

treatment.  The standard fertilization was nitrogen (N) at rates of 113, 119 and 102 kg ha-1 at 

locations 1, 2 and 3, phosphorus (P) at rates of 86, 90, and 90 kg (P2O5) ha-1 at each location, and 

potassium (K) at a rate of 56 kg (K2O) ha-1. The plus treatment added 17 kg ha-1 of zinc (Zn), 11 

kg ha-1 of manganese (Mn), 11 kg ha-1 of copper (Cu), 3 kg ha-1 of boron (B), and 45 kg ha-1 of 

sulfur (S) to the standard treatment.  Aboveground plant biomass was collected every 7 to 10 

days during the growing season, weighed, and analyzed for N, P, K, S, Cu, Mn, and Zn. Results 

showed the most rapid growth and nutrient accumulation between Feekes 6 and 9. High amounts 

of N, P, S, Cu and Zn were remobilized from vegetative structures to the grain. K and Mn 

showed much higher accumulation in the vegetative structures and little remobilization to grain. 

Zinc was most impacted from fertilization with higher total uptake at all three locations at the 

end of the growing season.  
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 INTRODUCTION  

A good understanding of the nutrient uptake patterns of winter wheat, throughout the 

growing season, is critical to the pursuit of increased wheat yields and more efficient use of 

fertilizer. The importance of N, P, and K uptake timing are known however, it is just as 

important to have a clear understanding of the secondary and micronutrients as well. The timing 

of rapid nutrient uptake and dry matter accumulation can help predict the key stages of growth 

where high levels of nutrients are most needed.  

The rate of dry matter accumulation is a key component driving nutrient uptake. Karlen 

and Whitney (1980) found the most rapid period of dry matter increase to be from jointing 

(Feekes 6) to anthesis (Feekes 10.5.1) (Wise et. al., 2011). Meng et al. (2013) also found this 

same period of rapid dry matter increase and found that 64% of total dry matter accumulated by 

anthesis (Feekes 10.5.1). Hocking (1994) also states that a majority of total dry matter had 

accumulated by anthesis (Feekes 10.5.1) in spring wheat. The rate at which dry matter 

accumulates and the peak amount of dry matter can be influenced by environmental factors as 

well as fertilization (Holtz, 2007). Boatwright and Haas (1961) showed phosphorus fertilization 

to advance the timing of peak dry matter accumulation. Higher rainfall amounts contributed to 

delaying the peak dry matter timing (Dordas, 2008). Dry matter has also been found to decrease 

during ripening due to leaf senescence (Karlen and Whitney, 1980).  

Macronutrient uptake and partitioning patterns are closely related to dry matter 

accumulation, and are influenced by factors such as cultivar and water availability. High rates of 

dry matter accumulation, driven by fast growing cultivars and high amounts of water availability, 

cause a significant increase in the rate at which macronutrients are accumulated. Although all 

macronutrients are needed in higher quantities when growth is rapid, variances between uptake 
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timing of each nutrient do exist. These variances make it important to separately evaluate the 

uptake patterns of each nutrient. Critical points when describing uptake and accumulation 

patterns are time periods of rapid accumulation, peak nutrient accumulation, amount of nutrient 

translocation occurring, and the impact of nutrient availability on these factors.   

The amount of N accumulated between planting and spring green-up generally ranges 

from 8 to 22% in relation to the maximum N accumulated throughout the season (Miller, 1939). 

Early spring N accumulation is much more rapid with as much as 61% of total accumulated N 

present in the plant by Feekes 5 (Holtz, 2007) (Wise et. al., 2011). Clarke et. al. (1990) found 

that anywhere from 67% to 102% of total N present at harvest is accumulated by anthesis 

(Feekes 10.5), with an average of 81%. Waldren and Flowerday (1979) also found 80% of total 

N to be present in the plant by anthesis (Feekes 10.5) and 71% of total plant N located in the 

grain at maturity. Campbell et. al. (1977) showed this value is generally higher during dry years 

with 65% to 80% total N accumulated by anthesis (Feekes 10.5.1) compared to 45% to 70% 

during wet years in their study. Gregory et. al. (1981) found that N translocation from plant 

shoots to grain accounted for more total grain N when there were low rainfall conditions during 

grain filling (Feekes 11.1-11.4).  

Uptake rate and translocation can be affected by nutrient availability along with 

environmental factors. Boatwright and Haas (1961) found that N translocation was effected by 

both N and P availability. They stated that ñif P is limited, N uptake may continue until soft 

dough; and if both nutrients are limiting, N uptake from the soil will continue until the plants 

reach maturity.ò This implies that if the plant accumulates enough N and P by anthesis (Feekes 

10.5.1) it will not continue to accumulate N even if more is available. Dordas (2009) had very 
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similar findings that showed when nitrogen fertilizer was applied, N translocation from 

vegetative structures to grain occurred at higher rates.  

Phosphorus uptake shows many similarities in pattern with N, however some diffenences 

do exist. Rapid P uptake was found to occur later than N and coincided with the rapid production 

of newly formed plant parts such as stems and heads (Miller, 1939). Zhan et. al. (2015) showed 

the most rapid uptake of P to occur between stem elongation (Feekes 6) and anthesis (Feekes 

10.5.1). Peak total accumulated P levels were found to occur at varying times between 

completion of heading (Feekes 10.5) (Boatwright and Haas, 1961) and soft dough (Feekes 11.2) 

(Waldren and Flowerday, 1979). Grain P levels are heavily dependent on translocation from 

vegetative structures with 52 to 100% of grain P at harvest originating in vegetative plant parts 

(Papakosta, 1994). Clarke et. al. (1990) found that more translocation occurs when growing 

conditions are not favorable to increased dry matter accumulation such as periods of reduced 

moisture availability. Dordas (2009) found the impact of P fertilization on translocation was very 

similar to N, with higher rates of translocation occurring in P fertilized treatments. This would 

imply that fertilization increases the plants uptake of P before grain filling to the point that it no 

longer needs to increase total plant P, it just needs to shift the P to the grain.    

 Potassium accumulates in the grain at a much lower percentage than N and P with less 

than 20% of total plant potassium occurring in the grain (Hocking, 1994), (Waldren and 

Flowerday, 1979). Rose et. al. found peak K accumulation to occur around heading (Feekes 10) 

Miller (1939) found that there was a drastic loss of K four to six weeks before harvest when there 

were significant rainfall events. Gregory et. al. (1979) also found this heavy loss of K from the 

wheat biomass to occur with almost 50% loss between anthesis (Feekes 10.5.1) and harvest. 
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Uptake of K is also highly influenced by the availability of N and P and the fertilization of these 

nutrients can greatly increase K uptake (Beaton & Sekhon, 1985).  

Miller et. al. (1994) found that over 78% of total plant zinc was accumulated in the grain 

at maturity. Although micronutrients are required in lower amounts compared to the 

macronutrients, they are essential to plant health and overall production. It is just as important to 

understand the uptake trends of micronutrients in order to minimize yield and quality loss that 

otherwise may go unnoticed. A detailed evaluation of micronutrient uptake patterns can provide 

a better understanding of nutrient removal from the field through separate plant parts such as 

straw or grain. Understanding periods of rapid uptake and peak accumulation of micronutrients 

also helps to establish optimum time periods of fertilization.  

The objective of this study was to assess wheat nutrient uptake and partitioning for 

different plant parts for N, P, K, S, Cu, Mn, and Zn, and verify potential nutrient remobilization 

with and without micronutrient fertilization.   

 MATERIALS AND METHODS  

This study was conducted at two locations during the 2014-2015 growing season and one 

location during the 2015-2016 season. The experimental design of the study was a randomized 

complete block design with two treatments and four replications. Individual plot size was 55.7 

square meters for all locations, 6.1 meters by 9.1 meters at locations 1 and 3 and 5.5 meters by 

10.1 meters at location 2. All locations were non-irrigated and used conventional tillage.   

Both treatments received an application of a broadcast blend of mono ammonium 

phosphate (MAP) [11-52-0 (N-P2O5-K2O)] and potassium chloride (KCl) [0-0-62 (N-P2O5-K2O)] 

for a total application rate of 12 kg ha-1 of N, 56 kg ha-1 of P2O5, and 56 kg ha-1 of K2O. The 

micronutrient (NPK+Micros) treatment received a broadcast blend of 17 kg ha-1 of Zn, 11 kg ha-1 
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of Mn, 11 kg ha-1 of Cu, 3 kg ha-1 of boron, and 45 kg ha-1 of S in addition to the previously 

described N, P, and K fertilizer. 

Location 1 was established in Manhattan, KS (Riley Co) (39°12'26"N; 96°35'46òW) 

(Table 2.1). A mixture of urea ammonium nitrate (UAN) 28% N and ammonium polyphosphate 

(APP) [10-34-0 (N-P2O5-K2O)] containing 56 kg ha-1 of N and 30 kg ha-1 of P2O5 was applied 

pre-plant in late July, along with the previously mentioned broadcast blend applied after 

planting, for a total of 68 and 86 kg ha-1 N and P applied during the fall. Spring top-dress of N 

was completed with 45 kg ha-1 of N applied in the spring as UAN (28-0-0) to the entire study 

area. The total amount of N applied during the entire season was 113 kg ha-1. 

Location 2 was in Belleville, KS (Republic Co) (39°48'53"N; 97°40'22"W) (Table 2.1). 

An application of a liquid mixture of UAN (28-0-0) and APP (10-34-0) containing 90 kg ha-1 of 

N and 34 kg ha-1 of P2O5 was applied pre-plant, along with the previously mentioned broadcast 

blend applied after planting, for a total of 102 kg ha-1 and 90 kg ha-1 N and P applied in the fall. 

In the spring, an additional 17 kg ha-1 of N was applied as broadcast urea. The total amount of N 

applied during the entire season was 119 kg ha-1. 

Location 3 was established in Ashland Bottoms (Riley Co) (39°8'45"N; 96°37'49"W) 

(Table 2.1). A liquid broadcast blend of UAN (28-0-0) and APP (10-34-0) was applied pre plant 

containing 56 kg ha-1 of N and 34 kg ha-1 of P2O5, along with the previously mentioned broadcast 

blend applied after planting, for a total of 68 kg ha-1 and 90 kg ha-1 N and P applied during the 

fall. In the spring, an additional 34 kg ha-1 of N was applied as surface banded UAN (28-0-0). 

The total amount of N applied during the entire season was 102 kg ha-1. 
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Soil Sampling and Analysis 

Soil samples were collected from each plot at the time of planting at the 0-15 cm and 0-

60 cm.  Samples were dried at 40°C and ground to pass a 2mm sieve before analysis. The 0-15 

cm samples were analyzed for pH with a 1:1 (soil:water) method (Watson and Brown, 1998),  

soil test P with the Mehlich-3 extraction (Frank et al., 1998), K by the ammonium acetate 

extraction (Warncke and Brown, 1998), organic matter by loss on ignition (Combs and Nathan, 

1998), Cu, Mn, and Zn, with the DTPA extraction (Whitney, 1998). Samples collected at the 0-

60 cm depth were analyzed for nitrate using the KCl extraction (Gelderman and Beegle, 1998), 

Cl with a calcium nitrate extraction (Gelderman et al., 1998), and S using a calcium phosphate 

extraction (Combs et. al.,1998). Soil test results are listed in Table 2.2. 

Plant Tissue Sampling and Analysis 

Above ground plant sampling started in the fall before wheat dormancy in the winter. 

One sampling was completed in the fall for locations 1 and 2, and two fall samplings for location 

3. Sampling ceased throughout the winter and was reinitiated at spring green-up, with subsequent 

sampling once every 6 to 12 days depending on weather, for a total sampling number of 12 at 

location 1, 13 at location 2, and 15 at location 3. Plant samples were hand-clipped at ground level 

from two rows positioned roughly 1 m inside left and right plot edges, at a length of 76 cm. Total 

sampling area was .387 m2 at locations 1 and 3 and .29 m2 at location 2. Samples were taken 

from the front left corner of the plot at the first sampling time and then moved progressively up 

the plot with roughly 50 cm between sample locations. Once sampling position reached the end 

of the plot, the samples were taken from the right front corner of the plot and moved up the plot 

on that side. This allowed the central area of the plot to remain undisturbed for the purpose of 

grain harvest. Samples were then separated into plant fractions that include leaf, stem, spike and 



44 

 

grain depending on the growth stage. Samples were then dried at 60oC, weighed for biomass and 

ground to pass a 2mm mesh. They were then analyzed for total N using a sulfuric peroxide digest 

(Matsunaga & Shiozaki, 1987) and Zn, Cu, Mn, S, P, and K using a nitric perchloric digest 

(Gieseking et. al., 1935).  

Statistical Analysis 

Statistical analysis was performed by location using the GLIMMIX procedure in SAS 9.4 

(SAS Institute Inc, 2012). Plant nutrient uptake was analyzed using sampling time as repeated 

measure in the model and blocks as random effect. A significance level of 0.10 was used for 

analysis.  

 RESULTS AND DISCUSSION 

Biomass 

At all locations leaf and stem fractions increase in biomass through the season until the 

time of anthesis (Feekes 10.5.1), at which point they decrease showing a remobilization of 

resources into the reproductive structures of the plant (Figures 3-1, 3-3, 3-5). Locations 1 and 2 

showed the most biomass growth occurring during stem elongation, between Feekes 6 and 

Feekes 10. Location 3 accumulated biomass more rapidly during fall and early spring season.     

Nitrogen uptake 

Total N uptake at location 1 was not significantly different between treatments at any 

sampling date throughout the season (Table 3-4). Fall uptake was very rapid with a significant 

amount of total uptake occurring before winter dormancy (Figure 3-1). The most rapid period of 

uptake during spring occurred between Feekes 6 and Feekes 9. Accumulation of N in the leaf 

and stem fractions begins to decline after head formation and there is a rapid decline in leaf stem 

and spike fractions once grain production begins. Peak total uptake of N occurs at Feekes 11.2 
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and then declines slightly. At this stage grain N accounts for roughly 52 % of total N within the 

plant. At Feekes 11.3 shortly before harvest, grain N accounts for 72% of total plant N, although 

total N has declined a large portion has moved into the grain fraction. This result is very similar 

to the results presented by Waldren and Flowerday (1979).  

At location 2 there was very little difference between total N uptake levels throughout the 

season (Table 3-5). Uptake patterns were very similar to location 1 although N levels in the 

leaves and stems stayed level longer into the season, not declining until well after anthesis 

(Feekes 10.5.1) occurred (Figure 3-3). N levels within the grain compared to the total plant were 

also much lower than location 1 with grain levels at roughly 40% and 54% at Feekes 11.2 and 

11.3.  

Total N uptake at location 3 was much more variable than locations 1 and 2 as well as 

much lower overall (Table 3-6). This is likely because of a higher sand content in the soil leading 

to a much lower water holding capacity. N accumulation was very rapid in the very early season, 

with well over half of total N being accumulated by Feekes 5, agreeing with the data presented 

by Holtz (2007). Total N accumulated in the leaf and stem fractions began to generally decline 

immediately after head differentiation occurred although the trend was inconsistent. The 

NPK+Micros treatment was significantly higher in total N uptake at 5 out of 6 sampling dates 

between Feekes 10 and Feekes 11.2. This is likely attributed to higher total biomass due to 

additional S which leads to higher total macronutrient uptake. Average N uptake across locations 

shows rapid increase beginning around Feekes 6 and continuing until anthesis (Feekes 10.5.4) 

(Figure 3-7). Nitrogen accumulation in leaves and stems decreases after anthesis while grain 

accumulation increases showing high amounts of nutrient remobilization.  
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Phosphorus uptake 

Phosphorus uptake follows a very similar pattern to N at all locations (Figure 3-1, Figure 

3-3, Figure 3-5). Soil test P levels were well above recommended sufficiency levels at all 

locations (Leikam et al., 2003). At location 1 there are were no significant differences in total P 

uptake, between treatments, at any dates (Table 3-4). Phosphorus uptake increases consistently 

after green-up in the spring with a large portion of total uptake being distributed to the head 

immediately after they had been differentiated. During anthesis 40% to 50% of total plant P had 

already accumulated in the head. Phosphorus accumulation in the leaf, stem and spike follow a 

very similar pattern to N, decreasing rapidly during the middle and later periods of grain fill. 

Grain accumulation of P is roughly 67% and 80% of total plant P at Feekes 11.2 and 11.3. High 

amounts of P uptake also continue to occur well into the grain fill period with a 30% increase of 

total plant P between Feekes 11.1 and 11.2.   

At location 2 only one sampling date, Feekes 10, showed a significant difference between 

treatments which can be attributed to higher total biomass collected at that sampling date. Total P 

uptake again follows a very similar trend to N. A much higher percentage of total plant P was 

accumulated in the leaf and stem fractions when compared to location 1. By anthesis only 28% 

of total plant P had accumulated in the head and roughly 85% of peak total P uptake had 

occurred. Grain accumulation of P was also much lower than location 1 with Feekes 11.2 and 

11.3 having 50% and 65% of total plant P contained in the grain.  

At location 3 the NPK+Micros treatment was significantly higher in total P uptake 

beginning at Feekes 10.5.4 and continuing all the way to the end of the season (Table 3-6). 

Phosphorus uptake was very inconsistent throughout the season due once again to the fluctuation 

of biomass levels (Figure 3-5). The grain contained 55% and 62% of total plant P, at Feekes 11.2 
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and Feekes 11.3, in the NPK treatment while in the NPK+Micros treatment grain contained 63% 

and 69% at the same time periods. Average P uptake and accumulation across locations shows 

very similar patterns to N (Figure 3-7).  

Potassium uptake  

Potassium uptake patterns were considerably different than N and P at all locations.  Soil 

test K levels were well above sufficiency levels at all locations (Table 3-2, Leikam et al., 2003). 

Potassium uptake and accumulation at all locations was characterized by a high amount of total 

plant K accumulated in the stem fraction of the plant (Figures 3-1, 3-3, 3-5). This reflects the role 

of K in plant growth, maintaining stem strength and structure (Beaton & Sekhon, 1985). 

Potassium accumulation within the head, spike and grain fractions was much lower than the stem 

fraction while leaf accumulation levels were comparatively moderate except at location 3 where 

a high amount of K was accumulated in the leaves. This agrees with many previous studies that 

show low grain K accumulation (Waldren and Flowerday, 1979) (Hocking, 1994). The majority 

of total K uptake occurred early in the growing season with most treatments and locations 

reaching 100% of total K uptake at or before anthesis (Figure 3-1, Figure 3-3, Figure 3-5).  At 

location 1 there were no significant differences of total K uptake, between treatments, at any 

sampling date (Table 3-4). Average K uptake across locations shows very rapid uptake between 

Feekes 5 and 10 before slowly decreasing (Figure 3-7). Potassium accumulation is highest in the 

stem fraction while very little K accumulates in the grain.   

Sulfur  uptake 

Sulfur uptake patterns varied across locations. At location 1 two sampling times were 

significantly different in total S uptake, Feekes 10.5.4 and Feekes 11.2 (Table 3-4). At Feekes 

10.5.4 the NPK treatment was significantly higher due to a very large and uncharacteristic spike 
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in S accumulation in the stem fraction (Figure 3-2). This large spike occurred a week after an 

unusually high, 122 mm, rainfall (Figure 3-9). The spike occurred in both treatments and can 

potentially be attributed to waterlogged conditions in the soil causing stress to the plant. Results 

at this location showed that tissue analysis and nutrient uptake evaluations can be affected 

significantly by environmental stress in the field. The NPK+Micros treatment was significantly 

higher in total S uptake at Feekes 11.2 with the largest difference occurring in the stem fraction 

again. This indicates that although the S difference did not increase grain yield, or grain S 

concentration, the peak total S uptake late in the growing season was pushed higher due to the 

added S. At location 2 S uptake patterns varied slightly between treatments although total S 

uptake was not significantly different at any sampling date. Both treatments followed very 

similar trends early in the season, until around Feekes 10, where the NPK treatment declined 

slightly in total S while the NPK+Micros treatment continued to increase, albeit at a much slower 

rate than early season uptake. Sulfur uptake late in the season, between Feekes 11.2 and Feekes 

11.3, differed between treatments as well. In the NPK treatment total plant S as well as stem S 

accumulation and spike S accumulation all showed an increase in accumulation levels. The 

NPK+Micros treatment, declined in all three of the aforementioned areas although they were still 

higher than the NPK treatment. This may be because there was more S available to the plant due 

to added S fertilizer than available S due to mineralization, in the NPK+Micros treatment. On the 

contrary, in the NPK treatment late season S availability may have been increased due to the 

mineralization of S because of increasing soil temperatures, and the lack of the added fertilizer in 

the earlier stages. Location 3 was the location most expected to show differences in S uptake due 

to much lower soil test values than the other two locations as well as much higher sand content. 

Adding to these factors, precipitation totals were the highest of all three locations at location 3 
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which meant high possibility for S leaching from the soil profile (Schulte & Kelling, 1992). 

Total S uptake was significantly higher in the NPK+Micros treatment at 8 of the 12 sampling 

dates between Feekes 5 and Feekes 11.3, including all of the final 5 sampling dates of the season. 

Both treatments followed similar trends for total S uptake, increasing early in the season, 

decreasing during stem elongation, and increasing again after the heads had differentiated. 

Similar to location 2, the final two sampling dates differ between treatments. In the NPK 

treatment once again total S uptake increased while the NPK+Micros treatment decreased. This 

may, once again, be associated with late season mineralization of S creating more availability to 

the NPK treatment while the NPK+Micros treatment already had sufficient levels of available S 

to reach peak uptake levels. Average sulfur uptake across locations increases rapidly between 

Feekes 9 and 10.5.4 before decreasing in leaves and remobilizing to the grain (Figure 3-8).  

Copper and Manganese uptake 

Copper and manganese followed very similar uptake patterns at all locations and for that 

reason, are grouped together here. At location 1 both nutrients increase rapidly between Feekes 5 

and Feekes 10.5.4 (Figure 3-2). Both nutrients show small spikes at Feekes 10.5.4, however not 

as large as S, due to the waterlogged soil conditions during that time. Once total accumulation of 

Cu and Mn drop after Feekes 10.5.4, they continue to increase at a slower rate than early season. 

The NPK+Micros treatment increases more rapidly than the NPK treatment leading to 

significantly higher peak levels at Feekes 11.2 in both nutrients as well as Feekes 11.3 for Mn. In 

the NPK treatment we see continued total nutrient uptake increase all the way to the final 

sampling date, whereas in the NPK+Micros treatment the total uptake declines after Feekes 11.2, 

because of declines in spike and stem. At location 2 both nutrients, again, increased rapidly until 

Feekes 10.5.3, where they dropped slightly before slowly increasing again (Figure 3-4). Both 
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nutrients decreased in total uptake amounts from Feekes 11.2 to Feekes 11.3. Higher amounts of 

Mn were accumulated in the leaf and stem fractions later in the season while Cu had more even 

distribution throughout the plant. At location 3 Cu uptake was very low in the NPK treatment 

throughout the entire season while the NPK+Micros treatment showed large spikes later in the 

season and was significantly higher in total uptake (Figure 3-6). The large spikes were mostly in 

the leaf fraction of the plant without a consistent trend of uptake. Manganese increased until 

Feekes 10.5.2 where it fluctuated around a fairly even level before declining late in the season. 

The NPK+Micros treatment was also significantly higher at many sampling dates later in the 

season. Copper and Mn uptake are most rapid between Feekes 8 and Feekes 10.5.4 (Figure 3-8).  

Zinc uptake 

Zinc uptake at location 1 was similar between treatments until Feekes 10.5.4 when total 

uptake dropped slightly before slowly increasing through grain fill in the NPK treatment and 

increasing rapidly from anthesis until the end of grain fill in the NPK+Micros treatment (Figure 

3-2). Total Zn uptake was significantly higher in the NPK+Micros treatment at the final three 

sampling dates. Unlike many other nutrients, Zn uptake continued to increase in both treatments 

even at the final sampling date. At location 2 Zn uptake was rapid throughout stem elongation 

with the NPK+Micros treatment rising to significantly higher total uptake levels at Feekes 10 and 

10.5.3 (Figure 3-4). Both treatments declined in total uptake around the time of anthesis, with the 

NPK treatment declining slightly earlier than the NPK+Micros treatment. In both treatments leaf, 

stem and spike fractions fell in total Zn levels while grain increased. Total Zn at Feekes 11.3 was 

higher in the NPK+Micros treatment because the NPK treatment declined in total Zn during the 

final week of sampling while the NPK+Micros treatment did not. Zinc uptake at location 3 

followed very different patterns in the NPK and NPK+Micros treatments (Figure 3-6). Uptake in 
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the NPK treatment was fairly steady between stem elongation (Feekes 6) and early grain fill 

(Feekes 11.1). Total Zn peaked at Feekes 11.1 before declining which suggests all of the Zn 

accumulated in the grain was remobilized from other plant fractions. Contrasting the NPK 

treatment, the NPK+Micros treatment showed extremely rapid Zn uptake between flag leaf 

(Feekes 9) and flowering (Feekes 10.5.4). Roughly 60% of the total Zn accumulated during the 

season was taken up during this time period. After Feekes 10.5.4 further Zn uptake was minimal 

while grain Zn levels increased with leaf and spike levels declining and stem levels maintaining. 

Total Zn uptake was significantly higher in the NPK+Micros treatment at every sampling date 

from Feekes 10 until harvest. Average Zn uptake increases rapidly between Feekes 9 and 10.5.4 

(Figure 3-8). In the NPK+Micros treatment Zn uptake continues to increase during grain fill 

showing that the additional Zn caused less remobilization and more direct uptake.     

 CONCLUSIONS 

Total N, P, and K uptake was influenced by S and micronutrient fertilization at location 

3. All three nutrients were significantly higher at many sampling dates during the late season due 

to increased biomass production in the NPK+Micros treatment due, most likely, to the 

additionally applied S. At location 1 and 2 N and P uptake occurred rapidly between Feekes 6 

and Feekes 10.5 whereas rapid K uptake was highly concentrated into a two week pe riod 

between Feekes 7 and Feekes 10. Location 3 accumulated all three nutrients most rapidly during 

fall and early spring before stem elongation, due to the high level of biomass accumulation 

during the fall. Nitrogen and P, compared to K, showed much higher amounts of remobilization 

from leaves and stems into the grain. Sulfur showed an uptake pattern similar to N except at 

location 1 during the time period where waterlogging of the soils most likely influenced S 

uptake. Copper and Mn uptake were variable, but rapid uptake occurred roughly between Feekes 
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6 and Feekes 10.5 much like N and P. Zinc uptake was rapid during the same time period, 

however there was not as much remobilization of Zn into the grain as N or P. Total Zn uptake 

was also significantly impacted by fertilization at all locations with many late season sampling 

dates being significantly higher in the NPK+Micros treatment. 
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Table 3-1. Description of locations in 2014-2015 and 2015-2016. 

     Precipitation  Planting 

Rate 

Planting 

Date Location Year County  Soil SeriesÀ Soil Subgroup 30-yr 1-yr Season Variety 

     - - - - - - mm - - - - -  kg ha-1  

1 2014-2015 Riley Smolan ScL Pachic Argiustolls 904 777 599 Hotrod 45 10/6/2014 

2 2014-2015 Republic Crete SL Pachic Udertic Argiustolls 775 655 381 Everest 102 10/7/2014 

3 2015-2016 Riley Belvue SL Typic Udifluvents 904 988 652 Everest 45 10/6/2015 

À SCL, Silty clay loam; SL, Silty loam 
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Table 3-2. Initial soil test results from each location. 

 Location 

Soil parameter À 1 2 3 

pH 5.9 4.6 5.4 

OM (g kg-1) 21.5 29.0 16.0 

P (mg kg-1) 36 59 69 

K (mg kg-1) 293 475 232 

Cu (mg kg-1) 1.5 1.7 0.7 

Mn (mg kg-1) 25.5 82.5 14.5 

Zn (mg kg-1) 1.1 1.2 1.1 

NO3-N (mg kg-1) 13.0 21.5 21.0 

Cl (mg kg-1) 2.8 6.2 4.5 

S (mg kg-1) 9.8 13.8 1.9 
À pH 1:1 soil:water, organic matter, loss on ignition, P, Mehlich-3, K, ammonium 

acetate, Cu, Mn, Zn, DTPA Extraction, NO3-N, potassium chloride extractant, Cl, 

calcium nitrate extraction, S, calcium phosphate extraction. pH, organic matter, P, 

K, Cu, Mn, Zn were all sampled at 0-15 cm depth. NO3-N, Cl, S were all 

sampled at 0-61 cm depth.  
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Table 3-3. Significance of F values for treatment, date, and treatment by sampling date effects on N, P, K, S, Cu, Mn, and Zn uptake 

values in leaf, stem, head, spike and grain factions at all locations. 

 Leaf  Stem  Head  Spike  Grain 

Nutrient FTÀ SD FT x SD   FT SD FT x SD   FT SD FT x SD   FT SD FT x SD   FT SD FT x SD 

                     - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P < F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - 

Location 1 

N 0.107 <0.001 0.530  0.783 <0.001 0.301  0.509 <0.001 0.780  0.809 0.028 0.637  0.518 0.042 0.953 

P 0.146 0.002 0.678  0.422 <0.001 0.399  0.904 <0.001 0.424  0.954 0.200 0.118  0.429 0.449 0.812 

K 0.228 <0.001 0.758  0.855 <0.001 0.910  0.810 <0.001 0.934  0.382 0.006 0.160  0.278 0.172 0.887 

S 0.920 <0.001 0.771  0.653 <0.001 0.014  0.972 <0.001 0.693  0.463 0.099 0.211  0.328 0.081 0.820 

Cu 0.073 <0.001 0.005  0.941 <0.001 0.653  0.250 <0.001 0.065  0.508 0.377 0.063  0.178 0.769 0.322 

Mn 0.384 0.002 0.877  0.313 <0.001 0.310  0.186 <0.001 0.477  0.337 0.406 0.241  0.230 0.419 0.615 

Zn 0.243 <0.001 0.456  0.085 <0.001 0.045  0.180 <0.001 0.673  0.109 0.332 0.652  0.028 0.102 0.624 

Location 2 

N 0.363 <0.001 0.900  0.243 <0.001 0.333  0.116 <0.001 0.138  0.130 0.013 0.086  0.944 0.129 0.636 

P 0.156 <0.001 0.714  0.229 <0.001 0.239  0.107 <0.001 0.105  0.282 0.239 0.172  0.871 0.190 0.807 

K 0.210 <0.001 0.489  0.562 <0.001 0.109  0.105 <0.001 0.086  0.337 0.078 0.172  0.909 0.762 0.793 

S 0.300 <0.001 0.939  0.055 <0.001 0.421  0.229 <0.001 0.119  0.905 0.008 0.230  0.346 0.756 0.679 

Cu 0.000 <0.001 0.000  0.391 <0.001 0.781  0.322 <0.001 0.219  0.681 0.671 0.177  0.720 0.490 0.306 

Mn 0.843 <0.001 0.997  0.271 <0.001 0.567  0.583 <0.001 0.036  0.882 0.390 0.771  0.784 0.203 0.613 

Zn 0.022 <0.001 0.361  0.013 <0.001 0.139  0.658 <0.001 0.148  0.897 0.069 0.594  0.711 0.113 0.227 

Location 3 

N 0.005 <0.001 0.763  0.005 <0.001 0.280  0.003 <0.001 0.687  0.380 0.112 0.061  0.038 0.319 0.299 

P 0.965 <0.001 0.942  0.008 <0.001 0.171  0.003 <0.001 0.436  0.234 0.447 0.058  0.003 0.247 0.435 

K 0.005 <0.001 0.534  <0.001 <0.001 0.126  0.001 <0.001 0.347  0.115 0.125 0.031  0.001 0.390 0.541 

S <0.001 <0.001 0.423  <0.001 0.011 0.175  0.002 <0.001 0.519  0.056 0.094 0.028  0.008 0.426 0.339 

Cu <0.001 <0.001 0.004  <0.001 <0.001 0.007  0.155 <0.001 0.715  0.012 0.292 0.968  0.018 0.271 0.677 

Mn <0.001 <0.001 0.916  0.000 <0.001 0.342  0.001 <0.001 0.035  0.076 0.113 0.099  0.011 0.240 0.528 

Zn <0.001 <0.001 0.080   <.0001 <0.001 0.068   0.001 <0.001 0.143   0.097 0.004 0.013   0.006 0.548 0.387 

À FT, Fertilizer Treatment, SD, Sampling date
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Table 3-4. P-Values for treatment effect on nutrient uptake levels for all nutrients within leaf, 

stem, head, spike, and grain fraction along with total uptake levels in the plant. Results show all 

sampling dates at location 1. 

 Nutrient 

Date Growth Stage N P K S Cu Mn Zn 

 Feekes        - - - - - - - - - - - - - - - - - - - P>F - - - - - - - - - - - - - - - - - - - - - 
Leaf 

Dec. 3 2 0.620 0.631 0.622 0.826 <0.001 0.318 0.010 

Mar. 26 4 0.119 0.280 0.278 0.788 0.084 0.879 0.586 

Apr. 1 5 0.007 0.027 0.014 0.237 0.293 0.603 0.248 

Apr. 9 6 0.459 0.590 0.524 0.752 0.777 0.872 0.984 

Apr. 15 7 0.509 0.281 0.697 0.925 0.735 0.843 0.856 

Apr. 22 8 0.486 0.128 0.719 0.817 0.831 0.689 0.728 

Apr. 29 10 0.238 0.447 0.648 0.881 0.808 0.856 0.972 

May 11 10.5.4 0.344 0.292 0.473 0.230 0.147 0.850 1.000 

May 18 11.1 0.553 0.809 0.982 0.734 0.531 0.422 0.510 

May 26 11.1 0.330 0.525 0.356 0.273 0.174 0.295 0.338 

Jun. 4 11.2 0.357 0.359 0.561 0.160 0.236 0.049 0.163 

Jun. 17 11.3 0.853 0.830 0.901 0.932 0.214 0.203 0.157 

Stem 

Apr. 9 6 0.719 0.705 0.807 0.894 0.927 0.816 0.903 

Apr. 15 7 0.961 0.830 0.865 0.924 0.916 0.977 0.846 

Apr. 22 8 0.598 0.340 0.752 0.890 0.870 0.641 0.744 

Apr. 29 10 0.610 0.425 0.601 0.761 0.559 0.574 0.868 

May 11 10.5.4 0.079 0.023 0.208 0.036 0.171 0.155 0.085 

May 18 11.1 0.897 0.673 0.972 0.561 0.949 0.438 0.237 

May 26 11.1 0.534 0.883 0.498 0.376 0.902 0.206 0.078 

Jun. 4 11.2 0.761 0.815 0.579 0.061 0.188 0.048 0.002 

Jun. 17 11.3 0.444 0.628 0.699 0.049 0.262 0.023 0.003 

Head 

Apr. 29 10 0.973 0.815 0.829 0.657 0.931 0.926 0.930 

May 11 10.5.4 0.722 0.371 0.658 0.482 0.920 0.733 0.554 

May 18 11.1 0.845 0.655 0.762 0.775 0.685 0.781 0.245 

May 26 11.1 0.247 0.304 0.719 0.447 0.007 0.060 0.080 

Spike 

Jun. 4 11.2 0.703 0.275 0.128 0.156 0.057 0.152 0.090 

Jun. 17 11.3 0.598 0.314 0.922 0.728 0.268 0.782 0.146 

Grain 

Jun. 4 11.2 0.572 0.448 0.360 0.357 0.088 0.208 0.129 

Jun. 17 11.3 0.622 0.666 0.465 0.532 0.638 0.562 0.035 

Total  

Dec. 3 2 0.825 0.892 0.847 0.914 0.027 0.541 0.421 

Mar. 26 4 0.480 0.756 0.669 0.894 0.443 0.926 0.872 

Apr. 1 5 0.204 0.498 0.315 0.557 0.646 0.751 0.730 

Apr. 9 6 0.631 0.758 0.668 0.824 0.929 0.866 0.952 

Apr. 15 7 0.753 0.691 0.782 0.925 0.852 0.897 0.958 

Apr. 22 8 0.596 0.402 0.709 0.854 0.878 0.700 0.940 

Apr. 29 10 0.452 0.539 0.556 0.746 0.714 0.768 0.937 

May 11 10.5.4 0.289 0.123 0.206 0.065 0.869 0.611 0.421 

May 18 11.1 0.800 0.170 0.680 0.827 0.739 0.703 0.780 

May 26 11.1 0.279 0.574 0.367 0.249 0.036 0.196 0.088 

Jun. 4 11.2 0.276 0.112 0.349 0.013 0.001 0.001 <.001 

Jun. 17 11.3 0.436 0.516 0.736 0.163 0.396 0.051 <.001 
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Table 3-5. P-Values for treatment effect on nutrient uptake levels for all nutrients within leaf, 

stem, head, spike, and grain fraction along with total uptake levels in the plant. Results show all 

sampling dates at location 2. 

 Nutrient 

Date Growth Stage N P K S Cu Mn Zn 

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

Leaf 

Dec. 3 2 0.945 0.845 0.953 0.822 0.377 0.984 0.337 

Mar. 26 3 0.689 0.646 0.941 0.836 0.124 0.954 0.368 

Apr. 1 4 0.959 0.928 0.637 0.520 0.324 0.705 0.241 

Apr. 9 5 0.778 0.585 0.449 0.975 0.619 0.892 0.520 

Apr. 16 6 0.207 0.227 0.079 0.890 0.878 0.878 0.710 

Apr. 23 7 0.925 0.767 0.772 0.196 0.078 0.769 0.428 

Apr. 30 8 0.764 0.051 0.079 0.743 0.959 0.910 0.978 

May 11 10 0.082 0.061 0.028 0.949 0.381 0.792 0.692 

May 18 10.5.3 0.994 0.906 0.999 0.258 <0.001 0.303 0.000 

May 27 11.1 0.984 0.776 0.487 0.528 0.770 0.565 0.315 

Jun. 2 11.1 0.528 0.325 0.938 0.535 0.898 0.518 0.713 

Jun. 9 11.2 0.261 0.605 0.842 0.271 0.286 0.641 0.717 

Jun. 16 11.3 0.956 0.766 0.978 0.983 0.403 0.882 0.585 

Stem 

Apr. 9 5 0.959 0.894 0.914 0.934 0.983 0.969 0.990 

Apr. 16 6 0.233 0.388 0.450 0.648 0.613 0.805 0.648 

Apr. 23 7 0.900 0.984 0.673 0.578 0.639 0.621 0.827 

Apr. 30 8 0.188 0.431 0.524 0.797 0.860 0.742 0.605 

May 11 10 0.198 0.048 0.024 0.614 0.750 0.784 0.062 

May 18 10.5.3 0.109 0.599 0.760 0.082 0.260 0.020 0.001 

May 27 11.1 0.812 0.288 0.831 0.061 0.907 0.172 0.011 

Jun. 2 11.1 0.266 0.182 0.528 0.246 0.880 0.704 0.195 

Jun. 9 11.2 0.347 0.908 0.476 0.019 0.076 0.822 0.551 

Jun. 16 11.3 0.913 0.345 0.945 0.005 0.950 0.454 0.008 

Head 

Apr. 30 8 0.615 0.649 0.716 0.773 0.823 0.991 0.783 

May 11 10 0.088 0.052 0.041 0.135 0.356 0.220 0.302 

May 18 10.5.3 0.684 0.606 0.596 0.886 0.320 0.666 0.717 

May 27 11.1 0.662 0.693 0.704 0.505 0.417 0.163 0.298 

Jun. 2 11.1 0.493 0.559 0.680 0.779 0.437 0.189 0.596 

Spike 

Jun. 9 11.2 0.386 0.763 0.642 0.404 0.475 0.754 0.723 

Jun. 16 11.3 0.025 0.136 0.084 0.320 0.197 0.932 0.903 

Grain 

Jun. 9 11.2 0.716 0.763 0.778 0.512 0.511 0.818 0.342 

Jun. 16 11.3 0.657 0.917 0.902 0.888 0.286 0.562 0.204 

Total  

Dec. 3 2 0.975 0.954 0.984 0.923 0.778 0.991 0.846 

Mar. 26 3 0.861 0.892 0.980 0.929 0.620 0.974 0.856 

Apr. 1 4 0.982 0.978 0.875 0.781 0.752 0.832 0.812 

Apr. 9 5 0.880 0.818 0.735 0.952 0.868 0.926 0.904 

Apr. 16 6 0.243 0.421 0.226 0.846 0.891 0.848 0.792 

Apr. 23 7 0.915 0.922 0.669 0.385 0.457 0.707 0.748 

Apr. 30 8 0.305 0.236 0.235 0.902 0.996 0.940 0.769 

May 11 10 0.024 0.009 0.004 0.405 0.777 0.293 0.353 

May 18 10.5.3 0.314 0.643 0.732 0.162 0.001 0.599 0.001 

May 27 11.1 0.750 0.640 0.637 0.110 0.742 0.236 0.017 

Jun. 2 11.1 0.255 0.217 0.548 0.792 0.929 0.430 0.295 

Jun. 9 11.2 0.394 0.928 0.534 0.112 0.852 0.703 0.984 

Jun. 16 11.3 0.949 0.324 0.978 0.117 0.019 0.703 0.005 
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Table 3-6. P-Values for treatment effect on nutrient uptake levels for all nutrients within leaf, 

stem, head, spike, and grain fraction along with total uptake levels in the plant. Results show all 

sampling dates at location 3. 

 Nutrient 

Date Growth Stage N P K S Cu Mn Zn 

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

Leaf 

Nov. 9 2 0.323 0.447 0.543 0.199 0.476 0.702 0.479 

Jan. 5 3 0.991 0.813 0.852 0.470 0.965 0.845 0.851 

Mar. 10 4 0.034 0.583 0.147 0.010 0.762 0.216 0.181 

Mar. 17 5 0.037 0.556 0.059 0.001 0.595 0.186 0.293 

Mar. 25 6 0.053 0.581 0.001 <0.001 0.545 0.178 0.148 

Mar. 31 7 0.325 0.369 0.206 0.008 0.763 0.373 0.792 

Apr. 6 8 0.979 0.232 0.762 0.346 0.849 0.402 0.685 

Apr. 14 9 0.242 0.531 0.854 0.041 0.763 0.197 0.613 

Apr. 21 10 0.158 0.291 0.054 0.006 0.579 0.037 0.083 

May 2 10.5.2 0.113 0.529 0.306 0.043 0.008 0.010 <0.001 

May 10 10.5.4 0.035 0.267 0.026 0.004 0.045 0.005 <0.001 

May 19 11.1 0.123 0.635 0.194 0.018 0.091 0.010 <0.001 

May 27 11.1 0.701 0.978 0.720 0.006 <0.001 0.151 0.059 

Jun. 3 11.2 0.642 0.965 0.430 0.228 0.273 0.087 0.179 

Jun. 10 11.3 0.766 0.790 0.626 0.529 0.631 0.299 0.104 

Stem 

Mar. 17 5 0.322 0.313 0.331 0.087 0.360 0.637 0.489 

Mar. 25 6 0.013 0.036 0.023 0.003 0.162 0.284 0.307 

Mar. 31 7 0.382 0.516 0.357 0.094 0.698 0.535 0.361 

Apr. 6 8 0.427 0.409 0.393 0.111 0.760 0.259 0.479 

Apr. 14 9 0.056 0.188 0.180 0.055 0.416 0.289 0.418 

Apr. 21 10 0.012 0.040 0.029 0.001 0.194 0.038 0.149 

May 2 10.5.2 0.059 0.282 0.203 <0.001 <0.001 0.002 0.039 

May 10 10.5.4 0.014 0.001 <0.001 <0.001 0.269 <0.001 <0.001 

May 19 11.1 0.167 0.004 <0.001 <0.001 0.036 0.000 <0.001 

May 27 11.1 0.325 0.729 0.050 0.004 0.931 0.007 0.046 

Jun. 3 11.2 0.917 0.905 0.004 0.001 0.218 0.006 0.001 

Jun. 10 11.3 0.825 0.792 0.505 0.045 0.330 0.125 <0.001 

Head 

Apr. 21 10 0.417 0.354 0.117 0.316 0.570 0.713 0.413 

May 2 10.5.2 0.529 0.397 0.211 0.246 0.778 0.620 0.330 

May 10 10.5.4 0.057 0.039 0.017 0.013 0.101 0.050 0.012 

May 19 11.1 0.022 0.006 0.001 0.006 0.168 0.016 0.001 

May 27 11.1 0.199 0.006 0.001 0.008 0.249 <0.001 <0.001 

Spike 

Jun. 3 11.2 0.079 0.032 0.014 0.004 0.020 0.015 0.038 

Jun. 10 11.3 0.743 0.732 0.848 0.871 0.022 0.571 0.256 

Grain 

Jun. 3 11.2 0.032 0.018 0.015 0.013 0.050 0.025 0.007 

Jun. 10 11.3 0.552 0.182 0.093 0.235 0.162 0.162 0.065 

Total  

Nov. 9 2 0.641 0.763 0.787 0.495 0.486 0.843 0.772 

Jan. 5 3 0.996 0.925 0.934 0.703 0.966 0.920 0.939 

Mar. 10 4 0.313 0.828 0.517 0.166 0.767 0.522 0.581 

Mar. 17 5 0.547 0.534 0.590 0.071 0.626 0.689 0.593 

Mar. 25 6 0.289 0.905 0.085 0.021 0.520 0.644 0.392 

Mar. 31 7 0.700 0.648 0.608 0.157 0.804 0.741 0.741 

Apr. 6 8 0.917 0.727 0.795 0.396 0.868 0.629 0.734 

Apr. 14 9 0.311 0.832 0.600 0.140 0.689 0.313 0.591 

Apr. 21 10 0.047 0.118 0.043 0.004 0.410 0.071 0.088 

May 2 10.5.2 0.022 0.824 0.905 0.294 0.039 0.278 0.057 

May 10 10.5.4 0.003 0.010 0.003 <0.001 0.021 0.002 <0.001 

May 19 11.1 0.007 0.007 0.005 <0.001 0.033 0.004 <0.001 

May 27 11.1 0.436 0.086 0.106 <0.001 <0.001 0.014 0.001 

Jun. 3 11.2 0.025 <0.001 0.002 <0.001 0.019 <0.001 <0.001 

Jun. 10 11.3 0.872 0.044 0.098 0.009 0.141 0.011 <0.001 
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Figure 3-1. Total dry matter accumulation and macronutrient uptake and partitioning into 

different fractions of the plant as the growing season progresses. Left and right columns compare 

NPK fertilizer treatment to the NPK+Micros treatment at Location #1. 
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Figure 3-2. Total micronutrient uptake and partitioning into different fractions of the plant as the 

growing season progresses. Left and right columns compare NPK fertilizer treatment to the 

NPK+Micros treatment at Location #1. 
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Figure 3-3. Total macronutrient uptake and partitioning into different fractions of the plant as the 

growing season progresses. Left and right columns compare NPK fertilizer treatment to the 

NPK+Micros treatment at Location #2. 
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Figure 3-4. Total micronutrient uptake and partitioning into different fractions of the plant as the 

growing season progresses. Left and right columns compare NPK fertilizer treatment to the 

NPK+Micros treatment at Location #2. 
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Figure 3-5. Total dry matter accumulation and macronutrient uptake and partitioning into 

different fractions of the plant as the growing season progresses. Left and right columns compare 

NPK fertilizer treatment to the NPK+Micros treatment at Location #3. 
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Figure 3-6. Total micronutrient uptake and partitioning into different fractions of the plant as the 

growing season progresses. Left and right columns compare NPK fertilizer treatment to the 

NPK+Micros treatment at Location #3. 






















































