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Abstract

An effective nutrient managemtgplan is essentidbr optimumwheat(Triticum
aestivun yields. Theobjectivesof the firststudy werdo: i.) evaluate changeén concentration
of nitrogen (N) phosphorugP), potassiunm(K), sulfur (S) copper (Cu)manganesévin), and
zinc (Zn) within separate plamarts throughout the growing season) @valuate the uptake
pattern and redistribution of each of these nutriestisin the planthroughout the season, and
iii.) evaluate the impact of micronutrient aSdertilization on concentratioand uptake of
nutrients and the potential use of fertilization for biofortificatibhree locations were
established and sampled every 7 to 10 days during the spring. Samples were divided into leaf,
stem, head, spike and gramdtionsand analyzed fonutrient concentration. Concentration
levels tended to decrease throughout the season igraonplant factiors and stay relatively
constanin the grain. Harvest grain concentratiorZofwas significantly higher with
micronutrient fertilization at &locations,suggestinghe possibility ofZn biofortification
through fertilizationS, Cu, andZn showed nutrient accumulation increases in all plagtions
until thetime periodaround anthesi@eekes 10.5.1at which point leaf and stefractiors
decreased in total accumulation while nutrients wengobilizedto the grainN, P, K andMn
showed a similar trend although timing of remobilization varied betlomationsand
treatmentsThe objective of the second study wetieei.) evaluate the intaction of wheat
grazing management and soil and fertilixerequirements with emphasis on dual purpose
wheat, ii.) assess the useNIDVI sensors foN management and forage quantity assessment in
wheat grazingystemsand iii.) evaluate forage qualignd quantity interactions witR
managemeniThree locations were established and fertilized Witpplication rates d, 34,

67, and 101 kg h&in the fall, followed by simulated grazing. Spring topdress applicati@ne



madeat rates of @nd90 kg hal, or a sensor based rafde impact of grazing on grain
production variedy location NDVI readingscorrelated witthiomass at two of three locations
andN recommendationgsing NDVI sensors resulted in significantly lower N ratessndlar
yield results to highN applicationrates. Forage dry mattandN concentrationncreased with

higherN rates.
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Chapter1-Genelrrmatlr oducti on

Introduction

Winter whea{(Triticum aestivuumwas plantean 3.4 million hectaesin 2015 roughly
double the amount of corn or soybeans planted (USDA, 20h6)highest yielding year on
record for winter wheat in Kansass 2016wvith an estimated average 3830kilograms per
hectarg USDA, 2016) Winter wheafor human consumption requi&reontinuous improvements
in grain yield levels as well as grain giglincluding nutritional value of wheat grain.
Optimizing nutrient management can improve grain yield and quality in winter wheat.

The most recent evaluation of nutrient uptake pattermsnter wheatvas published by
Karlen and Whitney in 1980@:he 10-yeargrain yieldaverage between 1971 and 1980 @&80
kilograms per hectarsompared t@670for the years between 2007 and 2016. This increase in
average Yyield coupled with new plant genetias result in significanthanges in nutrient uptake
patternsas well ashanges in concentration levels throughout the plarmtder to continue to
increasevheatyields it is imperative to have a strong understanding of the nutrient
concentration and uptake patterns to identify crigaiodsof rapid nutrientaccumulation as
well as the impact of timing on nutrient concentratibinis evaluation also nestb be updated
to consider new genetics, yield potential and changes in management over time.

Wheatis considered of global relevanceas of the three nsb consumethumanfood
sources in the world along with maiggea maypsand rice(Oryza sativy The massive staple
consumption of wheat paired with the widespread micronutrientieieiyin human nutrition
especiallyzinc (Zn), make it a key crop fgpotentialimprovements in grain nutrient

biofortification.



Grazing and grain dual purpose system for wheat can be particularlstantpo some
regions of the Great Plain&.dualpurposesystem can be highly profitabler producersas long
assoil moistue andsoil nutrient évels are adequate to support the increased der@dmer key
aspects includproper management decisions by the producer such as variety choice and grazing
timing (Redmon et. al., 1995 crucialcomponent in optimizingorageand gain productionis
proper nitrogen (N) managemeht.one study grazing removed 38 kg'raf N from the
cropping systenmdicating the need for additional nitrogen in a dual purpose situation when
compared to grain only (Virgona et. al., 2006). Produakss must apply nitrogen at the proper

rate and timéo optimize forage and grain production and minimize any N loses.
Thesis Organization

This thesis is presented as a series of three chapters. The titlesludpltersare:
fiSeasonal nutrient concerttoan changes in wheat plantpart8 Eval uati on of nutri
and partitioning in winter tvead ,  &litradjenfértilizer management for winter wheatder
dual purposegrazing andgrainpr o d u c Eachacimaptédr 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 conclDbegtersl and 4).
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Chapter2-Seas al nutrienthaaoigre swmhaatt i pln
parts

ABSTRACT

Understanding theeasonathanges in nutrient concentration in winter wh@aiticum
aestivum plant fractions can help to improve the use of tissue analyaitoasfor nutrient
managenent. The objective of this study was to evaliss@sonal chang@s macro, secondary,
and micronutrient concentration throughout the growing seasoevahgatehe impact of
micronutrient fertilization in tissue analysis values. This study establisédat three locations
in Kansas, twdocationsduring the 20142015 season, and ofeeationduring the 2012016
seasonThe experimental design was a randomized complete block design with two treatments
standard fertilization and standard fertilizatiplus treatment. The standdextilization was
nitrogen (N) at rates of 113, 119 and 102 kg aslocations 1, 2 and 3, phosphorus (P) at rates
of 86, 90, and 90 kg ¢Ps) ha' at each location, and potassium (K) at a rate of 56 k@) Ka®.
Theplustreatment aded 17 kg hat of zinc (Zn), 11 kg hdof manganese (Mn), 11 kg haf
copper (Cu), 3 kg haof boron (B), and 45 kg haof sulfur (S)to the standard treatment
Aboveground plant biomass was collected every 7 to 10 days during the gys®aison 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 weresaloved at one out of thréecations. Harvested
grain showed significantly higher Zn content for all locations and higher in Cu at two locations

when micronutrient fertilizer was applied.



INTRODUCTION

Seasonal changes in nutrient concentration witiendifferent plant fractions can be
highly beneficial for the use of tissue analysis dgagnostidool, and a better understanding of
tissue nutrient concentration effect on grain yield. Concentration levels can help indicate plant
nutrient stress and isome 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 chamagebtey 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 fotoncentration 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) fourtdatwhole plant concentrationf 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 ¢dgying three weeks tapproximatéy
two months after planting?reez and Bennie (22) also showed a small increase in Mn
concentration similar to K roughly 50 days after planting before decreasing in a curvilinear trend.
Copperand Zn in this study showed a curvilinear decrease throughout the s@&ason.
concentration decrease thatgbenutrients show is attributed to the slower rate of uptake
compared to carbon accumulation (Gregory et. al., 19r83.decline reflects the decrease

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



Along with whole planhconcentration changes, few studies have been conducted on
nutrient concentration changes throughout the separate plant frak@olen and Whitney
(1980) found that N concentrations decreased linearly in living leavest@mdfrom 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
betweerstem elongation and flag leaf (FeekeBegkes 8). Karlen ar\Whitney (1980) showed
that P, sulfur (S) and Copper (Cu) all decreased in the living leaves while P, K, and zinc (Zn)
decreaseth stems, fromointing to flowering. Bauer et al. (1987) also showed Riezreasen
both leaves and stems throughout thessean 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 Whitnewlso 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 showedlecreaséom 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 al Haas (1961) found that fertilization with N and P caused significantly
greater N and P concentrations in vegetative plant parts earlysedBerbut levels were
similar late in the season. This same study showed significant grain concentratioreg)grels
and P, at maturity due to fertilization.

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

considerablémpact on the nutritional value of the food. Low levels of micronutrients in the



grain can lead to nutite 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). Its estimatedhat 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 worldwigeo 25% (Caballero, 2002).

Biofortification of wheat iggenerallycentered 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 @® and grain yield by as much as 5Phis
suggestshat it is possible to increa&s concentration in grain while also increasing grain
yields. Target Zn concentration level increase for purposes of biofortification is 12 taskg
defined by the HarveBtus biofortification progress briefs (201#)arvestPlus also sets the
target concentration level of Zn at 35 mg'gr wheat grainFertilization of wheat with Fe was
shown to be less effective by Aciksoz et. al. (2011), with direct Fe applicationsighoinimal
or no impact on Fe concentration.

The objectives of this study wereijadescribe the seasonal changes in nutrient
concentration levels, within separate plant fractions, throughout the growing season and ii.)
evaluate the effect of microtrient 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 growing season and one
locationduring the 2012016 season. Thexperimental design of tletudywas 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 meterstdocation2. All locationswere nonirrigated and used conventional tillage.

Both treatments received an application of a broadcast blend of mono ammonium
phosphate (MAP) [1:52-0 (N-P-0s-K20)] and potassium chloride (KCI){@-62 (N-P-Os-K20)]
for a tdal application rate of 12 kg #af N, 56 kg ha of P.Os, and 56&g ha' of K2O. The
micronutrient (NPK+Micros) treatment received a broadcast blend of 17%af Ea, 11 kg ha
of Mn, 11 kg h& of Cu, 3 kg h# of boron, and 45 kg h'aof S in addiion to the previously
described N, P, and K fertilizer.

Location 1was establisheth Manhattan, KS (Riley Co) (39°12"28; 96°3 5 ' W)6 0O
(Table 2.1) A mixture of urea ammonium nitrate (UAN) 28% N and ammonium polyphosphate
(APP) [1634-0 (N-P.0s-K20)] cortaining 56 kg ha of N and 30 kg hd of P.Os 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 hl and P applied during the fall. Spring tdgess of N
was compéted with 45 kg haof N appliedin the spring as UAN (28-0) to the entire study
area. The total amount of N applied during the entire season was 113.kg ha

Location 2 was in Belleville, KS (Republic Co) (39°48B397°40'22W) (Table 2.1).

An appliation of a liquid mixture of UAN (2®-0) and APP (1684-0) containing 90 kg haof

N and 34 kg h&of P.Os was applied prglant, along with the previously mentioned broadcast
blend applied after planting, for a total of 102 kg had 90 kg ha N andP applied in the fall.

In the spring, an additional 17 kg hef N was appliechs broadcast urea. The total amount of N
applied during the entire season was 119 kfj ha

Location 3was establishenh Ashland Bottoms (Riley Co) (39°8"48; 96°37'49W)

(Table 2.1). A liquid broadcast blend of UAN (280) and APP (1£84-0) was appliegbre plant



containing 56 kg haof N and 34 kg hd of P.Os, along with the previously mentioned broadcast
blend applied after plantinfpr a total of 68 kg aand 90 kg hd N and P applied during the
fall. In the spring, an additional 34 kghaf N was appliedas surface banded UAN (:80).
The total amount of N applied during the entire season was 102%kg ha
Soil Sampling and analyses

Soil samplesvere collectedrom each plot at the time of planting at thd&®cm and ©
60 cm. Samples were dried at 40°C and ground to pass a 2mm sieve before dihalykls
cm samples were analyzed for pH with a 1:1 (soil:water) method (Watson and Brown, 1998),
soil test P withhie Mehlich3 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, 198&mnples collected at the 0
60 cm depth were analyzed for nitrate using the KCI extraction (Gelderman and Beegle, 1998),
Cl with a calcium nitratextraction(Gelderman et al., 1998), and S using a calcium phosphate
extraction(Combs et. al.,1998). Soil test results are listed ineTal2.

Plant Tissue Sampling and Analysis

Abovegroundplant sampling started in the fall before wheat dormancy in the winter.
One samplingvas completedh thefall for locations 1 and 2, and two fall samplings for location
3. Sampling ceased throughalé winter and was reinitiated at spring gregn 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 wereligyet! at ground leat
from two rows positioned roughly 1 m inside left and right plot edges, at a length of 76 cm. Total
sampling area was .387?mt locations 1 and 3 and .29 at location 2. Samples were taken

from the front left corner of the plot at the first samplimget 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 allowedelcentral area of the plot to remain undisturbed for the purpose of
grain harvest. Samplegere then separateato plant fractions that include leaf, stem, spike and
grain depending on the growth stage. Samples were then drietCawgfghed for biomasand
ground to pass a 2mm mesh. Thegre then analyzefr total N using a sulfuric peroxide digest
(Matsunaga Shiozaki 1987) and Zn, Cu, Mn, S, P, and K usingtac perchloricdigest
(Gieseking et. al., 1935).
Grain Harvest and Analysis

Grain washarvested 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 t®pass a
mesh and analyzed for total N using sulfuric peroxide digest and Zn, Cu, Mn, S, P, and K using a
nitric perchloricdigest. Reported grain yield is adjusted to 13 % moisture.

Statistical Analysis

Statistical analysiby locationwas performed using tH@LIMMIX procedurein SAS 9.4
(SAS Institute Inc, 2012Plant tissue nutrient concentration was analyrmadgsampling time
asrepeated measune the modelnd bloclks asrandomeffect Grainyield analysisat the end of
the season wadoneusingblocksasrandomeffect A significance level of 0.1@as usedor

analysis.
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RESULTS AND DISCUSSION

Leaf tissue nutrient concentration

Leaf tissuébiomass andutrientconcentratiorlevelsthroughout the season show
somewhat variedesults acroskcations Samping datehad a significant impact on every
nutrient atall locatiors (Table 23). Leaf biomass at location 1 showed some increase in early
spring and a decreabyg harvest, howevdsiomass levels were highly variable during the
growing season (Fig 2.1) elaf bomass at locatis®2 and 3increasd rapidly until anthesis
(Feekes 10.8) (Wise et. al, 2011t which point it starts to decrease until har¢Egy. 2-2 and
2-3). Location 3showed a significant biomass response to the application of S and
microrutrients. Thigesponsenay be due ta Sfertilizer response considering the low soil OM
and S levels (Table 2.2Rasmussen et. al., 1975)

Nitrogenconcentration in the leaf followed similar overall trends for all locations, with
higherconcentrationtaearly growth stages and decreasing until harvest (Fig. 2.1, 2.2, and 2.3).
This trendfor N concentration in the leaigres with previous studie@arlen and Whitney,
1980) The application of S and micronutrients show no effedeafiN concentration
throughout the growing season.

Phosphorugeaf tissue concentration showed an overall decr@asethe growing season
for all locations (Fig. 2.1, 2.2, and 2.3). The rate of decrease in P tissue concentgsitaradly
faster during early growth untiinthesigfFeekes 10.5.1gndlittle changesuntil harvest.
Potassiuntissue concentratioshoweda very similar trendor all locatiors (Fig. 2.1, 2.2, and
2.3). The oncentratiorof K showed a small increase around spring gigethen decreasing

until anthesig(Feekes 10.5.1gt which point theate ofdecrease becomes very rapid until
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harvestGregory et. al. (1979) sggsts this loss of K is efflutkxom the plants backhroughthe
roots while Miller (1939) claims leaching from senescing leaves mayalsacurring.

Sulfur concentration in the leaf tissgenerallyshowed an increase arougieenrup until
anthesigFeekes 10.3) for all locationsandthenrapidly decreasing until harve@tig. 2.1, 2.2
and 2.3) Locatiors 2 and 3showedsignificantlyhigher tissue S concentration throughout the
growing season with the application of S and micronutridfitgs 2.2 and 2.3)Coppereaf
tissue concentration wagenerallyconstantduring the growing season, witslightdecrease in
concentration as theason 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 allocations Relatively higher Cu concentration was significat early and
late growth stageddanganeseoncentration in the leaf tissue varied during the growing season,
however, the overall trend for all locations were for an increase in Mn concen{fagog.1,
2.2 and 2.3)Location 1 showed higher Mn cosration 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 waenerallyhigherearly in theseason and decreased
duringlate gowth stages, with similar trends for all locations (Fig. 2.1, 2.2 and 2.3).
Furthermore, the application of Zn fertilizer treatments resultad averall increase in tissue
Zn concentration at albcations

Stemtissue nutrient concentration

Stem bionass andhutrientconcentration levelshowedess variablgatternsduring the
growing season for albcationswhen compared tooncentrationsn the leaf(Fig. 2-4, 2-5, 2-6).
Stembiomassncreased rapidly at all locatioesrly in the seasamtil antresis(Feekes 10.5.1)

and decreasing at the end of grain filftem lomass at location ®assignificantly highemvith

12



the application of S and micronutrient fertilizers (Fig. 2.4, 2.5 and 2.6). This response was
similar to the biomass responsdlieleaf, andwaslikely due tothe applieds 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, RliZ)ogen concentratiolevels
deaeased from the start of stem elongauoril harvest aall locations Trends for P and K were
also similar to N and showed a significaletcreaseat alllocations Sulfur trendswvere similar for
all locationswith higher concentration during eadyowth stages (Fig. 2.4, 2.5 and 2.6). Sulfur
concentrationn the stem was significantly higher with the application of S fertilizer and
differencedn concentration levelaere particularly noticeable during late growth sta&esfur
concentration valuefsom location lat Feekes 10.5.4 were omitted due to excessively high
values potentially caused by sampling er¢éigure 2.4) Copper decreased slightly throughout
the season all locationswith some effecof Cu fertilizer application on Cu stem tissue
concentrationManganeseoncentratiordecreases throughout the semadth significantly
higher concentration levels in the treatment with S and micronutri&intsconcentration in the
stemgenerallydecrease throughout the seaspwith an overall incrase in concentration with
the application of Zn fertilizer (Fig. 2.4, 2.5 and 2)rthermore, Zn fertilizer application
resulted in a slight increase in Zn tissue concentration in the stem at the end of the growing
season wittsignificantly higheiZn vdues for the lastwo samplingdates.
Headtissue nutrient concentration

The headractionwas separated from stems whba headsvereclearlydifferentiated
from the stenfaroundrFeekes8-10 for all locations) The number of sampling dates for the head
fraction was4 at location 1 and 5 for locations 2 and 8gimning at~eekesl1.2 the head

fractionwas further separatento the twofractiorns of spike and grairmhehead biomass
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increased linearlfor all locationswhile N, P, K and Zn tissue conceationdecreased in fairly
linear trendsHead biomass at location 3 showed a significant effect of S and micronutrient
fertilization, with asignificantincrease in biomass particularly for late growth stages. However,
N, P, K and Zn tissue concentratioen& not affected by fertilizer applicatioBulfur
concentratiorgenerallydecreasgduring 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 ogentration in the head tissue showed an overall increase over time for all
locationswith no significant effect of Mn fertilizer applicatioGoppertissueconcentration
generallydecreasgfor all locations with no clear effect of Cu fertilizer applioati
Spikenutrient concentration

Nutrient oncentration levels for spikeactiors wereevaluatedor the final two
sampling datesrhen spike and grain samples were separatdek growth stageSeekesl1.2
and 11.3 At all locationsS showeda significarh decreasé&om the first to second sampling date
with no significant differences betweéartilizer treatmentgTable2.3,2.4). Copperdid not
show any discernible trendinc showed a significant decrease at location 3 while Mn increased
at the same Iation.

Grain nutrient concentration

Grain samplesvere collectediuring the same dates as spike sampldstwo sampling
dates for each locatioGrain biomass increased from one sampling date to the ndkt at a
locations(Table 2.5. Location 3 showed significantly higher grain biomass for the treatment
with S and micronutrient fertilizeNitrogenconcentration in the grashowed little change
between sampling time and treatments for all locatiBhssphorusk andMn all show

decreasem both treainents with no significant differenceBotassiumS, Cu and Mn showed

14



little change between sampling times and treatments at all locafionsoncentration in the
grain showed an increase with the application of Zn fertilizer particularly at locatams 3
Grain yield and nutrient concentration at harvest

Yield and nutrient concentrations of harvest grain in all treatments and locatgons
shownin Table 2.6Yield results show a significantly higher yield for the treatnveith S and
micronutrien fertilizer at location 3This yield increase is most likely due to the additid®al
fertilizer giventhelow soil testS levels(Table 2.2) Nitrogen concentration in the grain was
significantly higher at location ®ith the NPK only treatmentikely due tolower yieldsand the
same amount o fertilizer applied The NPK+Micros treatment wasdso significantly higher in
Zn concentration levels at dticatiors. At all three locations the NPK+Micros treatment reached
the target level of 35 mg Kgprovided by HarvestPlusiveraged across all locations Zn
concentration was increased by 10 mg.Kbhis is still under the Harvedt® target of 12 mg kg
Lincreased concentration level however, it shows fertilization of Zn to be one potential tool for
biofortifying wheat.Across all sites average Zn removal was 0.1h&bwhich is 0.008% of the
applied amount of Zn. This reflects the high amount of fertilizer Zn that is required to increase
concentration levelg:urther studies are necessary to show theuatnaf concentration increase
that heavy Zn fertilizatiomcreases concentration in proceeding ygaopperconcentration
levels were significantly higher in the NPK+Micros treatment at locations 1 drwh2yverwere
much lower and not significantly di&rent at location 3 likely due to much lower soil t€st

levels and higher sand content in sod.
CONCLUSIONS

Yield increase fron® andmicronutrient fertilization waseen at only one location and

wasmost likely attributedo Sfertilization due tdow soil S levels.General macronutrient
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concentration trendshoweddecliningvaluesthroughout the season in vegetative parts and
maintaining in grain throughout developmeritese results are similar to previously conducted
studies Significantly highe concentration leveJ]srom S and micronutrient fertilizer application,
werefoundfor Cu and Zrwithin most plant parts, as well &within leaves and stems. In

harvest grainZn was significantly higher in the NPK+Micros treatmenathtocatiors. Average

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

over the NPK treatment. These values are above and very near the target values of 35 and 12 mg
kgt established by HarvestPIlResultsfrom this study showethat Znfertilization is a useful

tool thatcanbeimplementedor biofortification purposes
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Table 21. Description of locations in 2012015 and 2012016.

‘ Precipitation Planting Planting
Location Year County Soil Serie§  Soil Subgroup 30yr 1-yr Season Variety Rate Date
------ mm----- kg hal
1 20142015 Riley Smolan ScL Pachic Argiustolls 904 777 599 Hotrod 45 10/6/2014
2 20142015 Republic Crete SL Pachic Udertic Argiustolls 775 655 381 Everest 102 10/7/2014
3 20152016 Riley Belvue SL  Typic Udifluvents 904 988 652  Everest 45 10/6/2015

ASCL, Silty clay loam; SL, Siy loam
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Table 22. Initial soil test results from each location.

Location

Soil parametei 1 2 3

pH 5.9 4.6 5.4
OM (g kg-1) 21.5 29.0 16.0
P (mg kgl) 36 59 69

K (mg kgl) 293 475 232
Cu(mg kg1l) 1.5 1.7 0.7
Mn (mg kg1) 25.5 82.5 14.5
Zn (mg kg1) 1.1 1.2 1.1
NO3-N (mg kg1) 13.0 21.5 21.0
Cl (mg kg1) 2.8 6.2 4.5
S(mg kg1) 9.8 13.8 1.9

A p Hsoitwatér,organic matterlossonignition, P, Mehlich
3, K, ammonium acetate, Cu, Mn, Zn, DTPA Extraction, NO:
N, potassium chloride extractant, Cl, calcium nitrate extractic
S, calcium phosphatxtraction pH, organic matter, P, K, Cu,
Mn, Zn were all sampled atIb cm depth. NO3, CI, S were
all samplecat 0-60 cm depth.
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Table 23. Significance of F values for fertilizer treatment (FT), sampling date (SD), and the interaction of fertilizer treatsaemplbyg date
effects on N, P, K, S, Cu, Mn, and Zn concentratiorieafy stem, head, spike and grain fractions at all location.

Leaf Stem Head Spike Grain
Nutrient FTA SD FT x SD FT SD FT x SD FT SD FT x SD FT SD FT x SD FT SD FT x SD
---------------------------------------------------- [ =
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

AFT, Fertilizer Treatment, SD, Sampling date
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Table2-4. Nutrient concentration in spike fraction of plants at the last two whole plant sampling
dates before harvest.

Treatment Biomass N P K S Cu Mn  Zn
kghat  -------- gkgt-------- ----mg kg*- - - -
Location 1: June 4th
NPK 1668 9.3 1.0 5.8 0.75 3.8by 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 2051 11.0 2.0 8.9 0.90 6.2 160 20

NPK+Micros 2164 10.8 2.0 8.6 0.91 4.5 156 20
Location 2: June 16th
NPK 187 9.1a 1.9a 8.6 0.76 55 161 20
NPK+Micros 1744 8.1b 1.5b 8.4 0.73 8.8 172 21
Location 3: June 3rd
NPK 1108 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
A NPK treat ment r e c'®j86 lgddRaOs 660ky lwlK,Odrom fartllir aklaratibnal, 119
kg ha'N, 90 kg ha P,Os, 56 kg ha K,O from fertilizer at location 2, and 102 kghid, 90 kg ha P,Os, 56 kg ha
K20 from fertilizer at location INPK+Micros treatment received the same amoahts, P205, and K20 amounts

as the NPK treatment plug kg ha’ of Zn, 11kg ha'of Mn, 11kg hat! of Cu, 3kg ha' of B, and 45g hat of S.
y Letters represent a statistical difference between treatments at a probability level of 0.1.
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Table 25. Concentration levels of nutrients in grain fraction of plants at the last two whole plant
sampling dates before harvest.

Treatment Biomass N P K S Cu Mn Zn
kghat  ----- gkgl----- ----mg kg*- - - -
Locationl: June 4th
NPK 3710 18 3.3 42 1.18 3.9y 37 26b
NPK+Micros 4130 18 3.3 42 1.26 5.0a 43 35a
Location 1: June 17th
NPK 4650 18 29 28 1.23 3.7 35 27b
NPK+Micros 4703 20 31 31 1.34 4.0 39 41a
Location 2: June 9th
NPK 3321 22 43 6.3 1.39 4.1 77 38
NPK+Micros 3233 22 43 6.3 1.34 3.9 76 34
Location 2: June 16th
NPK 3730 22 43 56 1.24 3.6 74 37
NPK+Micros 3891 22 42 55 121 4.0 77 41
Location 3: June 3rd
NPK 2235 22a 46 52 1.12 2.3 48 29b
NPK+Micros 40222 18b 43 49 1.17 2.4 52 40a
Location 3: June 10th
NPK 3054 22a 48 50 1.20 2.5 56 33
NPK+Micros 3967 18b 46 51 1.15 2.7 58 38

A NPK treat ment r e cldj8e lgdaPaOs 660k lElK,Odrom fartlliZr aklacatibnal, 119

kg ha' N, 90 kg ha P,0s, 56 kgha' K,0 from fertilizer at location 2, and 102 kg, 90 kg ha P.Os, 56 kg ha

K20 from fertilizer at location INPK+Micros treatment received the same amounts of N, P205, and K20 amounts
as the NPK treatment plus k@ ha' of Zn, 11kg ha' of Mn, 11kg ha' of Cu, 3kg ha! of B, and 4%g ha' of S.

y Letters represent a statistical difference between treatments at a probability level of 0.1.
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Table2-6. Grain yield and nutrient concentration in the grain avdst for at all
locations.

Treatment Yield N P K S Cu Mn Zn

kg hat ----- gkgl----- - --mg kg*- - -
Location 1
NPK 4570 19 33 31 12 359 36 28b
NPK+Micros 4696 18 3.3 31 13 4.0a 37 40a
Location 2
NPK 3818 21 44 47 13 3.5 74 38b
NPK+Micros 3643 21 43 46 13 4.0a 78 45a
Location 3
NPK 331 19a 3.3 3.1 10 1.2 41b 26b

NPK+Micros 4014 17b 3.3 33 1.0 1.2 48a 37a

A NPK treatment r ec'®Nj8elkydaPaOs 660kt a
ha' KO from fertilizer at loation 1, 119 kg haN, 90 kg ha P,Os, 56 kg
ha! K20 from fertilizer at location 2, and 102 kg, 90 kg ha P,Os,

56 kg ha! K0 from fertilizer at location INPK+Micros treatment
received the same amounts of N, P205, and K20 amounts as the NP
treatment plus 17 kg Haf Zn, 11 kg h& of Mn, 11 kg h& of Cu, 3 kg ha
1 of B, and 45 kg haof S.

y Letters represent a statistic
probability level of 0.1.

27



Feekes Stage

>
DN N YD VNI
Q Ho oADK DRI Q b6 oA RN RN
1800 A . 50 - A .
Biomass Nitrogen
1600 [~ a
1400
1200 [
-
% 1000 - %
= B ~
2 oot o =
b
600 [
400
—8— NPK Fertilizer Treatment
200 [ O.- NPK+Miicros Fertilizer Treatment
Phosphorus Potassium
b o
j=2] [=2}
4 4
(=2} (=2}
0.5
Sulfur
3 4 12
a
10 o
. g
ol o a
2 2 < s °
fe)
@ £ 02299 b0
6 b o
1 41 b
2
a .
Manganese ° zZinc
140 A N a
40 -
e}
b o
=2} oD
X X
[=2} [=2
1S £
20
0 T T T T 0 T T T T T T
Dec Jan Feb Mar Apr May Jun Jul Dec Jan Feb Mar Apr May Jun Jul
Month Month

Figure2-1. 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 treatmerds Location #1.
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Figure2-2. Concentration levels of nutrients in the leaves at various sampling times throughout

the growing season, initiated on December 3rd and concluded on Juneidétes show both
NPK fertilizer and NPK+Micros fertilizer treatments at Location #2.
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Figure2-3. Concentration levels of nutrients in the leaves at various sampling times throughout
the gowing 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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Figure2-4. Concentration levelsf 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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Figure2-5. 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.
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Figure2-6. Concentration levels of nutrients in the stems at various sampling times throughout
thegrowing 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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Figure2-7. 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 heaelgere then separatéato spike and grain. Figures shdoth NPK fertilizer

and NPK+Micros fertilizer treatments at Location #1.
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Figure2-8. Concentration levels of nutrients in the heads at various sampling times throughout
the growing seasoiseparation of heads from stems began on April 30th and continued until
June 9th when heaslgere then separatéato spike and grain. Figures shdath NPK fertilizer

and NPK+Micros fertilizer treatments at Location #2.
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Figure2-9. 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 headsere then sepatedinto spike and grain. Figures shdath NPK fertilizer

and NPK+Micros fertilizer treatments at Location #3.
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Chapter3-Ev al ua tutorniugdnfd Kk epaa b d t i winn tnegr
wh e at

ABSTRACT

The nutrient uptake and partitioning patterns of winter whg@idum aestivurphas
been studied in theasthowever, 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 ofterwheat throughout the growing season
and evaluat@otential nutrient remobilization differences duerticronutrient fertilization. This
studywas establishedt thredocationsin Kansas, twdocationsduring the 2014€015 season,
and ondocationduring the 20152016 seasorlhe experimental design was a randomized
complete block design with two treatmerdsstandard fertilization and standard fertilization plus
treatment. The standafettilization wasnitrogen (N) at rates of 113, 119 and 102 kg aa
locations 1, 2 and 3, phosphorus (P) at rates of 86, 90, and 980 [iB* at each location, and
potassium (K) at a rate of 56 kgA®) ha'. Theplustreatment aded 17 kg ha of zinc (zn), 11
kg ha' of manganese (Mn), 11 kg haf copper (C, 3 kg hat of boron (B), and 45 kg heof
sulfur (S)to the standard treatmemboveground 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 rapidawth and nutrient accumulation between Feekes 6 adj amounts
of N, P, S, Cu and Zn were remobilizedm vegetative structures tbegrain. 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 locatithres

end of the growing season.
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INTRODUCTION

A goodunderstanding of the nutrient uptake patterns of winter wheat, throughout the
growing season, is critical toglpursuit of increased wheat yields and more efficient use of
fertilizer. The importance dfl, P, and Kuptake timing are known however, it is just as
important to have a clear understanding of the secondary and micronutrients as well. The timing
of rapidnutrient uptake and dry mattaccumulation can help predict the key stages of growth
where high levels of nutriemaire most needed.

The iate of dry matter accumulationaskey component drivingutrient uptake. Karlen
and Whitney (1980) found the masipid period of dry matter increase to be from jointing
(Feekes 6)o anthesis (Feekes 10.5(ise et. al., 2011Meng et al. (2013) also found this
same period of rapid dry matter increase and fabhatb4% of total dry matter accumulated by
anthesigFeekes 10.5.1Hocking (19949 also states that a majority of total dry matter had
accumulated by anthegiseekes 10.5.1ip spring wheatThe rate at which dry matter
accumulates and the peak amount of dry matter can be influenced by environmemtahtacto
well as fertilization (Holtz, 200)7 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, 2008y. mater has also been found to decrease
during ripeningdue to leaf senescen(€arlen and Whitney, 1980).

Macronutrientuptake and partitioning patterns are closely related to dry matter
accumulationand are influenced by factors such as cultivar and weagdlahility. 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 highaantities when growth is rapid, variances between uptake
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timing of each nutrient do existhese variances make it important to separately evaluate the
uptake patterns of each nutrient. Critical points when describing uptake and accumulation
patterns aréime periods of rapid accumulation, peak nutrient accumulation, amount of nutrient
translocation occurring, and the impact of nutrient availability on these factors.

The amount oN accumulated between planting and spring gigegenerallyanges
from 8to 22%in relation tothe maximumN accumulated throughout the seasihillér, 1939).

Early springN accumulation is much more rapid with as much as 61% of total accumblated
present in the plant by Feeke@oltz, 2007) (Wise et. al., 2011)Clarke etal. (1990)found

that anywhere from 67% to 1@2of totalN present at harvest is accumulated by anthesis
(Feekes 10.5with an average of 81%Valdren and Flowerday (1979) also found 80% of total
N to be present in the plaby anthesis (Feekes 10.5) antPo of total planiN located in the

grain at maturityCampbell et. al. (1977) showdug valueis generallyhigherduring dry years
with 65% to 80% totalN accumulated by anthegiBeekes 10.5.1gompared to 45% to 70%
during wet year# their studyGregory et. & (1987 found thatN trandocation from plant
shoots to grain accounted for more total ghdwhen there were low rainfall conditions during
grain filling (Feekes 11:11.4).

Uptake rate and translocation can be affected by nutrient aliylalbbng with
environmental factord8oatwright and Haas (1961) found tiNatranslocation was effected by
bothN and P availability. They stated that #dAif
dough; and if both nutrients are limiting, N uptdi@m the soil will continue until the plants
reach maturity. o This implies that if the pl a

10.51) it will not continue to accumulate N even if more is availablerdas (2009) had very

39



similar findings thaasshowed 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.RapidP uptake was found to occlater thanN and coincided with the rapid production
of newly formed plant parts such as stems and h@aitler, 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 teal accumulate® 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, 197%rain 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 Ilarke et. al(1990)found that moreranslocatioroccurs when growing
conditions are not favorable to increased dry matter accumufatahas periods of reduced
moisture availabilityDordas (2009) found the impact of P fertilization on translocation was very
similar to N, with higher rates of translocation occurrin® fiertilized treatmentsThis would
imply that fertilization increases¢ 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 totaplant potassium occurring in the grain (Hocking, 199Waldren and
Flowerday, 1979)Rose et. al. found peak K accumulation to occur around heading (Feekes 10)
Miller (1939)found that there was a drastic losKdfour to six weeks before harvest wheere
were significant rainfall event&regory et. al(1979)also found this heavy loss Kffrom the

wheat biomast occur with almost 50% loss between anth@stekes 10.5.19nd harvest.
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Uptake ofK is also highly influenced by the availability RfandP and the fertilization of these
nutrients can greatly increakeuptake (Beaton & Sekhon, 1985).

Miller et. al. (1994) found that over 78% of total plant zinc was accumulated in the grain
at maturity.Although micronutrients aneequired in lower amunts comparetb 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 unnoticeA.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 micrtnutrien
also heps toestablish optimum time periods of fertilization.

The objective of this study was &ssess wheat nutriemptake and partitioning for
differentplant parts for N, P, K, S, Cu, Mn, and,amd verify potential nutrient remobilization

with and withoutmicronutrientfertilization.
MATERIALS AND METHODS

This study was conducted at two locations during the 2014 growing season and one
locationduring the 2012016 season. The experimental design osthdywas a randomized
complete block design #i 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 locatich All locationswere nonrirrigated and used conventional tilag

Both treatments received an application of a broadcast blend of mono ammonium
phosphate (MAP) [1:62-0 (N-P.Os-K20)] and potassium chloride (KCI){@-62 (N-P.Os-K20)]
for a total application rate of 12 kg haf N, 56 kg ha of P.Os, and 56&g ha' of K2O. The

micronutrient (NPK+Micros) treatment received a broadcast blend of 17%af Ea, 11 kg ha
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of Mn, 11 kg ha of Cu, 3 kg h& of boron, and 45 kg hiaof S in addition to the previously
described N, P, and K fertilizer.

Location 1was estblishedn Manhattan, KS (Riley Co) (39°12"2¢; 96°3 5 ' W)6 0O
(Table 2.1) A mixture of urea ammonium nitrate (UAN) 28% N and ammonium polyphosphate
(APP) [1634-0 (N-P.0s-K20)] containing 56 kg haof N and 30 kg hd of P.Os was applied
pre-plant in lae July along with the previously mentioned broadcast blend applied after
planting,for a total of 68 and 86 kg HaN and P applied during the fall. Spring tdgess of N
was completed with 45 kg Haf N appliedin the spring as UAN (28-0) to the entie study
area. The total amount of N applied during the entire season was 113.kg ha

Location 2 was in Belleville, KS (Republic Co) (39°48B397°40'22W) (Table 2.1).

An application of a liquid mixture of UAN (28-0) and APP (1£84-0) containing 90 g ha! of

N and 34 kg h&of P.Os was applied prglant along with the previously mentioned broadcast
blend applied after plantingpr a total of 102 kg haand 90 kg h& N and P applied in the fall.

In the spring, an additional 17 kg hef N was ajplied as broadcast urea. The total amount of N
applied during the entire season was 119 kfj ha

Location 3was establishenh Ashland Bottoms (Riley Co) (39°8"48; 96°37'49W)

(Table 2.1). A liquid broadcast blend of UAN (2&) and APP (1£84-0) was aplied pre plant
containing 56 kg haof N and 34 kg hd of P.Os, along with the previously mentioned broadcast
blend applied after plantinfpr a total of 68 kg dand 90 kg hd N and P applied during the

fall. In the spring, an additional 34 kghaf N was applieds surface banded UAN (:80).

The total amount of N applied during the entire season was 102%kg ha
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Soil Sampling and Aalysis

Soil samplesvere collectedrom each plot at the time of planting at thé®cm and 0
60 cm. Samples werdried at 40°C and ground to pass a 2mm sieve before an@hsi615
cm samples were analyzed for pH with a 1:1 (soil:water) method (Watson and Brown, 1998),
soil test P with the MehlicB 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, 198&mnples collected at the 0
60 cm depth were analyzed for nitrate using the KCI extraction (GeldemdaBeggle, 1998),
Cl with a calcium nitratextraction(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

Abovegroundplant sampling stéed in the fall before wheat dormancy in the winter.
One samplingvas completedh thefall for locations 1 and 2, and two fall samplings for location
3. Sampling ceased throughout the winter and was reinitiated at springugregith subsequent
samplingonce 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 wereligretl at ground level
from two rows positioned roughly 1 m inside left and right plot eddes|ength of 76 cm. Total
sampling area was .387?mt locations 1 and 3 and .29 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 galmlocations. 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. Samplewere then separat@ato plant fractions that include leaf, stem, spike and
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grain depending on the growth stage. Samples were then drietCawgfghed for biomass and
ground to pass a 2mm mesh. Thegre then analyzefdr total N using aulfuric peroxide digest
(Matsunaga Shiozaki 1987) and Zn, Cu, Mn, S, P, and K usingtac perchloricdigest
(Gieseking et. al., 1935).
Statistical Analysis

Statistical analysis was performiyg locationusing the GLIMMIX procedure in SAS 9.4
(SASInstitute Inc, 2012). Plant nutrient uptake was analyzed using sampling time as repeated
measure in the model and blocks@sdomeffect. A significance level of 0.1Was usedor

analysis.
RESULTS AND DISCUSSION

Biomass

At all locations leaf and stefmactiors increasén biomasghrough the season until the
time of anthesigFeekes 10.5.1at which point they decrease showing a remobilization of
resources into the reproductive structures of the pRagtres 31, 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 betwgeatments at any
sampling datéhroughout the seasd@mable 34). Fall uptake was very rapid with a significant
amount of total uptake occurring before winter dormgiregure 31). The most rapid period of
uptakeduring spring occurred betweerdkes GndFeeke®. Accumulation ofN in the leaf
and stenfractions begins to decline after head formation and there is a rapid decline in leaf stem

and spikdractiors once grain production begins. Peak total uptaité @atcursat Feekesl1.2

44



and then declireslightly. At this stage graiN accounts for roughly 52 % of totill within the
plant. AtFeekesl1.3 shortly before harvest, grafhaccounts for 72% of total plaht, although
total N has declined a large portion has moved into the gramtion Thisresult is very similar
to the results presented by Waldren and Flowerday (1979).

At location 2there was very little difference between tdtaliptake levels throughout the
season (Table-8). Uptake patterns were very similar to location 1 althdddgvels in the
leaves and stems stayed level longer into the season, not declining until well after anthesis
(Feekes 10.3) occurred (Figure-3). N levels within the grain compared to the total plant were
also much lower than location 1 with grain levelscaighly 40%and 54%at Feekesl1.2 and
11.3.

Total N uptake at location 3 was much meggiablethan locations 1 and&s well as
much lower overal{Table 36). This is likely because of a higher sand content in the soil leading
to a much lower waterdiding capacityN 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 stémactiors began to generallyedline
immediately after head differentiation occurred although the trend was inconsisient.
NPK+Micros treatment was significantly higher in tdtalptake at 5 out of 6 sampling dates
between Feekes 10 and Feekes 11.2. This is likely attributedhier liegal biomass due to
additionalS which leads to higher total macronutrient uptakeerageN uptake across locations
shows rapid increase beginning around Feekes 6 and continuing until anthesis (Feekes 10.5.4)
(Figure 37). Nitrogen accumulation in &es and stems decreases after anthesis while grain

accumulation increases showing high amounts of nutrient remobilization.
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Phosphorusuptake

Phosphorus uptake follows a very similar patterN &t all locationgFigure 31, Figure
3-3, Figure 35). SoiltestP levels weravell above recommended sufficiency levels at all
locations (Leikam et al., 2003). Atdation 1 there are were sanificant differences in totdt
uptake, between treatments, at any dates (Tal)ehosphorus uptake increases cstesitly
after greerup 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 totd? p&aht
already accumulated in the he&thosphorus accumulatiomthe kaf, stem and spikellow a
very similar pattern to N, decreasirapidly during the middle and later periods of grain fill
Grain accumulation d? is roughly 67% and 80% of total plaat Feekes 11.2 and 11Kigh
amounts oP uptake also aatinue to occur well into the grain fill period with a 30% increase of
total plantP 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 toi@inass collected at that sampling ddietal P
uptake again follows a very similar trendNOA much higher percentage of total pl&was
accumulated in the leaf and stémactionrs when compared to location 1. By anthesis only 28%
of total plantP had accumulated in the head and roughly 85% of peakPRaiptake had
occurredGrain accumulation d? was also much lower than location 1 with Feekes 11.2 and
11.3 having 50% and 65% of total pl&htontained in the grain.

At location 3the NPK+Micros teatment was significantly higher in toRptake
beginning at Feekes 10.5.4 and continuing all the way to the end of the Eezder36).
Phosphorus uptake was very inconsistent throughout the season due once again to the fluctuation

of biomass leveal(Figure 35). The grain contained 55% and 62% of total pRyrdat 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 periodserage P uptake and accumulation across locasbows
very similar patterns to N (Figured.
Potassiumuptake

Potassium uptake patterns were considerably differentNreardP at all locations Soil
testK levels were well above sufficiency levels at all locations (Taftel3ikam et al., 2003
Potassium uptake and accumulation at all locations was characterized by a high amount of total
plantK accumulated in the stefractionof the plantFigures 3-1, 3-3, 3-5). This reflecs the role
of K in plant growth, maintaining stem strength anddtrie (Beaton & Sekhon, 1985).
Potassium accumulation within the head, spike and ¢nagtions was much lower than the stem
fractionwhile leaf accumulation levels wecemparativelymoderag¢ except at location 3 where
a high amount oK was accumulateth the leavesThis agrees with many previous studies that
show low grain K accumulation (Waldren and Flowerday, 1979) (Hocking, 198d)majority
of total K uptake occurred early in the growing season with most treatments and locations
reaching 100% atotal K uptake at or before anthesis (Figuré,3-igure 33, Figure 35). At
location 1 there were no significant differences of tKtalptake, between treatments, at any
sampling date (Table-8). Average K uptake across locations shows very rapickagiatween
Feekes 5 and 10 before slowly decreasing (Figufe Botassium accumulation is highest in the
stem fraction while very little K accumulates in the grain.

Sulfur uptake

Sulfur uptake patterns varied acr¢ssations At location 1 two samplig times were

significantly differentin total S uptake Feekes 10.5.4 and Feekes 1(T.@ble 34). At Feekes

10.5.4 the NPK treatment was significantly higher due to a very large and uncharacteristic spike
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in Saccumulation in the stefmaction(Figure 32). This large spike occurred a week after an
unusually hgh, 122 mm, rainfall (Figure-8). The spike occurred in both treatments and can
potentiallybe attributed to waterlogg conditionsn the soilcausingstress to thelant Results
atthislocationshowed that tissue analysis and nutrigstakeevaluations can be affected
significantlyby environmental stress thefield. The NPK+Micros treatment was significantly
higher in total S uptakat Feekes 11.2 with tHargestdifference occurring in thetemfraction

again. This indicates that although @difference did not increase grain yietit,grainS
concentrationthe peak totalS uptake late in the growing season was pushed higher due to the
addedS. At location 2S uptake patterns varied sl between treatmentdthough totals

uptake was not significantly different at any sampling date. Both treatments followed very
similar trends early in the season, until around Feekes 10, where theddi{entleclined

slightly in totalS while the NEK+Micros treatment continued to increase, albeit at a much slower
rate than early season uptaalfur uptake late in the season, between Feekes 11.2 and Feekes
11.3, differed between treatments as well. In the NPK treatment totaSdanwell as ster
accumulation and spik@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 nisybecause there was m&available to the plant due

to addeds fertilizer than availabl& due to mineralization, in the NPK+Micros treatment. On the
contrary, in the NPK treatment late seaSavailability may have been increased due to the
mineralization ofS because of incream soil temperatures, and the lack of the added fertilizer in
the earlier stagetocation 3 was thiocationmost expected to show differencesSinptake due

to much lower soil test values than the other lmaationsas well as much higher sand content

Adding to these factors, precipitation totals were the highest of alllduatonsat location 3
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which meant high possibility fd8 leaching from the soil profiléSchulte & Kelling, 1992)
Total S uptake was significantly higher in the NPK+Microsatreent 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 toBalptake, increasing early in the season,
decreasing during stem elongatiand 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 tot@luptake increasedhile the NPK+Micros treatment decredsé&his
may, once agajrbe associated witlate season mineralization $creatingmore availability to
the NPK treatment while the NPK+Micros treatment already had sufficient levels of av&ilable
to reach peak uptake levefsverage sulfur uptake across locations increasgisllly between
Feekes 9 and 10.5.4 before decreasing in leaves and remobilizing to the grain @igure 3
Copper and Manganeseuptake

Copper and manganese followed very similar uptake patterns at all locations and for that
reason, are grouped togetherehét location lboth nutrients increase rapidly between Feekes 5
and Feekes 10.5(Figure 32). Both nutrients show small spikes at Feekes 10.5.4, however not
as large a$, due to the waterlogged soil conditions during that ti@mcetotal accumulatio of
CuandMn 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 nutrientslbasaeeekes 11.3 fdvin. In
the NPK treatment we see continued total nutrient uptake increase all the way to the final
sampling date, whereas in the NPK+Micros treatrtfemtotal uptake declines after Feekes 11.2,
because of declines in spike and stémnlocation 2 both nutrients, again, increased rapidly until

Feekes 10.5.3, where they dropped slightly before slowly increasing(&ggire 34). Both
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nutrients decreased in total uptake amounts from Feekes 11.2 to Feekes 11.3. Higher amounts of
Mn wereaccumulated in the leaf and stémactiors later in the season whi&u hadmore even
distribution throughout the plant. At locatiorC8i uptake was very low in the NPK treatment
throughout the entire season while the NPK+Micros treatment showed large lspé in the
season and was significantly higher in total upt@gure 36). The large spikes were mostly in
the leaffractionof the plant without a consistetnend of uptakeManganesencreased until
Feekes 10.5.2 where it fluctuated arourididy even level before declininigte in the season.
The NPK+Micros treatment was also significantly higher at many sampling dates later in the
seasonCopper and Mn uptake are most rapid between Feekes 8 and Feekes 10.5.4-@jigure 3
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+Microsnirexat (Figure
3-2). TotalZn uptake was significantly higher in the NPK+Micros treatment at the final three
sampling datedJnlike many other nutrientZn uptake continued to increase in both treatments
even at the final sampling da#st location 2Zn 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 34). Both treatments declined in total uptake around the time of anthesis, with the
NPK treatment ddining slightly earlier than the NPK+Micros treatment. In both treatments leaf,
stem and spik&actiors fell in totalZn levels while grain increased. Totah at Feekes 11.3 was
higher in the NPK+Micros treatment because the NPK treatment declingdlidri@uring 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 treatm@htgire 36). Uptake in
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the NPK treatment was fairly steady between stem etmmgé-eekes 6) and early grain fill
(Feekes 11.1). Tot@n peaked at Feekes 11.1 before declining which suggests all of the
accumulated in the grain was remobilized from other gtaations. Contrasting the NPK
treatment, the NPK+Micros treatmenbsted extremely rapidn uptake between flag leaf

(Feekes 9) and flowerindreekes 10.5.4). Roughly 60% of the t&alaccumulated during the
season was taken up during this time period. After Feekes 10.5.4 #mtbptake was minimal
while grainZn levds 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 harve#verage Zn uptake increases rapidly between Feeked 90ah.4
(Figure 38). 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, andK uptake was influenced &yand micronutientfertilization at location
3. All three nutrients were significantly higher at many sampling dates during the late deason
to increased biomass production in the NPK+Micros treatment due, most likely, to the
additionally applieds. At location 1 ad 2N andP uptake occurred rapidly betweEeekes 6
and Feekes 10.5 whereas raldidptake was highly concentrated into a two weekiq
between Feekes 7 and Feekes 10. Location 3 accumulated all three nutrients most rapidly during
fall and early sprindpefore stem elongation, due to the high level of biomass adationu
during the fall Nitrogen andP, compared td&, showed much higher amounts of remobilization
from leaves and stems into the grain. Sulfur showed an uptake pattern simNilexdept at
location 1 during the time period where waterlogging of the soils most likely influ&ced

uptake. Copper andn uptake were variable, but rapid uptake occurred roughly between Feekes
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6 and Feekes 10.5 much likkandP. Zinc uptake was rapid during thamse time period,
however there was not as much remobilizatioArointo the grain adl or P. TotalZn uptake
was also significantly impacted by fertilization at all locations with many late season sampling

dates being significantly higher in the NPK+Misrveatment.
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Table 3-1. Description ofocationsin 20142015 and 2012016.

Precipitation

) Planting Planting
Location Year County Soil Serie§  Soil Subgroup 30yr 1-yr Season Variety Rate Date
—————— mm----- kg hal
1 20142015 Riley Smolan ScL  Pachic Argiustolls 904 777 599 Hotrod 45 10/6/2014
2 20142015 Republic Crete SL Pachic Udertic Argiustolls 775 655 381 Everest 102 10/7/2014
3 20152016 Riley Belvue SL Typic Udifluvents 904 988 652 Everest 45 10/6/2015

ASCL, Silty clay loam; SL, Sty loam
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Table3-2. Initial soil test results from each location.

Location

Soil parametei 1 2 3

pH 59 4.6 54
OM (g kg-1) 21.5 29.0 16.0
P (mg kgl) 36 59 69

K (mg kg1) 293 475 232
Cu(mg kg1l) 1.5 1.7 0.7
Mn (mg kg1) 25.5 82.5 14.5
Zn (mg kg1) 1.1 1.2 1.1
NO3-N (mg kg1) 13.0 21.5 21.0
Cl (mg kg1) 2.8 6.2 4.5
S(mg kg 1) 9.8 13.8 1.9

ApH 1:1 soil:water, organic matter, loss on ignitionMehlich-3, K, ammonium
acetate, Cu, Mn, Zn, DTPA Extraction, N®B potassium chloride extractant, Cl,
calcium nitrate extraction, S, calcium phosphate extragtibh organic matter, P,
K, Cu, Mn, Zn were all sampled atl cm depth. NO3, CI, S weraall
sampled at @1 cm depth.
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Table3-3. Significance of F values for treatmedate and treatmerty samplingdateeffects on N, P, K, S, Cu, Mn, and Zn uptake
values in leaf, stem, head, spiked grain factions at all locations.

Leaf Stem Head Spike Grain
Nutrient  FTA SD FT x SD FT SD FT x SD FT SD FT x SD FT SD FTxSD FT SD FTxSD
-------------------------------------------------- o
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 0085 <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 0.22 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

AFT, Fertilizer Teatment, SD, Sampling date
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Table3-4. P-Values for treatment effect on nutrient uptake levels for all nutrients within leaf,
stem, head, spike, and grdiactionalong with total uptake levels in the planedrlts 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 18 111 0.897 0.673 0.972 0.561 0.949 0.438 0.237
May 26 111 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 26 111 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 18 111 0.800 0.170 0.680 0.827 0.739 0.703 0.780
May 26 111 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




Table3-5. P-Values for treatment effect on nutrtarptake levels for all nutrients within leaf,
stem, head, spike, and grdiactionalong 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 ~  memeeee e P>F- e e e e

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 0.850 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 27 111 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 0.6%4 0.606 0.596 0.886 0.320 0.666 0.717
May 27 111 0.662 0.693 0.704 0.505 0.417 0.163 0.298
Jun. 2 111 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 0.90 0.769
May 11 10 0.024 0.009 0.004 0.405 0.777 0293 0.353
May 18 10.5.3 0.314 0.643 0.732 0.162 0.00L 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 0.2% 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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Table3-6. P-Values for treatment effect on nutrient uptake levels for all nutrients within leaf,
stem, head, spike, and grdiactionalong with total uptake levels in tipdant. Results show all
sampling dates at location 3.

Nutrient
Date Growth Stage N P K S Cu Mn Zn
Feekes @ - cmmmmeee e PoF- i
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. 10 113 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 10.54 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 27 111 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 0413
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 19 111 0.022 0.006 0.001 0.006 0.168 0.016 0.001
May 27 111 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 27 111 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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Figure3-1. Total dry matter accumulation and macronutrient uptake and partitioning into

differentfractiors of the plant as the growing season progressdisand right columns compare
NPK fertilizer treatment to the NPK+Micros treatment at Location #1.
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Figure3-2. Total micronutrient uptake and partitioning into differgattions 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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Figure3-3. Total macronutrient uptake and partitioning into differfeattiors 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 differgattions of the plant as the
growing season progresses. Left and right columns compare NPK fertilizer treatment to the
NPK+Micros treatmenat Location #2.
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Figure3-5. Total dry matter accumulation and macronutrient uptake and partitioning into

differentfractiors of the plant as the growing season progesedssft and right columns compare
NPK fertilizer treatment to the NPK+Micros treatment at Location #3.

68




NPK Fertilizer Treatment NPK+Micros Fertilizer Treatment

16 1 | TN YN Y Y Y S S N | 1 | N I T T Y T T NN O v |
Sulfur Sulfur

14

12 1

. Grain
. Spike

Head
. stem
B | eaf

10 1

kg hat
[e-]

Copper Copper
0.06 1 ,

0.05 A

0.04 -

kg hat

0.03 -

0.02 -

Manganese Manganese
12 A

kg ha?

Figure3-6. Total micronutrient uptake and partitioning into diffietfractions of the plant as the
growing season progresses. Left and right columns compare NPK fertilizer treatment to the
NPK+Micros treatment at Location #3.

69

















































































