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ABSTRACT: Precision seed placement and the regulteaf orientation have the
potential to influence some of the parameters t¢batrols productivity. The objectives
of this work were to evaluate the impact of seeac@ment and leaf orientation on
cumulative intercepted photosynthetic active radm{CIPAR), radiation use efficiency
(RUE), grain yield, and plant-to-plant yield ine¢jtyaof maize Zea mayd..). Precision
placement of maize used to orient leaf azimuthslgrenantly across and with the row
was compared to conventionally planted seeds wvatidom leaf orientation. Seed
placements and leaf orientations were evaluateasaglant populations (37050, 49400,
61750, 74100, and 98800 plants™*hahybrids with differing canopy architecture
(planophile and erectophile), and row configuratisimgle and twin rows). In 2012, by-
plant yield and plant distance were measured aed ts evaluate plant-to-plant yield
inequality. In Chapter I, results show that CIPMs higher for seed placements that
resulted on across row leaf orientation rather tiaaom. Yield responded positively to
improved light interception and under irrigated @dibions, precision planting of maize
increased yield by 9 to 14% compared to convenlipmdanted seeds. In Chapter lI,
estimated CIPAR for leaf orientations were rankedeross-row > random > with-row,
but greater RUE was observed for with-row ratheanttacross-row or random leaf
orientations. Additionally, across-row and witharincreased yield by 541 and 568 kg
ha' compared to random leaf orientation. In Chapter lorenz curves and Gini
coefficient (G) demonstrated that by-plant yieldedqoality tended to reduce with
precision planting. Lower by-plant yield inequglds indicated by small G coefficient
was associated with lower coefficient of variati(@V), lower range, L-skewed, and
leptokurtic distributions. Plant-to-plant yieldneagion expressed by the CV of by-plant
yield indicated that seed placement and leaf catesrt had little influence on yield
variation but plant-to-plant yield variation wassjtvely correlated with plant distance
variation (plant distance CV). This work found ttipaecision planting tended to reduce
plant-to-plant yield inequality, increase light enteption, and promote changes in
radiation use efficiency which can result in vyielthprovement compared to
conventionally planted seeds with random leaf dagon.
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CHAPTER |

SEED PLACEMENT AND LEAF ORIENTATION EFFECT ON LIGHT

INTERCEPTION AND GRAIN YIELD OF MAIZE Zea may4..)

ABSTRACT

Precision planting of maize has the potential fecifsome of the parameters that
influence final grain yield. The purpose of thessearch was to improve maize light
interception by using seed placement at plantinghémipulate leaf azimuth across the
row. Seed placement and the resultant leaf otientavere evaluated across three levels
of plant population (PP) using two hybrids withfdient canopy architectures. For seed
placements that resulted in leaf orientation actbesow, seeds were planted (i) upright
with caryopsis pointed down, parallel to the rowr{ght); and (ii) laying flat, embryo up,
perpendicular to the row (flat) that were compa@adonventionally planted seeds with
random leaf orientation. Increased PP resultedreater light interception but yield
tended to decrease as PP increased. The planbgbiliel produced consistently greater
yields than the erectophile hybrid, ranging fron828 903 kg ha. Overall, mean grain
yield for upright and flat seed placement and axrasv leaf orientation increased yield
by 351 and 463 kg Hacompared to random seed placement. Greater ClWRasRfound

for oriented seeds and across row leaf orientatrather than random seed



placement and leaf orientation. At physiologicatumity, upright, flat, and random seed
placements 555, 525, and 521 MF mf PAR, respectively. Maize yield responded
positively to improved light interception and bettediation use efficiency. Under

irrigated conditions, precision planting of mainerneased yield by 9 to 14% compared to

conventionally planted seeds.



INTRODUCTION

Management Practices and Productivity

Corn grain yields in the U.S. have increased fromMdlha’ (1930) to over 7 Mg
ha' in 1990 (Troyer, 1990). Based on data obtainethfthe United States Department
of Agriculture (USDA, 2011) corn grain yields inetiJ.S. have increased 24% since
1990 and average 9 Mg h#éoday. Many strategies have been used to prothistgield
increase including genetic improvements, the usdedilizers in particular nitrogen,
weeds, pest and disease control, tillage practaes, rotation, reduced row spacing, and
higher plant population. Many of these culturahgtices evolved as a response to
agricultural research to ensure global food seguamtd promoted a considerable increase
in yield levels. Additional yield increases arepegted in the near future due to the
demand for food. The question is, how much moreyselds be increased, or are yield
levels reaching a plateau? Yield competitions hdeeonstrated that genetic yield
potential is seldom achieved, exposing the exigterig/ield gaps and an opportunity for
additional yield increases even in optimized praduncsystems. Reduction of yield gaps
is one of the challenges facing crop productiorthie future, especially as resources
become more limited. Resources such as wateientgy and solar radiation are required
to be efficiently managed to assure the systenstaguability.

Solar radiation establishes the ultimate limit twop production since all the



energy used by crops throughout the growing se&sabtained from solar radiation
(Ray and Sinclair , 1998). Cultural practices sashincreased plant population and
reduced row spacing have taken advantage of higjterinterception to increase yield.
Increased light interception has a positive eff@ctproductivity, often described as a
linear function when the crop does not experienoéidband/or abiotic stress. Stinson
and Moss (1960) suggested that light can be aitigniiactor in corn production when
nutrients and soil moisture are adequate. Deatlees® spacing and increased plant
population may not take full advantage of availal@ddiation especially in production
environments with a shorter growing season (Wes{d#t97). Additional exploitation of
solar radiation will probably not come from furthercreases in plant population or
reduction of row spacing, but from innovative aggmioes such as seed placement and its
effects on leaf azimuth orientation that can optienine use of resources without major

changes in cultural practices.

Plant Population

According to Duvick (1992) and Cardwell (1982), 6@¥%the yield improvement
in maize can be credited to genetic advances whéderemaining 40% is the result of
improved management practices. Increasing plamsities and decreasing row spacing
are well known strategies to improve light interio@p and maize grain yield. Tollennar
and Bruulsema (1988) found grain yield and absoswdar radiation increased with plant
population up to 100000 plants ha Karlen et al., (1985) found dry matter yield

increases of 4 Mg Haby elevating plant density from 6.7 to 13.5 plants



Hunter (1980) classified the plant response toeasing population in three
categories: (1) absence of inter-plant competityoeid per plant is maximized; (2) plants
compete for resources, yield increases with plapugation, but gain for each individual
plant is marginal; and (3) plant population in essef the required is needed to intercept
the critical amount of photosynthetically activeliegion (PAR). The main effect of high
plant density is the increase in leaf area indeXlIYLThe increase in LAl has a direct
impact on light interception and dry matter accuatioh; as a result, yield is directly
related to leaf area (Gardner et al.,, 1985). Oland Sander (1988) found that by
increasing plant population, LAl was enhanced whaeréiunter (1980) found that
increased leaf area per plant of short-season meszdted in grain yield increase.

Moreover, Alessi and Power (1974) demonstrated dieaending on hybrid and
season, LAl can be enhanced up to 4.9 by plantarty enaturing maize hybrids at
densities of 74,000 plants ha Work by Maddonni et al. (2001) demonstrated fiant
population significantly affected leaf size andiindual leaf area as well as plant height
and plant leaf area. Additionally, they reportedflazimuth changes as plant population
was increased. This is important because at el@\até leaves of one plant will overlap
and cause shading in the leaves of the neighbgolagt, promoting competition for
available radiation which can decrease the photbsyic capacity of the canopy. Ear
number and yield per plant can be reduced with alushading of plants (Prine and

Schroder, 1964).

Canopy Architecture

Leaf architecture of modern corn hybrids can openlight interception and

increase grain yield by providing a means for ttens to intercept more light (Stewart

5



et al.,, 2003). Optimization of light intercepti@tcurs due a better light distribution
through the canopy known as light attenuation teatumerically represented by the
extinction coefficient ). Light attenuation is affected by the amountradiation,
foliage density, and leaf arrangement and useceseribe how radiation penetrates the
crop canopy by integrating LAl and the light peagtn. This means that leaf angle, and
azimuth will influence light attenuation. Pendletand Hammond (1969) stated that
relative photosynthetic potential of maize leavessviwo times greater in the upper
portion of the canopy than the middle portion ane times greater than the bottom part
of the canopy. In addition, Boyd and Murray (1982pgested that light transmittance
through the crop canopy is affected by leaf archie and can hinder weed
development.

According to the leaf inclination, crop canopies de classified into three main
types, including erectophile, plagiophile, and plainile canopy architectures. de Wit
(1965) defined erectophile as predominantly veltieaf angles (>60°) and planophile
when leaf angle is predominantly horizontal (<35°)n theory, if the canopy is
considered planophile most of the light intercaptwill occur at the uppermost part of
the canopy. Individual leaves can become lighurségd faster; less light will reach
lower parts of the canopy affecting canopy phottisstic efficiency and yield (Hay and
Porter, 2006). Alternatively, erectophile canopadlew for better light penetration and
improve the whole canopy photosynthetic efficienc¥he problem with erectophile
canopies is that critical LAl is required to incsea meaning that more leaves are

necessary to intercept a given amount of light canegh to planophile canopies. Gardner



(1985) showed that as leaf inclination increasemfhorizontal, leaf photosynthetic rate

decreases while critical LAl increases, resultmdpigher total photosynthesis.

Seed placement and Leaf Orientation

The principle of seed placement was first mentiobgdPeters and Woolley
(1959), who suggested that kernels planted uprgift flat side facing the adjacent row
seemed to be a promising mean for saving soil mm@sis a result of more efficient soil
shading. They observed a relation between ingedd position and leaf azimuth of
maize, and suggested that more solar radiationdcbel intercepted with leaves from
oriented kernels. In addition, they indicated tmatre efficient soil shading could reduce
soil moisture evaporation losses and improve wemdral. Later, research done by
Fortin and Pierce (1996) showed that random se&ckpient results in random ear leaf
orientation, thus it is reasonable to assume thiatirclled seed placement should result in
controlled leaf azimuth.

Other aspects of initial seed position were presefity Patten and Van Doren
(1970) who found earlier and more complete emergevith more seedling growth when
maize was planted with the proximal end of the s@gn. Giardin and Tollenaar (1994)
observed the systematic nature of leaf azimuthscegdited these changes in the canopy
to intra-specific interference that provided a mongform light distribution. Moreover,
germination rate and success of eight weed spa@ss found to be highly dependent on
seed position in controlled environment germinati(Bosy and Aarssen, 1995).
Recently, Torres et al. (2011) found that leaf aghmand emergence were significantly

affected by seed position at planting and hybrifihey suggested that if seeds are



systematically planted in the same manner, emeegean be more uniform and leaves
methodically oriented resulting in more homogenewog stands.

Preliminary results from plots planted in 1958 gsiwo row spacing’s (0.76 and
1.01 m) demonstrated a yield advantage from p@atiseed placement at planting.
Conventionally planted plots were out-yielded byedseriented plots (Peters and
Woolley, 1959). Toler et al. (1999) used precissaed placement to manipulate plant
canopy and obtain across row, with row, and ranteah orientations. Across row leaf
orientation intercepted more light (10 and 25%) pratluced higher grain yield (10 and
21%) than random and with row leaf orientations.

The yield increase observed in these experimenssattabuted to the higher light
interception and quicker canopy closure, as well ragluced inter- and intra-plant
competition. The effect of increased light intgten gives the crop a competitive
advantage in relation to weeds, because availaiiefbr weeds will be reduced. More
efficient use of light has provided a means forstant yield increases that were usually
achieved due to improved management practices @®tling. Environmental concerns
associated with the use of pesticides and fentgize agriculture, and the challenge to
feed a growing population motivates the developmehtinnovative management
practices. This research was initiated to supiherdevelopment of precision planting of
maize and to evaluate if seed placement of mairebeaused as a management practice

to promote grain yield increase by improving thepcability to intercept light.



HYPHOTHESIS AND OBJECTIVES

The objectives of this experiment were to evalisged placement of maize at
planting and its resultant leaf orientation effects light interception, grain yield,
radiation use efficiency, and grain nitrogen conhterControlled seed positions were
compared to conventionally planted seeds with randeed placement (control) across
three plant population densities and using two iagbrwith dissimilar canopy
architectures.

We hypothesize that precision planting of maize banused to manipulate
canopy geometry and enhance the total amount of irfgRcepted through the growing
season. The hypothesis is that oriented maizeete@an intercept more light than
randomly distributed maize leaves due to a rednatio reciprocal shading of one plant
to the next. Because grain yield is proportiormlttie amount of PAR accumulated

during the growing season, precision planting oizeanay result in yield increase.



MATERIALS AND METHODS

Site Description and Experimental Design

Field trials were established at two sites in 2@ 1, and 2012 to evaluate the
influence of seed placement and leaf orientationlight interception, radiation use
efficiency, total grain nitrogen, and grain yiel&Experiments were conducted at Lake
Carl Blackwell (LCB) near Stillwater-OK, on a Paitt loam-fine-silty, mixed, thermic
Cumulic Haplustoll. The other experimental sitesviacated at Efaw in Stillwater-OK,
on a Norge loam, fine-silty, mixed thermic Udic &adtoll.

The experimental design used was a randomized ebdenfllock with three
replications. Treatment structure consisted adcdrial combination of seed placement,
and plant population (PP) using a planophile hylnd using an erectophile hybrid in an
incomplete factorial. Seed placements were chagemmanipulate maize leaves
perpendicularly or across in relation to the rodccording to Torres et al. (2011) seed
placements described as upright with caryopsis tedirdown, parallel to the row
(upright); laying flat, embryo up, perpendicular tbe row (flat) will generate
predominantly more leaves oriented between 60°%id Conventionally planted seeds
with random seed placement that resulted in ranteah orientation was used as the

control.
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Experiments located at EFAW were planted on 2914610, 4 April 2011, and
19 April 2012 at plant populations of 37000, 49480d 61700 plants Ha Trials were
planted at LCB on 25 May 2010, 4 May 2011, and p@il2012 at plant populations of
49400, 74100 and 98800 plants*haMaize hybrids planted at both sites were PO902HR
and P1173HR in 2010 and 2011, and hybrids PO8761RP4395XR in 2012. Hybrids
P0902HR and PO876HR have planophile canopy arthreeand require on average 749
and 705 thermal units (TU, °C d) from emergencsiltang and 1366 and 1433 °C d to
physiological maturity, respectively. Hybrids PBHR and P1395XR have erectophile
leaf architecture and require on average 727 ad°Z7d to silking and approximately
1516 °C d to physiological maturity for both hylsid

The method for planting the seed-oriented treatsennsisted of blocking the
central seed boxes on a four-row planter to opemis and at the same time raising the
press wheels so furrows would remain open. Suleselyy seeds were carefully hand-
planted in the furrows to ensure proper placemehttemplate that marked the exact
distances between plants to reach a given PP veastassow seed oriented plots. Plots
with random seed placement were conventionally tpthrusing a four-row planter.
Individual plots measured 6.09 m long by 3.50 menathd row spacing was 0.76 m.

All plots received pre-plant nitrogen rates of 189 N ha' and a top dress
application around V8 growth stage of 60 kg N'fes urea ammonium nitrate (UAN,
28%). Phosphorus and potassium were applied aogptd soil test recommendations
determined each year. In 2011 and 2012 at EFAWfjpairrigation system was used to
provide water at critical periods of crop developtéo ensure crop production.

However, no irrigation was used at EFAW in 2010 dnought stress was encountered.
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At LCB, a lateral pivot was used in 2010 and 204t in 2012 a drip irrigation system
was installed since the amount of water in theation reservoir was not adequate to

allow irrigation using the lateral pivot.

Measurements, Calculations, and Analysis

Dependent variables included grain yield, grainrogién concentration and
fraction of intercepted PAR. Light interceptiontalavere collected as photosynthetic
photon flux density (PPFD, pmot sn®) during the crop development between V4 and
R1 growth stages. Three light measurements wkentaer plot, under clear sky, around
solar-noon. The quantum sensor was placed dialganader the crop canopy at the soil
level, across the space between the center rowslineAquantum-sensor LI-191SA
connected to a LI-1400 data-logger (both from LI Qincoln, NE) was used to gather
incident PAR above and under the canopy. Measuremgere then expressed as a
fraction of intercepted photosynthetically activadiation by the canopy (fPAR)
calculated as the ratio of incident PAR under thropy at the soil level and incident
PAR above the canopy.

Since crop development and growth rate are dep¢rmle temperature in the
absence of stress (Hay and Porter, 2006), fPAR une@ents were evaluated as a
function of TU accumulated from emergence untilheateasurement date. Thermal
units integrate temperature above a base temperahd below a maximum over time.
For maize, base temperature is 10°C and maximunpdgature is 30°C (Coelho and
Dale, 1980). Asymptotic equations were fitted he telation between fPAR and TUs

using the software TableCurve 2D version 5.01 (SXBTSoftware Inc. 2002).
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Coefficients from fitted equations were used tadpredaily intercepted PAR (IPAR) for
seed placement, PP, and hybrid. Daily solar remtiadata for every site and year was
obtained from the Mesonet weather stations locatedr each experimental site
(http://www.mesonet.org/, verified 25 Sept. 201Pjily solar radiation was transformed
to daily incident PAR (400-700 nm) by assuming th&®o of total solar radiation is
actually PAR (Meek et al., 1984). The productPAR and incident PAR for each day
of the growing season was accumulated from emeegensilking and to physiological
maturity to determine cumulative IPAR (CIPAR, MJ®m(Ritchie et al., 1993).
Radiation use efficiency (RUE, g MJwas determined as the ratio of grain yield and
CIPAR at silking and at physiological maturity.

Statistical analysis was first performed to evauaiin and interaction effects of
seed placement and PP. Afterward, analysis of raath interaction effects of seed
placement and hybrid was performed. Analysis ofavee (ANOVA) and means by site
and year were performed using the GLM proceduna fBAS software v.9.2 (SAS Inst.,
Cary, NC). Orthogonal and single degree of freedmmtrasts were used to make
specific comparisons between treatments while trameélysis was performed to
understand the effect of increasing PP. In adulittegression analysis and correlation
coefficients were generated using PROC REG and PRORR procedures in SAS
(SAS Inst., Cary, NC) to investigate the relatiapdbetween grain yield, CIPAR, RUE at

silking and physiological maturity.
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RESULTS AND DISCUSSION

In general, interactions by year were not consistaithough, there was a
significant year by PP interaction effect for grgield at EFAW. Due to differences in
environmental conditions experienced at each taallysis was performed by location
and year. Plots at LCB were severely damaged bg life in 2011, as such the

experiment was harvested to evaluate total graiutNgrain yield data were lost.

Grain Yield

Orientation of maize seeds resulted in higherdgieiompared to random seed
placement, except at EFAW in 2010 when the randoodyzed 223 and 261 kg ha
higher yield than the upright and flat orientateeds, respectively (Table 1). Excluding
the experiment at EFAW in 2010, the average yiath glue to upright and flat seed
placement was 9 and 14 % compared to the rand@pectvely. These results agree to
the findings reported by Peters and Woolley (19%%J Toler et al. (1999) who found
yield advantage of oriented seeds compared to randim addition, Toler et al. (1999)
showed a 10% grain yield increase for across r@W deientation which resulted from
upright seed placement in relation to random leafnpation (random seed placement).
The year of 2010 at EFAW was the only site-yeat thé not receive any irrigation, thus

light interception became less important as conmpdacewater demands. According
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to these findings it is reasonable to conclude thader unfavorable environmental
conditions seed placement may not be an imporgmtof to maize productivity.

Analysis of variance for EFAW indicated that s@dacement and leaf orientation
did not affect yield in 2010, but in 2011 the uptignd flat seed planting produced 6 and
14% higher yields compared to random seed place(fafie 1). In 2012, upright and
flat seed placement resulted in a 5 and 12% yielcrease when compared to
conventionally planted seeds. Orthogonal contragigcated no differences between
upright and random seed placements in any yearF&WE however, the flat seed
placement was significantly higher than random0a 2

Table 1 shows that at LCB, upright seed placemexst 6 higher than random
while flat seed placement produced 19% greatedighn random in 2010. Contrasts
showed that only the flat seed placemeas actually significantly higher than random;
no difference was found between upright and randesd placements in 2010 at LCB.
Alternatively, the upright treatment was signifidgrdifferent from the random in 2012
while no difference between flat and random treatim@vas observed. The vyield of the
upright seed placement was the highest observét12, representing a difference of
1195 kg h# greater than the random seed placement (TableFLixther, a positive
difference of 662 kg hain favor of flat seed placement was observed wdtenpared to
the random. Even though, there was 9% yield diffee between flat and random, single
degree of freedom contrast revealed that thisrdiffee was not statistically significant.

A significant yield response to increasing PP waseoved in 2010, but no effect
was observed in 2011 and 2012 due to increased EPAN. Yield increased linearly

in 2010, while in 2011 yield decreased in lineahian as PP increased. In 2012, neither
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linear nor quadratic trends were observed; highiedd was found at the lower PP (4751
kg ha') and lowest yield found at the medium PP (4170hkd) (Table 1). Plant
population effect on yield observed in 2010 wasedént from the trends found in 2011
and 2012, which justify the year by treatment iatéion found at EFAW. No irrigation
was used at EFAW in 2010 and drought severely tteyield and response to PP. In
2011 and 2012, PP of 37050 plants’haas sufficient to achieve maximum yield
compared to medium and high PP.

At LCB, ANOVA showed a significant effect of PP gield in 2010 while single
degree of freedom contrasts indicated that linear @onlinear trends were significant
(Table 1). Plant population of 49400 and 7410(sléa had similar productivity that
was greater than with 98800 plants‘harhis suggests plant competition likely occurred
at PP of 98800 plants haexceeding the optimum PP required to reach titiear
amount of light as suggested by Hunter (1980). ldtaand Camp (1985) also reported
that reproductive development and grain yield cannkgatively influenced by plant
populations in excess of optimum levels. In castira significant linear trend for grain
yield as a function of PP was observed in 2012 taechighest yield was 7240 kg ha
produced with PP of 98800 plants’h@able 1).

No interaction effect of seed placement and PP iehd ywas detected with
ANOVA contradicting the findings of Toler et al.999) who found a significant seed
placement by PP interaction. However, contrastsveld some inconsistency in the yield
response of seed placement treatments across @R at EFAW in 2010 and 2011 as
well as at LCB in 2010 (Table 1). In 2011 at EFANW yield of random seed placement

was higher at low PP and decreased as PP incredséz the yield of upright seed
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position was lower at low PP and increased with PP2010 at LCB, interaction contrast
revealed a linear trend for upright versus randowh féat versus random. These results
indicate that PP will likely influence maize yietdsponse to seed placement and leaf
orientation.

Pooled over hybrids, no effect of seed placemedtieaf orientation on yield was
detected by ANOVA at EFAW (Table 2). However, gasts indicated that upright was
351 kg hd greater than random in 2011. In addition, the gkeed position had 301 kg
ha' higher vyields than random but this difference wmas statistically different. The
yield of the random treatment was 88 and 189 kg feeater than upright and flat
treatments respectively in 2010 at EFAW, while @12, upright and random seed
placements produced similar yields that were highan the yield produced by the flat
seed placement (Table 2).

Seed oriented treatments improved yield comparedridom seed placement at
LCB. Upright and flat seed placements out-yieldedventionally planted seeds in 2010
by 1373 and 1310 kg Hawhich represents an increase over the randonvtang 26%
respectively (Table 2). In 2012, upright seed @haent produced 7179 kg h#hat was
significantly higher than 6065 kg faproduced by the random, whereas flat seed
placement yielded 6210 kg hand was not different from random placement.

Results in Table 2 indicate that hybrid performames significantly different in
2011 and 2012 at EFAW and at LCB in 2012. The idylvith planophile leaf
architecture generally out-yielded the hybrid walectophile canopy architecture. At

EFAW, the planophile hybrid produced 283, 313, @6 kg hd more yield than the
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erectophile hybrid in 2010, 2011, and 2012, respelgt whereas at LCB, the planophile
out-yielded erectophile hybrid by 389 in 2010 ayd®b3 kg h& in 2012 (Table 2).

The effect of seed placement and PP on grain mtragpncentration was usually
small, except at LCB in 2010 and 2012 that showeatgaificant effect of PP on grain
nitrogen concentration (Table 3). Contrasts ingidaa linear trend for grain nitrogen
concentration but similar to ANOVA this effect wast consistent with the results from
2011 and 2012 at EFAW. Grain nitrogen concentnati@as affected by hybrid only in
2010 at LCB; the effect of seed placement and theraction with hybrid were not

significant (Table 4).

Light Interception

Figure 1 depicts fPAR measurements as a functiomlbfas affected by PP at
LCB and EFAW. Increased PP promoted higher ligiterception; even though, the
improvement in fPAR was often not enough to deteghificant differences. Higher
light interception as a result of increased PP &xgeected since LAI is enhanced as plant
population increases. Gardner et al. (1985) sugddbat light interception was directly
influenced by greater LAI. As TUs accumulated dgrithe growing season fPAR
increased until a critical fPAR was reached. Téngical level of fPAR was usually
observed between approximately 600 and 700 °C dnaglated after emergence, but
dependedon the location (Figure 1).

Measurements showed that upright and flat treatsnariercepted more fPAR
compared to random seed placement (Figure 2a)ferBifces among treatments were

observed between 500 and 800 °C d, but no treateHett was found at earlier
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vegetative stages and during reproductive stage€Bt At EFAW, the effect of seed
placement and leaf orientation on fPAR was obsentddte vegetative growth stage in
which seed oriented treatments tented to impraytd Interception compared to random
seed treatments (Figure 2b).

When pooled over hybrids, fPAR showed similar rsstd what was found when
seed placement and leaf orientation were evaluatesks plant populations at LCB, but
not at EFAW. Small differences in fPAR measurersemere observed at early
vegetative stages, but from approximately V8 tosdhs/egetative stage differences
between measurements became more evident at L@BréBa). Differences in light
interception measurements between planophile aectaghile hybrids were small and

not significant (Figure 4).

Cumulative Intercepted Light

Using asymptotic regression functions obtained ftboenfPAR and TU regression
it was possible to predict how much light was ioégted at each day of the growing
season since emergence. Daily IPAR was multighgahcident PAR and accumulated
until silking and physiological maturity. An exataf IPAR accumulation as a function
of TU for the upright, flat and random seed placetseat LCB in 2010 is shown in
Figure 5. Cumulative IPAR was higher for the uptignd flat treatments compared to
the random. It was interesting to observe thatd sglacement and leaf orientation
treatments became more distinct as plants develapddbegan to compete with each

other.
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Table 5 shows CIPAR and RUE at silking and phygjmal maturity for seed
placement, PP, and hybrid, and seed placementloperds at EFAW and LCB from
2010 to 2012. Generally, CIPAR increased lineaty PP increased at silking and
physiological maturity at both sites. Converséighest CIPAR was observed for the PP
of 49400 plants hY following a quadratic trend in 2010 and 2011 BAR/. Average
CIPAR at physiological maturity was 491, 508, a8 ®J m? for 37050, 49400, and
61750 plants haat EFAW, respectively, while at LCB mean CIPAR Vi, 598, and
612 MJ n¥ for PP of 49400, 74100, and 98800 plants, mespectively (Table 5).

There were no differences between seed placemdreahorientation treatments
up to silk stage at EFAW, but at maturity oriensegd treatments had between 4 to 7%
higher CIPAR compared to random seed placementi¢Tgb Cumulative IPAR at LCB
tended to be higher for seed oriented treatmeiiisr example, upright and flat seed
positions had approximately 15% greater CIPAR tttenrandom treatment at silking
and about 4% higher at physiological maturity (Eab). Overall all sites and years, up
to physiological maturity, upright seed placemerieticepted on average 553 MF of
PAR; flat intercepted 549 MJ frof PAR; and random seed position intercepted 535 M
m? of PAR. Due to adverse environmental conditionsoentered during the maize
development, the crop rarely reached the theote®s% of light interception which
likely restrained grain productivity. Admittedlyelatively small differences in CIPAR
were found during reproductive growth stages; haxeAndrade (2001) has noted that
even minute increments in light interception resailin grain yield increases

When pooled over hybrids; mean CIPAR of the randomatment had higher

CIPAR at silking (197 MJ ), but not at physiological maturity (489 MJ%rat EFAW
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(Table 5). At LCB, oriented seeds had higher CIP&Rilk stage (284 and 282 MJ’m
for upright and flat treatments, respectively). maturity estimated CIPAR of random
was 29 MJ rif greater than flat seed placement, but 58 Milower than upright seed
placement (Table 5). Regarding CIPAR of planoplaitel erectophile hybrids, small
differences were noted at silking whereas at plggical maturity greater CIPAR was
found for the erectophile hybrid. However, thectophile hybrid TU requirement to
achieve physiological maturity was higher than tlegjuired for the planophile hybrid to

reach maturity, reflecting on the amount light analated up to maturity.

Radiation Use Efficiency

Radiation use efficiency was generally inverseliatesl to PP; low PP usually
resulted in higher RUE which was consistent acsites (Table 5). At EFAW, average
RUE ranged from 1.82 to 1.64 g Maf CIPAR at silking whereas at LCB, mean RUE
for 49400, 74100, and 98800 plant’haas 3.19, 3.06 and 2.40 g MJrespectively.
Westgate et al. (1997) reported maize RUE valuegimg from 2.24 to 2.89, 2.09 to
3.02, and 2.16 to 2.89 g MJor PP of 4.9, 7.4, and 9.9 plant&nmespectively. In their
study, three maize hybrids over two years of stwdye investigated using 0.76 and 0.38
m row spacing. Moreover, a noteworthy decline WBRat high PP was also observed by
Andrade et al. (1993).

The reason for better RUE can be attributed tof#uoe that yield tended to
decrease with increased plant population. Howetlier|lower PP intercepted less light at
silking and maturity than medium and high PP caydimee RUE values to increase.

Highest RUE was observed for flat at silking (1$®4J") and physiological maturity
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(0.68 g MJ) at EFAW. Although, at LCB random seed placenwerd leaf orientation

used radiation more efficiently at silking, whilé maturity, it was the least efficient.
When pooled over hybrids, precision planting tenttednprove RUE in relation to the
random. Moreover, the planophile hybrid had cdesity better RUE compared to the
erectophile hybrid at both locations which likelgcarred because of higher yield of

planophile hybrids.

Grain Yield, CIPAR, and RUE Relation

Overall, there was a positive and significant elation between yield and CIPAR
at physiological maturity (Table 6). The corredatibetween yield and CIPAR for the
hybrid effect was weak and not significant at bgtienological stages (r=0.26 and
r=0.23, silking and maturity, respectively). Graymeld and CIPAR were highly
correlated at silking (r=0.7%<0.01) and physiological maturity (r=0.92<0.01) for the
seed placement main effect (Table 6).

Yield response to CIPAR can be represented by @alirfunction for seed
placement and leaf orientation’%£0.82, P<0.01), PP (=0.66, P<0.01), and seed
placement within hybrid {0.56, P<0.01) especially at maturity (Figure 6a and 6b).
Although, regression analysis of yield as a funcitid CIPAR at physiological maturity
revealed that a second order polynomial was higélgted to yield (data not shown).
Maximum yield for the upright treatment was preeit?495 kg ha with 726 MJ nf of
CIPAR, while the flat seed placement function peceetl 7078 kg Hawith 658 MJ n of
CIPAR, slightly lower maximum yield than the uprighinction predicted. The random

treatment function predicted maximum yield of 6&gzha* with 661 MJ nf of CIPAR.
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The presence of barren plants in the maize populatiay explain the decline on
predicted yield as CIPAR increases beyond the amaequired for maximum
productivity. This can occur because PAR is intpted but barren plants have no
contribution to final grain yield. Edwards et §2005) presented a model that also
predicted a decline in maize yield for CIPAR greaten 600 MJ M. However, they
emphasized that barren and lodged plants were lys®reed in the experiments; hence
there was no reason to assume that maize yielddndrdline as CIPAR increased over

600 MJ n¥ (Edwards et al., 2005).
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CONCLUSIONS

In the recent past, it was difficult to imagine tthariented seeds could be
mechanically planted, but current advances in praciplanting may change the way
maize seeds are planted around the world. Thik was initiated to support the
development of precision planting and to show He&td placement and its effects on leaf
orientation can be beneficial to maize productiodoreover, this study identified an
opportunity for improvement of maize crop lightanteption and grain yield through the
use of precision planting. A positive relation eén intercepted light and yield was
found and explained the yield differences encowatan this study. Under adverse
environmental conditions such as drought, improliglit interception may not be
important. Under irrigated conditions, precisiored placement and across leaf
orientation increased yield by promoting highehtighterception especially as interplant
competition begins to limit light availability. Bhcrop barely reached the idealized 95%
of light interception for optimum productivity aridr this reason, any increment in light
interception owed to management practices caused geld to increase. In conclusion,
leaf azimuth orientation through seed placememlatting improved light interception
of maize and resulted in grain yield increases f@to 14% compared to seeds planted

with random placement and leaf orientation.
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Table 1. Analysis of variance and orthogonal st for main effects of plant
population (PP) and seed placement (SP) on graid yat EFAW and Lake Carl
Blackwell, OK, 2010-2012.

Plant Seed EFAW LCB
Populationt Placementt 2010 2011 2012 2010 2012
———— Grain Yield, kghd ———
Low 2000 3340 4751 6344 6395
Medium 2280 3137 4170 6567 6954
High 2543 3036 4416 4146 7240
Upright 2213 3158 4418 5610 7439
Flat 2175 3390 4702 6226 6906
Random 2436 2966 4216 5221 6244
Source of Variation DF Significance level (Pr > Fy——
PP 2 ok NS NS rkk NS
SP 2 NS * NS ** *
Block 2 NS NS NS rrk NS
PP x SP 4 NS NS NS NS NS
Contrasts
Main Effects
PP Linear Trend 1 *x * NS ok *
PP Quadratic Trend 1 NS NS NS Fokk NS
Upright versus Random 1 NS NS NS NS *x
Flat versus Random 1 NS *x NS ok NS
Interaction Effects
Up versus Random (Linear) 1 NS *x NS *x NS
Up versus Random (Quad.) 1 NS NS NS NS NS
Flat versus Random (Linear) 1 NS NS NS ** NS
Flat versus Random (Quad.) 1 * NS NS NS NS
SED 314 224 532 544 717
CV (%) 17 9 15 12 13

* *x kx gignificant at 0.10, 0.05, and 0.01 prability levels, respectively; NS, not significant.

t Low plant population at EFAW and LCB was 37050 a#@400 plants hj
respectively; Medium plant population at EFAW ar@@B.was 49400 and 74100 plants
ha', respectively; High plant population at EFAW an@R.was 61050 and 98800
plants h&, respectively.

1 Seed placement used to achieve predominantlyssamwv leaf orientation werd)Jpright-
seeds planted upright with caryopsis pointed ddwemel parallel to the row; and Flat-
seeds planted laying flat, with embryo up, kern@rpendicular to the row.
Conventionally planted seeds with Random seed plané were used to achieve
random leaf orientation.

8 SED, standard error of the difference betweendgually replicated means.
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Table 2. Analysis of variance and orthogonal asis for main effects of hybrid and
seed placement (SP) pooled over hybrid on graihdysd EFAW and Lake Carl
Blackwell (LCB), OK, 2010-2012.

Hvbridt Seed —— EFAW —— _—_ LCB —
yor Placement 2010 2011 2012 2010 2012
Grain Yield, kg hd
Planophile 2347 3115 4212 6151 6936
Erectophile 2064 2802 3436 5762 6033
Upright 2109 3093 3911 6435 7179
Flat 2210 3042 3640 6372 6210
Random 2298 2741 3921 5062 6065
Source of Variation DF — Significance level (Pr > F)——
Hybrid 1 NS * * NS *k
SP (Hybrid) 2 NS NS NS NS *
Rep 2 NS NS NS *x *
Hybrid x SP (Hybrid) 2 NS NS NS NS NS
Contrasts
Main Effects
Planophile versus Erectophile 1 NS * ** NS *x
Upright versus Random 1 NS * NS * *x
Flat versus Random 1 NS NS NS * NS
Interaction Effects
Upright versus Random (Hybrid) 1 NS NS NS NS NS
Flat versus Random (Hybrid) 1 NS NS NS NS NS
SEDS§ 318 250 510 746 563
CV (%) 18 10 16 16 11

* *x kx gignificant at 0.10, 0.05, and 0.01 prability levels, respectively; NS, not significant.

T Planophile, leaf angle is predominantly horizonEdectophile predominantly vertical
leaf angles.

T Seed placement used to achieve predominantly acowsdeaf orientation weretJpright-
seeds planted upright with caryopsis pointed ddwemel parallel to the row; and Flat-
seeds planted laying flat, with embryo up, kern@rpendicular to the row.
Conventionally planted seeds with Random seed plané were used to achieve
random leaf orientation.

8 SED, standard error of the difference betweendgually replicated means.
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Table 3. Analysis of variance and main effect nseah plant population (PP), seed
placement (SP), and hybrids for total nitrogen i{iN}he grain at EFAW and Lake Carl
Blackwell (LCB), OK, 2010-2012.

Plant Seed —— EFAW LCB
Populatiort Placement 2010 2011 2012 2010 2011 2012
Total N, mg kg
Low 132 148 158 136 162 149
Medium 129 144 160 129 166 140
High 128 141 157 129 165 138
Upright 128 144 153 131 166 139
Flat 130 143 163 132 165 143
Random 132 146 159 131 163 146
Source of Variation DF ———— Significance Level (Pr > F)——
PP 2 NS NS NS * NS *
SP 2 NS NS NS NS NS NS
Block 2 NS * NS ok NS NS
PP x SP 4 NS NS NS NS NS NS
SEDS 5 7 5 5 9 5
CV (%) 5 6 6 5 7 6

* *x kx gignificant at 0.10, 0.05, and 0.01 prability levels, respectively; NS, not significant.

t Low plant population at EFAW and LCB was 37050 a#@400 plants hj
respectively; Medium plant population at EFAW ar@B.was 49400 and 74100 plants
ha', respectively; High plant population at EFAW an@R.was 61050 and 98800
plants h&, respectively.

1 Seed placement used to achieve predominantlyssamv leaf orientation werdJpright-
seeds planted upright with caryopsis pointed ddwemel parallel to the row; and Flat-
seeds planted laying flat, with embryo up, kern@rpendicular to the row.
Conventionally planted seeds with Random seed plané were used to achieve
random leaf orientation.

8 SED, standard error of the difference betweendgually replicated means.
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Table 4. Analysis of variance and main effect means of ldgeand seed placement (SP)
pooled over hybrid for total nitrogen (N) in theagr at EFAW and Lake Carl Blackwell
(LCB), OK, 2010-2012.

Seed —— EFAW LCB
Hybridf Placemeri 2010 2011 2012 2010 2011 2012
Total N, mg kg
Planophile 126 145 159 129 167 142
Erectophile 121 147 159 114 160 147
Upright 121 145 156 122 166 145
Flat 124 148 162 123 160 142
Random 125 145 158 120 165 147
Source of Variation DF ———  Significance Level (Pr > F)———
Hybrid 1 NS NS NS ok NS NS
SP (Hybrid) 2 NS NS * NS NS NS
Rep 2 NS NS NS NS * NS
Hybrid x SP (Hybrid) 2 NS NS NS NS NS NS
SEDS 5 8 3 5 8 7
C.V. (%) 5 7 4 5 6 6

* *x xx gignificant at 0.10, 0.05, and 0.01 prability levels, respectively; NS, not significant.

T Planophile, leaf angle is predominantly horizonEalectophile predominantly vertical
leaf angles.

T Seed placement used to achieve predominantly acossdeaf orientation weretJpright-
seeds planted upright with caryopsis pointed ddemel parallel to the row; and Flat-
seeds planted laying flat, with embryo up, kern@rpendicular to the row.
Conventionally planted seeds with Random seed plane were used to achieve
random leaf orientation.

8 SED, standard error of the difference betweendgually replicated means.
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Table 5. Cumulative intercepted photosyntheticadiiive radiation (CIPAR) and radiation use effnag (RUE) at silking and
physiological maturity for the effects of seed gaent (SP), plant population (PP), hybrid, and sgadement pooled over

hybrids [SP (Hybrid)] at EFAW and Lake Carl Blackif&CB), OK, in 2010-2012.

CIPAR at Physiological

RUE at Physiological

Site Effect Level CIPAR at Silking Maturity RUE at Silking Maturity
2010 2011 2012 2010 2011 2012 2010 2011 2012 201011 2 2012
MJ m* gMJ*
EFAW PPt Low 197 216 164 465 490 518 1.01 155 29043 0.68 0.92
Medium 212 232 176 482 510 534 1.07 135 237 04062 0.78
High 208 224 189 491 515 564 122 135 234 052590.0.78
SPt Upright 185 196 177 471 490 555 119 160 25047 0.64 0.80
Flat 184 197 175 460 481 541 118 172 269 0.47700.0.87
Random 186 199 179 440 461 517 131 149 235 0.56564 0.82
Hybrid+ Planophile 187 198 180 471 488 557 125 815233 050 064 0.76
Erectophile 174 180 208 524 542 586 1.18 155 16839 052 0.59
SP (Hybrid) Upright 187 197 178 475 494 560 1.13 541. 2.20 0.44 0.62 0.70
Flat 168 177 158 454 470 537 132 175 230 0.4966 0. 0.68
Random 196 209 186 456 478 532 117 131 211 o0.8057 0.74
LCB PP Low 187 308 214 520 504 658 3.38 299 122 970
Medium 207 354 236 545 555 688 3.18 295 121 1.01
High 217 368 250 559 570 706 1.91 290 0.74 1.03
SP Upright 212 370 254 541 561 695 2.64 291 1.04 071
Flat 220 371 256 549 564 697 2.83 270 113 0.99
Random 187 330 215 527 535 669 2.80 290 0.99 0.93
Hybrid Planophile 173 287 204 449 456 575 3.55 3.40.37 1.21
Erectophile 158 228 267 527 519 595 3.64 226 1.09 1.01
SP (Hybrid) Upright 224 367 260 551 559 699 2.87 762. 1.17 1.03
Flat 227 355 265 479 480 587 2.81 234 133 1.06
Random 193 315 222 508 494 634 2.62 273 1.00 0.96

t Low, medium and high plant population densitie€BAW were 37050, 49400, and 61750 plants had at LCB plant
densities were 49400, 74100, and 98800 plarits ha

T Seed placement used to achieve predominantly acowsdeaf orientation werelJpright- seeds planted upright with caryopsis
pointed down, kernel parallel to the row; and Fkdeds planted laying flat, with embryo up, kemelpendicular to the
row. Conventionally planted seeds with Random s@&ckment were used to achieve random leaf orientat

§ Planophile, leaf angle is predominantly horizonEakctophile predominantly vertical leaf angles.
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Table 6. Correlation coefficients between grain Idjie cumulative intercepted
photosynthetically active radiation (CIPAR) andiggidn use efficiency (RUE) at silking
and physiological maturity for plant population {PBeed placement (SP), hybrid, and
seed placement pooled over hybrids [SP (Hybrid)yjausombined data from EFAW and
Lake Carl Blackwell, OK, 2010-2012.

Main Effect Variable CIPARat CIPAR at RUE at RUE at
Silking Maturity Silking Maturity
PP Yield 0.17NS 0.82%*** 0.92 *** 0.924%**
CIPAR at Silking 0.18NS -0.1€ NS -0.0ENS
CIPAR at Maturity 0.6€ *** 0.5&*
RUE at Silking 0.97%**
SP Yield 0.75%** 0.91*** 0.97 *** 0.95%**
CIPAR at Silking 0.36NS 0.4t * 0.5&*
CIPAR at Maturity 0.7¢ *** Q.75+
RUE at Silking 0.95***
Hybrid Yield 0.26NS 0.23NS 0.97 *** 0.9€***
CIPAR at Silking 0.05NS -0.124NS 0.0¢NS
CIPAR at Maturity -0.01NS -0.0:NS
RUE at Silking 0.95***
SP (Hybrid) Yield 0.77** 0.75*** 0.93 *** 0.924%**
CIPAR at Silking 0.21NS 0.4¢* 0.66%**
CIPAR at Maturity 0.6¢ *** 0.50+*
RUE at Silking 0.97%**

* *x ok gignificant at 0.10, 0.05, and 0.01 prability levels, respectively; NS, not significant.

33



1.0

a) LCB

0.8 -

49400 plants ha™
74100 plants ha™
v 98800 plants ha™
49400 plants ha™

———— 74100 plants ha™'
—————— 98800 plants ha™’

00 L 1 1 1 1

02

Fraction of Intercepted PAR

1.0
b) EFAW

08 | g

- —— i ————— —
———

37050 plants ha™
49400 plants ha
61750 plants ha™
37050 plants ha™
49400 plants ha”
61750 plants ha'

0 200 400 600 800 1000 1200
Thermal Units, °C d

Fraction of Intercepted PAR

Figure 1. Fraction of intercepted photosynthelycattive radiation (fPAR) as a function
of thermal units for plant population at a) Lakerl@lackwell (LCB) and b) EFAW, OK,
2010-2012.
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CHAPTER Il

LEAF ORIENTATION, PLANT POPULATION, AND ROW CONFIGBATION

EFFECT ON MAIZE PRODUCTION
ABSTRACT

Leaf azimuth controlled by seed placement at phgnéis a way to influence the
crop’s ability to intercept and use light has reedi modest attention. The objective of
the research was to evaluate the effect of leahath orientation, plant population (PP),
and row configuration (RC) on grain yield, lightenception, and radiation use efficiency
of maize. Precision seed placement was usedaatdaaf azimuth across-row and with-
row which was compared to random leaf orientatibrcanventionally planted seeds.
Seed placement treatments were planted at PP &03&0d 61750 plants Haand two
row configurations; single rows and twin rows. @werage, 7% higher yield was
produced by increasing PP from 37050 to 61750 plhat at Oklahoma and from 83980
to 98800 plants hhat lllinois. Radiation use efficiency was improMey twin rows, but
single rows had higher light interception. A sgooorrelation between intercepted
radiation and vyield was found for trials establgdhat EFAW and LCB, but at
Champaign, this relation was weak and not sigmfica Alternatively, a strong
association between RUE and yield was found at @aam and LCB but not at EFAW.

Cumulative intercepted PAR tended to be higher doross-row and radiation use

40



efficiency was better for with-row leaf orientatiorAveraged over locations, precision
seed placement used to orient leaf azimuths acovgsnd with-row increased yield by

541 and 568 kg hacompared to random leaf orientation.
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INTRODUCTION

The challenge of feeding a growing world populatiests on how to achieve this
objective with limited resources and in a sustamakay. Therefore, it is extremely
important to search for more efficient use of reses. Better use of nutrients and water
are usually the primary concerns because of tkeeast in optimizing returns and because
they have a direct impact on production costs. h@lgh, improvements in the use of
solar radiation have not been a focus of produckrbas been accomplished with
management practices such as reduced row spacthgnemreased plant population that
translate into improved solar radiation use andeiased yield.

Pioneering work done by Shibles and Weber (196®wsld a positive linear
relation between cumulative intercepted photosyitteetive radiation (CIPAR) and dry
matter increase for soybean. Andrade et al. (19920 observed that dry matter
production is proportional to the amount of IPARc@nulated during the growing
season. It has been recognized that IPAR and weddcorrelated when water and
nutrients are at sufficiency levels. Pendletomale{1967) and Stinson and Moss (1960)
indicated that, when nutrients and water are gefiic light can be the primary limiting
factor for crop production. Among the strategibattcan be used to improve light
interception are; increased plant population, reducow spacing, systematic seed

placement at planting, leaf architecture of modéwybrids, and hybrid maturity.
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Plant population (PP) and row spacing are commamageament practices used to
improve the ability of a crop to intercept morehligbecause the crop’s leaf area is
increased by these management practices. Edwais (@005) conducted a study to
investigate the effect of narrow row spacing arateased PP using short and full-season
maize hybrids were seeded at rates ranging fromZtplants ril. They reported that
yield of short-season hybrids at 19 plant$ produced the same vyield as a full-season
hybrid at 8 plants fh  This work indicated that cumulative IPAR wasreased by
increasing PP which compensated for the yield sfi@t-season hybrid, thereby resulting
in similar yield potential of a full-season cornbnigl.

Downey (1971) demonstrated that the relationshijwéen yield and PP was
parabolic, because at lower populations yield srigted due to reduced number of
plants and as PP increases, competition increaskthes causes yield to be limited. A
guadratic response of yield as PP increased wasteebby Nafziger (2002) who also
found small differences when comparing 0.50 m an@ Gn row spacing at the same
population. Cox and Cherney (2001) investigatedetifiect of row spacing, plant density
and nitrogen rates on corn silage yields and redogreater dry matter production for
0.38 m versus 0.76 m row spacing.

Twin row (TR) configuration has being investigaiadthe Corn Belt because it
allows for increased PP and optimization of thecep@r each individual plant and the
crop’s ability to intercept more light throughoubet growing season. However,
contradictory results have been reported regardivey benefits of the TR system.
Nafziger (2006) reported significantly higher lighterception at V10 growth stage for

0.20 m TRs with 0.56 m centers when compared t6 t7single rows (SR) at PP of
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67100 and 85200 plants "ha But, no difference between twin and single row
configuration was observed at R2 growth stage.thEumore, it was demonstrated by
Nafziger (2006) that advantage in light interceptad V10 growth stage did not result in
increased yield. Nelson and Smoot (2009) condustedll and large plot trials to
compare 0.18 m TR on 0.76 m centers versus 0.7@glesow to determine the effects
of row spacing and PP on IPAR and grain yield. iThesults showed no significant
differences for IPAR and grain yield when these pmmfigurations were compared.

Leaf orientation can be preferentially manipulateth seed placement at planting
(Peters and Woolley, 1959). This preferential pgnowth allows the leaves of oriented
seeds to grow perpendicular in relation to the tbuws avoiding overlap of leaves from
neighboring plants. Leaves in this system occupptes between the rows promoting
increased light interception. Because of greaggt interception soil shading would be
enhanced resulting in reduced evaporative loss, amserved moisture at the soill
surface. Recently, Torres et al. (2011) conduckedyreenhouse experiment and
documented a significant effect of seed placemeptamting on maize leaf azimuth and
emergence. Measurements taken at V4 growth stameesl that seeds planted upright,
caryopsis pointed down, parallel to the row andni@ylat perpendicular to the row, had
between 70 to 90% and 77 to 90% of plants with Esfmuths between 60 to 90°,
respectively. Other benefits related to seed jposiat planting comes from work by
Patten and Van Doren (1970) whose showed that gesiion influenced emergence
rate, root penetration, root length and leaf area.

Even though various experiments have been establishith the goal of

investigating how IPAR and yield of maize respoodaiianges in PP and planting pattern
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(Lutz et al., 1971; Ottman and Welch, 1989; Maddagtnal., 2001; Gozubenli et al.,
2004; Liu et al.,, 2011), a small number of studiegestigate the effects of seed
placement and leaf orientation on crop properfledef et al., 1999; Paszkiewicz, 2005).
Additionally, there is no evidence of research tinaestigated the interaction between
seed placement and resulting leaf orientation, &P, row configuration on maize light

interception, radiation use efficiency, and graeld.

45



HYPHOTESIS AND OBJECTIVES

We hypothesize that precision seed placement amdetbultant leaf orientation
combined with twin row configuration can be usedofdimize the light environment,
offering a competitive advantage for the maize aompared to conventionally planted
seeds with random leaf orientation. The hypothdsesthis experiment were: (1)
oriented leaf azimuths can optimize light intere@pt and increase grain yield compared
to random leaf azimuth; (2) improve light interdept and grain yield of twin row
configuration in relation to single row plantingnéguration; and (3) higher PP can
improve light interception and grain yield.

The objective of this experiment was to determimedffects of maizeZga mays
L.) leaf orientation, row configuration, and PP &ght interception, radiation use
efficiency and grain yield. The main motivation tfis work is to support the
development of precision planting technology fomtomue improvement in maize

production through better use of solar radiatioueces.
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MATERIALS AND METHODS

A preliminary experiment was initiated at the Clpangn research station located
southwest of Champaign-IL, in 2010 on a Drummely gilay loam, fine-silty, mixed,
superactive, mesic Typic Endoaquolls. This expenimused two maize hybrids to
investigate the effects of two seeding rates, thesd orientations, and two row
configurations. The experimental design was a aamged block design with two
replications. The seeding rates were 83980 an@®p&nts ha and hybrids used were
P0916XR and P1184XR, that were selected for thefferdnces in their leaf
architectures, with PO916XR having an open top witrelatively erect upper canopy,
and P1184XR having a more horizontal leaf architect The leaf orientations were
obtained by adjusting seed position at plantingasitions that resulted on across-row,
random, and with-row leaf orientations. Row coufafions included a 0.76 m single
row and 0.18 m twin rows on 0.76 m centers.

Two additional field experiments were conductedrr&édlwater during 2012. A
factorial treatment structure of leaf orientatioRP, and row configuration was
established on a randomized complete block desigm ttwee replications at two sites.
One experiment was established at Lake Carl BlakKW€B) experimental station, on a
Port silt loam-fine-silty, mixed, thermic CumulicaHlustoll and the other at Efaw

experimental station, on a Norge loam, fine-siltgixed thermic Udic Paleustoll.

47



Experiments were planted using a PO876HR hybridRatensities of 37050 and 61750
plants h&. A drip irrigation system was installed at bottes to supply water during
crop development. Pre-plant fertilization of phosfus and potassium were determined
accordingly based on soil samples collected fohesdte. Pre-plant nitrogen rates of 180
kg N ha' and top-dress rates of 60 kg N'haere applied using urea ammonium nitrate
(UAN, 28%).

In the same way as the experiment conducted am@aign, seed placements
were used to manipulate the crop canopy and prompoégerential leaf azimuth
orientations. For the treatment with across-roaf lerientation, maize seeds were
planted laying flat, embryo up, and perpendicularthe row whereas with-row leaf
orientations, maize seeds were planted laying #8atbryo up, but parallel to the row
(Torres et al., 2011). Treatments with orienteeldsewere hand-planted while the plots
with random seed position were planted using a fow vacuum planter. Two row
configurations were used; conventional single rovith 0.76 m of row spacing and a
twin rows configuration with row spacing of 0.20 for the narrow rows and 0.76 m
centers.

Photosynthetic photon flux density (PPREmol mi? s*) was measured within
one hour of solar noon using a quantum line seh$d91A connected to a LI-1400
data-logger (LI-COR, Lincoln, NE). Fraction of PAPAR) was calculated by the

following formula as measured by PPFD:

fPAR =1— -

lo (1)

where,
| = incident PAR at the soil surface under the capopy
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lo=incident PAR at top of the canopy

Three fPAR measurements were taken per plot uridar skies by placing the quantum
line sensor diagonally under the canopy between dietral maize rows. Daily
intercepted PAR (IPAR) was predicted by regresftAR as a function of thermal units
(TU, °C d) using TableCurve 2D version 5.01 sofevé®YSTAT Software Inc. 2002).
Subsequently, cumulative IPAR (CIPAR, MJ®mwas determined from emergence to
silking and to physiological maturity for the maffects of leaf orientation (LO), plant
population (PP), and row configuration (RC) by suenmation of the product of IPAR
and incident daily PAR. Total solar radiation #ach day of the growing season was
transformed into PAR by assuming that 45% of sofadiation is actually
photosynthetically active radiation (Meek, 1984Moreover, radiation use efficiency
(RUE, g MJY) was calculated as grain yield divided by CIPAR sitking and
physiological maturity.

At harvest, the two central rows of each plot wesed-harvested and grain yield
was expressed using 15.5% moisture. Data analessperformed using analysis of
variance and orthogonal contrasts in SAS (SAS,I&ry, NC) to determine treatment
effects on grain yield and fPAR. Regression antpg correlation analysis were used to

understand the relationships between grain yieldAR, and RUE.

49



RESULTS AND DISCUSSION

Grain Yield

Analysis of variance did not reveal significantergction effects at any location,
therefore grain yield means and contrasts for neffiects are presented. Hybrid
P1184XR with horizontal leaf architecture produ¢&8088 kg hd) significantly higher
yield than the hybrid PO916XR (11105 kg hawith more erect leaf architecture at
ChampaignP<0.05).

Except at LCB where across-row leaf orientationssatitially improved vyield, at
the other two locations no significant differencasafound between leaf orientation
treatments. Averaged over locations, grain yiefdaoross-row and with-row leaf
orientations increased vield by 541 and 568 K t@mpared to random leaf orientation
(Table 1). These results represent a yield imprerd due to initial seed placement and
leaf orientation of approximately 6% compared tod@n seed planting and random leaf
orientation. The crop response to leaf orientatieas not consistent depending on
location and hybrid. For example, across-row aittd-vow leaf orientation produced 10
and 12% higher grain yield than random leaf orieotafor the hybrid P1184XR at
Champaign (Table 1). Likewise, across and with-teaf orientation improved grain

yield by 20 and 11% respectively in relation todam leaf orientation at LCB (Table 1).
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In contrast, grain yield reduction was observedafmoss-row and with-row compared to
random leaf orientation at EFAW, and at Champaigguction of 228 kg hhwas also
observed for across-row compared to random leahtation for the hybrid PO916XR.
With-row leaf orientation out-yielded the randoraaiment by 530 kg Hafor this same
hybrid at Champaign (Table 1).

Environmental interactions were likely determindot the contrasting results
found for leaf orientation treatments between sitésccording to Toler et al. (1999)
biomass and grain yield should increase from wath-to random and from random to
across-row leaf orientation. The reason for theldyiadvantage of across-row leaf
orientation was attributed to improved light inepton and reduced intra-specific
competition for available solar radiation, whichsygarticularly important at higher PP
(Toler et al., 1999). In this study, oriented lesnincreased grain yield in relation to
random leaf orientation independent of being acrogsor with-row.

Paszkiewicz et al. (2005) indicated that with-r@aflorientation increased maize
yield compared to random and across-row leaf catesris in two out of three years of
experiments established near Johnston, IA. Theoreéor with-row leaf orientation to
produce higher yield than random could be attribui@ higher light interception by
leaves closer to the ear. Allison and Watson (J@&@imated that after flowering, the
four leaves in the central portion of the canopgtabuted from 35 to 50% to dry-matter
production. Substantial yield reduction of hybridgh horizontal leaf architecture has
been observed due to the removal of the ear |daifelybrids with more erect leaves,
the removal of leaves above the ear had a greaigadt on yield components (Subedi

and Ma, 2004).
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Additionally, more uniform light distribution foht bottom leaves of the canopy
would likely improve photosynthesis of the entienopy. As maize crop develops, LAI
increases and approaches an optimal LAI, whichheoty should be sufficient to
intercept up t®5% of incident radiation. The leaves on the uppeat of the canopy
intercept most of incident light, causing shad¢he leaves underneath. Although there
are no strong evidences that validate this hypaH&ay and Porter, 2006), conceptually
the shading effect would cause decreased photassistAnd increased respiration since
the leaves at the lower part of the canopy woutdhainly as sink rather than source of
photo-assimilates.

Grain yield response to increased PP was consikieall location and hybrids.
At Champaign 98800 plants haroduced 754 and 889 kg haigher grain yield than
83980 plants h&for the hybrids PO976XR and P1184XR respectively. EFAW and
LCB 61750 plants haincreased yield compared to 37050 planttha613 and 502 kg
ha' (Table 1). Improved grain yield as PP increases expected and similar results
have been reported. For example, dry-matter yietgponse was found as PP increased
up to 14.5 plants fhby Major et al. (1991), whereas Tolenaar and Bremla (1988)
reported grain yield increase for ten hybrids weth up to 10 plants fn Furthermore,
Westgate et al. (1997) reported that yield incréasith PP up to 10 and 12 plants’m
depending on the hybrid.

Twin row configuration was generally not statiskigalifferent from single row
configuration which is in accordance with Nelsor @&moot (2009) who reported non-
significant effect of RC on IPAR and grain yiel&imilarly, contrast analysis revealed

non-significant differences between RC treatments the hybrid P1184XR at
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Champaign (Table 1). Yet, twin rows produced gregteld than single rows in three
out of four times, with yield advantage rangingnrd51 to 1219 kg hk(Table 1). Only
at LCB, single rows produced more than twin rows] the yield difference was 502 kg

ha' (Table 1).

Light Interception

Figure 1 shows the effect of across-row, randomd, \&ith-row leaf orientations
on fPAR as a function of TU at LCB and EFAW as wall for both hybrids at
Champaign. Differences in fPAR between leaf oagoh treatments were not consistent
as TU increased. For example, at Champaign difte® in fPAR were observed up to
approximately V12 for hybrid PO196XR. For hybridI84XR, there was a significant
difference in fPAR between leaf orientation treattseonly at V6. Most frequently no
difference between treatments was observed forhyisid. There was a tendency for
significant differences between leaf orientatiorislader vegetative growth stages at
EFAW and LCB. Table 2 shows the average of fPARsneements collected during the
crop development, indicating that light interceptiwas improved by leaf orientation in
the following order: across-row > random > with-romhich is in agreement with Toler
et al. (1999).

There was a fundamental difference in light intptme between the experiments
conducted at Oklahoma and lllinois. The main défees regarding light interception
between these locations was related to the magnw@idPAR measurements and when
maximum fPAR occurred at each site. At Champa@fi$o of light interception was

generally achieved after approximately 500 °C dy.(Ria and 1b). At Oklahoma this
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critical level was inferior to critical level ofght interception at Illinois and the highest
fPAR in Oklahoma was observed at EFAW (fPAR=0.83y(1c and 1d).

The effect of PP on light interception was comsisticross locations, and the high
PP had frequent higher fPAR than the low PP onameer(Table 2). Significant
differences in light interception were observed @B, EFAW, and at Champaign for the
hybrid PO196XR between V6 and V10 growth stageg.(Ea, 2b, and 2c). This was
expected since higher PPs have greater LAI thaltsesn greater interception of PAR.
Westgate et al. (1997) reported that leaf area ldpueent rate and maximum LAl
increased with PP independent of hybrid. In cattraon-significant differences were
observed most often for the hybrid P1184XR.

Row configuration had no effect on fPAR and diéfeces between single and
twin rows were small (Table 2). Figure 3 shows tha effect of RC was distinct among
locations. Light intercepted by single and twimvsowas similar for both hybrids used at
Champaign, (Fig. 3a and 3b). Single rows had stesily greater fPAR than twin rows
at LCB (Fig. 3c); in contrast, at EFAW twin rowschasually higher fPAR than single
rows (Fig. 3d). According to Nafziger (2006) twnow configuration intercepted
significantly higher PAR at V10 growth stage indegent of PP compared to single rows

but no difference was found at R2 growth stage.

Cumulative Intercepted Light

Results shown in Table 3 indicated that more hgas intercepted by across-row,
whereas with-row had the lowest CIPAR among leantation treatments in general.

One exception was found at LCB where the randomlidnadr CIPAR than with-row leaf
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orientation at silking and maturity. Another extep was found at EFAW where the
random accumulated 627 MJ%of IPAR at maturity, which was higher than thecmsr
row and with-row treatments accumulated (Table 3).

Increasing PP at EFAW and LCB from 37050 to 61f#énts hd and at
Champaign from 83980 to 98800 resulted in congistearease in CIPAR at silk stage
and physiological maturity. Pooled over locatioing difference in CIPAR between PP
ranged from 11 to 24 MJ frat silking and from 7 to 44 MJ frat physiological maturity
(Table 3). At Champaign, CIPAR of 324 and 356 M3 an silk stage and 833 and 840
MJ mi? at physiological maturity was estimated for théiigs PO196XR and P1184XR
respectively. Moreover Table 3 shows that at LGB PP of 61750 plants ha
accumulated 188 and 569 MJ’rof IPAR at silking and maturity while 221 and 6210
m of IPAR was accumulated at EFAW for the same PP.

In general, single rows had higher CIPAR comparedtwin row planting
configuration; differences in CIPAR varied fromat15 MJ n¥ at silking and 3 to 19 MJ
m at maturity when pooled over locations (Table B)is was unexpected, since twin
row system should improve the distribution of ptamt field and increase the amount of
light intercepted during the crop development. ©hé/ exception was noted at EFAW
where twin rows had 9 and 55 MJ?ngreater CIPAR than single rows at silking and

maturity stages respectively.

Radiation Use Efficiency
More efficient use of light was usually found feith-row treatments compared to

across-row and random treatments, although, théebigRUE (4.80 g MY was
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observed for across-row treatment at LCB (Table A&).silk stage, mean RUE pooled
over locations was 3.89, 3.78, and 3.67 g'Mdr with-row, across-row, and random
treatments, respectively (Table 3). Similarly, pltysiological maturity with-row leaf
orientation tended to have higher RUE comparedctoss-row and random. Radiation
use efficiency for with-row, across-row, and randmas 1.43, 1.40, and 1.35 g Mat
physiological maturity (Table 3).

Radiation use efficiency was increased by increp$tP at Champaign at silk
stage and maturity for both hybrids. For examm@stimated RUE for the hybrid
P1184XR increased from 1.40 and 1.49 g'M3 PP increased from 83980 to 98800
plants hd (Table 3). These results contradict the findinggorted by Andrade et al.
(1993) that indicated a noticeably decrease inataahi use as PP increased. In contrast,
RUE at silking and maturity at LCB was higher foetower PP, and at EFAW the lower
PP had higher RUE at silking but not at maturitgi{le 3).

Twin rows used radiation more efficiently than gden row at silking at all
locations. Better RUE of twin rows occurred beeayield levels were relatively higher
than yields of single rows configuration, despitee tfact that less radiation was
intercepted by the twin row system. Radiation effeciency of twin rows planting
configuration ranged from 3.52 to 4.68 g Mat silking stage whereas RUE of single
rows ranged from 3.19 to 4.62 g M{Table 3). At maturity, lower RUE was noted for
single rows compared to twin row for both hybrid<Champaign. On the other hand, at

LCB and EFAW single rows had higher RUE than tvaws at maturity.
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Grain Yield, CIPAR, and RUE Relation

Grain yield response to CIPAR was different at i@paign, EFAW and LCB.
With hybrid P1184XR at Champaign, grain yield aniPAR were negatively related,
meaning that higher CIPAR caused grain yield torese (Table 4). For the hybrid
PO196XR also at Champaign, the relation was peasitiut weak and non-significant,
suggesting that the amount of light intercepted m@sassociated with yield. Since both
hybrids at Champaign reached full light interceptielatively early during the crop
development, the quantity of light accumulated Vikeedy not a limiting factor. A closer
relation of maize grain yield and radiation uséeatthan the intercepted light have also
been noted by others (Tollenar and Bruulsema, 198&tgate et al., 1997; Daughtry et
al., 1983).

The amount of light intercepted during the cropgyelopment had greater impact
on grain yield at Oklahoma than at lllinois. TaHdleshows a high and significant grain
yield response to CIPAR during silking and matuatyEFAW and LCB. This relation
was expected since productivity is proportionalthe quantity of PAR intercepted
(Sinclair and Muchow, 1999). The reason for thiscepancy in the relationship
between yield and CIPAR at Oklahoma and lllinoisyrhave occurred since maize crops
at Oklahoma never reach the optimal level of ligkerception for optimum productivity.
On the other hand optimal light interception wakieed between V10 and V12 growth
stages at lllinois. These results indicate thahtligras likely not a limiting factor at
lllinois, but at Oklahoma, the amount of light irdepted was a limiting factor.
Therefore, any increase in light interception ata@bkma will likely be translated into

productivity under irrigated conditions.
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The relationship between CIPAR and RUE at silkind enaturity was negative in
three out of four locations, but only at EFAW, tlagrrelation was actually significant
(r=-0.71,P<0.10) (Table 4). Reduction in RUE is a criticahitation to yield of maize
crops grown under drought stress (Earl and Daw@i832 Assuming a given yield level,
RUE should decrease as more intercepted PAR isradated during season.

A positive but not significant correlation was faubetween CIPAR and RUE at
LCB at both growth stages (r=0.30 and r=0.64). Gtwelation between yield and RUE
at LCB was positive at both phenological stages$,dmly at physiological maturity this
correlation was significant indeed (r=0.8%50.01). Grain yield and RUE were highly
correlated IP<0.01) at silking and maturity at Champaign (Tad)e This relationship is
in agreement with Christy et al. (1986) who sugegst closer relation between maize
yield and RUE than with yield and quantity of ligimtercepted. Variability in
conversion of absorbed light due to hybrid and phagical stage was also reported by
Tolenaar and Bruulsema (1988).

Different from the other locations, the correlatlmgtween grain yield and RUE at
EFAW was weak, negative, and not significant ahbgtowth stages (r=-0.35 and r=-
0.36 at silking and maturity, respectively). Acdogito Earl and Davis (2003) extremely
high temperatures suppressed leaf photosynthetgs.raExtremely high temperatures
occurred during the crop development at Oklahonthadfected maize light interception
due to reduced effective leaf area and leaf arparesion. Crafts-Brandner and Savucci
(2002) showed that at leaf temperatures over 38n8E,photosynthesis was inhibited,
causing transpiration rate to increase. They notkdt heat stress inhibited

photosynthesis but not due to stomatal closuregesiranspiration rate increase was also
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observed. Damage on the photosynthetic apparatused inactivation of Rubisco

constraining photosynthesis of maize leaves (GBiftsmidner and Savucci, 2002).
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CONCLUSIONS

Across-row leaf orientation intercepted more lighén random, and more light
was intercepted by random compared to with-row wantation. Higher RUE was
found for with-row leaf orientation, followed by rass-row and random leaf azimuths.
Light interception and yield increased with PPhaitgh, more efficient use of radiation
was usually noted for the low PP. The hypothdsas twin rows intercepted more light
was rejected, since single rows intercepted mgtd than twin rows in three out of four
opportunities. Twin rows had higher but not sigraiht grain yield compared to single
rows which caused RUE to be generally higher fon ww configuration.

Cultural practices such as leaf orientation, P®, RE& can influence the amount
of light intercepted and the efficiency that radiatis utilized by maize crops and impact
crop productivity. The use of leaf orientationaasnanagement practice to exploit solar
energy can be particularly important as precisilamiing technology becomes practical.
This innovative approach can optimize the use giitliresources especially at places
where light interception may be reduced due totedhicrop growth and development.
Future research could investigate the interactioleal orientation and hybrid maturity
and evaluate the effects on light attenuation pcediby the changes in the crop canopy.

We found that precision seed placement used to pukate leaf azimuth orientation
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improved grain yields by 541 and 568 kg'hior across and with-row compared to

random leaf azimuth treatments averaged over (masiti
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Table 1. Single degree of freedom orthogonal estérand grain yield means for leaf
orientation (LO), plant population (PP), and rowfiguration (RC) at Champaign-IL in
2010 and at Lake Carl Blackwell (LCB) and EFAW, @K2012.

Champaign

Main Effect Leaf Orientation P1184XR_POOY16XR EFAW LCB
__ GrainYield, kg hd

LOT Across- Row 12397 10777 7459 9092
Random 11275 11004 7690 7591
With- Row 12593 11534 7281 8424

PPt Low 11644 10728 7170 8118
High 12532 11482 7783 8620

RC8 Single Rows 11275 11004 7276 8664
Twin Rows 12494 11155 7677 8074

Contrasts Across versus Random NS NS NS *
Across versus With NS NS NS NS
With versus Random NS NS NS NS
Medium versus High PP NS NS NS NS
Single versus Twin NS NS NS NS
SEDN 796 792 1522 1577
CV (%) 8.1 8.7 25 23

* kxoekk gignificant at 0.10, 0.05, and 0.01 prability levels, respectively; NS, not
significant.

T Leaf orientation predominantly across-row was eehdl by planting seedaying flat, with
embryo up, kernel perpendicular to the rawaf orientation predominantly with-row was
achieved by planting seedaying flat, with embryo up, kernel parallel to thmew.
Conventionally planted seeds with random seed placé were used to achieve
random leaf orientation.

¥ Low and high plant population densities in Chaigipavere 83980 and 98800 plants
ha' respectively; at EFAW and LCB, plant population sias were 37050 and 61750
plants hd respectively.

8 Row configuration consisted 0.18 and 0.20 m tweiws on 0.76 m centers and 0.76 m
single rows.

1 SED, standard error of the difference betweendwally replicated means.
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Table 2. Average of all light interception measuoeats collected during the growing
season for the main effects of leaf orientation XL@lant population (PP), and row
configuration (RC), at Champaign-IL, 2010 and L&le| Blackwell (LCB) EFAW, OK,
2012
Effect Legf ' Champaign LCB EFAW Overall

Orientation PO196XR P1184XR PO876HR PO876HR Mean
Average fPAR, %

LOYt Across-Row 77.9 77.7 47.7 57.4 65.2
Random 76.6 77.5 42.7 59.1 64.0
With-Row 75.0 76.7 46.2 55.7 63.4

PPt Low 75.2 77.1 46.1 55.1 63.4
High 77.9 77.5 47.6 59.7 65.7

RCS8 Single Rows 76.6 77.5 47.3 55.6 64.3
Twin Rows 76.5 77.2 43.8 59.2 64.2

T Leaf orientation predominantly across-row was eehil by planting seedaying flat, with
embryo up, kernel perpendicular to the rawaf orientation predominantly with-row was
achieved by planting seedaying flat, with embryo up, kernel parallel to thmew.
Conventionally planted seeds with random seed placé were used to achieve
random leaf orientation.

¥ Low and high plant population densities in Chaigypavere 83980 and 98800 plants
ha' respectively; at EFAW and LCB, plant population sias were 37050 and 61750
plants hd respectively.

8 Row configuration consisted of 0.76 m single raw<.18 and 0.20 m twin rows on
0.76 m centers.
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Table 3. Cumulative intercepted active radiatiGiPAR) and radiation use efficiency (RUE) for maififects at Champaign-IL, 2010
and Lack Carl Blackwell (LCB) and EFAW, OK, 2012.

. . Leaf Orientatiod Plant Population Densigy Row Configuration
Phenologyf Location Hybrid Across-Row  Random  With-Row Low High Single Rows Twin Rows
CIPAR, MJ nt

Silking Champaign PO916XR 322 321 315 312 324 321 317
Champaign P1184XR 354 353 348 345 356 354 349
EFAW PO876HR 214 213 199 197 221 201 210
LCB PO876HR 189 170 182 172 188 188 172

Maturity Champaign PO916XR 825 822 814 807 833 822 819
Champaign P1184XR 841 839 828 833 840 839 834
EFAW PO876HR 606 627 579 584 621 577 632
LCB PO876HR 575 515 551 524 569 556 537

RUE, g MJ*

Silking Champaign PO916XR 3.34 3.43 3.66 3.44 3.54 3.43 3.52
Champaign P1184XR 3.50 3.20 3.62 3.38 3.52 3.19 3.58
EFAW PO876HR 3.49 3.61 3.66 3.64 3.52 3.61 3.66
LCB PO876HR 4.80 4.46 4.62 4,72 4.59 4.62 4.68

Maturity Champaign PO916XR 1.31 1.34 1.42 1.33 1.38 1.33 1.36
Champaign P1184XR 1.47 1.34 1.52 1.40 1.49 1.34 1.50
EFAW PO876HR 1.23 1.23 1.26 1.23 1.25 1.26 1.21
LCB PO876HR 1.58 1.47 1.53 1.55 1.52 1.56 1.50

T Determined based on the hybrid’'s average theumtd (°C d) requirement to reach silking and pblgggical maturity.
T Leaf orientation in relation to the row.

1 Low and High plant population at Champaign wa8883and 98800 plants hand 37050 and 61750 plants'haspectively.
8§ Single rows were planted on 0.76 m row space] teivs were sown on 0.18 and 0.20 m between twir 06 m centers.
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Table 4.

Correlation coefficients between graieldj cumulative active radiation
(CIPAR) and radiation use efficiency (RUE) for Chmaign-IL, 2010; Lake Carl

Blackwell (LCB), and EFAW, OK, 2012.

Silking Maturity

Location Hybrid Variable RUE Yield RUE Yield
Champaign P1184XR CIPAR -0.26 NS -0.03NS -0.41NS -0.29NS
RUE 0.97 *** 0.99***
PO916XR CIPAR -0.32NS 0.16NS -0.02NS 0.33NS
RUE 0.89 *** 0.94***
EFAW PO876HR CIPAR -0.71* 0.97 *** -0.67* 0.93***
RUE -0.35NS -0.36NS
LCB PO876HR CIPAR 0.30NS  0.92 *** 0.64NS  0.95***

RUE 0.65NS 0.85**

* ¥k gignificant at 0.10, 0.05, and 0.01 prability levels, respectively; NS, not

significant.
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Figure 1. Fraction of intercepted photosynthelycattive radiation (fPAR) as a function
of thermal units for the leaf orientation effect foybrids PO196XR and P1184XR at
Champaign-IL, 2010 (a and b); Lake Carl Blackwel-Q@.CB) (c), and EFAW-OK (d),
2012. Analysis of variance was performed to compaaf orientation treatments at each
measurement date. Significance at 0.10, 0.05,0a0t probability levels are indicated
by *, **/ and *** respectively; NS, not significant
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Figure 2. Fraction of intercepted photosynthelycattive radiation (fPAR) as a function
of thermal units for the plant population effect foybrids PO196XR and P1184XR
Champaign-IL, 2010 (a and b); Lake Carl Blackwel-Q@.CB) (c), and EFAW-OK (d),
2012. Analysis of variance was performed to compgeratments at each measurement
date. Significance at 0.10, 0.05, and 0.01 prdibalevels are indicated by *, **, and
*** respectively; NS, not significant.
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Figure 3. Fraction of intercepted photosynthelycattive radiation (fPAR) as a function
of thermal units for the row configuration effectr thybrids PO196XR and P1184XR at
Champaign-IL, 2010 (a and b); Lake Carl Blackwel-Q@.CB) (c), and EFAW-OK (d),
2012. Analysis of variance was performed to compare tneats at each measurement
date. Significance at 0.10, 0.05, and 0.01 prdibalevels are indicated by *, **, and
*** respectively; NS, not significant.
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CHAPTER IlI

USE OF LORENZ CURVES AND GINI COEFFICIENT TO EVALURE

BY-PLANT YIELD INEQUALITY
ABSTRACT

Spatial and temporal emergence variations are tineapy sources of variability
in maize Zea maysL.) production systems. This work was conducteddétermine
whether seed placement and its resultant leaf tatien can reduce plant-to-plant yield
inequality. The effect of seed-to-leaf orientaiand plant space (PS) on by-plant yield
and plant-to-plant yield variation were evaluateldorenz curves, Gini coefficient (G),
and frequency distributions were used to deternand characterize by-plant yield
inequality within treatments. Upright-across oiglged random seed-leaf orientation by
155 kg hd at EFAW and flat-across was 310 kg haigher than random at LCB in
experiment 1. A significant seed-to-leaf orierdatiby plant spacing interaction was
observed in experiment 2 where flat-across yielfié?6 kg hd at plant spacing of 36
cm while random and flat-with row yielded 5706 a4@44 kg hd. By-plant yield of
flat-across and flat-with row increased by 15% &7é6 as plant spacing was reduced
from 36 to 21 cm, whereas yield reduction of 19%swemted for random seed-leaf
orientation. Lorenz curves and G demonstrated liggilant yield inequality tended to
reduce with precision planting. Lower by-plantlgienequality as indicated by small G

was associated with lower CV, lower range, L-skeveed! leptokurtic distributions.
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However, plant-to-plant yield variation expressed GV indicated that seed-leaf
orientation had little influence on yield variationPlant-to-plant yield variation was
positively correlated with plant distance variat@amd by-plant yield decreased as plant-
to-plant inequality increased. Precision plantifignaize tended to reduce plant-to-plant

yield inequality compared to conventionally plansedds.
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INTRODUCTION

Spatial and Temporal Variation

Reduction of spatial and temporal variation hasnbaecommon goal among
agronomists and producers. Spatial and temporalgance variation in maize implies
that space variability will occur and impact on himalividual plants utilize and compete
for water, nutrients, and light with neighboringapls. Factors such as planter type,
planting speed, seeding depth and seed vigor, ditiaal to soil temperature, moisture,
crusting, and compaction can contribute to spatrl temporal variation. Dickey and
Jasa (1993) indicated that planter type and omeratan generate skips and doubles,
affecting plant spacing uniformity. Lauer (2002)ggested that uneven plant spacing
within the row is usually caused by high plantingeeds as well as inadequate planter
adjustments and maintenance.

Controlling variation due to seeding depth and sgpare among the strategies
used in precision planting to counteract spatial &amporal emergence variation by
providing a more uniform seed placement and redusutcessive sources of variation in
the system. Benjamin and Hardwick (1986) specdl#tat small differences in growth
among individuals caused by early events such asrgance accumulate over time.

Spatial variability effect on maize grain yield heesceived considerable attention and
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contradicting results have been reported. Somaestuéported a yield decrease as the
standard deviation (SD) of plant spacing incredgeadll et al., 1977) or as SD exceeded
a given threshold (Doerge and Hall, 2001; Vandeeipal., 1988). Nielsen (2001)
conducted a studied to evaluate the effect of p&p#cing variability on yield and
concluded that 156 kg faof yield was lost for every 2.54 cm increase ianpldistance
standard deviation. On the other hand, researmWwesththat plant spacing variability had
no significant effect on grain yield (Liu et al.0®4a; Lauer and Rankin, 2004). Lauer
and Rankin (2004) concluded that grain yield shaudd be affected by plant spacing
variability in most farmers’ field. In addition,il et al. (2004a) reported no significant
effect of plant spacing variability on leaf arealem, leaf number, plant height, and
harvest index.

More consistent results are found regarding thecefof temporal emergence
variability on maize yield. According to Liu et a(2004b) maize yields are more
sensitive to temporal than spatial variation. Usreemergence of maize plants resulted
in significant yield reduction according to Nafziget al. (1991). These variations in
spatial and temporal emergence can reduce suranalyield of suppressed individuals
(Yoda et al. 1963; Mohler et al., 1978) due toithpact on interactions between adjacent

plants.

By-Plant Resolution

Identification and treatment of spatial variabiligycritical for precision farming.
Areas within a field with different production cayizes can be treated as independent

units, allowing for optimization of production. dil element size or the scale at which
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variability occurs is a determinant to the intetpti®en of spatial information and
management decisions. Raun et al. (2005) recodjiieg for maize, this resolution is at
the plant level; therefore management practicesldhoe applied by-plant. Maize vyield
variability at the plant level was investigated khartin et al. (2005) over a range of
production environments. Their results indicatattlaverage plant-to-plant yield
variation can be expected to be more than 2765aKg Furthermore, they reported that
coefficient of variation and range increased asmmaplant yield increased. Following
this concept and aided with remote sensing teclyyold-reeman et al. (2007)
demonstrated that it is possible to identify vaoiatand treat nitrogen deficiencies at the

plant level.

Expression of Inequality

Statistical measures that describe size variahiitplant populations frequently
rely on standard deviation, coefficients of vanati skewness, and kurtosis that include
moments around the mean (Sadras and Bongiovariv) 2®Relationships between mean
by-plant yield, standard deviation, coefficient \wdriation, and range were used by
Martin et al. (2005) to understand and quantify thagnitude of within row plant-to-
plant variation. Range and coefficient of variataere also used by Stern (1969) and
Mack and Pyke (1983) to represent plant populatiequality.

Weiner and Solbrig (1984) recommended the use bbranz curve and Gini
coefficient as a measure of size inequality betwsemmbers of a population. The
authors suggested that Lorenz curve and Gini coeffi provide a meaningful

guantification of inequality and allows for comms among populations. Sadras and
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Bongiovanni (2004) addressed the relative contitioutio total paddock yield of low and
high yielding sections of the field using Lorenznes and Gini Coefficients and
concluded that Lorenz curves were particularly ipertt to express yield inequality
within paddocks.

The Lorenz curve is a simple way to demonstratquakty graphically whereas
the Gini coefficient is the summary statistic detgred in relation to the Lorenz Curve
and measures the magnitude of inequality (Sen, ; M¥Ener and Solbrig 1984). Similar
to coefficient of variation, the Gini coefficierg also a measure of relative precision and
inequality. Some desirable characteristics areaated with the Gini coefficient as a
measure of inequality including comparisons of iraly between populations with
different means and between populations with dffiérsizes (Sadras and Bongiovanni,
2004; Weiner and Solbrig 1984).

Numerous studies have evaluated plant-to-plantakdity using principally
coefficient of variation and standard deviationnasasures of inequality, but a limited
number of studies in agriculture used Lorenz cuiaed Gini coefficient to determine
inequality within a given population (Sharma et 4998; Pan et al., 2003; Vega and
Sadras, 2003; Sadras and Bongiovanni, 2004). ditiad, the effect of seed placement
and target plant space on by-plant yield and plesgtant yield variation are also

reported.
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HYPOTHESIS AND OBJECTIVES

Technologies that promote more homogenous cropdstand emergence may
lead to yield increase due to reduced plant-totplariation (Martin et al., 2005).
Precision seed placement of maize has receivdd &ttention, principally due to the
difficulty of mechanization. However, with recemhprovements in precision planting
technologies the ability to control seed placenamianting will become more practical.

Research suggests that precision seed placemeniroarote faster emergence
and improve stand uniformity (Paten and Van DotV 0; Bosy and Aarssen, 1995).
This allows for leaf azimuth orientation (Petersl Aoolley, 1959; Torres et al., 2011)
which can lead to improved light interception amdrpote yield increase of maize crops
(Toler et al., 1999; Paszkiewics et al., 2005). Nypothesize that precision planting of
maize and its resultant leaf orientation shouldiltem more uniform crop stands and
reduce plant-to-plant yield variation.

The objectives of this work were to (i) evaluate #ifect of seed placement and
its resultant effect on leaf orientation on by-plgield inequality using Lorenz curves
and Gini coefficient; (ii) determine the effectssgfed placement and target plant space
on by-plant yield and plant-to-plant yield variatyj and (iii) investigate the relationships

of by-plant yield and plant distance.
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MATERIAL AND METHODS

Site and Experiment Description

The data for this study were collected from expents that were established to
evaluate seed placement as a means to manageatrgpycand promote optimization of
light interception and use in maize production. p&imental design for experiment 1
(Exp. 1) and experiment 2 (Exp. 2) was a RCB wRHhreatments and 3 blocks that were
conducted at two sites (LCB and EFAW) in 2012. ©Oui2 treatments in Exp. 1 and

Exp. 2, only nine and six treatments were usedhisranalysis, respectively.

For this framework, Exp. 1 treatment structure ¢sind of a factorial
combination of three levels of seed placement hrektlevels of target plant spacing (27,
18, and 13 cm distance between plants), while Exfhree levels of seed placement and
two levels of plant spacing (36 and 21 cm) weredusethe analysis. Precision seed
placement is a means to manipulate leaf azimutimaize plants. The term seed
placement implies that a given seed position ipEmliwith its resulting leaf orientation.
Torres et al. (2011) found a significant effecirofial seed placement on leaf orientation
while Koller (2012, unpublished data) found a sgyarorrelation between initial seed
placement and first true leaf for maize grown unpl@tected environment. Hereatfter,

we refer to seed placement and leaf orientaticatioziship as seed-leaf orientation.

In Exp. 1, seed placement used to manipulate leasress the row is described as
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upright with caryopsis pointed down, parallel te tlow (upright-across row); and laying
flat, embryo up, perpendicular to the row (flatass row). Conventionally planted seeds
with random seed placement and random leaf orientatere used as the control. In the
Exp. 2, in addition to leaf orientation across the, seed placement that resulted in leaf
orientation parallel to the row (with row) was avated and compared to random seed-
leaf orientation. Seed placements used in Expor2atross row leaf orientation was
laying flat, embryo up, perpendicular to the rowatfacross row); and with row leaf
orientation seed placement was laying flat, emlnyoparallel to the row (flat-with row);
lastly, conventional planting with random seed-leaéntation.

Experiments were conducted at Oklahoma State Wsityein 2012 at R.L.
Westerman Irrigation Research Center, Lake Carti®lell (LCB), and at Stillwater
Agronomy Research Station, EFAW, both located r&diwater, OK. Experiments at
LCB and EFAW were conducted on a Pulaski fine salodyn (coarse loamy, mixed,
superactive nonacid, Udic Ustifluvent) and on adéoloam, 3 to 5 percent slope, eroded
(fine-silty, mixed active, thermic Udic Paleustgllsespectively. Plots were irrigated
using a drip irrigation system at both sites artdbgen fertilization was the same for all
plots, consisting of 180 kg N Has pre-plant and 60 kg has top-dress applied between
V8 and V10 growth stages. Other management pesctincluded phosphorus and
potassium applications that were based on soilrezstmmendations and pre and post-
emergence weed control. Plots with oriented seente sown by hand using a template
to precisely sow seeds at target plant distanceakinwvirows. Plots with random
placement were planted using a four row John D&s&Emerge 2 vacuum planter

(Moline, IL). All treatments were sown at row spagof 0.76 m.

80



Measurements, Calculations, and Analysis

Data were collected from the two central rows afheplot totaling 108 rows of
6.1 m and 72 rows of 3.1 m in length. A total dB4 observations of by-plant yield and
plant position in the row were recorded and 313 ¢ints were used in this work.
Individual plants were hand-harvested, ears werglre@d and samples were weighed
before and after drying. The grain to cob weightior value was determined by
measuring grain and total ear weight of approxitgat&d00 samples. This value was
applied to estimate grain dry weight per plant [@nf') for all remaining maize ears
weights.

The linear distance occupied by a plant (plantatist) was determined by
placing a measuring tape along the maize row acordeng the plant’s position in the
row as distance accumulated from the beginning@zerows. The linear distance that

a single plant occupies was calculated based oatiequl:

— (1)

where, D; is the linear distance (cm) occupied by tHeplant; d, d.;, and ¢, are the
distances to the i-1, i, and i+1 plants. The df%acnT) that the T plant occupies was
thus calculated by multiplyin®; by 76 cm of row spacing. Subsequently, by-plaeldy
in kilogram per hectare basis was determined asatie of grain dry weight per plant
and the area occupied by that same plant.

By-plant yield and plant distance, means, standaxdations (SD), coefficient of
variations (CV) were calculated for each seed-tmadntation and target plant spacing

treatment. In addition, skewness, kurtosis and Goefficient were determined for the
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frequency distributions of the plant population hit a treatment. According to
Nagashima et al. (1995) skewness and kurtosis djeanthe degree of asymmetry and
peakedness of a frequency distribution. Skewndszeoo indicates symmetrical
distribution while asymmetrical distributions ar&peessed by positive and negative
skewness (L-shaped or J-shaped distributions, césply) (Nagashima et al., 1995).
The co-existence of subgroups within a populat®shown by a bimodal distribution
(Vega and Sadras, 2003). When kurtosis is zesodistribution is normal; positive or
leptokurtic kurtosis values indicate more peakesdritiution, and negative or platykurtic
values indicate bimodal distribution (Nagashimalet1995; Vega and Sadras, 2003).
The method for calculating by-plant yield ineqtalfollowed the procedures
described by Weiner and Solbrig (1984). First laapyield within each treatment was
ranked from lowest to highest, by location and expent. Consequently, the
cumulative fraction of yield was determined andtigld against the cumulative fraction
of population. Absolute equality is representedabl.1 line and the departure from the
straight line is called Lorenz curves. The Loreorve expresses the degree of inequality
between treatments which is numerically represehtethe Gini coefficient that can be
estimated for a random sample of siz®llowing the equation suggested by Sen (1973):
‘ il&—le

G ELit 2
2n’X @)

where,i=1,...n andj=1,...n, andx andx are the yield levels of thgh andjth plant
respectively,x is the mean yield of number of plants. The Gini coefficient (G) ranges
between 0, when all members of a population araleand 1, the theoretical maximum

inequality occurs when all individuals except foirechave a value of zero. Subsequently,
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the estimated G was multiplied by(n-1)"* to obtain an unbiased G estimate (Weiner and
Solbrig 1984; Weiner 1985).

Analysis of variance (PROC GLM), regression analyBIROC REG), descriptive
statistics (PROC UNIVARIATE), and simple correlateo(PROC COR) were performed
using procedures in SAS software (SAS Inst., CBI@) to determine the relationships
between mean by-plant yield, plant-to-plant vaoiatiplant distance, and plant distance

variability of seed-leaf oriented and randomly péhmaize seeds.
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RESULTSAND DISCUSSION

Plant-to-Plant Inequality

Calculated G was frequently lower for upright-asrasd flat-across compared to
random seed-leaf orientation in Exp. 1, demonsigathat precision planting reduced
plant-to-plant yield inequality compared to convenal planting (Table 1). The only
exception in Exp. 1 was noted at EFAW, where higheld inequality between plants
was observed for upright-across orientation (G=0.3thereas lower inequality was
estimated for the random seed-leaf orientation (&@B50(Table 1). Overall, G ranged
from 0.14 to 0.30 which was greater than G valep®rted by Sadras and Bongiovanni
(2004). They reported G ranging from 0.027 to 0.1®& maize crop grown in farmers’
field at 96 nf resolution. Differences in resolution was likehe main reason for the
relatively higher G values that we observed, atglant level scale the magnitude of
plant yield difference becomes more evident. Oerage, by-plant yield difference for
Exp. 1 was 2373 kg Haand for Exp. 2 was 2085 kg havhich was relatively less than
2765 kg hd average yield variation reported by Martin e{2005).

For Exp. 2, flat-with row orientation tended to bagreater G values and
consequently more variation among individuals withhis population compared to
random, and flat-across orientations (Table 1).er@N, increased target plant spacing

resulted on a linear decrease in G valugs0(f.7;P<0.05) suggesting that yield of
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individual plants becomes more equal as the aveailapace for each individual
increases. This result seems logical, since maa #r each plant means more water,
nutrients and light availability and less interglanmpetition.

The comparison between Lorenz curves for the cstitih seed-leaf orientations
indicated greater by-plant yield inequality betwela individuals within the population
with random seed-leaf orientation (Fig. 1A). Plamplant yield inequality for flat-
across and upright-across orientations were relgtiower compared to random at plant
spacing of 18 cm at LCB, which is mirrored by a é0v@ value. Gini coefficient of flat-
across, upright-across, and random seed-leaf atiens were 0.15, 0.23, and 0.25,
respectively (Fig. 1A). In practice the Lorenz \@s show inequality since the lowest
50% of plants within upright-across, flat-acrossj aandom population accounted for 39,
34, and 32% of the total yield respectively, whieaytshould contribute 50% of the total
yield produced.

In addition, Figs. 1B, 1C, and 1D present the fesmy distribution and
descriptive statistics of by-plant yield for seeafl orientation treatments for Exp. 1 at
LCB, OK in 2012. Bendel et al. (1989) recommentiesl use of histograms to support
conclusions based on single summary statistics aadB or CV. Positive skewness (S)
and kurtosis (K) was noted for seed-leaf orientetichown in Fig. 1B, 1C, and 1D.
There was a trend for L-shaped and leptokurticdeagies as by-plant yield inequality
within a population decreased. Alternatively, Empto-plant yield inequality increased,
the population tended to have J-shape and plaigkdistribution. According to Ford
(1975), the co-existence of two groups or bimodadtridbution was attributed to

competition among plants. Bimodality for a rang@lant populations was also reported

85



by others (Ford, 1975; Mohler et al., 1978; Wyszskij 1992). The patterns observed
in populations with greater inequality are in agneat with Vega and Sadras (2003) who
reported predominantly negative skewed (J-shapadiplatykurtic frequencies for maize
seed mass of plants grown at high population dgndiotably, Fig. 1D shows a near
normal distribution of random seed-leaf orientatpopulation, which was associated
with greater G and CV values.

Seed-leaf orientation modified the typical disttibn of maize yield and
promoted a concentration of plants with similadgikevels. Weiner and Solbrig (1984)
suggested that the degree of size hierarchy ispondent to the contribution of a few
individuals to total biomass, and that no hierarclay occur when all individuals are
equal and defined that “size inequality or concamin, not asymmetry, which
corresponds to the notion of size hierarchy”. Vega Sadras (2003) stated that the
bimodal distribution characteristic of the reprotie output of sunflower and maize was
for the most part due to the presence of barremtqlaThe presence of barren plants was
also noted in this study and likely caused largeplant yield inequality and bimodal
distribution of by-plant yield.

Coefficient of variation for the upright-across roflat-across row, and random
seed-leaf orientations were 28, 43, and 44% respdet(Fig. 1B, 1C, and 1D),
indicating lower plant-to-plant variation for uphigacross orientation.  Similar
conclusions were obtained when using CV or G toemnakerences about plant-to-plant
yield heterogeneity in terms of inequality. Bendehl. (1989) compared skewness, CV,

and G coefficients as a measure of inequality wigfopulations and pointed that all three
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statistics have some undesirable properties, layt #mphasize that these properties are
frequently trivial in practice.

Most important, according to Fig. 1, precision piag of maize resulted on lower
plant-to-plant yield inequality, but also causedhar by-plant yield. Average by-plant
yield of 6120 kg ha was observed for upright-across row compared #85%hd 5120 kg
ha' for flat-across and random seed-leaf orientat@ntarget plant distance of 18 cm,
respectively (Fig. 1B, 1C, and 1D). Moreover, thage of by-plant yield increased as
plant-to-plant yield inequality increased. Treamtsewith greater range are graphically
represented by the relatively longer tails in disttions shown in Fig. 1C and 1D
compared to Fig. 1B. For example, by-plant yieldge of 9917 kg awas noted for
upright-across, range of 12625 kg'haas observed for flat-across, and range of 11195
kg ha' random seed-leaf orientations.

Lorenz curves and G coefficients for seed-leafraagon treatments for Exp. 2 at
LCB, OK, in 2012 are shown in Fig. 2A. Flat-acrasgentation reduced plant-to-plant
inequality compared to random and flat-with ori¢iota since its Lorenz curve had the
smallest deviation from absolute equality (Fig. 2A%ini coefficient for flat-across
orientation was 0.16, for random G was 0.22, aaghiith row G was 0.23. The CV of
by-plant yield followed the same trend observedwat coefficients, in which flat-across
row, random, and flat-with row resulted in CVs &, B8, and 41%, respectively (Fig.
2B, 2C, and 2D). It is important to mention thab@ CV are both measures of relative
precision that have in common the property of bemgariant to scale changes but

variant to location changes (Bendel et al., 198%loreover, Bendel et al. (1989)
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affirmed that G is a more robust measure whereass@vre sensitive to the right tail of
a frequency distribution

Different from Exp. 1, reduction in plant-to-plamequality did not result in a
yield advantage. For instance, flat-across andlagem orientations had contrasting G
coefficients, but very similar yield means (Fig. 2Bd 2C) while the lowest by-plant
yield was produced by flat-with row orientation 80kg hd) (Fig. 2D). Yield range
was highest for random (8629 kgfand lowest for flat-across row seed-leaf origntat
(7323 kg h#d); showing that plants within a population planteith random seed-leaf
orientation had larger yield variation than plaotsa population planted with precision
seed placement.

It is essential to emphasize the relative contrdouof low and high yielding
plants to total yield for seed-leaf orientatiorfsigure 2A shows for instance that lowest
30% of the population with flat-across orientatioontributed to 21% of total yield
whereas the lowest 80% of the population contrithtiee71% of total yield. For random
and flat-with row treatments the lowest 30% of pent population accounted for 17 and
15% of total yield while the lowest 80% of popudaticontributed with 69 and 70% of
total yield respectively. According to Sadras &whgiovanni (2004) this information is
valuable and not evident in yield maps. Even thoygeld inequality was higher for
random compared to flat-across seed-leaf oriemtatibeir average yield was very
similar. These results indicated that high yieddpiants in the random treatment had a
substantial contribution for the population’s aygdFig. 2C), whereas by-plant yields of
flat-across orientation was concentrated aroundniésn (5728 kg h with very few

individuals producing more than 8000 kg'h&ig. 2B).
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The histogram for flat-across row point to positelewness (S=0.89), meaning
that by-plant yield of this population tented toveasymmetrical distribution. In other
words, there were a large number of plants withtretly similar yields, predominantly
around 5728 kg hj and few plants with relatively higher yields (¥80kg had') (Fig.
2B). It has been recognized that increasing ptensity resulted in more skewed
frequency distributions as a consequence of comnpetiFord, 1975). Although,
Koyoma and Kira (1956) suggested that L-shapediloigions can also occur in the
absence of competition between plants if the nedagirowth rate distribution of plants is
normal. The peak in the Fig. 2B reflect on a pesikurtosis (K=0.82) for flat-across
row, whereas platykurtic distributions were notedthe yield distribution of random
(K=-0.45) and flat-with row seed-leaf orientatidt=0.83).

Strong bimodality in reproductive output of maizassvalso noted by Vega and
Sadras (2004). The frequency distribution of bgmplyields for random and flat-with
row treatments indicate relatively larger indivitlygeld variations (Fig. 2C and 2D).
Moreover, skewness and kurtosis shifted from pesitio negative as plant-to-plant
inequality increased, helping to illustrate theocasstion of increased by-plant yield
inequality with CV, skewness, kurtosis, and rarigg.(2).

An inverse relationship was noted between by-pyéeid and G for Exp. 1 and
Exp. 2 at EFAW and LCB, OK (Fig. 3), meaning thatddant yield decreased with
increasing plant-to-plant yield inequality. Altigiu only for the Exp. 2 at EFAW, the
linear function between by-plant yield and G hadignificant slope indeed %&0.46;
P<0.05). In general, a better fit was found witlsexcond polynomial function at both

experiments, but especially for Exp.2=0.51 at EFAW and?0.63 at LCB); yet, this
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relationship was not significant. These resulis eonsistent with results reported by
Sadras and Bongiovanni (2004), who demonstratedgmfisant inverse relationship
between G and vyield for maize crops grown in Argent Moreover, an inverse
relationship between harvest index and G was regolly Pan et al. (2003) who

investigated the inequality in yield of wheat undentrasting water availability.

By-Plant Yield and Plant-to-Plant Variation

The effect of seed-leaf orientation on by-planid/ias inconsistent across sites.
Analysis of variance of the Exp. 1 showed that deadl orientation and plant space
interaction effect was not significant at any if@ble 2). In addition, no significant
main effect was noted on by-plant yield at LCB, vehthe highest by-plant yield of 5576
kg ha' was noted for upright-across orientation whereasiom and flat-across row
produced 5265 and random vyielded 5235 ki, aspectively (Table 2). Toler et al.
(1999) suggested that intra-plant competition wiscted by leaf orientation and that
across row leaf orientation promoted yield advaatagparticular at high plant density.
By-plant vield of flat-across orientation was 15pha’ higher than the random, and 493
kg ha' greater than upright-across orientation but naii@nt differences were found at
EFAW.

By-plant yield increased from 5143 to 5533 kg'has target plant space
decreased from 27 to 18 cm, decreasing to 539%kaghtarget plant spacing of 13 cm
at LCB. Downey (1971) represented the relationfi@pveen plant population and yield
using a parabolic function and suggested thatve¢dgopulations, yield is constrained by

reduced number of plants, while competition amolag{s is the main restriction to yield
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at high plant density. Target plant spacing hatbaificant effect on by-plant yield that
decreased linearly as target plant spacing deatestsEFAW. Plant spacing of 27 cm
produced 184 and 765 kg hareater yields than plant spacing of 18 and 13 cm,
respectively (Table 2).

Analysis of variance for Exp. 2 indicated a sigrafit seed-leaf orientation by
plant space interaction at LCB (Table 3). Ressiisw that mean by-plant yield of flat-
across increased from 5726 to 6608 kd &s plant space reduced from 36 to 21 cm,
while reduction in target plant spacing causeddyief flat-with row orientation to
increase from 4994 to 6313 kghat LCB. In contrast, by-plant yield of random dee
leaf orientation decreased from 5706 to 4794 kidmtarget plant spacing reduced from
36 to 21 cm (Table 3). Likewise, Toler et al. (2p®und significant leaf orientation by
plant population interaction and mentioned thairgséeld increased with plant density
but the magnitude was dependent on leaf orientation

There was a significant effect of seed-leaf orisataon by-plant yield at EFAW,
where random produced 813 and 796 kg haher yields than flat-across and flat-with
row orientations (Table 3). This result contradie findings of Toler et al. (1999) who
reported that at target plant spacing of 24 cm (B26lant ac), grain yield per plant was
higher for across row (245 g pl&tcompared to random and with row leaf orientations
(231 g plarit). In addition, at target plant space of 16 cmO@Bplant ac), across row
leaf orientation produced 240 g planvhereas random and with row leaf orientations
produced 186 and 145 g pldntespectively (Toler et al., 1999).

No effect of target plant spacing on by-plant yiatdEFAW was identified and a

trend for lower yields was observed as plant sgpdecreased (Table 3). This result was
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expected since reduction of plant space, increplsed population density, consequently
enhancing inter-plant competition. Even thoughaltgield of a given area may increase
due high plant density, the yields of individuahmis are expected to decrease. Nafziger
(1996) reported a decrease from 238 to 179 g (86132 oz plant) in maize grain yield
per plant as plant population increased from 444604100 plants ha(plant distance of
30 and 18 cm, respectively), while yield per heztaasis increased from 10600 to 13234
kg ha' (169 to 211 bu &Y. Therefore, it can be deduced that seed placear&h its
resulting leaf orientation improved the crop’s catifve ability to intercept light at LCB
and it was particularly important as plant space vegluced.

Plant-to-plant yield variation expressed by the @Y by-plant yield was
significantly affected by the interaction of see@dfl orientation and target plant space in
Exp. 1 at LCB (Table 4). Plant-to-plant yield \aion for upright-across increased from
23 to 42% and for flat-across orientation from 8239% as target plant space decreased
from 27 to 18 cm; further reduction in target plapace reduced yield variation to 36%
for both seed-leaf treatments. In contrast, ptanttant yield variation for the random
seed-leaf orientation decreased from 30 to 27%rget plant space decreased from 27 to
18 cm, increasing to 37% at plant spacing of 13@tance between plants (Table 4).

Plant-to-plant variability increased by 11% as ¢anglant space reduced from 27
to 13 cm in Exp. 1 at EFAW (Table 4). Furthermaagalysis of plant-to-plant yield
variation suggests that seed-leaf orientation dd affect by-plant yield CV. Even
though, random seed-leaf orientation had higheldyiariation (46%) compared to

upright-across (38%) and flat-across (39%) treatsianhEFAW.
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No main or interaction effects were observed fop.EXx at LCB where plant-to-
plant yield variation of flat-across, random, atat-fvith seed-leaf orientation was 36, 24,
and 37% respectively (Table 5). Moreover, Tabkhéws that seed-leaf orientation did
not affect by-plant yield CV significantly; albeitlat-across had lower plant-to-plant
yield variation than random, and flat-with row sdedf orientations (32, 36, and 38%
correspondingly). Similarly, reduced distance lestw plants promoted a substantial
increase in plant-to-plant yield variation incredse Exp. 2 at EFAW (Table 5). An
increase of 10% in plant-to-plant yield variabildyas noted by reducing target plant

spacing from 36 to 21 cm between plants.

Yield and Distance Relationships

Descriptive statistics of by-plant yield and plaigtance for Exp.1 and Exp. 2 at
EFAW and LCB are shown in Table 6. Overall, regi@s analysis indicated that by-
plant yield decreased 142 kg hdor each centimeter increase in plant distance SD
(r*=0.12,P=0.06). Similarly, Nielsen (1991) reported 156haJ of yield reduction for
every 2.54 cm increase in plant spacing SD. Rwiatiips between by-plant yield and
plant distance (D) means, and its measures ofti@ié@SD and CV) are shown in Table
7. By-plant yield mean and SD for Exp. 1 were pesly associated, with correlation
coefficients of 0.29, 0.51, and 0.38 for uprightess and flat-across, and random seed-
leaf orientations (Table 7). These results aragreement with those reported by Martin
et al. (2005). Where a cubic function was usedxplain the effect of increasing mean
yield and yield SD per plant and demonstrated afr0.498. Although, a trend for

negative correlations was found between by-plastdymean and by-plant yield CV,
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suggesting that as plant-to-plant yield variatiocréased, yield levels tended to decrease,
particularly for random seed-leaf orientation (r4&, P<0.01) (Table 7).

By-plant yield CV was significantly correlated wiftant distance variation (CV
of D), which means that plant-to-plant yield varidyp increased as plant distance
variability increased, especially for upright- affdt-across compared to random seed-
leaf orientations (r=0.40,P<0.05; and r=0.48P<0.01) (Table 7). According to these
results, plant distance variability explained muwfhthe plant-to-plant yield variation.
Research has recognized that plant size is detedrby distances between plants and
sizes of the neighboring plants, which is an inglica of competition among plants
(Silander and Pacala, 1985; Nagashima et al., 199%)relations between mean plant
distance and by-plant yield were usually weak aotl significant for any seed-leaf
treatment (Table 7). Moreover, the correlationm&fan by-plant yield and plant distance
CV was also weak and not significant.

By-plant yield mean was not correlated with plaistahce CV (Table 8) in Exp.
2. However, plant distance CV and yield CV werghty correlated for flat-across and
random seed-leaf orientations (r=0.7R<0.01; and r=0.82,P<0.01, respectively),
whereas for the flat-with row orientation, plantgtant yield variation was not correlated
with plant distance CV &0.32) (Table 8). Lower by-plant yields tendechtve greater
plant-to-plant variation, but only for flat-acroseed-leaf orientation this trend was

significant (r=-0.40P<0.10) (Table 8).
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CONCLUSION

Similar conclusions were obtained when inferencesptant-to-plant variation
were made using G or coefficient of variation. REsssuggest that variation in plant
distance rather than seed-to-leaf orientation wlee main source of by-plant yield
inequality. Overall, a large proportion of the mkio-plant yield variability was
explained by the variations in space occupied taetp within the maize row. The use of
Lorenz curves, G, and frequency distributions sektoeébe a suitable method to express
and evaluate by-plant yield variation and the effeaf precision planting of maize,
complementing the information on variability progdl by statistical estimators such as
coefficient of variation, range, skewness, anddsist. Lower by-plant yield inequality,
expressed by a smaller G, was associated with loa&fficient of variation, lower range,
L-skewed, and leptokurtic distributions. Conveysal trend for greater CV and range, J-
shaped, and bimodal frequency distributions wenglsal with maize plant populations
with higher by-plant yield inequality. Moreovem @nverse relationship was observed
between G and plant spacé=0.17; P<0.05). In conclusion, this study found that by-
plant yield decreased as plant-to-plant inequatityeased and that precision planting of
maize and its effects on crop canopy appears toceeghlant-to-plant yield inequality

compared to conventional planting.
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Table 1. Gini coefficients (G) for seed-leaf orimins and target plant space at EFAW
and Lake Carl Blackwell (LCB), OK, 2012.

Seed Leaf Seed-to-Leaf Target

Experiment Placementt Orientationt Orientation8 Plant Space EFAW LCB
cm G

1 Upright Across Upright-Across 27 0.20 0.17
Flat Across Flat-Across 27 0.18 0.14
Random Random Random 27 0.21 0.19
Upright Across Upright-Across 18 0.27 0.15
Flat Across Flat-Across 18 0.24 0.23
Random Random Random 18 0.28 0.25
Upright Across Upright-Across 13 0.30 0.21
Flat Across Flat-Across 13 0.27 0.21
Random Random Random 13 0.21 0.22
2 Flat AcCross Flat-Across 36 0.14 0.16
Random Random Random 36 0.22 0.22
Flat Parallel With Flat-With 36 0.24 0.23
Flat AcCross Flat-Across 21 0.28 0.22
Random Random Random 21 0.21 0.28
Flat Parallel With Flat-With 21 0.25 0.20

T Upright, seeds planted upright with caryopsis tedndown, kernel parallel to the row;
Flat, seeds planted laying flat, with embryo uprnie¢ perpendicular to the row;
Random, conventionally planted seeds with randoed sgacement; Flat Parallel,
seeds planted laying flat, with embryo up, kerregbfiel to the row.

T Leaf orientation in relation to the row.

§ Seed placement and the resultant leaf orientation.

1 Gini coefficient range from 0 to 1, where O reprasethe absolute equality, and 1
represents the theoretical maximum inequality, wakkexcept one individual is equal
to zero.
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Table 2. Experiment 1 analysis of variance andtrimeat means for seed-to-leaf
orientation (SL) and plant space (PS) effect orplayi yield, at EFAW and Lake Carl
Blackwell (LCB), OK, 2012.

EFAW LCB

Effect Seed-to-Leaf Orientatiol Target Plant Spac Mean s.e. Mean s.e.

cm By-Plant Yield, kg ha

SL Upright-Across 6455 289 5576 222

Flat-Across 6948 292 5235 223

Random 6793 291 5265 226

PS 27 7048 304 5143 235

18 6864 293 5533 223

13 6283 278 5399 215

SL*PS  Upright-Across 27 6597 484 5133 372

18 7070 461 6244 353

13 5699 439 5350 345

Flat-Across 27 7601 483 5102 370

18 6673 457 5187 355

13 6569 450 5416 342

Random 27 6947 478 5195 372

18 6850 477 5167 356

13 6581 436 5433 345
SL NS NS
PS * NS
SL*PS NS NS
SEDt 640 418
CV (%) 44 37

* ** and ***, significant at 0.1, 0.05, and 0.0Q&obability levels; NS, not significant.
t SED, standard error of the difference betweendgually replicated means; error.
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Table 3. Experiment 2 analysis of variance anditmnent means for seed-to-leaf
orientation (SL) and plant space (PS) effect orplayit yield and plant distance means at
Lake Carl Blackwell (LCB), OK, 2012.

EFAW LCB

Effect Seed-to-Leaf Orientatiol Target Plant Spac Mean s.e. Mean s.e.

cm By-Plant Yield, kg ha

SL Flat-Across 4720 572 6167 568

Random 5533 564 5250 579

Flat-With 4737 572 5628 569

PS 36 5113 568 5459 543

21 4880 553 5905 535

SL*PS  Flat-Across 36 4877 619 5726 668

21 4563 587 6608 642

Random 36 5415 605 5706 666

21 5651 578 4794 682

Flat-With 36 5048 622 4944 673

21 4426 587 6313 642
SL rrx NS
PS NS NS
SL*PS NS *
SEDYt 528 562
CV (%) 41 38

* ** and ***, significant at 0.1, 0.05, and 0.0Q&obability levels; NS, not significant.
t SED, standard error of the difference betweendgually replicated means.
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Table 4. Experiment 1 analysis of variance andtinent means for seed-to-leaf
orientation (SL) and plant space (PS) effect omtpla-plant yield variation at EFAW
and Lake Carl Blackwell (LCB), OK, 2012.

Plant-to-Plant Yield Variationt

Effect Seed-to-Leaf Orientatiol Target Plant Spac EFAW LCB

cm %

SL Upright-Across 39 34
Flat-Across 38 36
Random 46 31

PS 27 34 28

18 44 36

13 45 36

SL*PS Upright-Across 27 31 23
18 42 42

13 46 36

Flat-Across 27 34 32
18 43 39

13 37 36

Random 27 38 30
18 46 27

13 53 37

SL NS NS

PS ** *%

SL*PS NS *

SED% 5 3

* ** and ***, significant at 0.1, 0.05, and 0.0Q&obability levels; NS, not significant.
t Plant-to-plant yield variation is representedmy coefficient of variation of by-plant yield.
¥ SED, standard error of the difference betweendgually replicated means.

102



Table 5. Experiment 2 analysis of variance andtinent means for seed-to-leaf
orientation (SL) and plant space (PS) effect omtpla-plant yield variation at EFAW
and Lake Carl Blackwell (LCB), OK, 2012.

Plant-to-Plant Yield Variationt

Effect Seed-to-Leaf Orientatiol Target Plant Spac EFAW LCB

cm %

SL Flat-Across 32 36
Random 36 24
Flat-With 38 37

PS 36 31 28

21 40 37

SL*PS Flat-Across 36 29 33

21 36 39
Random 36 33 20
21 39 28
Flat-With 36 31 31
21 45 44

SL NS NS

PS *k NS

SL*PS NS NS

SEDft 4 6

* ** and *** significant at 0.1, 0.05, and 0.0Qdrobability levels; NS, not significant.
T By-plant yield variation is represented by thef@icient of variation of by-plant yield.
T SED, standard error of the difference betweendgually replicated means.
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Table 6. Descriptive statistics of by-plant yialdd plant distance for experiments 1 and
2 at EFAW and Lake Carl Blackwell (LCB), OK, 2012.

Seed-to-Leaf Target Plant By-Plant Yield Plant Distance
Experiment Site Orientation Space N Mean SD Mean SD
cm —kghad'— —cm —

1 EFAW Upright-Across 27 111 6542 2583 28 5.6
Flat-Across 27 112 7590 2435 27 3.8
Random 27 116 6920 2678 26 6.1
Upright-Across 18 149 7033 3256 19 4.4
Flat-Across 18 152 6599 2813 19 4.9
Random 18 141 6570 3218 18 6.8
Upright-Across 13 215 5657 3005 14 4.4
Flat-Across 13 173 6511 3117 18 6.5
Random 13 223 6563 2484 13 5.2

LCB Upright-Across 27 102 5111 1612 28 3.2
Flat-Across 27 105 5069 1252 28 4.8
Random 27 102 5222 1858 28 8.5
Upright-Across 18 155 6120 1721 19 3.5
Flat-Across 18 145 5073 2186 20 4.9
Random 18 152 5120 2269 19 55
Upright-Across 13 194 5352 2012 15 3.5
Flat-Across 13 201 5335 2056 15 4.3
Random 13 199 5390 2166 15 4.6

2 EFAW Flat-Across 36 54 4775 1555 37 7.6
Random 36 67 5379 2120 29 104
Flat-With 36 53 4972 2115 36 11.0
Flat-Across 21 82 4498 2226 24 8.1
Random 21 99 5619 2063 20 6.2
Flat-With 21 85 4394 1962 24 6.4

LCB Flat-Across 36 58 5728 1632 37 7.6
Random 36 60 5729 2199 32 7.7
Flat-With 36 57 4950 2014 36 8.3
Flat-Across 21 87 6624 2489 23 7.3
Random 21 89 4807 2352 22 8.4
Flat-With 21 87 6359 2296 23 5.6
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Table 7. Experiment 1 simple correlation coefiitgeand significance levels between mean, starakrction, and
coefficient of variation for by-plant yield and pladistance using combined data from EFAW and L@&#d Blackwell,
OK, 2012.

Yield Plant Distance———
Seed-to-Leaf Orientatio Variable Measuret SD CVv Mean SD CVv
Upright-Across Yield Mean 0.29* -0.26NS 0.0eNS 0.30* 0.12NS
SD -0.24NS 0.37*  0.42**
Cv -0.2¢* 0.26NS 0.40**
Plant Distance Mean 0.18NS -0.33**
Flat-Across Yield Mean 0.5 *** 0.0INS 0.14NS -0.11NS -0.15NS
SD -0.3€** 0.27* 0.36**
Cv -0.52**  (0.33*  (0.48***
Plant Distance Mean -0.08NS -0.50***
Random Yield Mean 0.38** -0.43*** -0.14NS -0.06NS 0.07NS
SD 0.61*** -0.1ENS 0.04NS 0.15NS
Cv -0.1INS 0.05NS 0.09NS
Plant Distance Mean 0.46*** -0.32**

* ** and *** significant at 0.1, 0.05, and 0.0Qdrobability levels; NS, not significant.
t Mean, standard deviation (SD) and coefficientafation (CV) of by-plant yield and plant distance
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Table 8. Experiment 2 simple correlation coeffit®eand significance level between mean, standawthiien, and
coefficient of variation for by-plant yield and pladistance using combined data from EFAW and L@kd Blackwell,
OK, 2012.

Yield Plant Distance———
Seed-to-Leaf Orientatio Variable Measuret SD Cv Mean SD Cv
Flat-Across Yield Mean 0.0INS -0.4C* -0.12NS -0.34* -0.24 NS
SD -0.51** 0.32NS 0.6€ ***
Cv -0.45** 0.42**  0.71**
Plant Distance Mean 0.22NS -0.48 **
Random Yield Mean 0.46** -0.12NS 0.03NS 0.14NS 0.1ZNS
SD -0.3¢* 0.4&** Q.78 ***
Cv -0.46** 0.4E** (.82 ***
Plant Distance Mean 0.4c**  -0.22 NS
Flat-With Yield Mean 0.66*** -0.28NS -0.48"* -0.04NS 0.2ENS
SD -0.53***  0.0¢NS 0.4€ **
Cv -0.17NS 0.22NS 0.32NS
Plant Distance Mean 0.3cNS -0.17 NS

* ** and *** significant at 0.1, 0.05, and 0.0Qdrobability levels; NS, not significant.
T Mean, standard deviation (SD) and coefficientasfation (CV) of by-plant yield and plant distance
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Figure 1. Lorenz curves and by-plant yield disttibn for seed placement and leaf

orientations at 18 cm of target plant space foreexpent 1 at LCB, OK, in 2012. Figure
1A shows the cumulative fraction of yield as a fimt of cumulative fraction of
population for seed-to-leaf orientation treatmeatsl the straight line represents the
absolute equality among the yield of individual g within a population (treatment).
Figures 1B, 1C, and 1D show the frequency distidloubf by-plant yield for each seed-
to-leaf orientation treatment shown in Fig. 1A.
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Lorenz curves and by-plant yield disttibn for seed placement and leaf
orientations at target plant spacing of 36 cm fgpegiment 2 at LCB, OK, in 2012.
Figure 2A shows the cumulative fraction of yieldaaunction of cumulative fraction of
population for seed-to-leaf orientation treatmeatsl the straight line represents the
absolute equality among the yield of individual g within a population (treatment).
Figures 2B, 2C, and 2D show the frequency distidloubf by-plant yield for each seed-
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APPENDICES

Table A.1. Treatment structure for seed placenaeilt resultant leaf orientation, plant
population and hybrid canopy architecture for expents conducted at EFAW and Lake
Carl Blackwell (LCB), 2010-2012.

Seed Leaf

Site Treatment Placementt  Orientatiort Plant population  Hybrid
plants hd

EFAW 1 Upright Across 37050 Planophile
2 Flat Across 37050 Planophile
3 Random Random 37050 Planophile
4 Upright Across 49400 Planophile
5 Flat Across 49400 Planophile
6 Random Random 49400 Planophile
7 Upright Across 61750 Planophile
8 Flat Across 61750 Planophile
9 Random Random 61750 Planophile
10 Upright Across 49400 Erectophile
11 Flat Across 49400 Erectophile
12 Random Random 49400 Erectophile

LCB 1 Upright Across 49400 Planophile
2 Flat Across 49400 Planophile
3 Random Random 49400 Planophile
4 Upright Across 74100 Planophile
5 Flat Across 74100 Planophile
6 Random Random 74100 Planophile
7 Upright Across 98800 Planophile
8 Flat Across 98800 Planophile
9 Random Random 98800 Planophile
10 Upright Across 74100 Erectophile
11 Flat Across 74100 Erectophile
12 Random Random 74100 Erectophile

T Upright, seeds planted upright with caryopsis\fedl down, kernel parallel to the row;
Flat, seeds planted laying flat, with embryo upnlkeé perpendicular to the row;
Random, conventionally planted seeds with randoed péacement.

T Across, leaf azimuth predominantly perpendiculaelation to the row; Random, leaf
azimuth randomly oriented in relation to the row.

1 Planophile, leaf angle is predominantly horizgrigaectophile predominantly vertical
leaf angles.
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Table A.2. Solil surface (0-15 cm) test charactiegsfor experiments established at
EFAW and Lake Carl Blackwell, OK, from 2010-2012.

Year Site pH NH4-N NOs-N P K
- kgha
2010 EFAW 5.7 93.0 8.0 95 271
LCB 5.7 10.5 5.4 55 338
2011 EFAW 5.9 13.1 11.3 25 241
LCB 5.6 7.6 8.6 53 217
2012 EFAW 5.5 11.7 6.0 62 378
LCB 6.0 14.2 5.2 60 197
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Upright

Row
direction

Figure A.1. Seeds planted upright with caryopsisifed down, kernel parallel to the
row (Upright) and seeds planted laying flat, withbeyo up, kernel perpendicular to the
row (Flat) results in leaf azimuth perpendicularetfation to the row.
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