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INTRODUCTION

Corn (Zea mays L.) is the third ranking crop in world
production. Though corn yields are improving, potential is
much higher. Maximum yields can be achieved with high
yielding corn hybrids or synthetic varieties, high soil
productivity, proper soil moisture, proper and timely use of
herbicides and insecticides, and planting at optimum plant
density (plant population). Optimum plant density for maxi-
mum yield for a given hybrid or synthetic variety varies
with soil productivity, maturity, soil moisture, and othgr
environmental factors. Water stress and soil fertility are
two major components of the environment which frequently
limit the expression of grain yield.

Many‘investigators (5, 7, 14, 16) in the corn belt
have reported significant hybrid by density interactions.
These interactions may be important factors in determining
grain yields. Several other ressearchers (3, 6, 18, 19, 20)
have suggested mathematical equations for predicting optimum
plant densities. One advantage of predicting optimum density
would be that researchers might be able to test and compare

new corn hybrids or synthetics or various fertilizer



treatments at optimum densities rather than at an arbitrarily

selected density which favors some treatments over others.
This study was conducted with three objectives:

(1) to charactérize thz density response of individual

families in two genetically diverse corn populations; (2)

to determine if the logarithmic relationship between yield

per plant and plant density could be usad to select families

responsive to high plant density; and (3) to determine if

this logarithmic relationship adequately describes the

density response of synthetics made up from selected families.



REVIEW OF LITERATURE
Corn Density and Yield Relationship

The corn plant is less capable of adjustment to a
poor stand than other cultivated grasses. Therefore, the
proper planting rate is essential to obtain maximum produc-
tion. In the search for higher grain yiélds of corn, the
effect of plant densities and distribution has received much
emphasis. The relationship of corn densities to yield has
been studied by many investigators for several years.
Optimum corn densities for maximum grain yield, grown under
different soil productivity, maturity, and mdisture con-
ditions ranges from 5.5 thousand plants/ha (7) to 150.0
thousand plants/ha (9).

Dungan, Lang, and Pendleton (7) summarized corn
densities and soil productivity research to 1958, and con-
cluded that grain yield increased with higher'plant densities
up to a particular limit or optimum level above which the
yield declined. Optimum corn densities for ﬁaximum corn
yields are affected by maturity, soil_productivity, and
moisture, with soil productivity being the major factor
determining yields.

Stickler and Walter (14) measured the performance



of corn hybfids of varying maturity at four plant densities
and three productivity levéls. Yields were significantly
affected by plant densities in‘ten of eleven trials. They
found significant hybrid x maturity x density interactions in
nearly all tests. Early hybrids responded most to high plant
density and yielded 45% more than full-season hybrids at the
high density and low productivity level. At low stand density,
the early hybrids were lower in grain yield than either mid-
season or full-season hybrids. In contrast, full-season
hybrids yielded lowest at high density. They reported that
with increasing productivity, all hybrids were more responsive
to increased plant density. Yield components, ear weight and
number of ears per 100 plants, were reduced at high densities
at the low productivity level. However, ear weight and ear
number were less affected at high plant density in short-
season hybrid thankin full-season hybrid.

vanderlip (16) reported significant hybrid by density
interaction at several locations in Kansas, especially at
higher yield levels. He observed that the optimum plant
densities for maximum yields were different for eight hybrids
tested at various locations. In general, maximum yields were
obtained from 50 to 60 thousand plants/ha. Yield declined
above 60 thousand plants/ha and some of the hybrids declined

more rapidly in yield with 70 thousand plants/ha. FEar weight



per plant and ear number decreased with increasing plant
densities. Lodging and shelling percentage increased with in-
creasing plant densities and highest lodging was observed at
70 thousand plants/ha. However, maturity of these hybrids was
not affected by plant density.

Colville, et al. (5) studied six corn hybrids of wvary-
ing maturity at 30, 40, 50 and 60 thousand plants/ha at three
productivity levels in a total of ten irrigated experiments in
Nebraska. The optimum density for maximum yield for the two
early hybrids was 60 thousand plants/ha. The full-season hy-
brids had the optimum plant density of 40 to 50 thousand plants/
ha. At lower productivity levels, the differential in responses
by hybrids to density increases were relatively smaller than
those observed at higher productivity levels. They reported
significant hybrid.by density interactions at several locations
in Nebraska, especially at higher yield levels.

Termude, Shank, and Dirks (15) from South Dakota tested
eight commercial hybrids of varying maturity at seven plant
densities (10 to 80 thousand plants/ha). They reported sig-
nificant hybrid by density interactions at several locations
in South Dakota. Highést yields were obtained at 30 to 40
thousand plants/ha. Corn hybrids of different maturity re-
sponded differently to high plant densities; usually, short-

season hybrids were more responsive to high plant densities

than full-season hybrids (7, 15, 18).



Rutger and Crowder (13) evaluated six hybrids of
varying maturity at 40, 50, 60, 70 and 80 thousand plants/ha.
The hybrids differed in response to density for grain yield and
ears per 100 plants. The hybrids most responsive to high plant
densities had more ears per 100 plants at high plant densities.
A significant hybrid by density interaction for grain yield
was observed. Optimum plant density for maximum grain yield
was 70 thousand plants/ha, with an average ear weight of 127 qg.

Goldsworthy, Palmer, and Sperling (9) examined the
effect of plant densities on yield and yield components of
tropical lowland corn varieties at three plant densities
(50 thousand to 150 thousand plants/ha) in Mexico. They re-
ported that grain size decreased with increased plant density,
but the effect on yield was small compared with differences in
the number of grains. Therefore, the increase in grain yield
with increase in plant density was accounted for mainly by an
increase in the number of grains/m2. Lodging increased
significantly with increased plant density and was highest at

150 thousand plants/ha.

Relationship between plant density and plant vield.

Generally weight of grain per plant decreases as
plant density increases. The relationship between plant density

and plant yield has been studied by several investigators for



many years.

Duncan (6) reported that for corn grown under midwest
conditions, there exists a linear relationship between the
logarithm of grain yield per plant and the number of plants
per unit area. In addition, he indicated the possibility of
utilizing this relationship in variety trials and fertilizer
experiments to calculate the optimum plant density for maximum
yields. Duncan further explained that the advantage in doing
this is that hybrids, varieties, or fertilizer treatments
could then be compared on the basis of their highest yielding
or optimum densities, rather than at some arbitrarily selected
density which favored some and handicapped others.

Carmer and Jackobs (3) observed linear logarithmic
relationships between plant density and the yield of grain
for seven of eight corn hybrids tested over a range of four
plant densities. They proposed an exponential statistical
model for predicting optimum density and maximum yields for
corn hybrids using this lineér relationship.

Dungan et al. (7), Stickler and Walter (14), Vanderlip
(16), and Goldsworthy et al. (9) have shown ﬁhat the yield of
grain per plant decreased progressively as plant density in-
creased. Colville (4) found that yield components were
linearly correlated with plant density but not with yield due

to curvilinear relationship of grain yield to density.
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Fery and Janick (8), Brown et al. (2) and Major et al.
(11, 12) also observed linear logarithmic relationships be-
tween plant populations and plant yield for corn varieties.
They used the linear logarithmic function for predicting opti-
mum plant density for maximum yield.

Warren (19) reported more satisfactory linear regression
on untransformed yields, but he used number of ears per unit
land area rather than grain weight per plant or per unit area
as a measure of yield. The linear relations used in this
trial were deficient at high densities, however, since they
estimated negative numbers of ears per plant. He also re-
ported a good fit of quadractic equation to his sweet corn
data.

Willey and Heath (20), reviewing the relationship be-
tween plant density and crop yield, described more than
. twenty-five mathematical functions used by many research
workers for yield/density relationships of various crops.

They reported that the linear logarithmic eqﬁation can fit
parabolic yield versus density data. The corn data are of
particular interest, because this crop usually displays a

very distinct decline in yield at high densities and the yield
curve does not cut the density axis but,.more realistically,
only gradually approaches it. However, they suspected the

validity of this equation at very low densities, because the

eguation cannot allow for a levelling off in yvield per plant



at densities too low for competition to occur.

Burchett (1) observed linear logarithmic relationships
between plant density and plant yield for seven commercial corn
hybrids grown at five plant densities at several locations
under irrigation in Kansas for three years. Voldeng and
Blackman (17, 18) reviewed the relationship between plant
density and plant yield. They compared four mathematical
functions by fitting their data to these four equations for
predicting the optimum plant densities for maximum yields.
They reported that linear logarithmic and inverse Quadratic
functions fit the observed data satisfactorily. They further
mentioned that if the linear logarithmic functions can be
shown to have general applicability for the prediction of
corn grain production within diverse genotypes, then the plant
breeder and agronomist would need to test corn hybrids at only
two plant densities in order to evaluate their potential max-

imum yields.
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MATERIALS AND METHODS

One-hundred families each of two white corn synthetics,
Kansas Drought Synthetic (KDS) and Mex Mix (MM), were planted at
plant densities of 30, 55 and 80 thousand plants/ha in 75cm rows
at the Ashland Agronomy Farm, Manhattan, on May 7, 1974. Plots
were two tows 5m long, replicated two times. The experimental
design was a split plot with plant densities as main plots and
families as subplots. Data on yield per plant and grain yields
were taken from shelled grain of ten competitive plants per plot
artificially dried to 11% moisture content.

KDS is a temperate corn synthetic developed from several
Cornbelt, drought-tolerant inbred lin=ss in the Kansas State
University corn breeding program. KDS is a mid-season synthetic
with medium height and ear placement. It is well adapted to
Kansas, is heat and drought tolerant, and performs well at 55 to
60 thousand plants/ha.

MM is a synthetic developed from a mixture of many vari-
eties from forty-seven countries and contains temperate, sub-
tropical and mostly tropical germ glasm. Selection for plant
height, yield, and maturity has been done in Mexico at the CIMMYT
experiment station at Poza Rica. It is a full-season synthetic,
well adapted to Mexico; plants are tall with medium-high ear
placement and perform well at 50 to 55 thousand plants/ha. Five

new synthetics were developed from each of the two basic
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populations by selecting tle ten best families for high density,
wide adaptation based on yield efficiency (grain yield per
unit leaf area), and specific site adaptation for Manhattan
and St. John.

Remnant seed of the selected ten half-sib families of
each synthetic were recombined into new synthetics at
Tlaltizapan, Mexico, during October 1974-April 1975. These
five new synthetics and the original synthetic of each of the
two synthetics were planted at densities of 30.0, 42.5, 55.0,
67.5 and 80.0 thousand plants/ha in 75-cm rows at Manhattan
on May 1 and at St. John on May 10, 1975. Plots were two
rows 5m long, replicated four times. The experimental design
was a split plot with plant densities as main plots and syn-
thetics as subplots. Uniform applications of water, fertilizer,
herbicides, and insecticides were made in all density treat-
ments. Two seeds per hill were hand planted and thinned to
one plant per hill at the five-leaf stage. Data on grain
yield per plant were taken by harvesting eérs from the two-
row plot (except the end plants). Yield data were obtained
on the basis of shelled grain weights adjusted to 15.5%

moisture content.
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Statistical Procedures:

A logarithmic transformation (base 10) of the grain
vield per plant (W) was made for the 1974 and 1975§data.
Log W values of each of ths 100 families of the two synthetics
were regressed on plant density. Combined analyses of the
five new synthetics were performed. The third series of re-

gression analyses were performed on the new and the original

synthetics tested at Manhattan and St. John in 1975.
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RESULTS AND DISCUSSION

The main objective of the study was to characterize the
density response of individual families in two diverse corn popu-
lations on the basis of linear logarithmic relationship between
yield per plant and density, and to determine if this linear loga-
rithmic relationship between yield per plant and plant density
could be used to select families responsive to high density. In
addition, the study was conducted to determine if this logarith-
mic relationship adequately describes the density response of

synthetics made up from selected families.
MANHATTAN

Simple linear regression analyses were performed on the
log W values for individual families of KDS and Mex Mix corn pop-
ulations, Manhattan, 1974. (Appendix Table 6.)

Combined regression analyses (of the ten selected families)
for each of the five new synthetics selected for high density
(K-6, M-6), wide adaptation No. 1 (K-4, M-4), based on yield per
plant (YP) and yield efficiency (grain yield per unit leaf area),
wide adaptation No. 2 (K-5, M-5) based on yield efficiency (YE),
and coefficient of variation (CV), specific site adaptation for
Manhattan (K-1, M-1l) and St. John (K-2, M-~2), and the original

populations (K-0, M-0 based on 100 families) of each population
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are presented in Table I. Regression analyses for the new syn-
thetics and the original showed highly significant negative
correlation coefficients, indicating linear logarithmic relation-
ship between yield per plant and plant density.

Shallow slopes of the regression lines (-0.00185, -0.00176)
for high density synthetics K-6 and M-6 showed a clear theoretical,
high density response over the original K-0 and M-0 populations
with regression coefficients values of -0.00417 and -0.00510,
respectively. Figs. 1 and 2 show the regression lines for the high
density synthetics and the original populations. As plant density
increased from 30 thousand to 80 thousand plants/ha, yield per
plant decreased linearly with each increment of plant density.
However, the reduction in plant yield with increasing plant den-
sity was comparatively less in the high density synthetics than
in the original populations.

In 1975 at Manhattan, the high density synthetics (K-6
and M-6) did not respond favorably to high density and the yield
per plant was comparatively more affected at high density than
the original (K-0, M-0) populations (Table 2). However, the
logarithm yield per plant for all synthetics was negatively and
highly significantly correlated to plant densities, confirming the
findings of Burchett (1), Duncon (6), and Voldeng and Blackman

(18).
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Figs. 3 and 4 show the regression lines and log yield per plant
data points for each synthetic. Calculated intercepts were
higher for the high density éynthetics than for the original
populations. However, the yield per plant dropped comparatively
more rapidly with increasing density for the high density syn-
thetics than for the original populations. The synthetic x
density interactions for log yield per plant and grain yields
were highly significant for Manhattan 1974 (Appendix Table 13),
and indicated a differential response to plant density. The
non-significant synthetic x density interactions for log yield
per plant and grain yields for Manhattan 1975 suggested that all
synthetics (original and new synthetics) responded similarly to
plant densities. However, yield per plant was significantly
affected by density and synthetics and grain yield by synthet-

ics only (Appendix Table 14).
ST. JOHN

Considerable lodging occurred due to South Western corn
borer in 1975 at St. John, causing comparatively lower yields
in KDS and Mex Mix synthetics. VYield per plant decreased with
increasing plant density from 30 thousand to 80 thousand plants/
ha. Log yield per plént was negatively and highly significantly
correlated to plant density in all synthetics tested. Slopes

of the regression lines for K-6, -0.00865 and M-6, -0.00930
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differed little from the original K-0, -0.00821 and M-0,

-0.00915 (Table 3), and indicated that high density synthetics
did not respond differently to high plant density. Figs. 5 and
6 show the regression lines and log yield per plant data points
for the high density synthetics and the originals. The more
scattered points around the regression lines in Mex Mix indi-
cated comparatively more variation in plant yields between
repiications than KDS corn synthetics.

Response of the KDS high density synthetic was essentially
identical to the KDS original. Mex Mix high density synthetic
had a higher intercept (2.31195) than Mex Mix original (2.20695)
and similar slopes (-0.0093 and -0.00915). Thus, the high
density synthetic maintained consistently greater yield per
plant at each plant density. The nonsignificant synthetic x
density interactions for log yield per plant and grain yield
indicated that all synthetics (high density and original) of
- KDS and Mex Mix tested responded similarly to plant densities.
However, the log yield per plant was significantly affected by
densities; and grain yields were affected by synthetics in KDS
population. " In Mex Mix, the log yield per plant was signifi-
cantly affected by densities and synthetics. Grain yield was

affected by synthetics only (Appendix Table 15).
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Prediction of Optimum Densities 2

The third objective of this study was to determine if
this linear logarithmic relationship adequately describes the
density response of synthetics made up from selected families.

Regression analyses of the 1974 high density synthetics
compared with the 1975 regression analyses for Manhattan and
St. John (Tables 1-3) showed a considerable range of intercept
and slope values for the synthetics. The higher negative re-
gression coefficient values for high density synthetics (K-6,
M-6) tested at Manhattan and St. John in 1975 indicated that
these synthetics did not respond favorably to high density.
The plant yield of high density synthetics was more affected
at high density (Appendix Tables 7-8).

Figs. 7 and 8 show the linear regression lines of the
logarithm of grain weight per plant on piant density for KDS
and Mex Mix synthetics, described in.the previous graphs. The
flattest slopes of the fitted regression lines for the theoreti-
cal high density KDS (K-6} and M-6 synthetics at Manhattan
1974 indicated very high and unrealistic density response. But,
in 1975, the high density synthetics were the least responsive
to high density (Appendix Tables 11-12). Figs. 9 and 10 clearly
demonstrate the comparison of the maximum grain yields and
optimum plant densities for high density and original synthetics

calculated from the log W data of 1974 and 1975. The high
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Table 4. Calculated Optimum Planting Density for KDS
New Synthetics and Original Population

1974 1975 1975
Synthetics Manhattan Manhattan St. John
(parental response)

K-0 164,130 58,820 52,910
K-1 99, 000 44,250 -
K-2 125,000 -— 55,250
K-4 LLY, 180 56,180 49,000
K~5 96,150 45, 660 68, 490
K-6 232,560 42,190 50,250

. Table 5. Calculated Optiumum Planting Density for Mex Mix
New Synthetics and Original Population

1974 1975 1975

Synthetics Manhattan Manhattan St. John
(parental response)

M-0 85, 140 54,650 47,390
M-1 95,240 56,800 --

M-2 78,740 ol | 43,480
M-4 99,000 33, 100 41,670
M-5 100, 000 43,670 57,470

M-6 243,390 38,460 46,700
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density synthetics, K-6, M-6 and their original K-0 and M-0
populations, predicted optimum densities were very high and
unrealistic because (1) the predicted optimum densities, for
all synthetics (except M-2), were far beyond the density range
studied; (2) they d4id not agree with calculated optimum densi-
ties in 1975 (Tables 4-5).

Possible reason for the greater differences obtained be-
tween the two years predicted optiﬁum planting densities for
KDS and Mex Mix corn populations could be variation in plot

size harvested and the methods of harvesting.
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SUMMARY AND CONCLUSIONS

Regression analysis of the ten combined families
selected for high density on the basis of logarithm of grain
yield per plant and plant density indicated a clear theoreti-
cal high density response of KDS and Mex Mix high density
synthetics over the original populations. The regression
analyses showed highly significant n=gative correlation values
for log yield per plant and plant density.

Predicted optimum densities for KDS and Mex Mix high
density synthetics and the original populations based on the
linear regression analyses were very high and unrealistic,
because (1) calculated optimum densities were far beyond the
density range studied, and (2) calculated optimum densities
for the theoretical high dsnsities synthetics and their origi-
nals in 1974 were very high compared to the optimum densities
determined at Manhattan and St. John in 1975.

The theoretical high density KDS and Mex Mix syn-
thetics.did not respond more to high plant density as.compared
to the original populations. However, the logarithm of grain
yield per plant was negatively and highly significantly corre-
lated to plant density in all experiments tested at Manhattan

and St. John, 1975.



No definite conclusions regarding the very high and
unrealistic calculated optimum densities at Manhattan, 1974,
and the lack of response of high density synthetics to high

plant density at Manhattan and St. John in 1975 can be drawn.
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Planting improved corn hybrids and synthetic varieties
at optimum densities is of particular importance for obtaining
the higher grain yields of corn (Zea mays 1l.). Linear rela-
tionship between the logarithum of grain yield per plant and
plant density has successfully been used in predicting optimum
plant density for a specific corn hybrid and for a specific
environment,

The objectives of this study were (1) to characterize
the density response of individual families in two genetically
diverse corn populations; (2) to determine if this logarithmic
relationship between plant yield and density could be used to
select families responsive to high density; (3) to determine
if the linear logarithmic relationship adequately describes
the density response of synthetics made up from selected fam-
ilies.

Individual families of KDS and Mex Mix corn populations
were evaluated for density response by planting at 30, 55 and
80 thousand plants/ha at Ashland Agronomy Farm, Manhattan, in
1974. Ten selected families responsive to high plant density
in each of the KDS and Mex Mix populations were recombined
into high density KDS and Mex Mix synthetics. High density
synthetics and other selected synthetics were compared with
original populations at plant densities of 30.0, 42.5, 55.0,

67.5 and 80.0 thousand plants/ha at Manhattan and St. John,



1975. A logarithmic transformation (base 10) of grain yield
per plant (W) for Manhattan 1974, Manhattan 1975 and St.
John 1975 was made. Combined regression analyses of the 10
selected families for each of high density synthetics in 1974
showed a clear theoretical high density response over the orig-
inal populations. But the regression analyses of these
synthetics tested at Manhattan and St. John in 1975 indicated
that high density KDS and Mex Mix synthetics did not show
higher density response over the original population. However,
the logarithm of grain yield per plant and plant density were
negatively and highly significantly correlated in all tests.

Predicted optimum planting densities for Manhattan 1974
were very high and unrealistic and did not agree with calcu-
lated optimum densities of these synthetics tested at Manhattan
and St. John 1975.

Possible reasons for differences between the two years
predicted optimum planting densities may have been variation

in plot size harvested and the methods of harvesting.



