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Abstract: Breeding in maize (Zea mays 1..) succeeded in improving tolerance to stresses and responsiveness
to inputs, but failed to improve the potential yield per plant. Modern hybrids are lnghly productive, but their
yield per unit area 1s dependent on high plant densities. Results of present study verified that modern hybrids
require a narrow range of densities to give their maximum yield per unit area, since plant density affected
significantly all kind of genetic materials. Results also showed that high densities are associated with high
plant-to-plant variability and barrenness, affecting negatively the stability of hybrid performance. F, and F,+F,
(mixture) genetic materials showed increasing yields, as plant density was increasing. This was due to lugh
competition and the presence of heterotic plants. These findings pointed out the necessity for the development
of maize hybrids with more stable performance across growing seasons. Density-independent hybrids can be
effectively attained through selection m the absence of competition, aiming to improve the potential yield per
plant. Very low densities, so that any plant-to-plant interference for growth resowrces use 1s eliminated,
maximize mean yield per plant differentiation and optimise the phenotypic-genotypic correspondence,
facilitating the identification of the superior entries. Evaluation under high plant densities may distinguish
between different genetic materials, based on F; yielding performance, to be used as starting materials in
breeding programs. Even though the main goal is breeding for density-independent maize hybrids, since
modern maize hybrids depend their vielding performance on higher plant densities, breeding for density
tolerance may easily contribute to higher field yields.

Key words: Density-independent hybrids, maize, non-competition, stand uniformity

INTRODUCTION densities, in combination with improvements in potential
yield per plant under low stress environments. Fasoula
and Fasoula'*"”! emphasised the importance of low stress
conditions (ie., very low plant density, so that

competition among plants is avoided) in optimising the

Since 1960 breeding m maize has contributed to
mmprovement of hybrid yield per unit area at the anmual
rate of 1.1 quintals ha ', When hybrid grain vield was

2

estimated at the typical plant density of 7.9 plants m™.
However, during the past 70 years, breeding had no effect
on hybnd yield per plant improvement, as it was estumated
under low stress conditions {1 plant m™)¥. This finding
was of paramount importance showing that, in fact, higher
gram yield productivity of modern maize hybrids resulted
mdirectly by improving a range of traits associated with
tolerance to various biotic and abiotic stresses and by
improving  the efficiency of capture and use of
resources”™. The differential response to stress between
older and newer hybrids has been shown for low mght
temperature during the grain-filling period™, low scil
moisture in the field™, low soil NP, weed interference™
and high plant population density"'!. As a consequence
of these findings and for further genetic improvement of
maize hybrids in the future, Duvick!” suggested that the
best way to effect future gains in yielding ability may be
to make further improvements 1 tolerance to lugh plant

effectiveness of selection for improved potential yield per
plant, tolerance to stresses and responsiveness to inputs.
The researchers stated that these three parameters
constitute the key in the development of cultivars
characterised by high and stable yield per unit area. The
objective of the present study was to assess the plant
density effects on yield per umt area of maize hybrids
(that is the hybrid dependence on plant density) and the
competition impact on plant-to-plant variability, as well
as the following consequences on maize breeding
strategy.

MATERIALS AND METHODS

From two commercial single-cross maize hybrids
(named Rio Grande and Costanza) three kinds of genetic
material (F,, F, and F+F; mechanical mixture at the
1:1 weight/weight rate) were used m the study. They
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particular hybrids were chosen because they had been of
the most widely used maize hybrids in Greece during the
last decade, due to their high and stable productivity.
During 1999 growing season the genetic materials were
evaluated in two adjacent experiments (one for each
hybrid) arranged in Split-plot Complete Block Design,
under five different plant densities and four replications
per density (with the subplots comsisting of plant
densities), conducted in Technological FEducation
Institute farm of Larissa, Greece.

As the major target of the study was the plant
density impact on hybrid performance and not the two
hybrids to be compared, it was preferred each hybrid to be
evaluated in different experiments. Analysis of Variance
was based both on the split-plot model and the plain RCB
design. The unified RCB design analysis was chosen too,
since we were interested in either the plant density impact
on entry performance or the differences between the three
kinds of genetic material of each hybrid (the density
mmpact on entry differentiation). Plots consisted of two
rows, 500 ¢cm long and 75 cm wide. Distances between
plants within rows were 30, 25, 20, 15 and 10 cm to obtain
the respective densities of 44,444, 53,333, 66,666, 88,888
and 133,333 plants/ha. Plots were overplanted and thinned
to desired stand at the seedling stage. Nitrogen and P
fertiliser were applied at the rate of 120 and 60 kg ha™,
stage, while additional N
(100 kg ha™") was applied seven weeks after planting.
Complete weed control was obtained by hand weeding.
Trials were regularly irrigated to avoid drought stress.

respectively at planting

Plants were harvested individually and after adjusting to
15.5% grain moisture, the mean yields per plant and entry

( X)) were calculated. Plant-to-plant variability of yield per
plant for a particular entry was estimated by the

coefficient of variation (CV) of individuals (CV=0,/ X)), on
the basis of mean value across replicates and the Q-Q plot
method™ verified the appropriateness of amalysis of
variance for CV values (p<0.001). According to Tollenaar
and Wu"!, Fasoula and Fascula™'?, plant-to-plant
variability consists of a measure of stand uniformity and
therefore, it could be used as an index of stability. Present
goal was to ivestigate how stand uniformity is
influenced by the plant density changes. Additionally,
barrenness was evaluated, as the percentage of plants per
entry found to be unable to form any ear. Regression
analysis was conducted for yield per unit area, yield per
plant differentiation, CV values and percentage of barren
plants response to plant density changes. Analysis of
variance for quadratic regression’?, based on single plot
values, substantiated the quadratic model in most cases,
whereas in eight out of twenty four regressions the
departure from linearity was not significant and was used
instead (Fig. 1-6).

The final (main) experimental design choice was
based on preliminary data from a previously used
experimental design. Preliminary experimentation involved
a spilt-plot design similar to the one described above. The
two above-mentioned hybrids were used and the three
kinds of materials were formed. The only difference was

Tablel: Mean yield per plant in grams (=), coefficient of variation of individual plant yields (CV) and percentage barren plants at five plant densities of the

Fy, Fi+F, mixture and F, of the hybrids Rio Grande and Costanza (main experiment)

Rio Grande Costanza

Density
(plants ha™!) = CVo% BRarren plants (%) = CV% Barren plants (%)
F
44,444 293 16.5 0.0 290 15.6 0.0
53,333 260 25.7 2.5 258 23.0 0.0
66,6066 220 28.7 1.6 227 28.2 0.5
88,888 174 42.3 2.6 171 34.8 3.0
133,333 112 57.8 5.0 113 49.9 51
Mean 212 34.2 23 212 30.3 1.7
F+F,
44,444 228 38.8 0.7 255 30.7 0.0
53,333 221 41.8 5.0 234 34.9 0.6
66,6066 189 55.5 12.1 197 42,0 3.7
88,888 146 59.8 14.5 157 47.6 6.3
133,333 97 79.7 26.2 112 63.8 12.9
Mean 176 55.1 11.7 191 43.8 4.7
F;
44,444 170 36.7 23 175 31.3 0.0
53,333 150 37.0 3.7 155 46.3 3.2
66,6066 130 54.8 14.4 135 56.9 11.9
88,888 89 74.5 24.0 102 64.7 16.6
133,333 65 89.8 31.7 80 74.0 19.2
Mean 121 58.6 15.2 129 54.6 10.2
L3D (p<0.05) 32 2.5 2.3 36 2.6 1.7
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Table 2: Mean yield per plant in grams (=), coefficient of variation of individual plant yields (CV) and percentage barren plants at four plant densities of the
F,, F,+F, mixture and F, of the hybrids Rio Grande and Costanza (preliminary data).

Rio Grande Costanza
Density
lants ha™ = CV% Barren plants (%) = CV% Barren plants (20)
F
53,333 260 25.5 0.8 260 231 0.8
66,666 225 29.4 1.2 211 28.1 1.2
88,888 178 327 35 174 28.4 23
133,333 121 57.8 8.8 116 44.5 0.9
Mean 196 36.4 36 190 31 2.8
Fi+F,
53,333 221 28.6 2.2 233 322 32
66,666 206 342 34 204 342 3.7
88,888 170 51.7 8.8 172 50.2 4.1
133,333 118 71.1 16.2 116 63.7 13.9
Mean 179 46.4 7.7 181 45.1 6.7
F
53,333
66,666 131 53.8 14.8 121 56.2 12.2
88,888 99 4.8 234 103 63.2 16.9
133,333
Mean 115 64.3 19.1 112 59.7 14.6
L3D (p<0.05) 36 2.6 2.2 37 2.6 1.9
the use of four plant densities (53,333, 66,666, 88,888 and 1607
133,333 plants ha™), plus the lack of some data for F, 1551
generation. Main experunental data are presented in
Table 1 and preliminary data are presented in Table 2 to é‘ 1501
indicate the appropriateness of the experimentation and 3 (454
similarity of data. This preliminary experimentation was 'é 140
considered necessary to define the proper main %
experimental design and to obtain more data for & 1354
comparisons in different years. Discussion of data was § 1304
based on the main experiment (with five levels of the plant 25 © Rio Grande
density factor). i # Costanza
F,, F, and their mixture were used to compare the 120 . ' r r r .
mnfluence of plant density on genetic materials with 2 4 6 § 10 12 14
Density (plants m )

different level of heterozygosity, gene action and
uniformity. F, is considered uniform, whereas F, and the
mixture are non-uniform genetic materials and this implies
competition effects according to Fasoulas!?. Uniformity
is a significant parameter for breeding strategies and
agronomy performance. In this study agronomy
implications were ignored and breeding strategies were
analysed.

RESULTS

Data from either F, or F,, as well as of their imxture, of
both hybrids Rio Grande and Costanza, show that yield
per plant decreased with increasing plant density
(Table 1 and 2), an expected impact due to increased
competition among plants at higher densities"™. After
adjustment of yield per plant to yield per unit area, an
unportant consequence arises. Yield potential per umit
area of the two hybrids was found to be dependent on
plant density, as Fig. 1 (main experiment) and Fig. 2
(preliminary data) demonstrate. In general, hybrid

33

Fig. 1: Relationship between plant density and maize
yield per unit area found curvilinear. The equation
of line is: y=-0.76x+15.5x+76.6 for Rio Grande
(R™=0.999) and y=-0.77x+15.8x+75.3 for Costanza
{R*=0.92). The two curves reveal hybrid yield
dependence on plant density in maize (main
experiment)

Costanza, showed more stable vielding performance
across densities (level between 66,666 and 133,333 plants
ha™). Graphs of the yield per unit area data indicate that
the yields of the two hybrids tended to level off at the
same density of 10 plants m™, while any plant population,
either lower or higher than 100,000 plants ha™, results in
grain yield loss.

Even though the F, yielding performance across
densities was similar for the two hybrids, beginning from
the same level of yield and ending at the same level of
yield (Fig. 1), the F, yielding performance behaved
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Fig. 2: Relationship between plant density and maize
vield per unit area (preliminary data), indicating
hybrid yield dependence on plant density
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Fig. 3: Relationship between plant density and F, maize
yield per unit area (main experiment). The equation
of line is: y=0.0869x+74.878 for Rio Grande (R™=0.4)
and y=0.3031x+66.252 for Costanza (R’=0.953)

differently (Fig. 3). The Fs of the two hybrids began from
the same level of yield but as plant density was
increasing, the yielding performance of Costanza’s F, was
mncreasing at a higher rate than Rio Grande’s one.

Yield per plant differentiation between the three kinds
of material was mversely associated with plant density,
(Fig. 4). At the lower plant density of 4.4 plants/m* the
yield per plant differences between F, and F +F , mixtures
were 65 g for Rio Grande and 35 g for Costanza, with the
respective differences at the higher density of 13.3 plants
m " being 15and 1 g (Table 1). Yield per plant differences
between F, and F, at the lower and the higher density
respectively were 123 and 47 g for Rio Grande and 115 and
33 g for Costanza.

Coefficients of variation of individual plant yields
were ligher m F +F, mixtures and F;s, compared with the
CV values in Fs (Table 1 and 2), an expected impact as
the F;s are assumed to be genetically homogeneous
(based on blue-print specifications). Regarding the plant
density influence on stand uniformity, it was found that
increased plant-to-plant vanability accompanied mcreased
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plant density (Fig. 5). Compared with the C'V values at the
lower plant density of 4.4 plants m™, CV values at the
higher plant density of 13.3 plants m ™ were cver threefold
at the F;s and over twofold at F +F mixtures and F s
(Table 1).

The effects of genetic homogeneity and plant density
on the percentage of barren plants were similar with those
observed in case of CV wvalues. Compared with the
average percentage of barren plants at the two
homogeneous Fs, the comesponding values at F +F,
mixtures and F,s were over four and six times higher,
respectively (Table 1). Figure ¢ show that barrenness
increases as plant density increases.

DISCUSSION

Grain yield per unit area: The dependence of maize
hybrid yield per umit area on plant density shown by the
curvilinear response of Fig. 1, was also depicted by
previously reported datal***4. The very high optimum
plant density of 10 plants m~ (Fig. 1), being in agreement
with that found by Tetio-Kagho and Gardner'™, evidences
previous reports that modern hybrids, compared with the
older ones, require higher densities to give their maximum
yield per unit area. Preliminary data exhibited an even
higher optimum plant density (Fig. 2). Differences m grain
yield between older and newer maize hybrids were shown
1 Breeding
in maize succeeded in developing modem hybrids with
highly  improved  yield per umt area, through

improvement i tolerance to stresses, including high plant
3.5,3,23]

to be a function of plant population density

densities! On the contrary, breeding had no
contribution to hybrid yield per plant improvement™. The
necessity of ligher plant densities for optimal
productivity of modem maize hybrids led that selection
under higher plant densities was a means to improve grain
vield of maize®. As a consequence of selection under
high plent densities, with no effect on yield per plant
improvement, modern hybrids were rendered hghly
dependent on optimum plant density even though they
exhibit a higher optimum population density'”. Farmers
have always favoured cultivars which are characterised
by stable performance across the growing seasons. From
this point of view, density-independence should be
considered in the development of maize hybrids, as
a means of a stability parameter incorporation in modemn
hybrids, because, according to Fasoula and Fasoula!,
the density-dependent cultivars are accompanied by a
mumber of disadvantages, i.e., increased density by
cultivar interactior, seeding cost and increased risk in

case of adverse conditions during the growing season.
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Fig. 4: Relationship between the plant density and the mean yield per plant differentiation between F, F +F, mixture and
F, of the maize hybrids Rio Grande and Constanza. In general, lower plant densities are associated with greater
differentiation, facilitating the identification of superior entries

Yield differentiation among entries: Inverse association
between  entries’  differentiation and plant density,
similar with that of Fig. 4, showed data presented by
Tokatlidis et ol Fery and Janick™, Traka-Mavrona ¥
regarding maize hybrid vield, tomato (Lycopercicon
esculentum Mill.) variety yield and carrot (Daucus carota
1..) quality traits, respectively. The impact of plant density
on yield differentiation should be considered in the
degree of competition under which evaluation for
selection of entries should be applied. The decreased
differentiation with increasing plant density indicates that
evaluation and selection in dense stand would impair
response to selection. On the contrary, the mcreased
differentiation at the lower densities would facilitate the
identification of the superior entries. When plant density
1s very low, as to exclude plant-to-plant interference with
the equal use of growth resources (1.e, in the absence of
competition), the maximised phenotypic differentiation will

maximise response to selection?.

Stand uniformity: The plant density influence on
plant-to-plant variability, either in homogeneous Fs, or in
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heterogeneous F+F, mixtures and F,s (Fig. 5), clearly
demonstrate that lower densities contribute to greater
stand uniformity. Increased plant-to-plant uniformity for
yield per plant of maize hybrids, with decreasing the
plant density was also reported by Tollenaar and Wu",
Vafias et al.'*. Similar impact of plant densities on plant-
to-plant uniformity have been found for other maize
hybrid traits like dry weight and plant size™™ and kernel
number per ear’”. Plant size variability is directly related
to neighbourhood competition in which the growth of an
individual depends on the number, size and proximity of
neighbours®. Generally, there is a negative relaticnship
between plant density and plant-to-plant uniformity™™**!,
Stand uniformity deserves consideration concerning the
selection effectiveness in a breeding program and the
productiveness of a field crop. Coefficient of variation
represents two kinds of effects, as a consequence of
genetic and environmental variance. Therefore, the
increased CV values of a given entry at the higher
densities result from higher envirormental effects. This 1s
clearly seen in case of the F;s of hybrids Rio Grande and
Costanza, which are assumed to be monogenotypic,



Asian J. Plant Sci., 4 (1): 31-39, 2005

704 90+
60 4 T, 30+ F~F,
704
50 6o
§ 40 4 § 50
Q 30 [TV E
30+
204
20+ g
10 0 Q(R=059) 10- © QR=0.57)
° Q®=0.99) ® L(R=0.99)
0 T T T T T 1 c v T T T T 1
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Density (plants m ™) Density (plants m )
100
90+ F,
80+
704
® 601
% 504
40+ o
301 . © Rio Grande
20 © Q (R=0.98) @ Costanza
1_
10 ® Q(R=0.97) Q = quadratic
c T T T L) L) 1 L= linear
2 4 6 8 10 12 14
Density (plants m )

Fig. 5. Relationship between the plant density and the CV of individual plant yield, in the F,, F,+F, mixture and F, of the
maize hybrids Rio Grande and Constanza. Lower plant densities are associated with improved stand uniformity,
an influence expected to be a crucial factor for high and stable yield per unit area

meaning that genetic variance had no effects in their CV
values. Consequently, the mcreased CV values at the
higher demsities indicate that, as the plant density
increases, phenotypic and genotypic correspondence
decreases, rendering the mdividual plant selection more
difficult and thus less effective. On the other hand, stand
uniformity i a field crop plays an mnportant role in
resource use efficiency, adequate for maximum yield per
unit area. Resource use efficiency is inversely related to
plant-to-plant variability, because in non-uniform stands
of field crops bigger or taller plants have a competitive
advantage over the smaller or shorter ones'™. There is a
negative relationship between vield per unit area and
plant-to-plant variability and thus stand umformity 1s

essential for maximum productivity™ ",

Barrenness: Results showed that increased barrenness
accompanies higher plant densities and similar were the
findings by Vafias et al!"*™ and Hashemi-Dezfouli and
Herbert™™! who reported linear relationship between the
mumber of barren plants and the plant population. The
reduction 1 grain yield per plant and the increase n plant-
to-plant variability with mereased density may partly be
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attributed to an increase in barrenness. Therefore,
barrenness seems to have a decisive contribution to
reduced stand umformity with increased density and to
yield per unit area reduction at the very high densities.
Although stand uniformity and stress tolerance are highly
associated and easy to achieve, density-tolerant maize
hybrids exhibit lugher plant-to-plant variability at plant
densities close to or higher than their optimum densities'™.
So, even in case of density-tolerant hybrids, greater
variability at higher densities for time of pollen shed and
silking could cause a greater asynchrony between them,
that according to Hashemi-Dezfouli and Herbert®'! leads
to increased number of barren plants and therefore, to the
change n total grain yield.

Implications in breeding: Maize hybrid dependence on
high densities and the enhanced plant-to-plant variability
at high densities, render necessary to consider two
important points: (a) the goal of developing density-
independent hybrids in parallel with density-tolerant ones
and (b) the conditions under which selection is optimised
to be more effective m the aim to achieve this goal. A
cultivar has the potential to provide lugh and stable yield
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Fig. &: Relationship between the plant density and the percentage of barren plants, in the F|, F,+F, mixture and F, of the
maize hybrids Rio Grande and Constanza. Lower densities result in reduced number of barren plants, followed

by greater stand uniformity

per unit area at a wide range of densities, if it has the
genetic potential of high yield per plant at the lower
densities, so that the lack of plants 13 compensated by
individual plant potential for higher yield. The importance
of potential yield per plant as a component of the yield per
unit area potential and as it 1s expressed under very low
stress conditions, has been emphasised by Fasoulas!'™,
Yan and WallaceP, Duvick!, Janick®®?, Fasoula and
Fasoula"*'”!. Breeding in maize failed to succeed in
immproving potential yield per plant because it has never
focused on this target. Direct improvement of potential
vield per plant can be achieved by selection at very low
densities, so that competition among plants is minimised,
because planting at very low density reduces stress to a
mimmum and allows maximum grain production per
plant!**"_ Selection in the absence of competition is
also imposed by the decreased entry differentiation and
the enhanced environmental effect on phenotypic
expression under competition (Fig. 4 and 5). Strong plant-
to-plant interference associated with growth under
competition always reduces the range of genotypic
expression, thus reducing the efficiency of phenotypic

selection™'®.  Additiomally, a negative relationship
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between competitive ability and yield in pure stands has
been widely reported™™,

Data presented by Tokatlidis et al.” showed that
recycling of a hybrid, aiming to improve its potential yield
per plant via self-pollination and selection at the very low
density of 0.74 plants/m” and on the basis of higher single
plant vield and lower CV of individual plant yields, led to
recycled hybrids which exhibited less density dependence
than their original hybrid. In another recent study,
Tokatlidis™ emphasised the beneficial effect of the
improved potential yield per plant of maize hybrids on
their yield per unit area potential and the range of
optimum plant density. Fasoula and Fasoula!”
thoroughly explained the causes of tolerance to higher
and lower plant densities and the ways of overcoming the
density barriers. This was made possible through
partitioning of yield per unit area into three components,
all assessed in the absence of competition. According to
Fasoula and Fasoula", the role of the three components
of the yield per unit area in developing density-
the following: The first
component (1e., vield per plant), determmed by the
progeny mean, extends the lower limit of the optimum

independent cultivars is
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plant density range. The second component (i.e.,
tolerance to stresses), determined by the progeny
standardised mean (the reciprocal value of CV), extends
the upper limit of the optimum plant density range. The
third component (i.e., the responsiveness to 1imputs),
determined by the progeny standardised selection
differential, enables the exploitation of favourable
environments. Tollenaar and Wull claimed that increased
stress tolerance, combined with increased stand
uniformity under stress conditions, will probably continue
to provide the highest potential for yield improvement n
maize in next decades. Even though selection differential
18 maximised under higher plant densities in breeder’s
field, strong plant-to-plant mterference associated with
growth under competition always reduces the range of
genotypic expression, thus reducing the efficiency of
phenotypic  selection”.  Even more, decreased
differentiation with increasing plant density and reduced
phenotypic and genotypic correspondence under
competition, also reduces genotypic expression rendering
individual plant selection insecure and less effective. The
maximised selection differential under higher plant
densities could distinguish among genotypes only in late
breeding stages where phenotype represents better the
genotype. However, the development of density-
mdependent hybrids does not exclude density tolerance,
which is incorporated into genotype by the above-
mentioned second component of yield per unit area and
easy to achieve.

Data of this study showed that the F, vielding
performance of the two maize hybrids used was different
mn high densities. F, yield differences found greater than
F, ones for hybrids Costanza and Rio Grande, so that
evaluation based on F, yielding performance under high
plant densities may distinguish between different genetic
materials. Based on F,3” performance many Fs could be
evaluated and selected as starting populations for second
cycle maize breeding schemes™.

Maize breeders should consider the development of
hybrids, which may give their maximum vield per unit area
at a wide range of densities, in such a way that modemn
hybrids will be characterised by high yield per unit area
and stable performance. This goal can be achieved
through improvement of potential yield per plant and
tolerance to stresses, so that the lower and the upper limit
of the optimum plant density will be extended. Effective
selection for lugher yield per plant 1s feasible under non-
competition conditions, so that the undesirable
environmental effects on genotypic and phenotypic
correspondence are eliminated. Under non-competition
tolerance to stresses and consequently tolerance to high
densities, may be attained by selection of entries, which
exhibit the lowest sensitivity to environmental effects, 1.e.,
those with the lowest CV of individual plant yields.
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Improved yield per plant and tolerance to stresses, in
combination with responsiveness to inputs may
contribute to higher and stable yield per unit area, due to
improved resource use efficiency. Since modern maize
hybrids depend their yielding performance on higher plant
densities, breeding for density tolerance or density
independence may easily contribute to higher field yields.
Evaluation under high plant densities may distinguish
between different genetic materials, based on F, yielding
performance, to be used as starting populations in
breeding programs.
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