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Abstract: Crop yield potential assessment under a single density, assumed as optimum for maximum yield per
unit area, might lead to biased judgment due to genotype by density interactions. Two models emphasizing
yield per plant in the absence of competition (1.e., yield potential per plant), were applied in maize (Zea maysL.)
and wheat (Triticum aestivum L.) genotypes to assess crop yield potential. The first model distinguishes crop
vield potential into two components, vield potential per plant and tolerance to density, predicted through linear
regression of yield per plant over a range of densities. The second model proposes three components, which
are yleld potential per plant, tolerance to stresses and responsiveness to mputs, determined in the absence of
competition. Genotypes suggested by the models as the most promising were different than those depicted on
the basis of the experimental data. Both models favoured genotypes characterized by improved yield potential
per plant and being less density-dependent. Nevertheless, the two components of the first model were
negatively associated. The first model determines the key parameter (1.e., yield potential per plant) mdirectly,
accuracy of which depends on the lowest density used. The second model assesses yield potential per plant
in a direct way and seems to consider crop yield potential in a more integrated manner, whereas appears to
represent an integral part of whole breeding approach.
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INTRODUCTION

Crop yield potential of a cultivar 13 defined as its
grain yield per unit area when grown m environments to
which it is adapted, in other words under optimal
environmental conditions (Evans and Fischer, 1999).
Maize hybrids and wheat cultivars respond to plant
density changes in a curvilinear manner (Tollenaar and
Wu, 1999; Sangoi et al., 2002, Lloveras et al., 2004) and
maximum grain yield per unit area is achieved at a narrow
spectrum of plant densities (ie., optimum density).
Therefore, crop vield potential of a given genotype 1s
assumed to represent its grain yield per unit area under its
optimum density. However, because different genotypes
may differ for optimum density (Berzsenyi and Dang,
2006, Sarlangue et al., 2007), comparative evaluation of
them under a single plant density might lead to biased
judgment. Evans and Fischer (1999) noted: the absence
of agreement on yield potential’s
measurement can lead to misunderstanding as well as to
misleading claims. Research in Europe and the TUSA
indicated that interference between plots in cultivar trials

definition and

can distort yield and result in misleading conclusions from
yield comparisons (Clarke et al., 1998). Two models were
proposed to assess the crop yield potential, both of which
place particular emphasis on the yield potential per plant
in the absence of competition (i.e., plant density is so low
that there 1s no mterplant interference of competion
within the crop stand). The models suggest the single-
plant yield instead of the usually used yield per unit area
as the determinant parameter for crop yield potential
measurement.

Yan and Wallace (1995) suggested a model
(referred downward as first model) that distinguishes
two components of crop yield potential: (i) the yield
potential per plant and (ii) the tolerance of the single
plant yield to plant density changes (1.e., tolerance to the
scarcity of the limiting resowces). Crop yield
potential is more dependent on the vield potential per
plant rather than on the density tolerance. Assessment
of these components requires data from a range of
different plant densities and is analyzed as follows.
The crop yield per unit area (Y,) is expressed as the
product of established plants per unit area (the plant
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population density, D) and the mean yield per plant (Y )
in the stand: Y, = DY, A negative relationship between
vield per plant and plant density exists, expressed by the
equation: Y, = ¢-bD where o and b are constants for a
given genotype under a given environment. Intercept o
represents a measure of the expected yield potential per
plant. Slope b 1s the yield per plant sensitivity to changes
in the plant density. Expected crop yield potential (Y,) of
a given genotype can be determined by the product of the
square of the expected yield potential per plant («*) of that
genotype multiplied by its tolerance to mcreasing plant
density (b™): Y, = (1/4) a’b™". This equation denotes
that in order the goal of high crop yield potential to be
achieved, either improved yield at the single-plant level or
tolerance to increasing plant density are desirable.

The second model proposed by Fasoula and Fasoula
(2002) distinguishes three components of crop yield
potential, all measured under a single ultra-low density so
that any plant-to-plant interference for environmental
inputs is minimized (i.e., absence of competition): (i) The
first component 1s yield potential per plant, measured
directly by the entry mean ( X). Improved yield potential
per plant expands the lower limit of the optimum density
range. (ii) The second component is tolerance to overall
biotic and abictic stresses, predicted by the standardized
entry mean (X0, ), that is the inverse value of coefficient
of wvariation (CV). Tolerance to stresses improves
tolerance to mecreased density, pests and drought and
hence, reduces CV of single-plant yields by ensuring
mimimal plant-to-plant interference with equal sharing of
resources. Improved standardized entry mean expands the
upper limit of the optimum density range. (iii) The third
component is responsiveness to inputs, predicted by the
standardized entry selection differential (X.-X)o, ™.
Genotypes carrying genes for responsiveness to inputs
are capable to exploit improved growing conditions and
this  capacity
differential. Thus, improved standardized entry selection
differential adaptability
environmental resources. A given genotype 1s assumed

is reflected on genotype’s selection

denotes to  increasing
to have incorporated genes for advanced crop yield
potential when combines high values for each particular
component. Early generation selection at ultra-low
density, on the basis of the three crop yield potential
components, 1s a better strategy than selection mn bulks,
as it avoids the confounding effect of competition
between distinct genotypes, leading to varieties
characterized as density-independent and expected to be
promising for improved crop yield potential (Fasoula and

Fasoula, 2002).
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In the work relative crop yield potential of maize and
genotypes i according  the
aforementioned two models. The results are discussed
relevance with maximum yield per unit area obtamed
experimentally and the models are comparatively criticized.

wheat is  assessed

MATERIALS AND METHODS

To achieve the goal data from previous studies
conducted in Greece were wsed (1993-99 for maize and
1998-2003 for wheat) and therefore methods to achieve the
materials are given briefly. Since comparative analysis of
the two models was sought, this work includes only
genotypes for which data under either a range of densities
(for the first model) or an ultra-low density (required for
the second model) were available. Ultra-low densities
used were 0.74 and 1.2 plants m™, since these are
assumed to approximate absence of competition for maize
and wheat genotypes, respectively, according to Fasoulas
(personal commumication) who suggested absence of
competition as a prerequisite to ensure selection
effectiveness (Fasoulas and Fasoula, 1995).

Maize genotypes: Three experimental single-cross hybnds
and two commercial single-cross hybrids (PR 3183 and
B73xMol7) constituted the maize material. Honeycomb
single-plant selection (Fasoulas and Fasoula, 1995) within
F, generation of PR 3183 under the ultra-low density of
0.74 plants m ™ led to two S, parental lines and by random
matings between plants of the two parental lines S.x3;
recycled hybrids were obtained (Tokatlidis et af., 1998).
Three S;x3, recycled hybrids (named 1, 2, 3), advanced
from the three S;x3; hybrids that had the highest mean
yield per plant and were significantly superior over their
original hybrid at the ultra-low density of 0.74 plants m™,
were the experimental hybrids of the present study
(Tokatlidis et al., 2001).

Wheat genotypes: Honeycomb single plant selection
under the ultra-low density of 1.2 plants m ™ within a
bread wheat cultivar (cv. Nestos) led to 20 first generation
families. Six out of the 20 families (coded as H2, H4, H7,
HE, H10, LR), along with their original cv. Nestos,
constituted the wheat material. These families had
exhibited the highest mean grain yields per plant under
the aforementioned ultra-low density and-family 1.8
excepted-were sigmficantly superior over that of the
original cultivar (Tokatlidis et al., 2006).

Cropyield potential assessment at arange of densities by
the first model: The three experimental maize hybrids,
along with their original hybrid PR 3183 and the check
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hybrid B73xMol7, were evaluated in two locations for two
years under the densities of 2.5, 4.2 and 8.3 plants m™
(Tokatlidis, 2001). Density of 8.3 plants m ™ approximates
the typical density used for late-maturing hybrids n
Greece. The experimental design was a Randomized
Complete Block (RCB) experiment, with three replications
per hybrid and density. Each plot was harvested
separately and the mean grain yield per hectare ¢ha) was
computed at the 15.5% grain moisture level.

Concerning  the genotypes,
experimentation at four densities (100, 300, 500,
700 plants m™) in two locations and for two years was
conducted (Tokatlidis et al., 2006). Entries were arranged
according to the two-factor split-plot completely
randomized blocks, where densities constituted the main
plots and genotypes the subplots and four replications
per entry and density were applied. Each subplot was
harvested separately and mean grain vield per ha was
determined at the 12% gramn moisture level.

Data from both categories of materials were converted
at the single-plant level (mean yield per plant). The
expected yield potential per plant (¢) and crop yield
potential (Y ) of entries were estimated through mtercept
¢ and slope b of the limear regression analysis of
yield per plant in grams over plant density in plants m™
(Y, = u-bD), with Y_,, being equal to (1/4) &’b™".

not

seven  wheat

Crop yield potential assessment at an ulira-low density by
the second model: The three recycled maize hybrids and
their original hybrid PR 3183, were evaluated in a R-61
replicated honeycomb trial (Tokatlidis ef al., 1998), wiule
data regarding the performance of the check hybrid
B73xMol7 were obtained from an R-43 replicated trial
conducted in the same location (Tokatlidis, 2000), both
trials under the density of Q.74 plants m ™. The six derived
wheat families and their original cv Nestos, were tested in
two R-21 replicated honeycomb trials at the density of
1.2 plants m ™ { Tokatlidis ef al., 2006).

Plants were harvested individually and the three crop
vield components were computed by the HONEY
microcomputer program (Batzios and Roupakias, 1997 ):
vield potential per plant by the mean grain yield per plant
X, tolerance to stresses by the standardized entry mean
X0, ' and responsiveness to inputs by the standardized
selection differential (X -X)o,~". Each compoenent value
of a given entry, divided by the respective value of the
check entry (hybrid B73xMol7 in case of maize and cv
Nestos for wheat), constituted the component ndex for
this particular entry. The three component indexes of each
entry were added and ended up in a single value (i.e.,
combined index) representing the entry’s crop yield
potential index (Y ).
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RESULTS AND DISCUSSION

As far as gran vield per umt area is concerned,
curvilinear responses of maize and wheat genotypes to
density changes are depicted in Fig. 1 (those of wheat
families H4 and H7 are not shown). At the highest density
of 8.33 plants m (Y ,,), that approximates densities used
by farmers in Greece for maize, hybrids PR 3183 and
B73xMol 7 yielded by around 2-7% higher than the three
recycled hybrids, being significantly superior over the
recycled hybrid 3 (Tokatlidis, 2001). Hybrid B73xMol7,
that according to image of Fig. 1 showed an almost linear
regression on plant density, seems to be capable of
exploiting even higher densities, giving thus maximum
crop vield well above the highest yields m the test
Meaxmmum gram yield value (Y,_,) derived from the
parabolic response curve of hybrid B73xMol 7, that was
by 15% higher than its Y, value and by >18% higher n
comparison with Y, . values of the recycled hybrids, 1s
indicative. Therefore, one based on the experimental data
depicted in Fig. 1 could assume that hybrid B73xMol 7 has
the highest crop vield potential. On the other hand, lines
of the recycled hybrids demonstrate that their maximum
grain yield per unit area is achieved at the density of
approximately 6 plants m™, remaining constant even
when density is higher than 8.33 plants m ™. Optimum
densities were found to be 6.1, 6.6 and 6.5 plants m ™~ for
recycled hybrids 1, 2 and 3, respectively and 8.5 and
10 plants m~ for hybrids PR 3183 and B73xMol7,
respectively, revealing strong genotype by demsity
interaction (Tokatlidis, 2001). Comnsidering graphs of
wheat genotypes it is obvious that optimum density for
both families and their origmnal cv Nestos was around
500 plants m—. At that density family H10 exhibited the
highest mean grain per unit area and was by about 9-11%
significantly superior over families H2, H4, H8 and cv
Nestos (Tokatlidis et al ., 2006). Given that Y, values were
not higher than the respective Y, values, family H10 1s
expected to have the highest crop yield potential. On the
basis of the parabolic response curves there 1s also a sign
of family’s L8 supenority over families H4, H8 and
cv. Nestos.

Results of the two models are given in Table 1. Crop
yield potential is distinguished by the first model into
expected yield potential per plant (¢¢) and tolerance to
increasing plant density at the single-plant level (b™") that
end up to the expected crop yield petential (Y,,). By the
second model relative crop vield potential (Y,) is
approached through vyield potential per plant (X),
tolerance to overall siresses (X o,”') and responsiveness
toinputs { (X-X) o, '}
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Fig. 1: Curvilinear grain yield response to density changes at the unit area level of maize and wheat genotypes. Grain
yield obtained (Y} at the density approximating those commercially used (8.3 and 500 plants m—* for maize and
wheat, respectively) and maximum grain yield (Y,,) derived from the parabolic response curve of grain yield
versus density, are also given Strong genotype by density is revealed questiomng the reliability of crop yield
potential estimation under a single density, whereas maize entry 1 and wheat entry H2, characterized by improved
vield potential per plant, appear less density dependent than the respective check entries B73xMol7 and cv
Nestos

Table1: Crop yield potential estimated by two models. First model (A): Results from linear regression analysis of yield per plant in grams (Y;) on plant
density in plants/m’ (D), expressed by the equation Y, = o-bD and based on data obtained at three densities for maize and four densities for wheat:
Expected yield potential per plant in grams (a), tolerance to increasing plant density (b™") and expected crop yield potential in t ha™' (Y, calculated
by the formula Y, = (14) a?b™". Second model (B): The three crop yield components derived from data obtained at the ultra-low density of .74
plants m? for maize and 1.2 plants/m? for wheat: Yield potential per plant in grams (X ), tolerance to stresses ( X o,7') and responsiveness to inputs
{ (X X)o7} Each component value divided by the respective value of check (B73xMol7 for maize, Nestos for wheat) constituted the comporient
index (values in parenthesis). The sumn of the three indexes for each entry resulted in its crop vield potential combined index (Y

A. First model B. Second model

Entry o bt Y X X o (X - X)a,™ Vo

Maize

1 384.1 0.03 11.26 1438 (3.20) 5.26 (2.00) 7.34 (3.62) 8.81

2 359.6 0.03 11.05 1396 (3.10) 5.00 (1.90) 7.20 (3.55) 8.55

3 351.8 0.03 10.67 1275 (2.83) 4.35 (1.65) 6.85 (3.37) 7.86

PR 3183 296.3 0.05 10.48 668 (1.48) 4.55(¢1.73) 10.85 (5.34) 8.56

B73xMol7 263.8 0.06 10.26 450 (1.00) 2.63 (1.00) 2.03 (1.00) 3.00

Wheat

m 2.767 270 5171 31.09(1.25) 1.92(1.21) 2.36 (1.12) 3.39

H4 2.824 263 5.246 34.15 (1.38) 1.62 (1.02) 2,72 (1.19) 3.60

7 2.681 278 4,993 3347 (1.35) 2.03 (1.28) 2.07 (0.91) 3.54

HS 2.868 256 5.274 32.18(1.30) 1.90 (1.20) 248 (1.08) 3.59

H10 2.576 303 5.025 31.22(1.26) 1.60 (1.01) 2.43 (1.06) 3.33

18 2.665 286 5.072 20.19(1.18) 1.70 (1.08) 2,53 (L.11) 3.36

Nestos 2.515 303 4.792 24.75 (1.00) 1.58 ¢1.00) 2.28 (1.00) 3.00

On the basis of the first model recycled maize hybrids
1, 2 and 3 appear to have inproved « values compared to
either their original hybrid PR 3183 or the check hybrid
B73xMol7. According to this model their yield potential
per plant was higher by 19 to 30% compared to PR 3183
and by 33 to 46% compeared to B73xMol7. Considering
tolerance to density at the single-plant level hybrids
PR 3183 and B73xMol7 had by 67 and 100%,
respectively, higher b™' values in comparison with the

recycled hybrids. The recycled hybrid 1 had the highest
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Y, value (7.4% over PR 3183 and 9.7% over B73xMel 7),
whereas the recycled hybrids 2 and 3 exceeded hybrid
PR 3183 by 54 and 1.8%, respectively and hybrid
B73xMol7 by 7.7 and 4%, respectively. According the
second model, vield potential per plant of the three
recycled hybrids, determined directly at the single
ultra-low density of 0.74 plants m ™, was up to 115%
higher than yield potential per plant of the original hybrid
PR 3183. Standardized entry means (Xo, ") reflect
stronger tolerance to overall stresses of the recycled
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hybrids 1 and 2, compared to hybrids PR 3183 and
B73xMol7. As far as capacity to exploit favourable
environmental resources is concerned, (X,-X)o, " values
showed that, the recycled hybrids were superior over the
check hybrid B73xMol7, but inferior to their original
hybrid PR 3183. Incorporation of the three components
mto a single combined mndex (Y;) resulted mn values
showing that recycled hybrids, as well as hybrid PR 3183,
were superior over the check hybrid B73xMol 7. Among
the three recycled hybrids the highest Y ; value was found
for hybrid 1 and the lowest for hybrid 3, whereas hybrid
2 was equivalent to the original hybrid PR 3183.

The expected yield potential per plant (¢) of the six
wheat families derived from cv Nestos was by 2.4 (H10) till
14% (H®) higher in comparison with ¢ value of the original
In regards with tolerance to demsity at the
single-plant level (b™), likewise in maize hybrids, higher

cultivar.

o values were associated with lower b™' values, since
farmly H10 with the lowest ¢ value among the six families
had the same b~ value with original cv. Nesios, while
family with the highest ¢ value (H&) had the lowest b™
value (15.5% lower than that of H10 and cv Nestos).
Derived families had Y, values by 5 to 10% higher than
that of cv Nestos and among them family H10 was by 2.8,
4.2 and 4.7% inferior in comparison with families H2, H4
and HE, respectively. Family 1.8 had by 2, 3.3 and 3.8%
lower Y, values than families H2, H4 and H,
respectively. Derived families exceeded cv Nestos for the
three components of the second model, family H7
excepted in case of the third component. Among the five
families with sigmficant superiority over their original
cultivar for mean yield per plant (Tokatlidis ef af., 2006),
family H10 had the lowest and family H4 the highest X
value (26 and 38% over cv Nestos). Standardized entry
means showed that families H2, H7 and HE seemed to be
more tolerant to overall stresses, in comparison with
family H10 and cv Nestos. Moreover, families H2 and
HE (as well as H4 and L8) exhibited of the highest
(XX)o, " values. Consequently, families H2 and HS
were those that combined the highest values for all the
three components. Families H2, H4 and HE were
equivalent in regards with their combined indexes (Y,),
which were by about 7, 8 and 20% larger than those of
families L8, H10 and cv. Nestos, respectively. Thus the
second model alike to the first one, suggests that families
H2, H4 and HE are expected to have the highest crop yield
potential.

The following mnterferences could be drawn m regards
with crop yield potential approximation by the two
models. The two models consider a common component
of crop vield potential, the yield potential per plant, as it
expressed under conditions sunulating the absence of any
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kind of stresses (i.e., when density is so low that there is
no interplant interference of competition within the crop
stand, whereas measures are taken to control weeds,
diseases, msects and to ensure adequate water and
nutrient resources). Yield potential per plant, however, is
approached indirectly by the first model (¢ values) and
directly by the second one (X wvalues). Comparison
between theoretically expected () with experimentally
obtained (X) vield potential per plant, evidences that
the first model underestimated the capacity of tested
genotypes  to yield at the single-plant level (eg.,
384 vs 1438 g of maize hybrid 1 and 2.77 vs 31.09 g of
wheat family I12). Nevertheless, the two models estimated
this particular component in a similar way, bolstered by
the high simple correlation coefficients between ¢z and X
values (r = +0.99, p<0.004 n case of maize and r = +0.72,
p<0.08 in case of wheat) indicating that o« wvalue
constitutes a comparatively good estimate of yield
potential per plant. Both models strongly emphasize this
particular component of crop yield potential, since it 1s the
determinant parameter to compute Y, values in the first
model and constitute the key measurement of the second
and third component m the second model. It 1s
noteworthy to mention that Duvick (1997) reported
unchanged so far vield potential per plant in case of maize
hybrids and suggested future improvements in this trait
under low stress environments. Yan and Wallace (1995)
pointed out: Although all plant breeders realize that
modern cultivars are more suitable for high-density
cultivation because of improved lodging resistance, few
breeders have paid attention to the contribution toward
high yield through improvement i the yield potential per
plant. Consequently, vield per plant in the absence of
competition deserves particular consideration to test a
genotype’s background for advanced crop yield potential.
Both recycled maize hybrids and wheat families were
found to exhibit improved yield potential per plant
than their original material, estimated either indirectly
{a-values), or directly ( X-values). This was the result of
the method applied to derive them (T okatlidis et af., 1998;
2006), which was selection on the basis of single-plant
yield and under conditions allowing yield potential per
plant to be fully expressed (1.e, ultra-low densities
simulating absence of competition). Low-stress
conditions maximize phenotypic expression and
differentiation (Fasoula and Fasoula, 2002), accentuating
thus existing or newly developed genetic variation even
within a genetically narrow pool like a wheat cultivar
(Tokatlidis et al., 2006). In Fig. 2 the linear response of
maize genotypes to density changes at the single-plant
level 1s given, as the first model demands. It 15 evident

that differentiation of entries increase as density
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Fig. 2: Grain yield response of the maize hybrids
(recycled 1, 2, 3, their origmal PR 3183 and
B73xMol7) to density changes at the single-plant
level (linear, R? = 0.92-0.97). Lower densities
enhance entries’ differentiation, leading entries
with improved yield potential per plant to respond
more drastically to density changes and according
to the first model to be assumed more sensitive to

density stress, an impact revealing a strong
negative relationship between the two crop yield
potential components of the first model

decreases, reaching maximum level at the ultra-low density
that
environmental resources. The impact also explains why o
values were too in comparison with X-values
(Table 1), especially i1 case of wheat entries due to lugher
gap between the lowest density used to approach o
and the ultra-low density assumed to represent
absence of competition (ie., 100 vs 1.2 plants m™).
Actually, a-values strongly depend on the lowest density
used to estimate them and the more the lowest density
approximates real absence of competition the higher o

excludes any plant-to-plant interference for

low

values are expected. For wheat genotypes, if linear
regression analysis is conducted excluding the lowest
density of 100 plants m™, « values are by around 45%
lower in comparison with those of Table 1, whereas in
case of maize hybrids when the lowest density of 2.5
plants m™ is excluded, & values are by 10% lower for
hybrid PR 3183 and by 17-20% lower for hybrids 1, 2, 3
and B73xMol7.

Considering tolerance to increasing plant density,
controversial inferences are drawn when b™ values are
compared with X ¢, values (Table 1). Hybrids PR 3183
and B73xMol7 had by 67 and 100%, respectively,
higher b™" wvalues in comparison with the recycled
hybrids. In turn, the three recycled hybrids, characterized
by improved yield potential per plant, seem to be more
sensitive to density changes at the single-plant level, as
1t 1s apparent from Fig. 2 where lines of recycled hybrids

246

decline more sharply than those of PR 3183 and
B73xMol7. Comsequently, high «
associated with low b~ values. The same impact is
apparent in case of wheat, when genotypes with the
lowest ¢ values (family H10 and cv Nestos) are compared
with those having the highest o values (families H2, H4
and HR). Data showed a strong negative relationship
between « and b™' values and simple correlation
coefficients were high and significant (r = -0.97, p<t0.007
and -0.98, p<0.001 in maize and wheat, respectively). The
impact is reasonable, because of the negative association
between phenotypic expression and differentiation with
plant density. This means that differences between entries

values  were

increase as density decrease, so linear response of yield
to density changes 15 mounting in case of mnproved yield
potential per plant. Obviously, intercept b of equation
Y, = a-bD will be highest for entries with highest yields
per plant at low densities. The conclusion is that b™
values as a measure of density tolerance have a sense
only among genotypes equivalent for yield potential per
plant, otherwise undervalue the superior ones, as it is
evidenced when either recycled hybrids are compared
with hybrids PR 3183 and B73xMol 7, or families H2, H4
and H8 are compared with family H10 and cv Nestos. On
the contrary, in the hypothetical case of equivalent entries
at high densities, it 1s also obvious that those with lngher
yields at lower demsities would be more desirable,
although their b~ wvalues will be lower. Negative
relationship between ¢ and b™" values (r = -0.96, p<0.001)
15 also drawn from results obtained when Yan and
Wallace (1995) reanalyzed data from Tollenaar (1989)
regarding nine older and newer maize hybrids. That led
Yan and Wallace (1995) to state that the mcreased crop
yvield of newer hybrids was achieved through the
improvement of yield potential per plant, accompanied by
a reduced tolerance to crop density. However, other
reports claimed totally opposite statements. Duvick (1997)
evaluated 36 hybrids released from 1934 to 1991 and
found that at the very low density of 1 plant/m’ there was
no increase in grain yield over time, showing that
breeding failed to mmprove yield potential per plant.
Duvick and Cassman (1999) speculated: on the basis of a
definition of yield potential as the yield that cen be
achieved with an adapted hybrid when grown without
obvious stress of any kind, we found that there is
conflicting evidence to support that maize yield potential
has improved. Sangoi et al. (2002) evaluated three maize
hybrids representing three different eras and found the
newer hybrid to be superior over the two older hybrids at
the highest density, but by around 10% mnferior at the
lower density. Data from Duvick (1997) demonstrated that
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the superiority of newer hybrids was partly attributed to
their ability to tolerate and thus to exploit higher densities.
It has been known for several decades that newer maize
hybrids are more tolerant to lugh plant population density
(Tollenaar and Lee, 2002). Conclusively, these findings
question the reliability of b™ values to comparatively
assess tolerance to density of genotypes that differ in
their ability to yield at the single-plant level. In fact b™
values have been reported as measure of optimum for
maximum crop yield density (Tollenaar, 1989, 1992) and
found to be negatively associated with yield potential per
plant (Tolkatlidis, 2001). On the other hand, tolerance to
stresses suggested by the second model, 13 referred to
any kind of stresses at the crop stand level, including
thus tolerance to increased plant densities (Fasoula and
Fasoula, 2002). In contrast to the strong negative
association between ¢ and b™' values, X vs X0, ' values
(Table 1) show that improved yield potential per plant 1s
not necessarily accomparmed by reduced tolerance to
stresses. The recycled hybrids, found by the first model
sensitive to density changes, are seemed to be more
tolerant than hybrid B73xMol7. The same is observed
from Table 1, regarding families H2 and H8 in relevance
with family H10 and cv Nestos.

Figure 1 shows that the recycled maize hybrids
appear to be less density dependent when compared with
hybrids PR 3183 and B73xMol7 and the same 1s obvious
for wheat families H2 and HE, as well as H4 (not shown),
in comparison with family H10 and cv Nestos. The unpact
has been thoroughly discussed in previous studies
(Tokatlidis, 2001, 2006). Briefly, genotypes that combine
improved yield potential per plant and tolerance to
stresses have the capacity to achieve maximum crop yield
at comparatively wider range of densities, because the
first parameter extends the lower limit of the optimum
density and the second one extends the upper limit of the
optimum density, rendering thus genotypes density-
mndependent (Fasoula and Fasoula, 2002). Density-
mndependent cultivars are more dependable because they
have the advantage to adequately compensate any yield
loss due to commonly occurred situation of missing
plants 1 the field. Nafzger (1996) speculated that missing
plants in maize fields are inevitable, where 5 to 15% of
dropped seeds normally fail to produce plants. Tokatlidis
and Koutroubas (2004) highlighted the necessity for
density-independent maize hybrids development, while
Fasoula and Fasoula (2002) and Tokatlidis et al. (2005)
referred to benefits from using such cultivars. Duvick
(2005) commented: Theoretically it may be possible to
raise yields per unit area by increasing yield per plant
while holding population constant (at lower densities
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than present norms) and such a goal might be practical for
hybrids suited for drought-prone environments, where
planting at lower density is prudent but the ability to
utilize occasional higher rainfall by increasing yield per
plant would be deswrable. Even though graphs of Fig. 1
suggest that hybrids PR 3183 and B73xMol 7, as well as
families H10 and L8, are potent to give the highest crop
yield among the maize and wheat genotypes, respectively,
Y, and Y, values (Table 1) give a totally different
impression. Estimated by Y, crop yield potential appears
higher for recycled hybrids, despite their sensitiveness to
density according to the first model, thanks to their
improved yield potential per plant. Regarding Y, values,
the recycled hybrids were found superior over hybrid
B73xMol7. Compared to their original hybnd PR 3183,
recycled hybrids 1 and 2 had lgher and equivalent Y,
values, respectively, although on the basis of the third
component (1.e., responsiveness to inputs) they seem to
be less capable to exploit favourable environmental
resowrces. Regarding the wheat genotypes and
compared with family HI10, families H2, H4 and HS,
although found more sensitive to density at the single-
plant level, had by 2.9, 44 and 5% higher Y, values,
respectively, as a result of higher ¢ values. They had also
by 2-4% higher Y, values than family L8. These three
entries gave the highest Y values, being by 6.8 and 7.8%
higher compared to families L8 and H10. Consequently,
both models support families H2, H4 and HR of having
the most advanced crop yield potential among the wheat
entries.

The first model approaches crop yield potential
through o, b™ and Y,,, values of which depend on the
lowest level of density used. Analysis of data presented
by Tollenaar (1992) regarding two double-cross and
two single-cross hybrids grown at a range of eight
densities (0.5, 1, 2, 4, 8 12, 18, 24 plants m™) are
indicative. Linear regression analysis of yield per plant on
plant density using data including as lowest density
that of 4 plants m— and progressively these of 2, 1 and
0.5 plants m ™, results to the following respective values
for one of the tested hybrids (e.g., sigle-cross PR 3902):
o: 169,215,256 and 282 gplant', b 0.15,0.11,0.09
and 0.08 and Y,,: 10.76,12.53, 14.09 and 15.08 tha™". The
same impact is found for the rest three hybrids.
Obviously, as the lowest density decreases, ¢ increases
and b™ decreases, but since equation for Y, considers
the square of «, Y, values also increase. Despite this
differentiation, hybrids® rank for any of these three
parameters does not change. Therefore, although Y,
values are expressed m real units of yield per unit area,
they have relative value and as happens with Y values of
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the second model, can be used only comparatively for the
entries being tested in a particular study. Data of the
study showed a relatively good fit between the two
models of crop yield potential approximation, since both
suggested the same genotype of being potent to give the
highest crop yields (1e., recycled hybnid 1 among maize
genotypes and families H2, H4, H8 among wheat
genotypes). Positive simple correlation coefficients (r)
between Y,
maize material + 0.71 (not significant due to limited data)
and +0.88 (p<0.03) for wheat material. Undoubtedly, these
preliminary data could not be assumed unequivocal.
However, the two models are supportive of yield potential

and Y, values were found, which were for

per plant being a significant piece of crop yield potential
puzzle and constituting a parameter that should be taken
mto account by breeders and agronomists. Hybrids
with mmproved yield potential per plant have been
documented to  exhibit small yield decreases atlow
densities (Sarquis ef al., 1998; Tokatlidis ef al., 2001). The
first model, although undervalues tolerance to stresses of
genotypes characterised by improved yield potential per
plant, ended up to favour them as being the most
promising for higher crop yield potential. Their advantage,
that renders them more desirable, is the capacity to give
maximum grain yield per unit area under wider range of
plant densities, the primarily pursued target of the second
model. In other words both models favour density-
independent cultivars. However, the second model seems
to have a number of advantages over the first one. There
15 no the demand of at least two densities and a single
ultra-low density 1s enough, simplifying experimentation.
Key component of crop yield potential (i.e., yield potential
per plant), which essentially constitutes the evaluation
unit in both models, 1s measured in a more direct and
accurate way. It seems to consider crop yield potential in
a more integrated manner involving tolerance to overall
Crop yield
potential components could be used as both evaluation
and selection criteria, so promising genotypes could be
distinguishable from the first generations. On the other
hand, the demand for at least two densities renders
application of the first model for a large mumber of
genotypes almost impossible. In case prospective studies
prove that crop yield potential assessment at the ultra-low
density that allows full expression of yield potential per
plant is reliable, the second model, given that simplifies
experimentation, brings a revolutionary change in the crop
breeding procedures to satisfy the demand for productive,
adaptable and dependable cultivars. In a recent work

stresses and responsiveness to inputs.

Papadopoulos et al. (2007) successfully predicted crop
vield potential m dry bean (Phaseolus vulgaris L.)

248

genotypes by the second model. According to Fasoula
and Fasoula (2002), the second model represents an
integral part of a whole breeding approach rather
than an 1solated theoretical concept and its capacity to
successfully select with efficiency and accuracy m every
generation of selection for productivity, stability and
adaptability has been validated with experimental reports
(Traka-Mavrona et al., 2000, Ntanos and Roupakias, 2001;
Tokatlidis et af, 2006, Fasoula and Boerma, 2007;
Papadopoulos et al., 2007). The second model also leads
to the creation of density-independent cultivars, i.e., to
cultivars that attain optimal crop yield over a wide
range of crop densities (Fasoula and Fasoula, 2002;
Tokatlidis, 2001; Tokathdis er al, 2006), reflecting
additional advantages: (1) The density-independent
cultivars may exploit the benefits of medum plant
densities, e.g., drought resistance, reduced lodging,
etc. (Fasoula and Fasoula, 2002; Tokatlidis and
Koutroubas, 2004; Tokatlidis ef al., 2005). (2) In case of no
ideal germination, re-sowing is not necessary. (3) Tt is the
product of joint selection for high and stable crop yield at
ultra-low densities that erase the confounding effects of
competition, thereby increasing selection efficiency
(Fasoula and Fasoula, 1997, Janick, 1999). (4) In
comparisons among cultivars the confounding effect of
genotype by density interaction 1s absent. (5) It excludes
density per se being a component of the crop yield
potential, as demanded by the first model.

CONCLUSIONS

Results of the study could be summarized as follows.
To comparatively estimate crop yield potential one could
not count upon data from density assumed as optimum to
give the highest yield per unit area, due to genotype by
density interaction. Both models consider the single-plant
yield as evaluation unit instead of the yield per unit area.
Yield potential per plant, defined as the ability of a
genotype to yield at the single-plant level in the absence
of competition, constitutes the first and the determinant
component of crop yield potential. However, the second
model determines yield potential per plant in a more direct
and accurate way. The two models suggest that tlus
parameter deserves particular consideration to estimate a
genotype’s background for high crop yield potential. For
this reason, genotypes that seem to be less dependent on
plant density to achieve maximum yield per unit area are
supported as the most promising for high crop yield
potential. The first model also considers tolerance to
density as compeonent of crop yield potential, but
comparative evaluation for tolerance to density seems to
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undervalue genotypes with improved yield potential per
plant and hence, reveals a strong negative relationship
between the two components. Foregoing discussion
evidences that the way the first model approximates
tolerance to density is questionable. Tn addition to yield
potential per plant, the second model considers tolerance
to any kind of stresses, as well as ability to respond to
mputs, considering crop yield potential in a more
integrated manner.
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