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a b s t r a c t

Increased plant population density in irrigated and fertilized maize crops enhances plant-to-plant vari-
ability since early vegetative stages, because the most suppressed individuals of the stand intercept less
radiation per unit leaf area than the dominant ones (i.e. a size-asymmetric competition for light). Con-
trarily, a size-symmetric competition has been proposed for the acquisition of soil resources in a plant
community (e.g. N capture per unit root length is similar among plants of different size). Hence, N fertil-
ization effect on the variability of maize plants would depend on the initial plant-to-plant variability or
on that promoted by a high plant population density. Two maize hybrids with contrasting tolerance to
crowding (tolerant AX820 and intolerant AX877) were cultivated under different combinations of stand
densities (6, 9 and 12 plants m−2) and N supplies (0 and 200 kg N ha−1) without water restrictions. Vari-
ability in plant growth rate among plants was computed along the cycle, especially after fertilizer was
applied (i.e. the early reproductive period; PGRER) and during the critical period around silking (PGRCP).
Plant-to-plant variability in biomass partitioning to the ear (partition index; PI), ear growth rate during
the critical period (EGR ) and kernel number per plant (KNP) was also established. Reduced N supply
CP

increased the coefficient of variation (CV) of PGRER, PGRCP, EGRCP and KNP (0.05 < P < 0.10). The CVs of
PGRCP, PI, EGRCP and KNP augmented (0.001 < P < 0.10) at the highest stand density. The CVs of PGRER,
PGRCP, PI and KNP were larger for hybrid AX877 than for hybrid AX820 (0.001 < P < 0.10). N fertilization
smoothed the initial plant-to-plant variability, but the extent of this benefit in a maize crop is genotype
dependent; it was much larger in the hybrid tolerant to crowding stress than in the intolerant one. For

held d
the latter, the variability

. Introduction

Grain yield of maize (Zea mays L.) crops is mainly determined
y the final number of kernels per unit area that reach maturity.
his number is strongly related to crop growth rate during a criti-
al period of 30 days centered at silking and to biomass partitioning
o the ear during this period (Andrade et al., 1999). Management
ractices like stand density (Maddonni et al., 2006) or nitrogen fer-
ilization (Uhart and Andrade, 1995) can affect these physiological
ttributes and consequently final kernel number.

A per-plant-level analysis (Tollenaar et al., 1992; Vega et al.,
001b) called attention on important physiological traits revealed

y the curvilinear response of kernel number per plant (KNP) to
lant growth rate (PGR) during the critical period (PGRCP). One
utstanding trait was the existence of a minimum PGRCP for avoid-
ng plant barrenness. Another important trait was the PGRCP above
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uring the critical period around silking and produced a high CV of KNP.
© 2011 Elsevier B.V. All rights reserved.

which KNP did not increase (non prolific hybrids, those with no
capacity for setting kernels in more than one ear) or started a sec-
ond phase of increment (prolific hybrids, those capable of setting
kernels in more than one ear). The high level of resources per plant
experienced at very low stand density caused an increase in PGRCP,
up to values for which KNP reaches a plateau or the expression of
prolificacy > 1. Contrarily, the minimum or threshold PGRCP corre-
sponded to conditions of reduced resource availability per plant,
usually explored under supra optimum stand densities, water
deficit, or low soil fertility (Andrade et al., 2002). Interestingly, dif-
ferent plant types (e.g. dominant and dominated) coexist in most
commercial maize crops independently of stand density and due
to different management problems (e.g. uneven plant distribution;
Liu et al., 2004), yielding a wide range of PGRCP (Maddonni and
Otegui, 2004).
Grain yield improvement of maize depended upon enhanced
tolerance to increased stand density (Duvick, 2005), which reduced
the number of barren plants and increased the number of har-
vestable kernels (Tollenaar, 1989). Research with Argentine hybrids
(Echarte et al., 2004; Luque et al., 2006) from different breeding eras

dx.doi.org/10.1016/j.fcr.2011.01.003
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
mailto:mrossini@agro.uba.ar
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emonstrated that the modern ones had (i) improved kernel set per
nit PGRCP at rates close to the minimum (i.e. high initial slope),
nd (ii) increased plateau of KNP at high PGRCP (i.e. reduced mor-
hogenetic limitation because of increased spikelet numbers per
ar). There is, however, no consensus about breeding effects on the
inimum PGRCP for avoiding plant barrenness. Some authors indi-

ated a reduction in this threshold (Echarte et al., 2004), but others
ound no trend (Tollenaar et al., 1992) or suggested an increase
Luque et al., 2006). Independently of this controversy, all results
op.cit. and Echarte et al., 2000) demonstrated that maize breed-
ng promoted an increase in the quotient between KNP and PGRCP,
hiefly driven by enhanced biomass partitioning to the ear and not
y increased kernel set per unit ear growth rate during the critical
eriod (EGRCP).

High stand densities used in current maize production promote
high level of intra-specific competition, which causes an early

ncrease in interplant variability within the stand. This variability
olds during the critical period for kernel set and affects biomass
artitioning to the ear (Maddonni and Otegui, 2004; Pagano and
addonni, 2007). This is the subjacent reason of the tight relation-

hip between PGR before the critical period (i.e. between V7 and
12; Ritchie and Hanway, 1982) and PGRCP (Pagano and Maddonni,
007). This relationship supports the idea of a conditioning effect
f early growth stages (plant growth rate during early reproductive
rowth, PGRER) on the overall plant performance from the start of
he critical period onwards, and the consequent effects on biomass
artitioning to the ear and its final reproductive fate (Borrás et al.,
007). Nevertheless, no relationship was found between PGRCP and
GRER for data obtained under a high irradiance regime (e.g. thin-
ing) established at the start of active stem elongation (from V9
nwards), because plant compensatory growth took place in the
ubsequent stage (Pagano and Maddonni, 2007).

Several works described the negative effects of N stress on final
ernel numbers (McCullough et al., 1994a,b; Uhart and Andrade,
995; Boomsma et al., 2009). These negative effects have been
elated to reductions in PGRCP (Andrade et al., 2002), and biomass
artitioning to reproductive organs (D’Andrea et al., 2008). All these
tudies gave no evidence on the response of interplant variability
o reduced N availability and its interaction with contrasting stand
ensities. In a recent research, Boomsma et al. (2009) reported an

ncreased per plant grain yield variability in response to the com-
ined effect of enhanced stand density and reduced N supply, but
id not elucidate the underlying physiological processes of this
esponse. In previous research (Pagano and Maddonni, 2007), we
emonstrated that release of light stress by thinning the crop at
he start of the early reproductive period, reduced plant to plant
ariability due to an enhanced growth rate of the most suppressed
ndividuals of the stand. This response, detected in the absence
f N deficiency, indicates that competition for light among plants
f a crop is asymetric (Casper and Jackson, 1997; Berntson and
ayne, 2000); i.e. light capture per unit leaf area is larger in dom-

nant than in dominated individuals of the stand. Competition
or N, in contrast, has been described as symetric; i.e. N capture
er unit root length does not differ among mentioned plant cat-
gories. Consequently, an increase in the availability of resources
hould allow a differential growth recovery among individuals (e.g.
ominated > dominant) in case of a stress that causes an asymet-
ic response as compared to one that causes a symetric response.
revious studies (Pagano and Maddonni, 2007) yield evidence for
upporting the first part of this hypothesis (i.e. asymetric recov-
ry) by means of strategic thinning applied on crops growing at

bove-optimum stand density. Currently, however, there is no evi-
ence for (i) supporting the second part of the analysis (i.e. symetric
ecovery), and (ii) the interpretation of responses among plants
ubjected to combined abiotic stresses (e.g. N and stand density),
hich are the most common growing condition experienced by
earch 121 (2011) 373–380

commercial crops. The existence of genotypic variability for the
early establishment of plant hierarchies within a stand (Pagano
and Maddonni, 2007) is an additional constraint for the correct
prediction of responses in these situations. With this purpose we
developed field experiments that included two maize hybrids of
contrasting stability in grain yield growing under different com-
binations of stand densities and N supply at the start of active
stem elongation. Our objectives were to (i) characterize individ-
ual plant growth within each stand, (ii) evaluate the variability in
PGRER, PGRCP, EGRCP, and KNP among plants, and (iii) analyze the
relationship between traits listed in (ii).

2. Materials and methods

2.1. Crop husbandry and experimental design

Field experiments were conducted during 2006–2007 (Exp 1)
and 2007–2008 (Exp 2) in the Experimental Station of the National
Institute of Agricultural Technology (INTA) located at Pergamino
(33◦56′S, 60◦34′W), on a silty clay loam soil. The top soil (0–40 cm
layer) had an organic matter content of ca. 23 g kg−1, mean min-
eral P content of ca. 115 mg kg−1, and inorganic N at sowing of ca.
14 g kg−1. Two hybrids (H) were used, a priori classified as contrast-
ing in the stability of grain yield response to increased stand density
across environments (Pagano and Maddonni, 2007): low-tolerant
Nidera AX877 CL-MG (hereafter AX877) and high-tolerant Nidera
AX820 CL-MG (hereafter AX820). Each hybrid was grown at two
(Exp 1) or three (Exp 2) stand densities (Dn) and two nitrogen (Nn)
levels. Tested stand densities were 6 (D6; only in Exp 2), 9 (D9) and
12 (D12) plants m−2. Nitrogen rates were a control with no added
N (N0) and 200 kg of N ha−1 (N200) added as urea at V6, because
variation in plant growth among plants tends to stabilize at this
stage (Maddonni and Otegui, 2004; Pagano and Maddonni, 2007).
Treatments were distributed in a split-plot design, with N levels in
the main plot and all hybrid × stand density combinations in the
sub-plots (herein termed plots). Plots had six rows with an E–W
orientation, 0.7 m between rows and 18 m length.

Manual sowing took place on 20-Oct (Exp 1) or 22-Oct (Exp 2)
at a rate of 3–4 seeds per hill. Plots were thinned to one plant per
hill at the end of the heterotrophic phase (ca. V3; Pommel, 1990).
All experiments were kept free of weeds by means of chemical (4 L
of atrazine 0.5 a.i. per ha plus 2 L of acetochlor 0.9 a.i. per ha at sow-
ing) and manual controls. Water stress was prevented by means of
sprinkler irrigation, with the uppermost soil profile (1 m) near field
capacity throughout the crop cycle.

2.2. Phenological events and plant biomass estimation

A total of 10 (Exp 1) or 12 (Exp 2) consecutive plants of similar
size (visual assessment) were tagged at V3 in each plot. Vegeta-
tive (Vn) and reproductive (Rn) stages were registered weekly for
all tagged plants (Ritchie and Hanway, 1982), including silking
(R1) and anthesis dates. Plant biomass was also estimated weekly
between V3 and R1 + 15 days (R2) for these plants, by means of
allometric models based on nondestructive morphometric mea-
surements.

For each hybrid, 15–20 plants were collected weekly for build-
ing mentioned models (Maddonni and Otegui, 2004; Pagano and
Maddonni, 2007), based on relationships established between
morphometric measurements and plant biomass. Measurements

included stem diameter at the base of the stalk (maximum and
minimum values), plant height from ground level to the ligule of
the last fully expanded leaf, and maximum ear diameter (apical
and subapical, when present). Relationships included (i) stem vol-
ume and plant biomass (ear excluded at R2), and (ii) maximum ear
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Table 1
Parameters of the allometric models used to estimate: (i) plant biomass (g) during the pre-silking period (V3–R1) and at 15 days after silking (R2), and (ii) ear biomass (g) at
silking (R1) and at 15 days after silking (R2). The coefficient of determination (r2) and the number of data (n) used for model fitting are indicated.

Experiment Hybrids Plant biomass estimation

V3–R1 R2

a b c r2, n d e r2, n

Exp 1 AX820 0.18a 152.2b 0.107a 0.97, 121 22.7b 0.079c 0.95, 100
AX877 0.18a 138.8b 0.095a 0.97, 134 19.6b 0.088c 0.93, 89

Exp 2 AX820 0.20a 373.8a 0.094a 0.98, 149 32.5a 0.122b 0.88, 90
AX877 0.19a 647.7a 0.136a 0.96, 171 17.7b 0.177a 0.94, 89

Ear biomass estimation

R1–R2

f g r2, n
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Exp 1 + Exp 2 AX820 0.65a
Exp 1 + Exp 2 AX877 0.60a

ifferent letters within a column indicate significant differences (P < 0.05) between

iameter and ear biomass (R1 and R2). Stem volume was obtained
rom the cylinder formula, using average stalk diameter and stem
ength for its computation. A bi-linear relationship was set for the
re-silking stage (Eqs. (1) and (2)), and a linear one for R2 (Eq. (3)).
ar biomass (in g) was estimated by means of an exponential model
Eq. (4)).

lant biomass (g) = a Vol, for Vol ≤ b (1)

lant biomass (g) = ab + c(Vol − b), for Vol > b (2)

lant biomass (g) = d + e Vol (3)

ar biomass (g) = f exp(gD) (4)

here a, b, c, d, e, f and g are model parameters, Vol is stem volume
in cm3), and D is maximum ear diameter. Model parameters are
isted in Table 1.

Morphometric variables were also registered for each tagged
lant on each sampling date, and their biomass estimated by means
f the described models. All tagged plants were harvested at physio-
ogical maturity (R6) for determination of individual plant biomass.
he number of grained ears per plant (i.e. prolificacy) was counted,
nd a plant was considered barren when it had less than ten grains.
ars were hand shelled and grains were weighed for computing
lant grain yield. The number of kernels was counted separately
or each apical and subapical ear (when present), and final ker-
el number obtained for each plant (KNP). Plant biomass evolution
estimated between V3 and R2, and observed at R6) was repre-
ented on a thermal time (TT) basis using a base temperature of
◦C (Ritchie and NeSmith, 1991).

.3. Data analysis

Growth rates were estimated for each tagged plant from the
lope of the linear regression fitted to the evolution of plant (PGR,
n g d−1) or apical ear biomass (EGR, in g d−1). The former was evalu-
ted for a sub-period before silking, identified as early reproductive
PGRER, between V7 and V12). The latter was computed for the crit-
cal period (EGRCP), and was based on three data for each plant: (i)
ar biomass = 0 at 227 ◦C d before R1 (Otegui and Bonhomme, 1998),
ii) estimated ear biomass at R1, and (iii) estimated ear biomass
t R2. Similarly, estimated plant biomass at R1 – 15 days, R1 and

2 were used for computing plant growth rate during the critical
eriod around silking (PGRCP).

Biomass partitioning to the ear (PI: partitioning index) was esti-
ated for each tagged plant as the quotient between EGRCP and

GRCP.
0.089a 0.92, 209
0.093a 0.89, 312

ds and experiments.

For the whole data set, KNP was related to EGRCP by means of a
hyperbolic function (Vega et al., 2001a) of the type described in Eq.
(5).

KNP = h(EGRCP − EGRCPT)
1 + i(EGRCP − EGRCPT)

, for EGRCP > EGRCPT (5)

where h is the initial slope, EGRCPT is the threshold ear growth rate
for KNP = 0 and i is the degree of curvilinearity at high EGRCP.

The effect of treatments (i.e. N levels and stand densities of 9
and 12 plants m−2) and their interactions were evaluated across
years for all described traits by ANOVA. The whole data set (includ-
ing D6) was used for testing the relationships among variables
by means of TBLCURVE (Jandel, 1992). The coefficient of variation
among plants (CV, in %) was computed at a plot level for all traits,
and its response to treatments and treatment interactions was also
analyzed by ANOVA. A confidence interval of 95% was used for esti-
mating significant differences between hybrids in the parameters
of the hyperbolic function.

3. Results

3.1. Plant biomass

No difference was detected between years, but reduced N sup-
ply caused a decrease in mean plant biomass (Fig. 1a), which was
significant (P < 0.01) from V8 onwards. This trend caused a decrease
of ca. 40% in final plant biomass (R6) for N0. Plant biomass reduc-
tion in response to increased stand density started at V12 (P < 0.05).
The reduction in final plant biomass (R6) when stand density was
increased from D9 to D12 was 19% (Fig. 1b). Nitrogen × density
interaction (P < 0.05) was detected for plant biomass at R2 and R6,
when D9 was greater than D12 in N200, while no differences were
detected between densities in non fertilized plots (data not shown).
Hybrids exhibited similar plant biomass along the cycle.

The CV of plant biomass decreased from V3 (starting values of
36%) to V8 (Fig. 1c and d), when it stabilized at low values (27%). The
CV of plant biomass was markedly affected by N supply, when the
differences between N treatments were detected from V8 onwards
(Fig. 1c). Contrarily, stand density did not modify this trait (Fig. 1d).

A significant N × hybrid × stand density interaction was
detected for the CV of plant biomass at R2 and R6 (P < 0.05). At R2,

differences in this trait between N levels were observed only for
hybrid AX877 at D12. For this hybrid, significant differences were
detected between stand densities only at N0 (CV of 24 and 32% for
D9 and D12, respectively). This trend held at R6 for hybrid AX877,
but differences were significant only between N levels at D12 (data
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ot shown). At this stage, differences between N levels were also
etected for hybrid AX820, but were significant at D9 rather than
t D12.

.2. Plant growth rate, biomass partition around silking, ear
rowth rate and kernel number

In both growing seasons, low N supply and increased stand den-
ity reduced PGRER, PGRCP, EGRCP and KNP (Table 2). Hybrids had
imilar PGRs for all periods under analysis (early reproductive and
ritical), but a significant Experiment (E) × H interaction indicated
hat (i) PGRER was larger in Exp 1 than in Exp 2 for AX877, and (ii)
GRCP was larger in Exp 1 than in Exp 2 for AX820. A slight (P < 0.10)
× stand density effect was detected for PGRER and PGRCP, which

ointed out a negative effect of increased stand density at high N
upply.

A positive and significant (P < 0.001) relationship was detected
etween PGRCP and PGRER (r2 = 0.68) for the whole data set.
his relationship held (P < 0.001) across treatments. For AX820
Fig. 2a), r2 values were larger for low (PGRCP = 0.51 + 1.07 PGRER,
2 = 0.68; P < 0.001) than for high N supply (PGRCP = 0.34 + 1.11
GRER, r2 = 0.34; P < 0.001). Although this trend was similar for
X877 (Fig. 2b), r2 values were always higher (PGRCP = 0.65 + 0.9

GRER, r2 = 0.82; P < 0.001 at N0 and PGRCP = 1.22 + 0.74 PGRER,
2 = 0.63; P < 0.001 at N200) than for AX820.

Biomass partition to the ear around the critical period (i.e.
I) was not affected by reduced N supply and increased stand
ensity, but differed between hybrids (Table 2 and Fig. 2c and
820 and AX877 during both experiments. Empty and full diamonds are for N0 (no
r 9, and 12 plants m−2, respectively. Ontogenic stages of crops are detailed at the

d). Hence, a significant relationship (P < 0.001) was established
between EGRCP and PGRCP across experiments for each hybrid
(r2 = 0.90 for AX820, r2 = 0.80 for AX877). Hybrid AX877 had always
the lowest EGRCP due to the smallest PI. Final KNP, however,
did not differ between hybrids (Table 2). No barren plant was
registered for AX820. Contrarily, 5% of barren plants (17 plants
with less than 10 kernels) were detected for AX877. For both
hybrids, plants with more than 1 ear were never detected at D9
and D12

Plant-to-plant variability of several traits was affected by treat-
ments (Table 2). Reduced N supply increased the CV of PGRER,
PGRCP, EGRCP and KNP (0.05 < P < 0.10). At the highest stand
density the CVs of PGRCP, PI, EGRCP and KNP was augmented
(0.001 < P < 0.10) (Table 2). The CV of PGRER, PGRCP, PI and KNP were
larger for hybrid AX877 than for hybrid AX820 (0.001 < P < 0.10). A
significant N × H × stand density was detected for the CV of EGRCP
(P < 0.01) and KNP (P < 0.10). Reduced N supply only caused an
increase in CV of EGRCP for hybrid AX877 at D12. The CV of KNP
augmented in N stressed plots of AX877 growing at D9 and D12,
and only at D9 for AX820.

3.3. KNP response to EGRCP
The variation in KNP was explained by the variation registered
in EGRCP by means of a curvilinear function (r2 ≥ 0.70, Table 3 and
Fig. 2e and f), which capture plant-to-plant variability across treat-
ments and experiments. A single function was fitted for AX820
data set because parameters of the function were not affected by
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Table 2
Plant growth rate during the early reproductive period (PGRER), and the critical period (PGRCP), ear growth rate during the critical period (EGRCP), partitioning index (PI), kernel number per plant (KNP) and their coefficients of
variation (CV) of two hybrids (H) cultivated at two plant population densities (D) and two N levels (N0: unfertilized; N200: fertilized). Values are the mean of two growing seasons (Exp 1 and Exp 2; E).

Hybrid Density pl m−2 Nitrogen PGRER g d−1 PGRCP g d−1 EGRCP g d−1 PI KNP CV (%)

PGRER PGRCP EGRCP PI KNP

AX820 9 0 1.75 2.56 1.09 0.35 335 26.9 20.4 31.8 13.9 25.4
200 3.16 4.05 1.78 0.39 499 15.5 17.3 23.6 12.3 13.4

12 0 1.56 2.21 0.90 0.35 310 32.1 23.5 36.4 15.9 28.4
200 2.69 3.08 1.32 0.38 418 18.8 23.4 36.7 22.3 22.4

AX877 9 0 1.82 2.40 0.78 0.31 359 29.0 27.7 32.4 17.1 38.4
200 3.75 4.20 1.34 0.30 534 25.6 24.8 29.3 19.0 26.1

12 0 1.61 2.03 0.63 0.29 276 37.2 34.4 47.1 25.8 64.7
200 2.82 3.02 0.97 0.30 446 19.2 22.5 28.5 22.5 25.3

Significance level of main and interaction effects
E *

N ** ** * ** * † * *

H ** *** † ** † ***

D ** *** ** ** † *** * *

E × N †

E × H † ** ** ***

N × H † †

H × D
E × D
N × D † †

E × N × H *

E × N × D †

E × H × D
N × H × D ** †

E × N × H × D

† Significance level at P < 0.1.
* Significance level at P < 0.05.

** Significance level at P < 0.01.
*** Significance level at P < 0.001.
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Fig. 2. Relationships between plant growth rates (PGR) obtained at early reproductive (PGRER, between V7 and V12) and critical (PGRCP, between R1 – 15 d and R2) periods (a
and b), ear (EGRCP) and plant (PGRCP) growth rates during the critical period (c and d), and response of kernel number per plant (KNP) to EGRCP (d and e) of hybrids AX820 (a, c
and e) and AX877 (b, d and f). Data correspond to hybrids AX820 and AX877 grown at N0 (empty symbols) and N200 (full symbols). Symbols: triangles (6 plants m−2); squares
(9 plants m−2); and circles (12 plants m−2). The lines in (c) and (d) represent the 0.50 (solid) and 0.25 (dotted) ratios between EGRCP and PGRCP (i.e. biomass partitioning
t EGRC

( ); for
E

t
(
N

t
e
i
P
r

o the ear) For AX820 in (e): KNP = 1123 (EGRCP − 0.19)/(1 + 1.6 (EGRCP − 0.19)) for
EGRCP − 0.07)/(1 + 0.52 (EGRCP − 0.07)) for EGRCP > 0.07 (r2 = 0.70, n = 167; P < 0.01
GRCP > 0.28 (r2 = 0.70, n = 168; P < 0.01).

reatments. Contrarily, for AX877 the threshold EGRCP for KNP = 0
EGRCPT), the initial slope (h) and the curvature (i) were larger for
200 than for N0.

Differences between hybrids held for the relationship between

he CVs of these traits. Increased variability in EGRCP promoted by
nhanced abiotic stress caused a larger increased in KNP variabil-
ty of hybrid AX877 (CV KNP = −23.18 + 1.75 CV EGRCP, r2 = 0.51,
< 0.001) than of hybrid AX820 (CV KNP = 6.01 + 0.45 CV EGRCP,

2 = 0.19, P < 0.01).
P > 0.19 (r2 = 0.76, n = 334; P < 0.01). For AX877 N0 (dotted line) in (f): KNP = 680.4
AX877 N200 (full line) in (f): KNP = 1513 (EGRCP − 0.28)/(1 + 1.7 (EGRCP − 0.28)) for

4. Discussion

In the current research we studied the responses of maize plants
to different stand densities (optimum and supra-optimum plant

populations) and contrasting N supplies (fertilized and non fertil-
ized plots), using two commercial hybrids of similar breeding era
but distinct tolerance to crowding. Plant responses were evaluated
from the start of the autotrophic phase at V3 (Pommel, 1990) until
final harvest at R6, and focused at the individual plant level (i.e.
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Table 3
Parameters of models fitted to the data set of kernel number per plant (KNP) in terms of EGRCP. Attached is the coefficient of determination (r2), the values of model parameters
and the number of plants used for the adjustment of each model.

Hybrid Nitrogen KNP vs. EGRCP

Model parameters

h (gr g−1 d−1) EGRCPT (g pl−1 d−1) i (gr g−1 d−1) r2, n
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AX820 N0 + N200 1123a
AX877 N0 680.4b

N200 1513a

ifferent letters within a column indicate significant differences (P < 0.05) among tr

ata representing the population variability). In our experiments,
and stand density stresses caused the expected reduction in

lant biomass (Maddonni and Otegui, 2004; Pagano and Maddonni,
007; Boomsma et al., 2009), but we established that its response
o N deficiency preceded (onset at V8) the response observed to
educed irradiance per plant (onset at V12). The early effect of N
tress on plant biomass production, derived from decreased plant
eaf area (McCullough et al., 1994a,b; Uhart and Andrade, 1995;
oomsma et al., 2009) and light interception (Jones and Kiniry,
986; Gallo et al., 1993), indicated that this restriction anticipated
he negative effects on these traits caused by enhanced mutual
hading due to increased stand density (Kiniry and Knievel, 1995;
agano and Maddonni, 2007). Nevertheless, more contrasting stand
ensities (e.g. sub-optimum vs. supra-optimum plant populations;
addonni et al., 2001) combined with less intense N deficiency

Uhart and Andrade, 1995) could reverse this response.
Temporal analysis of plan-to-plant variability, quantified in the

V of plant biomass (Edmeades and Daynard, 1979), revealed that
he natural variability at the start of crop cycle was slightly larger
han in previous studies (Maddonni and Otegui, 2004; Pagano and

addonni, 2007). This condition was probably due to an uneven
istribution of the initially low soil N level of the whole experimen-
al site. Persistently high CV values computed for N0 plots before
he start of competition for light due to mutual shading (i.e. leaf
rea index < 1; Smith, 1986) support the hypothesis of ‘symmet-
ic’ assigned to the acquisition of soil resources, because growth of
lants exposed to patches of low N was much reduced than growth
f those exposed to patches of high N. Fertilization at V6, caused an
ncrease in plant biomass (Boomsma et al., 2009), but also a steeper
ecline in the CV of this trait as compared to the unfertilized plots.
his response clearly revealed the capacity of improved N supply
or smoothing the initial variation among plants, which may turn
nto superior grain yields per unit land area (Tollenaar and Wu,
999). After fertilization, the drastic reduction in interplant vari-
bility indicates that early in the cycle dominated individuals are
ot permanently affected in their capacity for capturing resources
nd recovering growth, and that this plant type would be responsi-
le for the homogenization of growth among individuals along the
ycle (Vega and Sadras, 2003). This result additionally suggests that
he capacity of plants to acquire soil resources may be a dynamic
rait and not a constitutive one, strongly depending on the stage of
he cycle when the shift in resource availability takes place (Kira
t al., 1953). The experimental approach to test these hypothe-
es should grant (i) a homogenous resource offer, especially at low
esource levels (e.g. comparable to that obtain by means of shading
or the case of light), and (ii) the evaluation of possible differences in
oil resource acquisition between dominant and dominated plants
ue to an interference of their root systems. This approach does not
eem feasible at the field-crop level, except by means of extremely

rastic soil (Uhart and Andrade, 1995) and plant manipulations (e.g.
plit root systems; Satorre and Snaydon, 1992).

An enhanced biomass partitioning to aerial organs (i.e. increased
hoot/root ratio) has been reported as an early response of maize
lants to the presence of neighbor individuals (Kasperbauer and
0.19a 1.60a 0.76, 334
0.07b 0.52b 0.70, 167
0.28a 1.70a 0.70, 168

nts.

Karlen, 1994), and genotypic differences in shoot elongation in
response to neighbors has been documented for maize hybrids
(Maddonni et al., 2002). This penalty in assimilates allocation
to roots may limit the competitive capacity for capturing soil
resources (Rajcan and Swanton, 2001). In this context, a larger
variation in plant growth should be expected among individu-
als of unfertilized plots than among their fertilized counterparts,
especially in hybrids more reactive to the presence of neighbors.
Based on this reasoning, late effects on plant growth (summa-
rized in PGRCP) of environmental conditions experienced early in
the cycle (summarized in PGRER) should be stronger under low
than under high N supply. This trend was clearly observed in our
research for the tight relationship between PGRCP and PGRER of the
intolerant hybrid. A result that reinforced previous findings from
thinning treatments imposed at the start of the early reproductive
period (Pagano and Maddonni, 2007), which decreased plant-to-
plant variability of the intolerant hybrid and increased PGRCP, with
the concomitant reduction in the relationship between PGRCP and
PGRER. Collectively, former (Pagano and Maddonni, 2007) and cur-
rent findings support the idea of different population performance
in response to limiting light and soil resources between canopies
of tolerant and intolerant hybrids. Interestingly, results from dif-
ferent intolerant hybrids included in our studies fulfil the concept
of a size-asymmetric competition of leaves for light and a size-
symmetric competition of roots for nutrients, since late thinning
decreased the early variability among individuals, while late N
fertilization did not completely modify the initial plant-to-plant
variability. By contrast, thinning did not alter the initial low pop-
ulation variability of the tolerant hybrid, but fertilization at the
start of the early reproductive period disengaged the relationship
between PGRCP and PGRER. Hence, the intolerant hybrid exhib-
ited a pattern of resource acquisition close to that of a community
of different species, where root competition indirectly affects the
overall competition among individuals due to root–shoot compe-
tition interactions (Lamb et al., 2009). Increasing the intensity of
root competition (e.g. environments with low soil fertility) should
increase the size-asymmetric competition for light; hence, plant-
to-plant variability at early growth stages would influence the final
reproductive performance of the stand.

The relationships between PGRCP and PGRER, EGRCP and PGRCP
and between the CV of EGRCP and the CV of KNP of the intoler-
ant hybrid illustrate the early growth effect on reproductive fate.
Above-optimum stand density and N deficiency did not uncou-
ple vegetative and reproductive growth (i.e. the biomass partition
index estimated from the relationship between EGRCP and PGRCP),
as previously reported for some specific genotype × stand density
(Pagano and Maddonni, 2007) or genotype × N (D’Andrea et al.,
2006, 2008) combinations. Biomass partition index, however, was
smaller and more variable for the intolerant hybrid AX877 than for

the tolerant AX820. This index represents the strength of the ear as
a sink for assimilates around flowering, and differences in this trait
between hybrids support their distinction as ‘stable’ (AX820) or
‘unstable’ (AX877) in grain yield response across environments of
contrasting intraespecific competition (Echarte et al., 2004; Luque
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t al., 2006; Pagano and Maddonni 2007). Use of EGRCP, however,
id not improve the predictive capacity of PGRPC for the estimation
f KNP (data not showed) in disagreement with evidences from pre-
ious research (Pagano and Maddonni, 2007; D’Andrea et al., 2008).
iscrepancies may be related to mentioned genotype-dependent

esponses, which may affect biomass allocation to the ear but also
ernel set per unit ear biomass (D’Andrea et al., 2006, 2008). For the
olerant hybrid, the response of KNP to EGRCP held independently
f the factor that was limiting plant growth (N, stand density). Con-
rarily, for the intolerant hybrid, N stress not only affected EGRCP
ut also the reproductive efficiency (i.e. kernel set per unit of EGRCP)
stimated by the initial slope of the function fitted to KNP and EGRCP
ata sets. The negative effect of reduced plant growth on kernel set
as enhanced by N deficiency (D’Andrea et al., 2008).

. Conclusions

This work clearly showed the capacity of improved N supply
or smoothing the initial variation among plants of maize hybrids
ith different tolerance to crowding. N fertilization reduced the

nitial plant-to-plant variability of the tolerant hybrid (AX820). In
ontrast, N fertilization did not completely modify the initial plant-
o-plant variability of the intolerant hybrid (AX877). The close
elationship between PGRCP and PGRER of AX877, even at high

supply, suggests a symmetrical competition for soil resources.
dditionally, N stress not only affected EGRCP but also the repro-
uctive efficiency (i.e. KNP per unit of EGRCP) of AX877. This effect
as clearly demonstrated by the positive relationship between the
Vs of EGRCP and of KNP.
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