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Abstract

Reduced plant biomass and increased plant-to-plant variability are expected responses to crowding in monocultures, but the

underlying processes that control the onset of interplant interference and the establishment of hierarchies among plants within a

stand are poorly understood. We tested the hypothesis that early determined plant types (i.e. dominant and dominated

individuals) are the cause of the large variability in final kernel number per plant (KNP) usually observed at low values of plant

growth rate (PGR) around silking in maize (Zea mays L.). Two hybrids (DK696 and Exp980) of contrasting response to

crowding were cropped at different stand densities (6, 9 and 12 plants m�2), row spacings (0.35 and 0.70 m), and water regimes

(rainfed and irrigated) during 1999/2000 and 2001/2002 in Argentina. The onset of interplant competition started very early

during the cycle, and significant differences (P < 0:05) in estimated plant biomass between stand densities were detected as

soon as V4–6 (DK696) and V6–7 (Exp980). Plant population and row spacing treatments did not modify the onset of the

hierarchical growth among plants, but did affect (P < 0:02�0:08) the dynamic of the process. For both hybrids, the rate of

change in relative growth between plant types was larger at 9 and 12 plants m�2 (ca. 0.12 g/g per 100 8C day) than at

6 plants m�2 (ca. 0.07 g/g per 100 8C day). For all treatments, the largest difference in estimated shoot biomass between plant

types took place between 350 (V7) and 750 8C day (V13) from sowing, and remained constant from V13 onwards. Dominant

plants always had more kernels per plant (P < 0:05) than the dominated ones, but differences between plant types in PGR

around silking were significant (P < 0:05) only at 12 plants m�2. Our research confirmed the significant (P < 0:01) curvilinear

response of KNP to PGR around silking, but also determined a differential response between plant types: the mean of residual

values were significantly (P < 0:01) larger for dominant than for dominated individuals. Estimated ear biomass at the onset of

active kernel growth (R3) reflected the variation in KNP (r2 � 0:62), and was significantly (P < 0:01) related to estimated plant

biomass at the start of active ear growth (ca. V13). This response suggested that the physiological state of each plant at the

beginning of the critical period had conditioned its reproductive fate. This early effect of plant type on final KNP seemed to be

exerted through current assimilate partitioning during the critical period.
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1. Introduction

Maize (Zea mays L.) has a distinctive response to

stand density, with a sharp decline in kernel number
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per plant (KNP) and a substantial increase in plant

barrenness at plant populations beyond the threshold

that maximizes grain yield (Tetio-Kagho and Gardner,

1988b). This response to supra-optimal stand densities

derives from the combined effect of: (i) a decrease in

photosynthetic rate per plant (Edmeades and Daynard,

1979) and in plant growth rate (PGR; Tollenaar et al.,

1992; Andrade et al., 1999), and (ii) an hierarchical

pattern in reproductive development in which tassel

growth dominates ear growth (apical dominance). The

direct consequence of this response to increased stand

density is an enhanced interplant variability in several

phenotypic traits (e.g. biomass, height, anthesis-silk-

ing interval, kernel number, etc.), which has been well

documented (Edmeades and Daynard, 1979; Vega

et al., 2000; Uribelarrea et al., 2002). Modern maize

hybrids, however, have an improved performance at

high stand densities, which is attributed to their capa-

city to hold high photosynthetic rates when leaf area

index (LAI) increases due to increased plant popula-

tion (Dwyer and Tollenaar, 1989), and to a reduced

plant barrenness (Russel, 1991). Recent research (San-

goi et al., 2002) suggests that the first trait could be

related to a more compact canopy architecture (i.e.

shorter plants with upright leaves), and the second one

to a more balanced allometric relationship between the

tassel and the ear (i.e. reduced biomass partitioning to

the male organ).

In spite of the profuse research on maize response to

stand density, the underlying processes that control the

onset of interplant interference and the establishment

of hierarchies among plants within a stand are less

understood. The study of plant-to-plant variability

within a stand would be useful for improving our

knowledge on the physiology of maize growth at high

plant populations, which is of great importance in

breeding for increasing yield potential (Russel, 1991;

Evans, 1993) and for improving crop simulation mod-

els aimed to predicting KNP (Ritchie and Alagars-

wamy, 2003). In a study of plant growth evolution, for

example, the onset of intra-specific competition was

inferred from an increase in the coefficient of variation

(CV) of plant biomass (Edmeades and Daynard,

1979). At a low density of 5 plants m�2 the CV of

plant biomass had a low and almost constant value

(ca. 10%) during the whole growing season, indicative

of a similar growth of each individual plant within

the stand. Contrarily, at a high plant population of

20 plants m�2 the CV increased from 20 to 40%

during the same period. This statistical parameter

can therefore reveal the existence of plants with

different competitive ability within the same stand

density (Edmeades and Daynard, 1979). Large plants

have an enhanced competitive ability and could be

identified as the ‘‘dominant plants’’ of the stand, in

contrast to the small ones with a low capacity for

resource capture (i.e. ‘‘dominated plants’’). The onset

of this hierarchical growth pattern among plants

within a stand would be related to the intensity of

intra-specific competition (i.e. plant population den-

sity) and the particular response of each genotype to

environmental stress (i.e. tolerance to increased stand

density). Hybrids with contrasting response to

increased stand density would differ in the ontogenic

stage at which intra-specific competition starts and in

the pattern of plant size distribution. We hypothesize

that tolerant hybrids will present a delayed intra-

specific competition and a more uniform growth of

individual plants within the stand.

Row spacing is another cultural practice that may

modify resource availability per plant. A more uni-

form plant distribution increased light attenuation

(Flénet et al., 1996), especially for canopies that did

not reach the critical LAI (Barbieri et al., 2000;

Maddonni et al., 2001; Andrade et al., 2002). During

the early stages of growth, plants within a maize stand

cultivated in wide rows at a high plant population

density probably perceive less solar radiation than

those cultivated under narrow rows at the same stand

density. Early canopy closure of narrow-row crops

may also have an impact on water availability per

plant (Karlen and Camp, 1985).

Finally, information on the effect of early deter-

mined plant types (i.e. dominant or dominated) on

KNP is lacking. Kernel set is strongly related to PGR

around silking (Andrade et al., 1999; Cantarero et al.,

1999; Vega et al., 2001a; Kiniry et al., 2002), but the

great variability in KNP at low values of PGR has

not been explained (Ritchie and Alagarswamy,

2003). Apparently, some plants do not allocate to

the ear the minimum assimilate requirement for seed

set (Egli, 1998; Vega et al., 2001b). We hypothesize

that dominated plants, whose growth have been

reduced early along the cycle, will have a decreased

biomass partitioning to reproductive structures

during the critical period and will be more prone
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to barrenness, increasing kernel set variability at low

PGR values.

In this work, two maize hybrids with contrasting

reaction to crowding (Maddonni et al., 2002) were

cropped at different stand densities, row spacings and

water regimes (rainfed and irrigated). These treat-

ments were aimed to promote different resource avail-

ability per plant during the growing season. Our

objectives were to (i) analyze the growth of individual

maize plants cultivated at different intensities of inter-

plant competition, (ii) determine the onset of inter-

plant variability in the ability for resource capture (i.e.

dominant and dominated plants), and (iii) study the

effects of early determined plant hierarchies on the

relationship between KNP and PGR around silking.

2. Materials and methods

2.1. Experimental design

Field experiments were conducted in Argentina

during the growing seasons of 1999/2000 at Salto

(348330S, 608330W) and 2001/2002 at Pergamino

(338560S, 608340W), both on silty clay loam soils

(Typic Argiudoll). At Salto, sowing took place on

30 September and a constant plant population of

12 plants m�2 was used. Treatments at this site were

a factorial combination of: (i) two row spacings

(0.35 and 0.70 m) and (ii) two hybrids (DK696

and the experimental 980; Exp980). These hybrids

had been previously described (Maddonni et al.,

2002) as having a differential capacity for leaf

reorientation (DK696 larger than Exp980) or plant

elongation (Exp980 larger than DK696) in reaction

to increased crowding. At Pergamino, sowing took

place on 5 November and treatments were a factor-

ial combination of: (i) three plant populations (6, 9

and 12 plants m�2) and (ii) two hybrids (DK696 and

Exp980).

In all experiments, treatments were arranged in a

split-plot design with three replicates. At Salto,

hybrids were the main factor and row spacings the

sub-factor. Each plot was 10 rows, 20 m long. At

Pergamino, plant populations were the main factor

and hybrids the sub-factor. At this site, each plot was

five rows, 0.70 m apart and 20 m long. Plots were

hand-planted at three seeds per hill, and thinned to the

desired plant population at the two-leaf (ligulated

leaves) stage (V2; Ritchie et al., 1993). Rows always

had an east–west orientation. In order to minimize

nitrogen (N) restrictions, urea was applied at V4

(200 kg N ha�1). Plots were kept free of weeds,

insects, and diseases. Air temperature, and rainfall

were recorded daily at each experimental site.

At Salto, crops were conducted under rainfed con-

ditions, and the growing season (1999/2000) was

characterized by rainfall records (366 mm) below

the long-term (30 years) average for the region

(481 mm), especially during the pre-silking period

(168 mm in 1999/2000 respect to 308 mm of the

long-term average). Consequently, close to silking

crops presented visual water stress symptoms (i.e.

leaf rolling) at midday at this site. Hybrid Exp980,

however, experienced an extra 50 mm rainfall supply

during the silking þ 15-day period, due to slight dif-

ferences between hybrids in cycle duration up to

silking (ca. 5 days longer for Exp980 than for

DK696). At Pergamino, water stress was prevented

by means of sprinkler irrigation, with the soil near field

capacity throughout the growing season. At this site,

therefore, crops never presented water stress symptoms

and had a shorter thermal time (TT) requirement

(base temperature 8 8C; Ritchie and NeSmith, 1991)

to reach silking (ca. 1000 8C day) than at Salto

(ca. 1200 8C day).

2.2. Plant biomass evolution

Allometric models (Andrade et al., 1999; Vega et al.,

2001b; Borrás and Otegui, 2001) were used for a

nondestructive estimation of: (i) shoot biomass evolu-

tion of individual plants along the pre-silking period

(from V3 to R1) and at the beginning of the effective

grain-filling period (R3), and (ii) apical ear shoot

biomass at R3. For these purposes, 10 successive

plants per each hybrid � row spacing (at Salto) or

hybrid � plant population density (at Pergamino)

treatment combination were tagged in the central

row of each plot, and were individually identified.

At this occasion, plants had the same ontogenic stage

(V3) and a similar initial growth (visual observation).

Tagged plants were always surrounded by at least two

rows of border plants, and remained in the field until

final harvest at physiological maturity. Phenological

stages were also measured on these plants.
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Fifteen plants per treatment combination were har-

vested weekly between V3 and R1 (silking), and at R3.

These plants were used for building allometric models

between plant or ear shoot biomass and morphometric

variables. The morphometric variables incorporated in

the models were plant height from ground level up to

the uppermost visible collar and stem diameter at the

base of the plant (all sampling dates), and maximum

diameter of the uppermost ear shoot (only at R3). Each

harvested plant was oven dried at 70 8C until constant

weight to determine plant shoot biomass. At R3, the

apical ear shoot was separated and individually

weighed. On each sampling date, morphometric vari-

ables were also registered on each tagged plant, and

the established allometric models were used for esti-

mating their biomass (i.e. whole plant shoot between

V3 and R3, and ear shoot only at R3).

The relationship between shoot biomass and mor-

phometric variables of the harvested plants was eval-

uated by means of regression models, which are

summarized in Table 1. During 1999/2000, a single

model was used for describing shoot biomass of both

hybrids and both row spacings between V3 and R1,

and at R3. Contrarily, individual models were fitted to

each hybrid during 2001/2002, without distinction

among plant populations. During the pre-silking per-

iod, shoot biomass was significantly related to the

stem volume (Fig. 1), which was estimated with a

cylinder formula based on plant height and stem

diameter. At R3, shoot biomass was estimated with

a multiple linear regression (stepwise method), whose

first parameter was stem volume and the second one

the square of apical ear diameter (Table 1). At this

ontogenic stage, biomass of the apical ear shoot was

significantly related to its corresponding maximum

diameter (r2 ¼ 0:65;P < 0:01) in an exponential way

(Fig. 1; Table 2). Allometric models for the estimation

of apical ear shoot biomass were significantly differ-

ent (P < 0:01) between hybrids during 1999/2000.

Fitted functions did not differ between hybrids during

2001/2002, but individual models were still used

because a single equation gave an uneven residual

distribution, with underestimation of ear shoot bio-

mass for DK696 and overestimation for Exp980.

In all experiments, plant biomass at physiological

maturity (R6) was determined by individual sampling

of all tagged plants. The evolution of plant biomass

production along the cycle (estimated between V3

and R3 and observed at R6) was expressed on a TT

basis.

Table 1

Parameters of the allometric models used to estimate plant shoot biomass during the pre-silking period (V3–R1) and at 15 days after silking

(R3)a

Experiment Hybrids Ontogenic stages

V3–R1 R3

a b R2, n a b c R2, n

1999/2000 DK696, Exp980 0.13 0.172 0.96, 443 �8.8 0.133 0.037 0.93, 95

2001/2002 DK696 2.06 0.143 a 0.96, 284 �5.3 0.17 a 0.023 b 0.83, 44

Exp980 2.37 0.124 b 0.98, 328 �16.9 0.06 b 0.062 a 0.91, 44

a For V3–R1, the model (biomass ¼ a þ b Vol) was based on stem volume (Vol, cm3). For R3, the model (biomass ¼ a þ b Vol þ cE2) was

based on stem volume and maximum apical ear diameter (E, in mm). Stem volume was calculated from the cylinder formula, using plant

height from ground level to the uppermost ligulated leaf and stem diameter at the base of the stalk. Different letters within a column indicate

significant differences (P < 0:05) between hybrids.

Table 2

Parameters of the allometric model used to estimate ear shoot

biomass (g) at 15 days after silking (R3)a

Experiment Hybrids a b R2, n

1999/2000 DK696 0.085 b 0.143 a 0.86, 43

Exp980 0.318 a 0.103 b 0.86, 49

2001/2002 DK696 1.75 0.075 0.65, 44

Exp980 1.99 0.067 0.86, 44

a The model (ear shoot biomass ¼ a ebE) was based on the

maximum diameter of the apical ear shoot (E, in mm). Different

letters within a column indicate significant differences (P < 0:05)

between hybrids.
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2.3. The dynamic of intra-specific competition and

kernel set

Plant biomass values of each treatment at R6 were

ranked in ascending order, and the cumulative fre-

quency was calculated for each record. A plant was

classified as dominant when its biomass was ranked

within the uppermost 33% of the data set. Dominated

plants were those with a biomass value ranked within

the lowermost 33% of the data. Once these plant types

were identified, we calculated the ratio between the

estimated plant biomass of dominated (EBd) and

dominant (EBD) tagged plants on each sampling date.

The evolution of this ratio along the cycle was used as

an indicator of the dynamic of intra-specific competi-

tion. A bilinear with plateau model (Eqs. (1) and (2))

was used for describing the mentioned process

EBd

EBD

¼ a þ b TT for TT � c (1)

EBd

EBD

¼ a þ bc for TT > c (2)

where a is the intercept, b the slope (the differential

growth between both plant types) and c the threshold

between models (TT until which dominant plants

increased their biomass in a greater proportion than

dominated plants).

The fitting of the models was performed by an

optimization technique (Jandel, 1992). Differences

among treatments for the intercept (a) and the slope

(b) were tested by ANOVA and a t-test (Steel and

Torrie, 1960). The thresholds (c) were compared with

the confidence interval of the parameter (P < 0:05).

Kernel number of each tagged plant was counted at

R6, and an hyperbolic function (Vega et al., 2001b) was

fitted to the relationship between KNP and PGR around

silking (Eq. (3)). PGR was calculated as the mean daily

shoot biomass increase between R1-15 days and R3

KNP ¼ aðPGR � GTÞ
1 þ bðPGR � GTÞ

for PGR > GT (3)

where a is the initial slope, GT the PGR threshold for

kernel set and b the slope at high values of PGR.

Regression analysis was applied to the relationship

between variables. Differences between dominated

and dominant plants in observed KNP and estimates

of plant shoot biomass, apical ear shoot biomass, and

PGR were evaluated by means of a t-test.

3. Results

3.1. Plant biomass evolution

Plant biomass was significantly (P < 0:05) reduced

in response to increased interplant competition

promoted by increased stand density (Fig. 2). Differ-

ences in shoot biomass among plant populations

started at around 286–370 8C day (V4–6; DK696) or
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Fig. 1. Relationships between: (a) plant biomass during the pre-

silking period and stem volume, and (b) ear shoot biomass and

maximum ear shoot diameter at R3. Each point represents an

individual plant of hybrid Exp980, cultivated at three plant

populations (triangles: 6 plants m�2; squares: 9 plants m�2; circles:

12 plants m�2) in an irrigated experiment. Dotted lines indicate the

fitted models described in Tables 1 and 2.
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370–474 8C day (V6–7; Exp980) from sowing. The

largest differences among stand densities were estab-

lished early in the cycle (ca. 630 8C day from sowing;

V9), and held until physiological maturity. At V9, plant

biomass of hybrid DK696 at 9 or 12 plants m�2 was ca.

55 % smaller than at 6 plants m�2. For Exp980, plant

biomass at those stand densities was 42 (9 plants m�2)

and 48% (12 plants m�2) smaller than at the lowest

plant population. Row spacing (0.70 vs. 0.35 m) also

had an early (from V4 onwards) significant (P < 0:05)

effect on plant biomass of hybrid Exp980, but the

magnitude of the response was smaller (less than

10%) than that promoted by plant population.

Plant-to-plant variability within each stand den-

sity was also established early in the cycle (Fig. 2).

For all treatments, the CVof plant biomass increased

from V3 (2–4%) to V9 (23–54%), and the maximum

value attained by each crop depended on the inten-

sity of interplant competition. The highest CV values

corresponded to the wide-row plots in the rainfed

experiment (ca. 54%) and to the highest stand den-

sity in the irrigated one (33% for Exp980 and 38%

for DK696). This trend among treatments and the

magnitude of plant-to-plant variability held until

physiological maturity. At this stage, the CV of plant

biomass increased for both hybrids in relation to the

intensity of interplant competition (from ca. 16.5%

at 6 plants m�2 to ca. 40% at 12 plants m�2), but

Exp980 always had larger CV values than DK696.

At physiological maturity, plant biomass of both

hybrids was significantly (P < 0:01) reduced in

response to increased stand density (Fig. 3), but the

Exp980 outyielded DK696 at 6 and 9 plants m�2

(P<0.001). Shoot biomass at R6 did not differ between

hybrids when cropped at 12 plants m�2. Row spacing

did not modify shoot biomass production, but crops

cultivated in wide rows presented a higher plant-to-

plant variability (CVs of 35 and 45% for DK696 and

Exp980, respectively) than those cultivated in narrow

rows (CVs of 26 and 30% for DK696 and Exp980,

respectively).

3.2. The dynamic of intra-specific competition

Except at the V3 stage, dominated plants of both

hybrids were always shorter and thinner (i.e. less stem

Fig. 2. Evolutions of plant biomass (a and c) and of the CV of plant biomass (b and d) of hybrids DK696 (a and b) and Exp980 (c and d),

cultivated at three plant populations (triangles: 6 plants m�2; squares: 9 plants m�2; circles: 12 plants m�2) in an irrigated experiment, and at

12 plants m�2 and two row spacings (empty diamonds: 0.35 m, solid diamonds: 0.70 m) under rainfed conditions. Data are the mean 
 S:E:of

23–25 plants.
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diameter) than the dominant ones (data not shown)

during the pre-silking period. Differences in these

traits between plant types held at R1, except for plant

height of Exp980 in the irrigated experiment, where

dominated individuals did not differ from the domi-

nant ones.

The evolution of the biomass ratio between plant

types was accurately (r2 ¼ 0:66;P ¼ 0:05Þdescribed

by a bilinear with plateau model (Fig. 4 and Table 3),

which had a similar general pattern for all plant

population and row spacing treatments. Based on

ranks established at R6 (Fig. 3), estimated plant bio-

mass of tagged plants at the first sampling date (V3)

did not differ (i.e. ratio close to 1) between plant types.

Consequently, the ordinate values of the bilinear

model (a) were always close to 1 (Table 3). From this

stage onwards, estimated biomass of dominant plants

was significantly (P < 0:05) larger than that of the

dominated ones (i.e. ratio <1). Plant population and

row spacing treatments did not modify the onset of

intra-specific competition for any hybrid, but did

affect (P < 0:02�0:08) the dynamic of the process

(Table 3). For both hybrids, the rate of change in

relative growth between plant types (b parameter) was

larger at 9 and 12 plants m�2 than at 6 plants m�2. A

similar trend was observed for hybrid Exp980 when

cropped under wide rows respect to narrow rows in the

rainfed experiment.

The largest difference in estimated shoot biomass

between plant types took place between 350 (V7) and

750 8C day (V13) from sowing (c parameter; Table 3),

independently of plant populations or row spacings.

From this time onwards, the biomass ratio between

plant types remained almost constant (ca. 0.72, 0.67

and 0.52 for 6, 9 and 12 plants m�2, respectively).

Under rainfed conditions, the final ratios were ca. 0.40

and 0.55 for narrow rows and wide rows, respectively.

3.3. Kernel set

The early determined hierarchies among plants

were reflected in shoot biomass at the beginning of
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the models are described in Table 3.
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the critical period (Table 4). At this stage (V13),

dominated plants of both hybrids had produced less

biomass (P < 0:05) than the dominant plants, inde-

pendently of the plant population or row spacing

treatment. The only exception to this general trend

was the Exp980 cultivated at 12 plants m�2 in wide

rows, for which no difference was detected between

plant types. Estimated PGR of tagged plants around

silking varied between 0 and 12 g per plant per day.

Within this wide range of PGRs, all plant types at the

Table 3

Parameters of the model fitted to the ratio in plant biomass between dominated and dominant plants. Hybrids were cultivated at different stand

densities and row spacingsa

Experiment Hybrids Stand

density (plants m�2)

Row

spacing (m)

a (g/g) b (g/g per 100 8C day) c (8C day) R2, n

1999/2000 DK696 12 0.35 1.28 �0.22 349 0.66, 7

12 0.70 1.04 �0.09 672 0.96, 7

ns ns ns

Exp980 12 0.35 0.92 b �0.05 b 756 0.82, 7

12 0.70 1 a �0.08 a 647 0.69, 7

0.05 0.02 ns

2001/2002 DK696 12 0.70 1.19 �0.12 a 526 0.94, 10

9 0.70 1.25 �0.14 a 434 0.93, 10

6 0.70 1.11 �0.07 b 583 0.87, 10

ns 0.05 ns

Exp980 12 0.70 1.20 �0.12 a 569 0.94, 10

9 0.70 1.18 �0.11 a 513 0.93, 10

6 0.70 1.11 �0.08 b 478 0.87, 10

ns 0.08 ns

a The ratio was described by a bilinear model where a is the intercept, b indicates the differential growth between plant types, and c the

period (thermal time from sowing) during which dominant plants increase their biomass in a greater proportion than the dominated ones.

Different letters within a column and hybrid indicate significant (P < 0:02–0.08) differences between treatments.

Table 4

Shoot biomass at V13, PGR around silking and kernel set of dominated and dominant plants of two maize hybrids cultivated at three stand

densities and two row spacingsa

Experiment Hybrids Stand density

(plants m�2)

Row

spacing (m)

Shoot biomass PGR Kernel number

Dominated

(g per plant)

Dominant

(g per plant)

Dominated

(g per plant

per day)

Dominant

(g per plant

per day)

Dominated

(kernel number

per plant)

Dominant

(kernel number

per plant)

1999/2000 DK696 12 0.35 37.5 b 77.8 a 1.75 b 2.88 a 126 b 436 a

12 0.70 37.9 b 80.2 a 0.78 b 1.83 a 37 b 263 a

Exp980 12 0.35 46.1 b 69.6a 1.48 b 3.08 a 254 b 478 a

12 0.70 38.8 49.1 0.85 b 2.76 a 165 b 556 a

2001/2002 DK696 12 0.70 28.4 b 50.5 a 1.83 b 2.65 a 304 b 514 a

9 0.70 33.2 b 55 a 2.34 2.88 407 b 573 a

6 0.70 69.8b 100.6 a 4.78 6.47 563 b 713 a

Exp980 12 0.70 36 b 65.9 a 2.21 b 4.33 a 325 b 589 a

9 0.70 46 b 75.2 a 2.80 3.40 479 b 623 a

6 0.70 88.4 b 116.4 a 3.90 6.08 656 b 854 a

a For each variable, different letters within a row indicate significant differences (P < 0:05) between dominant and dominated plants.
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lowest stand density had significantly (P < 0:05)

higher rates (means around 4.3 and 6.3 g per plant

per day for dominated and dominant plants, respec-

tively) than those cultivated at 9 or 12 plants m�2

(means around 2.3 and 3.3 g per plant per day for

dominated and dominant plants, respectively). Differ-

ences in PGR between dominant and dominated

plants, however, were significant (P < 0:05) only at

12 plants m�2. In the rainfed experiment, PGRs of all

plant types tended to be larger under narrow rows (ca.

2.3 g per plant per day) than under wide rows (ca. 1.6 g

per plant per day), but this trend was only significant

(P < 0:05) for hybrid DK696.

Despite some low PGR values, no plant barrenness

was registered in the irrigated experiment, and only

four dominated plants (one of Exp980 and three of

DK696) did not set kernels in the rainfed condition.

For all plant populations and row spacings, dominant

plants had more kernels per plant (P < 0:05) than the

dominated ones (Table 4). The largest (P < 0:001)

mean KNP values were always registered at the lowest

stand density (for Exp980: 755, 550 and 457 grains per

plant at 6, 9 and 12 plants m�2, respectively; for

DK696: 683, 490 and 409 grains per plant at 6, 9

and 12 plants m�2, respectively), and row spacing did

not modify mean KNP.

When plant-to-plant variability was analyzed, the

lowest CV values for PGR (ca. 28%) were registered

for both hybrids and plant types at 9 plants m�2. At the

other stand densities, CV values for this parameter (ca.

48% at 6 and 12 plants m�2) were larger than those

determined for 9 plants m�2. The lowest CV values

for KNP corresponded to crops grown at 6 plants m�2

(16%) and 9 plants m�2 (17%), with no distinction

between hybrids or plant types. Plant-to-plant varia-

bility in KNP increased (CV ¼ 28%) when stand

density was augmented to 12 plants m�2 in the irri-

gated experiment. A similar variability in KNP was

observed for the Exp980 cropped at Salto (mean

CV ¼ 30%), with no difference between row spa-

cings. The CV of this parameter increased drastically

for DK696 at this site (mean CV ¼ 85%), probably

due to the more pronounced water stress it experi-

enced in this rainfed condition. When plant types were

considered in the analysis, the CV of PGR was larger

for dominated (58%) than for dominant plants (26%)

grown at 12 plants m�2, but no clear trend could be

established for the other stand densities. A similar

trend between plant types was observed for the varia-

tion in KNP, with CV values of 17% (dominated) and

9% (dominant) at 9 plants m�2, and 48% (dominated)

and 26% (dominant) at 12 plants m�2.

The number of kernels per plant was significantly

(P < 0:01) related to PGR around silking (Fig. 5). The

threshold PGR (GT) differed significantly (P < 0:05)

from zero for the DK696 (GT ¼ 0:35 
 0:13 g per

plant per day) but not for the Exp980

(GT ¼ �0:43 
 0:34 g per plant per day). Hybrids,

on the other hand, had a similar increase in KNP, both

at low (a ffi 361) and high (b ffi 0:38) PGRs. When

plant type was included in the analysis, however, an
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Fig. 5. Response of KNP to PGR around silking. Lines represent

the functions fitted to the whole data set of two hybrids cultivated at

three plant populations (triangles: 6 plants m�2; squares:

9 plants m�2; circles: 12 plants m�2) under irrigated and rainfed

conditions. Full symbols represent dominant plants (those ranked

within the uppermost 33% of the shoot biomass data set at R6)

and empty symbols the dominated ones (those ranked within

the lowermost 33% of the data set). For DK696: KNP ¼
383ðPGR � 0:35Þ=ð1 þ 0:41ðPGR � 0:35ÞÞ for PGR > 0:35 (r2 ¼
0:60; n ¼ 107;P < 0:01). For Exp980: KNP ¼ 338ðPGR þ 0:43Þ=
ð1 þ 0:34ðPGR þ 0:43ÞÞ for PGR > 0:43 (r2 ¼ 0:46; n ¼ 106;

P < 0:01).
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uneven residual distribution was established. The

mean of residual values differed (P < 0:01) between

plant types and was positive for the dominant indivi-

duals (41 
 22 kernels per plant for DK696 and 50

23 kernels per plant for Exp980) and negative for the

dominated ones (�67 
 20 kernels per plant for DK696

and �59 
 23 kernels per plant for Exp980). Differ-

ences between plant types held within the highest stand

density, but a sharp reduction in the mean of residual

values was observed for both plant types in this cropping

condition (DK696: �7 
 27 kernels per plant and

�104 
 28 kernels per plant for dominant and domi-

nated plants, respectively; Exp980: �11 
 18 kernels

per plant and�123 
 17 kernels per plant for dominant

and dominated plants, respectively).

Estimated ear shoot biomass at R3 was significantly

(P < 0:001) related to KNP (r2 of 0.62 and 0.64 for

DK696 and Exp980, respectively). Averaged across

stand densities, the mean of estimated ear shoot

biomass at R3 was larger (P < 0:01) for dominant

plants (49 
 3 g per ear for DK696 and 45 
 4 g per

ear for Exp980) than for the dominated ones (32 
 3 g

per ear for DK696 and 29 
 3 g per ear for Exp980),

as previously described for PGR.

Biomass allocation to the ears was positively and

significantly (P < 0:001) related to shoot biomass

at the beginning of the critical period for ear growth

(ca. silking �220 8C day; Otegui and Bonhomme,

1998), which corresponded to approximately the

V13 biomass sampling. The computation of this TT

stage before silking was based on data from the

irrigated experiment, to avoid the confounded effect

of delayed silking due to water deficit (Hall et al.,

1982). For Exp980, a single linear regression model

adequately described the relationship between these

variables for both plant types at the irrigated experi-

ment of Pergamino (Fig. 6). The trend for this hybrid

did not change when data from the rainfed experiment

of Salto were included in the analysis. For the DK696,

a bilinear with plateau model gave a good fit for

this relationship in the irrigated experiment (Fig. 6),

but ear shoot biomass at R3 was not significantly

related to plant shoot biomass at V13 in the rainfed

condition. Lack of response was probably due to the

poor water availability experienced by this hybrid

along the critical period (ca. 50 mm less rainfall than

the Exp980) at Salto.

4. Discussion

Reduced plant biomass and increased plant-to-plant

variability are expected responses to crowding in

monocultures (Tetio-Kagho and Gardner, 1988a;

Edmeades and Daynard, 1979; Loomis and Connor,

1998), and results of our research fitted well in these

general trends. Plants subjected to increased interplant

competition, like at high stand densities and wide

rows, had a reduced ability for resource capture, which

was evident in their reduced biomass production.

Increased interplant competition also enhanced the

appearance of plants with different competitive abil-

ities, which resulted in grain production of ‘‘domi-

nated’’ plants almost unaffected by PGR at the lowest

stand density but seriously impaired at the highest

plant population. Additionally, our results improve

present knowledge on the onset of interplant competi-

tion and the establishment of hierarchies among plants

in a maize crop. The former process started very early
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V13. Lines represent the functions fitted to the whole data set.

Symbols as in Fig. 5. For DK696: ear biomass ¼ 26:6 þ 0:54

plant biomass, for plant biomass � 84:4 g (r2 ¼ 0:52; n ¼ 48;

P < 0:01); ear biomass ¼ 72:2 g, for plant biomass >84.4 g.

For Exp980: ear biomass ¼ 13:6 þ 0:51plant biomass (r2 ¼ 0:65;

n ¼ 48;P < 0:001).
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during the cycle, and significant differences in plant

biomass between stand densities were detected as soon

as V4 for hybrid DK696 and V7 for hybrid Exp980. At

these stages, increased plant population within the

range tested in this work does not promote large

differences in mean plant leaf area (Maddonni et al.,

2001), but it does result in an increased LAI (Westgate

et al., 1997). Due to the exponential response of light

interception efficiency to LAI (Loomis and Connor,

1998), slight differences of the latter are accompanied

by large increases of the former at early stages of

growth (i.e. LAI <1). This response pattern results in

an overall improvement of light capture by the crop

early in the cycle when the stand density is increased

(Westgate et al., 1997), but also increases mutual

shading among plants with the concomitant reduction

in biomass production per plant. The second reaction

seemed to have counterbalanced the first one between

V4 and V7 for the above-mentioned hybrids cropped at

12 plants m�2, which is slightly above the maximum

plant population recommended at present for exten-

sive temperate maize production in high-input farming

(i.e. irrigated and well-fertilized crops).

The onset of a hierarchical growth among plants

within the stand also took place very early in the cycle

(i.e. soon after V3), and peaked between V7 and V13.

Previous studies had analyzed the effect of several

factors on early plant-to-plant variability within a

maize stand, like seedling growth in relation to seed

size (Pommel, 1990) or to delayed emergence date

(Pommel et al., 2002), or plant leaf area in relation to

the distance from gaps within the stand (Pommel et al.,

2001), but there was no evidence on the early estab-

lishment of hierarchies among plants within a uniform

(i.e. plants of similar ontogeny and size) maize

crop. Because plants in our work were tagged at

end of the heterotrophic phase (Pommel, 1990), fac-

tors other than seed size and seedling emergence date

would be responsible for the early onset of plant-to-

plant variability, which a priori was not expected to

take place as soon as it was observed. From seedling

stages onwards, however, maize plants are able to

detect neighbors through red/far-red signals (Kasper-

bauer and Karlen, 1994; Maddonni et al., 2002), which

can modify plant dry matter allocation and shoot

morphology. Early competition between maize and

weeds, for example, recently has been defined as a

series of complex processes triggered by light quality

signals, which are followed by the development of

shade avoidance characteristics such as a reduction in

the root/shoot ratio and in the plants ability to absorb

nutrients and water, and to photosynthesize (Rajcan

and Swanton, 2001). Because these photomorpho-

genic responses also apply to plants of the same

species within a stand (Ballaré and Casal, 2000),

the early establishment of hierarchies among plants

observed in our study could be indicative of a distinct

ability for resource capture originated in a differential

capacity for detecting neighbors. In this context,

dominant plants seemed to have an improved percep-

tion of neighbor plants, which helped them develop

shade avoidance characteristics (e.g. enhanced stem

enlargement and leaf reorientation) faster than the

dominated individuals. In our study, dominant plants

of both hybrids were always the tallest of the stand

from V3 onwards, a trait that probably improved the

positioning of their leaves within the canopy (i.e. in

the uppermost stratum), maximizing light capture per

plant (i.e. light foraging; Ballaré et al., 1997) and

shading other plants in the same row. Moreover, tested

hybrids had been previously described (Maddonni

et al., 2002) for their enhanced plant elongation

(Exp980) and leaf reorientation in the horizontal plane

(DK696) in response to crowding. Leaf reorientation

normally involves the uppermost leaves (Giradin and

Tollenaar, 1994), and takes place after significant

differences in plant elongation are detected (Mad-

donni et al., 2001). Thus, an enhanced perception of

the light environment may increase the ability for

resource capture of the most sensitive individuals

within a monoculture, which soon become the domi-

nant ones. In the present study, both hybrids displayed

a similar trend in the establishment of plant hierarchies

based on differences in plant height and shoot bio-

mass, but the process was slightly earlier in DK696

respect to Exp980. Further studies using mutant maize

lines of the most probable photoreceptor involved in

architectural responses (i.e. phytochrome B; Childs

et al., 1997) will be necessary to asses the impact of

certain traits on plant-to-plant variability.

Independently of the origin of plant hierarchies, our

results are clear evidence that early determined plant

types conditioned their future seed set. In agreement

with previous research (Andrade et al., 1999; Vega

et al., 2001b), our data indicated a drastic reduction in

KNP when PGR decreased below 2 g per plant per
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day. Previously established plant-type categories gave

further evidence on the primary reasons for the great

variability in KNP usually observed at low values of

PGR, which had not been explained. At low PGRs,

dominated plants set less kernels than the dominant

ones, with the concomitant reduction in apical ear

biomass at R3. Surprisingly, ear biomass at this stage

was significantly related to plant biomass at V13,

suggesting that the physiological state of a plant at

the beginning of the critical period could condition its

reproductive fate. Because the availability of reserves

stored before silking does not modify kernel set

(Schussler and Westgate, 1994), the early effect of

plant type on final KNP seems to be exerted through

current assimilate partitioning during the critical per-

iod. Moreover, assimilate allocation to reproductive

structures seemed to be impaired in the dominated

individuals independently of the level of resource

competition (i.e. high or low stand density), because

they had a reduced KNP compared to the dominant

ones at all PGRs. The reasons of this behavior remain

to be revealed.

5. Conclusions

Early interference among plants within a maize

stand determined the onset of a differential compe-

titive ability between individuals. The development

of these hierarchies (i.e. dominant and dominated

plant types) took place well before (from V7 onwards)

the start of the critical period for kernel number

determination, and had a pronounced effect on final

kernel set. Our research confirmed that KNP is sig-

nificantly related to PGR during the critical period

around silking, but we also determined that biomass

allocation to reproductive structures had been already

impaired in dominated plants at the onset of active ear

growth (ca. V13 for hybrids used in this experiment).

Our findings helped explain the nature of the wide

range in KNP at PGRs close to GT, because we

demonstrated that extreme plant types within a

high-density stand exhibited similar PGRs during this

stage but set very different kernel numbers. Our

results gave new evidence on the importance of early

determined plant types on kernel number determina-

tion and current assimilate partitioning during the

critical period.
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Flénet, F., Kiniry, J., Board, J., Westgate, M., Reicosky, D.C., 1996.

Row spacing effects on light extinction coefficients of corn,

sorghum, soybean, and sunflower. Agron. J. 88, 185–190.

Giradin, Ph., Tollenaar, M., 1994. Effects of intraspecific

interference on maize leaf azimuth. Crop Sci. 34, 151–155.

Hall, A.J., Vilella, F., Trapani, N., Chimenti, C., 1982. The effects

of water stress and genotype on the dynamics of pollen-

shedding in maize. Field Crops Res. 5, 349–363.

12 G.A. Maddonni, M.E. Otegui / Field Crops Research 85 (2004) 1–13



Jandel TBLCURVE, 1992. TableCurve 3.0. Curve Fitting Software.

Jandel Scientific, Corte Madera, CA.

Karlen, D.L., Camp, C.R., 1985. Row spacing, plant population,

and water management effects on maize in the Atlantic Coastal

Plain. Agron. J. 77, 393–398.

Kasperbauer, M.J., Karlen, D.L., 1994. Plant spacing and reflected

far-red light effects on phytochrome-regulated photosynthate

allocation in corn seedlings. Crop Sci. 34, 1564–1569.

Kiniry, J.R., Xie, Y., Gerik, T.J., 2002. Similarity of maize

seed number responses for a diverse set of sites. Agronomie

22, 265–272.

Loomis, R.S., Connor, D.J., 1998. Crop Ecology: Productivity and

Management in Agricultural Systems. Cambridge University,

UK, pp. 32–59.

Maddonni, G.A., Otegui, M.E., Cirilo, A.G., 2001. Plant population

density, row spacing and hybrid effects on maize canopy

architecture and light attenuation. Field Crops Res. 71, 183–193.

Maddonni, G.A., Otegui, M.E., Andrieu, B., Chelle, M., Casal, J.J.,

2002. Maize leaves turn away from neighbors. Plant Physiol.

130, 1181–1189.

Otegui, M.E., Bonhomme, R., 1998. Grain yield components

in maize. I. Ear growth and kernel set. Field Crops Res. 56,

247–256.

Pommel, B., 1990. Influence du poids de la semence et de la

profondeur de semis sur la croissance et le développement de la
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