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ABSTRACT
Modern maize (Zea mays L.) hybrids are generally regarded as strongly population dependent because maximum grain yields (GYs) per 
area are achieved primarily in high-density populations. � is study was conducted to analyze changes in density independence with 
plant density based on the response of GY, dry matter (DM) accumulation, and the harvest index (HI) to changes in plant density. Two 
modern cultivars, ZhengDan958 and ZhongDan909, were planted at 12 densities ranging from 1.5 to 18 plants m–2. � e experiment 
was conducted for 3 yr, with drip irrigation and plastic mulching, at the 71 Group and Qitai Farms located in Xinjiang, China. With 
increased plant density, DM accumulation per area increased logarithmically, the HI decreased according to a cubic curve, and GY 
per area increased quadratically; the optimum density was 10.57 plants m–2. Further analysis showed that the response of GY per 
area, DM per area, and the HI to changes in plant density could be divided into four density ranges: Range I (£4.7 plants m–2), in 
which DM per area, the HI, and GY per area were signi� cantly a� ected by density; Range II (4.7–8.3 plants m–2), in which the HI 
was una� ected by density but DM per area and GY per area were signi� cantly a� ected; Range III (8.3–10.75 plants m–2), in which 
GY per area was una� ected by density but DM per area and the HI were signi� cantly a� ected; and Range IV (³10.7 plants m–2), in 
which DM per area was una� ected by density but the HI and GY per area were signi� cantly a� ected. � ese results indicated that 
Range II is a density-independent range and Range III is a GY-stable range.
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The	planting	density	of	maize	has changed with time 
(Tollenaar and Lee, 2002; Tollenaar et al., 2006). For instance, 
in the central US Corn Belt, average maize plant density was 
about 3 plants m–2 (or less) in the 1930s and has increased to 
the current average density of 8 plants m–2 or greater (Duvick, 
1977, 1992; Duvick et al., 2004). Average grain yield (GY) per 
year has increased from 63 to 110 kg ha–1 (Troyer, 2000). Sangoi 
et al. (2002) showed that optimum plant densities for hybrids 
released during the 1970s, 1980s, and 1990s in Brazil were 
7.1, 7.9, and 8.5 plants m–2, respectively. Compared with older 
maize hybrids, the current commercial hybrids generally have 
an enhanced tolerance to increased stand density (Echarte et al., 
2000; Maddonni et al., 2001; Tollenaar, 1992). When newer 
and older hybrids grown at very low densities (without competi-
tion) were compared, there were no diff erences in GY per plant 
(Duvick, 2005; Lee and Tollenaar, 2007). Th is implies that 
modern hybrids are not superior to older hybrids in yield poten-
tial per plant (Duvick and Cassman, 1999; Sangoi et al., 2002), 

but the responses of modern hybrids to various biotic and abiotic 
stresses have been improved (Tollenaar and Wu, 1999). Th us, 
to optimize the GY per area potential in current production 
systems, modern hybrids must be grown at high plant densities 
(Cox, 1996; Hashemi-Dezfouli and Herbert, 1992b; Tokatlidis 
and Koutroubas, 2004).

Plant density infl uences maize GY, kernel number, dry 
matter (DM) production, and aboveground DM allocation 
to the female reproductive sink (Tollenaar and Lee, 2006; 
Tollenaar, 1991), due to the competitive eff ects on both 
vegetative and reproductive development (Tetio-Kagho and 
Gardner, 1988a, 1988b). When plant density is increased, the 
DM per plant, GY per plant, kernel number per plant, and 
1000-kernel weight are always reduced (Cusicanqui and Lauer, 
1999; Hashemi-Dezfouli and Herbert, 1992a; Widdicombe 
and Th elen, 2002), due to the decrease in light and other 
environmental resources available to each plant (Borrás et al., 
2003; Echarte et al., 2000; Edmeades and Daynard, 1979; 
Sangoi et al., 2002; Maddonni and Otegui, 2004). However, 
total GY is the product of GY per plant and the number of 
plants per unit area. With increasing plant density, the total 
aboveground DM accumulation (Tollenaar, 1989), rate of DM 
transfer, and remobilization effi  ciency and percentage increase 
substantially (Edmeades and Daynard, 1979). Grain yield per 
area shows a quadratic response to plant density, and there is 
an optimum plant density (Sangoi et al., 2002; Troyer, 1996). 
Obviously, GY per area will not continue to rise indefi nitely 
with increasing plant density.
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It is believed that modern hybrids are strongly population 
dependent because their maximum GY per area is achieved 
only under a narrow spectrum of high plant densities, which 
indicates that population dependence will vary with changes 
in plant density (Tokatlidis and Koutroubas, 2004; Tokatlidis 
et al., 2005). Although previous studies have described changes 
in GY and DM with changes in plant density (Hashemi et al., 
2005; Nafziger, 1994), there is still little information on their 
relationship. Therefore, a field density experiment with 12 
densities ranging from 1.5 to 18 plants m–2 was conducted for 3 
yr. We investigated the variability of GY, DM accumulation, and 
the HI with different plant densities, analyzed the relationship 
between these characteristics and plant densities, and identified 
the population-dependent range and GY-stable range.

MATERIALS AND METHODS
A field experiment was conducted during the growing 

seasons of 2010 to 2012 using a randomized complete block 
design with four replications at two high-yield sites (71 Group 
and Qitai Farm) located in the Xinjiang autonomous regions 
of Uygur, China. Details of the geographic locations and 
environmental conditions are provided in Table 1. We selected 
the maize hybrids ZhengDan958 (Zheng58´Cang7–2) 
and ZhongDan909 (Zheng58´HD568), which are widely 
cultivated in the northwestern spring maize region and the 
Huang-Huai-Hai summer maize region of China. In 2011, 
only ZhengDan958 was grown at the Qitai Farm. At each 
experimental site, each plot was 10 m long and 6 m wide and 
consisted of 10 rows with a narrow–wide-row planting pattern; 
the narrow row was 0.5 m and the wide row was 0.7 m. There 
were 12 plant densities: 1.5, 3, 4.5, 6, 7.5, 9, 10.5, 12, 13.5, 15, 
16.5, and 18 plants m–2.

At all sites, seeds were planted in mid-April and harvest was 
in mid-October. Three seeds were planted in each hole and 
then thinned to one plant per hole at the two-leaf stage. To 
prevent water stress, water was applied 8 to 10 times using drip 
irrigation. The first irrigation occurred 60 d after sowing, with 
subsequent irrigation every 7 to 10 d, and the amount of water 
applied was 600 to 650 m3 ha–1. Base fertilizers were applied 
at rates of 75 kg ha–1 N (as urea), 150 kg ha–1 P2O5 (as super 
phosphate), and 75 kg ha–1 K2O (as K2SO4) before sowing, 
and an additional 800 to 850 kg ha–1 N (as urea) was applied at 

the growing stage (a total of 150–200 kg ha–1 N was applied via 
drip irrigation during alternate irrigations). All experimental 
plots were sown, irrigated, and fertilized uniformly, and weeds, 
diseases, and pests were controlled.

To measure the aboveground DM of plant parts at the 
silking stage and at physiological maturity, five plants were 
randomly selected from each subplot. The plants were separated 
into stems, leaves, husks, and kernel fractions at each stage and 
dried in an oven at 75°C to constant weight. The final harvest 
was in a plot area of 10 m2 after removing border plots. Plant 
population size, grain moisture content, and GY were recorded 
for each plot. Grain yields were standardized at 14% moisture 
content, which was measured with a portable moisture meter 
(Kett Electric Lab, PM8188).

All calculations were performed and the tables and figures 
were prepared using Microsoft Excel. The analyses of the 
responses of DM accumulation, GY, and the HI to increasing 
plant density were performed using SAS statistical software 
(SAS Institute).

RESULTS
Dry Matter Accumulation

At the silking stage, the change in DM accumulation per 
plant ranged from 149.53 to 313.77 g (Fig. 1A), whereas 
DM accumulation per area ranged from 4.47 to 25.64 t ha–1 
(Fig. 1B). The response of DM per plant and DM per area to 
planting density followed a logarithmic curve.

At maturity, the change in DM accumulation per plant 
ranged from 870.78 to 231.43 g as plant density increased (Fig. 
2A), whereas DM accumulation per area ranged from 12.68 
to 40.06 t ha–1 (Fig. 2B). The response of DM accumulation 
to changes in plant density followed a similar trend to that at 
silking. Multiple comparisons were made of DM accumulation 
per area at each plant density (from the highest plant 
density to the lowest). The response of DM per area to plant 
density could be divided into two ranges: the change range 
(£10.32 plants m–2) and the stable range (³10.32 plants m–2) 
(Table 2).

Grain Yield

Kernel weight per plant decreased from 565.68 to 95.66 g 
with increased plant density (Fig. 3A). A logarithmic equation 

Table	1.	Geographical	positions	and	environmental	conditions	of	each	experimental	plot.

Farm Location Altitude

Ecological	conditions†

Cumulative	
sunshine

³10°C	accumulated	
temperature

Frost-free	
duration Precipitation

m h °C d mm

71	Group 43°30¢	N,	83°13¢ E 851 2797 3179 159 471

Qitai	Farm 43°50¢	N,	89°46¢ E 1020 2840 3008 157 208

†	The	10-yr	(2002–2012)	mean	values	of	annual	meteorological	variables	were	obtained	from	the	nearest	meteorological	station.

Table	2.	Variation	in	dry	matter	per	area	at	maturity	with	plant	density	for	all	of	the	data	combined	for	two	cultivars	over	3	yr	(sample	size	=	132).	The	
highest	harvest	plant	density	was	17.08	plants	m–2;	there	were	52	samples	between	17.08	and	10.57	plants	m–2	and	74	samples	lower	than	9.78	plants	m–2.

Density
(plants	m–2) –† 9.78 10.1 10.25 10.32 10.64 10.68 10.7 – 14.46 15.34 – 16.83 17.08

Dry	matter
(t	ha–1) – 35.45c‡ 36.15bc 36.2bc 37.55ab 37.57ab 37.69ab 37.88a – 38.11a 38.05a – 37.86a 37.95a

†	Omitted	samples.
‡	Different	letters	within	a	line	indicate	significant	differences	(p	<	0.05)	between	densities.
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was fitted to show the relationship between the two, while 
a quadratic equation was fitted to show the relationship 
between planting density and GY per area (Fig. 3B). The 
highest yield (19.31 t ha–1) was obtained at a planting density 
of 10.57 plants m–2. According to the relationship between 
GY per area and plant density, the GY per area higher 

than 95% of the maximum GY per area can be considered 
the GY stable range. Therefore, the response of GY per 
area to plant density can be divided into three ranges: the 
increasing GY range (£7.57 plants m–2); the stable GY 
range (7.57–13.26 plants m–2); and the decreasing GY range 
(³13.26 plants m–2).

Fig.	1.	Response	of	(A)	dry	matter	per	plant	and	(B)	dry	matter	per	area	to	plant	density	at	the	silking	stage	for	two	hybrids	cultivated	at	12	stand	
densities	in	2010,	2011,	and	2012;	n	indicates	sample	size.	**Significant	at	0.01.

Fig.	2.	Response	of	(A)	dry	matter	per	plant	and	(B)	dry	matter	per	area	to	plant	density	at	maturity	for	two	hybrids	cultivated	at	12	stand	densities	in	
2010,	2011,	and	2012;	n	indicates	sample	size.	**Significant	at	0.01.

Fig.	3.	Response	of	(A)	grain	yield	per	plant	and	(B)	grain	yield	per	area	to	plant	density	for	two	hybrids	cultivated	at	12	stand	densities	in	2010,	2011,	
and	2012;	n	indicates	sample	size.	**Significant	at	0.01.
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Harvest Index
The HI decreased from 0.65 to 0.41 with increased plant 

density. The relationship between the two was described by a 
cubic-curve equation (Fig. 4), and the turning point in the HI 
(0.56) was at a plant density of 6.5 plants m–2. According to the 
relationship between the HI and plant density, HI values greater 
than 95% of the maximum HI can be considered the stable HI 
range. Therefore, the response of the HI to changes in plant 
density was divided into three ranges: the decreasing HI range 
(£4.7 plants m–2), the stable HI range (4.7–8.3 plants m–2), and 
the decreasing HI range (³8.3 plants m–2).

The Response of Indexes to Plant Density 
at Different Plant Density Ranges

Based on the stable GY per area range, the responses of DM 
per area, the HI, and GY per area to plant density were divided 
into three ranges (Table 3): Range A (£7.57 plants m–2), in 
which DM per area, the HI, and GY per area were significantly 
correlated with plant density; Range B (7.57–13.26 plants m–2), 
in which GY per area was stable with increasing plant density; 
and Range C (³13.26 plants m–2), in which DM per area was 
stable with increasing plant density.

Based on the maximum GY per area and the stable HI 
range, the responses of DM per area, the HI, and GY per 
area to plant density were divided into four ranges (Table 4): 
Range I (£4.7 plants m–2), in which the HI, DM per area, and 
GY per area were significantly correlated with plant density; 
Range II (4.7–8.3 plants m–2), in which the HI was stable with 
increasing plant density; Range III (8.3–10.75 plants m–2), in 
which GY per area was stable with increasing plant density; 
and Range IV (³10.75 plants m–2), in which DM per area was 
stable with increasing plant density.

DISCUSSION
Recent results have shown that plant density significantly 

affects the accumulation and partitioning of DM between 
the vegetative and reproductive stages (Echarte and Andrade, 
2003; Sarlangue et al., 2007). Sarlangue et al. (2007) 
examined the performance of three hybrids at six densities 
(4–14 plants m–2) during two growing seasons. They showed 
that increases in GY per area at higher plant densities were 
associated with increased biomass production. Tollenaar 
(1989) evaluated nine cultivars across four densities during 
two consecutive growing seasons and found that total DM 
production increased linearly with increased plant density. The 
results of the present study showed that DM accumulation 
per area varies with changes in plant density, consistent 
with previously published studies (Fig. 1–2). However, the 
logarithmic relationship did not coincide with that of previous 
studies. These differences may be associated with the larger 
plant density range and smaller density gradients, which added 
a new, more accurate regression equation effect in this study.

Studies have shown that the GY per area of modern maize 
hybrids has a curvilinear response to plant density, reaching a 
maximum at the optimum plant density (Sangoi et al., 2002; 
Tetio-Kagho and Gardner, 1988b). We found the same trend, 
which indicated that, although density independence was 
considered a crucial measure for the development of modern 
maize yields, this factor must be within a certain range of 
plant densities.

The HI is an important index for crop production research. 
Studying changes in the HI is of considerable interest to 
farmers and agronomists. Tollenaar (1989) showed that the HI 
decreases with increasing plant density. Others have pointed 
out that the maize HI is stable across a wide range of plant 
densities (Echarte and Andrade, 2003; Tollenaar, 1992), 
and declines linearly when the plant density (ranging from 
2–13 plants m–2) is above the optimum for GY (Tollenaar, 
1992) or when the DM per plant at maturity is very low or very 
high (Vega et al., 2000). In the present study, the HI decreased 
cubically with increased plant density and was relatively stable 
between 4.7 and 8.3 plants m–2.

Based on the stable GY per area range, the responses of DM 
per area, the HI, and GY per area to plant density were divided 
into three ranges (Table 3). 

1. Range A (£7.5 plants m–2): with increasing plant density, 
a significant decrease in the HI and a significant increase 
in GY per area were related to increasing DM per area at 
maturity. The upper limit of Range A is close to typical 
field production densities in China (Li and Wang, 2010, 
p. 240–274). Therefore, this range can be considered the 
density-independent range. 

Fig.	4.	Response	of	harvest	index	(HI)	to	plant	density	for	two	hybrids	
cultivated	at	12	stand	densities	in	2010,	2011,	and	2012;	n	indicates	
sample	size.	**Significant	at	0.01.

Table	3.	Response	of	dry	matter	(DM)	per	area	at	maturity,	the	harvest	index	(HI),	and	grain	yield	(GY)	per	area	to	plant	density	at	different	plant	
density	ranges	that	were	based	on	the	stable	GY	per	area	range	divided	for	two	hybrids	cultivated	at	12	stand	densities	in	2010,	2011,	and	2012.

Density	range n DM HI GY
plants	m–2 t	ha–1 t	ha–1

A £7.57 55 y	=	3.23x	+	10.58	(R2	=	0.916**) y	=	–0.02x	+	0.66	(R2	=	0.869**) y	=	1.52x	+	7.67	(R2	=	0.849**)

B	7.57–13.26 50 y	=	1x	+	25.75	(R2	=	0.723**) y	=	–0.01x	+	0.63	(R2	=	0.535**) y	=	–0.17x	+	17.13	(R2	=	0.117)

C ³13.26 27 y	=	0.08x	+	39.42	(R2	=	0.008) y	=	–0.024x	+	0.8	(R2	=	0.721**) y	=	–0.94x	+	31.01	(R2	=	0.654**)

**	Significant	at	0.01.
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2. Range B (7.57–13.26 plants m–2): with increasing plant 
density, the changes in GY per area were relatively stable. 
This may be due to the significant decrease in the HI 
and the increase in DM per area at maturity, indicating a 
dynamic balance between the HI and DM per area. Under 
good management, the maximum GY per area may be 
obtained in this range. Dry matter per area accumulation 
can compensate for the decrease in the HI with increased 
plant density. The difference between maximum and mini-
mum plant densities was 5.69 plants m–2, which does not 
correspond to previous reports showing that the maximum 
GY per area of modern hybrids is achieved only within 
a narrow range of high plant densities (Tokatlidis and 
Koutroubas, 2004; Tokatlidis et al., 2005). Dry matter ac-
cumulation per area did not increase with increased plant 
density at densities >10.32 plants m–2 (Table 2), indicating 
that GYs would decline at higher densities. Therefore, this 
plant density range cannot be seen as a stable-output range.

3. Range C (³13.26 plants m–2): with increasing plant density, 
the HI and GY per area decreased significantly, whereas 
changes in DM per area were relatively stable. Yield loss 
may be related to the significant decrease in the HI, and this 
range can be considered a yield loss range. The HI decreased 
linearly with increases in plant density (Table 4).

Based on the maximum GY per area and the stable HI range, 
the responses of DM per area, the HI, and GY per area to plant 
density variation were divided into four ranges.

1. In Range I (£4.7 plants m–2), the variations in DM per 
area, the HI, and GYs per area with plant density variation 
were similar to those in Range A, but in field production, 
plant densities were much greater than this range.

2. In Range II (4.7–8.3 plants m–2), with increasing plant 
density, the change in the HI was relatively stable and the 
significant increase in GY per area was related to increas-
ing DM per area at maturity. This range can be seen as a 
density-independent range.

3. In Range III (8.3–10.75 plants m–2), the variations in 
DM per area, the HI, and GYs per area with plant density 
were similar to those in Range B, but narrower, and the 
maximum plant density of this range (10.57 plants m–2) 
was much closer to 10.32 plants m–2. Dry matter accu-
mulation per area was stable. This range can be seen as a 
stable-output range.

4. In Range IV (³10.57 plants m–2), the variations in DM 
per area, the HI, and GY per area with plant density were 
similar to those in Range C, and this range can be seen as a 
yield-loss range.

This is an effective method of dividing the responses of DM 
per area, the HI, and GY per area according to changes in 
plant density.

In this study, field conditions allowed optimal plant growth 
and development. The two cultivars were similar in terms of 
pedigree and field performance. Changes in DM accumulation 
and GY at different plant densities were also affected by DM 
partitioning, which requires further study.

CONCLUSIONS
As plant density increased from 1.5 to 18 plants m–2, the 

DM accumulation per plant declined logarithmically and DM 
accumulation per area increased logarithmically. The increase 
in the HI with changes in plant density was cubic, whereas the 
increase in GY per area was quadratic. Further analysis showed 
that the plant density that ranged from 4.7 to 8.4 plants m–2 
was density independent. Changes in the HI were relatively 
steady, and the significant increase in GY per area was related 
to increasing DM per area at maturity. Plant densities between 
8.4 and 10.57 plants m–2 provided stable yields. With increasing 
plant density, GY per area was relatively stable, and there was a 
dynamic relationship between the HI and DM per area.
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