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Modern hybrids require greater plant densities 
than older hybrids to optimize yield (Hammer et al., 

2009). The introduction of Bacillus thuringiensis (Bt) hybrid 
corn to resist European corn borer (ECB) (Ostrinia nubialis 
Hubner) damage has reduced the risk of stalk lodging at these 
higher plant densities (Stanger and Lauer, 2006). Furthermore, 
modern hybrids have greater stress tolerance, which reduces 
the risk of barren plants at high plant densities (Campos et al., 
2004). Consequently, growers in the northern U.S Corn Belt 
have increased seeding rates, as indicated by final corn densi-
ties in Iowa and Minnesota that averaged 75,350 plants ha–1 in 
2011 (National Agricultural Statistics Service, 2011) com-
pared with 63,500 plants ha–1 in 1996 (National Agricultural 
Statistics Service, 1996), the year that Bt corn was introduced. 
Another factor contributing to greater corn plant densities is 
the narrowing of row spacing in northern latitudes, which may 
allow greater optimum plant densities (Butzen and Paszkie-
wicz, 2008). Seed prices, however, have increased significantly 
in the last 10 yr (US$1.00–$3.40 per 1000 kernels in Iowa; 
Duffy, 2002, 2012), which is a deterrent to higher seeding 
rates. On the other hand, market prices for corn have increased 
significantly in the last 5 yr, which may provide incentive 
for higher seeding rates. As row spacing narrows, seed costs 
increase, grain market prices vary, and uncertain weather 
conditions prevail, the response of new corn hybrids to seeding 

rates should be monitored periodically to determine the 
economically optimum seeding rates and final plant densities 
across a range of locations and growing conditions (Cox, 1997; 
Widdicombe and Thelen, 2002; Stanger and Lauer, 2006).

Optimal plant density for corn can vary by location, primar-
ily latitude, with greater plant densities in northern latitudes in 
part because shorter season hybrids adapted to these latitudes 
require higher plant densities for maximum yield (Sarlangue 
et al., 2007). Furthermore, heat and drought stress are less 
common in northern latitudes, which reduces the risk of yield 
losses at high seeding rates. Optimum plant densities have 
been reported to exceed 80,000 plants ha–1 in the northern 
Corn Belt states of Wisconsin (83,300 plants ha–1; Stanger and 
Lauer, 2006), Iowa (~90,000 plants ha–1; Coulter et al., 2010), 
and Minnesota (82,000–84,500 plants ha–1; Van Roekel and 
Coulter, 2011, 2012). Optimum plant densities, however, rarely 
exceeded 74,000 plants ha–1 in Ohio (Thomison et al., 2011), 
69,000 plants ha–1 in Indiana (Boomsma et al., 2009; Robles et 
al., 2012), and 61,800 plants ha–1 under rainfed conditions in 
Nebraska (Shapiro and Wortmann, 2006), probably because of 
increased heat and drought stress in the more southern states of 
the U.S. Corn Belt.

Corn hybrids with the Bt trait represented 67% of corn in the 
United States in 2012 (Economic Research Service, 2012). Plant 
densities for maximum yield of Bt hybrids (104,500 plants ha–1) 
exceeded that of non-Bt hybrids (98,800 plants ha–1) in a Wis-
consin study in part because of 22% less lodging (Stanger and 
Lauer, 2006). In studies where lodging was not significant, how-
ever, Singer et al. (2003) and Coulter et al. (2010) reported no 
differences in optimum plant densities between Bt and non-Bt 
hybrids. Stanger and Lauer (2007) did report that lodging of Bt 
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corn hybrids increased from 6 to 18% as plant densities increased 
from 64,220 to 123,500 plants ha–1. Likewise, in field-scale 
studies (~5 ha) in New York, Cox et al. (2009) reported ~7% 
lodging in Bt hybrids, not associated with ECB damage, result-
ing in some harvest yield losses. Both studies (Stanger and Lauer, 
2007; Cox et al., 2009) indicated that Bt hybrids reduce but do 
not eliminate the risk of lodging at high plant densities.

Narrow rows theoretically reduce intrarow competition 
among plants, which may result in greater optimum plant densi-
ties for corn in narrow vs. 0.76-m rows (Butzen and Paszkiewicz, 
2008). Grain yield increases with narrow rows are most common 
at latitudes north of 43° N (Lee, 2006; Butzen and Paszkiewicz, 
2008). Consequently, row width averaged 0.51 m or less on about 
5% of the corn hectares in Minnesota and Wisconsin in 2011 
but only on 2.5% of corn hectares in Iowa and Indiana (National 
Agricultural Statistics Service, 2011). Studies from the late 1990s 
reported no row spacing ´ plant density interaction in Min-
nesota (Porter et al., 1997), Iowa (Farnham, 2001), or Michigan 
(Widdicombe and Thelen, 2002). A more recent study by Van 
Roekel and Coulter (2012) in Minnesota also reported optimum 
corn plant densities of 84,000 plants ha–1 in 0.51- or 0.76-m 
rows, indicating that growers should not increase seeding rates if 
they adopt narrow-row corn.

An alternative to planting in narrows rows is a twin-row 
configuration (Karlen and Camp, 1985). Robles et al. (2012) 
reported no row spacing ´ plant density interaction with opti-
mum yields at a plant density of 69,000 plants ha–1 in 2 yr and 
81,000 plants ha–1 in another year in 0.76-m and twin rows in 
Indiana. Likewise, Novacek et al. (2013) reported no row spac-
ing ´ plant density interaction under irrigated conditions in 
Nebraska with optimum plant densities for twin and 0.76-m 
rows at seeding rates of 93,000 plants ha–1. Both studies are con-
sistent with earlier research from the Mid-Atlantic region of the 
United States (Kratochvil and Taylor, 2005), where optimum 
plant densities were 69,000 plants ha–1 in both twin and 0.76-m 
rows. A row spacing ´ plant density interaction was observed, 
however, at one of four sites in Alabama where twin rows yielded 
best at about 81,500 plants ha–1 vs. about 61,500 plants ha–1 
for 0.76-m rows (Balkcom et al., 2011). Likewise, under irri-
gated conditions in Mississippi, twin-row corn yielded 7% 
more than in 0.76-m rows at plant densities of 75,000 and 
85,000 plants ha–1 in 1 of 2 yr (Bruns et al., 2012).

Environments with greater yield potential require greater 
plant densities to optimize yield in the eastern U.S. Corn Belt 
(Pioneer Hi-Bred International, 2011). Drought, however, limits 
the yield potential of corn, so optimum plant density is much 

lower in droughty years (Cox, 1996; Cox and Cherney, 2012). 
Nevertheless, modern hybrids tolerate droughty conditions 
much better than older hybrids because of the shortening of 
the anthesis–silking interval, allowing synchronous pollina-
tion (Edmeades et al., 2000), a decreased root angle resulting 
in deeper root penetration into the soil (Campos et al., 2004), 
improved kernel set at low plant growth rates at silking (Echarte 
and Tollenaar, 2006), and improved stay-green traits under 
drought stress during kernel fill (Lee and Tollenaar, 2007). Con-
sequently, the yield advantage of modern compared with older 
hybrids is much greater at high rather than low plant densities 
(Hammer et al., 2009). Despite these improved traits, modern 
hybrids still respond differently to plant density because of dif-
ferences in biomass plasticity and partitioning to the ear among 
hybrids (Sarlangue et al., 2007).

Most cited studies have been conducted at university research 
farms with planters designed for use in small-plot experiments. 
Furthermore, many researchers overplant the experiment and 
thin to the desired final plant density. The first objective of this 
study was to validate small-plot research in New York (optimum 
seeding rates of 74,100 kernels ha–1; Cox and Cherney, 2012) by 
evaluating two recent hybrid releases planted by growers under 
field-scale conditions. Three of the four participating growers 
purchased new planters for the 2011 growing season, including 
a narrow planter (0.51-m rows), a twin-row planter, and a corn 
planter with conventional row spacing (0.76-m rows), which pre-
sumably have superior metering and placement of seed compared 
with planters designed for small-plot experiments. The second 
objective of this study was to conduct partial budget analyses 
under grower conditions across predominant soil types in the 
major corn-growing regions of New York to determine the opti-
mum economic seeding rates for corn in New York.

MATERIALS AND METHODS
Farmer–researcher partnerships (Karlen et al., 1995) were 

formed to conduct field-scale studies in 2011 and 2012 on four 
farms in the major corn-growing regions of New York. Loca-
tions varied somewhat across years at each site to accommodate 
the request for soybean [Glycine max (L.) Merr.] as the previ-
ous crop (Table 1). Predominant soil types on the four farms 
included Honeoye and Ontario silt loam (fine-loamy, mixed, 
superactive, mesic Glossic Hapludalfs) at the Cayuga County 
site (42°52¢–42°59¢ N, 76°36¢–76°40¢ W) in 2011 and 2012, 
respectively; Honeoye silt loam and Ovid silt loam (a fine-
loamy, mixed, active, mesic Aeric Ochraqualf) at the Livingston 
County site (42°53¢–42°52¢ N, 77°36¢ W) in 2011 and 2012, 

Table 1. Planting and harvest date, row spacing, primary and secondary tillage practices, planter model and combine model at four 
New York sites in 2011 and 2012.

Parameter
Cayuga County Livingston County Orleans County Seneca County

2011 2012 2011 2012 2011 2012 2011 2012
Planting date 28 May 18 Apr. 1 June 16 May 6 June 15 May 11 May 19 May
Harvest date 20 Nov. 17 Oct. 14 Nov. 12 Nov. 7 Nov. 11 Nov. 15 Nov. 19 Nov.
Row spacing, m 0.51 0.76 0.76 (twin row) 0.76
Primary tillage strip-till chisel moldboard plow disc disc no-till no-till
Secondary tillage – disc cultivator – – – –
Planter John Deere 1790 John Deere 1770 Great Plains YP3025A-24TR John Deere 1770NT
Combine John Deere 9770 John Deere S680 Case IH 6088 John Deere 9660 STS John Deere 9770
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respectively; Appleton silt loam (a fine-loamy, mixed, active, 
mesic Aeric Ochraqualf) and Hilton silt loam (a fine-loamy, 
mixed, active, mesic Glossoboric Hapludalfs) at the Orleans 
County site (43°14¢ N, 78°16¢–78°17¢ W) in 2011 and 2102, 
respectively; and Schoharie silt loam and Schoharie silty clay 
loam (fine-loamy, illitic, mesic Typic Hapludalfs) at the Seneca 
County site (42°51¢–42°53¢ N, 76°49¢–76°46¢ W) in 2011 and 
2012, respectively.

Farmers performed all field operations, including tillage prac-
tices (Table 1), planting, fertilizer applications, herbicide spray-
ing, and harvesting. All sites except Cayuga County had consis-
tent tillage practices across years (Table 1). Wet May conditions 
(Table 2) delayed planting until late May or early June at all sites 
except Seneca County in 2011 (Table 1). Growers in Livings-
ton, Orleans, and Seneca counties planted in mid-May in 2012, 
while the grower in Cayuga County planted in mid-April.

The experimental design at each site was a randomized com-
plete block in a split-plot arrangement, replicated three times, 
with two hybrids as main plots and four seeding rates as subplots. 
The growers planted 98-d (Minnesota relative maturity rating) 
Pioneer P9807HR (Cry1F Bt event) and 99-d DeKalb DKC49–
94 GENSS (Cry1Ab + Cry2Ab2, Cry3Bb, Cry1F + Cry3Bb1 + 
Cry34/35Ab1 Bt events) hybrids with their respective plant-
ing equipment (9 or 12 m wide) at seeding rates of 61,750, 
74,100, 86,450, and 98,800 kernels ha–1 (except at Cayuga 
County, where the seeding rates were 66,690, 79,040, 91,390, 
and 103,740 kernels ha–1). Main plots measured about 500 m 
in length at Cayuga and Seneca counties, 400 m at Livingston 
County, and 150 m at Orleans County. Growers followed their 
typical N management practices, with growers in Livingston, 
Orleans, and Seneca counties applying some N at planting and 
sidedressing the remaining N at the fourth to fifth leaf stage 
(V4–V5; Ritchie et al., 1993). The grower in Cayuga County, 
who planted in 0.51-m rows, applied the entire amount of N at 
planting. Growers at all sites used their typical preemergence 
herbicides and also applied glyphosate [N-(phosphonomethyl)
glycine] at the V3 stage.

Final plant densities were estimated by three individuals at the 
V4 stage by counting all the plants in the middle two rows while 
traversing up and back along the entire 150- to 500-m lengths 
of each subplot (hybrid ´ seeding rate), depending on the site. 
Each individual counted one replication and then measured the 
plot length of each subplot with a bicycle wheel to eliminate any 
inconsistencies in counting or measuring plot length among 
individuals. Visual observations indicated almost no weeds at 
any of the sites at the V4 stage. Growers at all sites harvested the 
entire length and partial width of each subplot in mid-November 
(Table 1) except for Cayuga County, which was harvested in 
mid-October in 2012, with their respective combines (Table 1). 
Combine width ranged from 4.5 to 7.5 m at each site except 
Cayuga County, where the width was 9 m in 2012. A researcher 
rode in the combine with the farmer and counted all the plants 
that had stalks broken below the ear in the same two rows in 
which final plant densities had been determined at the V4 stage, 
which allowed an estimate of the percentage of lodged plants. 
Although the combines were equipped with yield monitors, each 
subplot was weighed with calibrated weigh wagons or grain carts 
to minimize any calibration errors with the yield monitors.
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Two grain samples were taken from the sampling compart-
ment on the combine after harvest of each subplot. Moisture 
and kernel density were determined the following day in the 
laboratory with a grain moisture meter and kernel density cup. 
Grain yields were then adjusted to 155 g kg–1 moisture, as was 
kernel density using the equation (adjusted kernel density = 
[(100 – 15.5)/(100 – actual moisture content)]) (Hellevang, 
1995). In addition, a seed counter (Old Mill County) was used to 
count 1000 kernels from each of the two samples of each subplot, 
which were then weighed to determine individual kernel weight. 
The number of kernels per plant was then estimated by dividing 
the grain yield by the weight of the individual kernel times the 
estimated final plant densities.

A partial budget approach was used to estimate the expected 
change in annual profit in an average future year for seeding 
rates at each site. Only variable costs associated with seeding 
rates were analyzed, which included seed costs for the 2011 and 
2012 growing seasons (average of US$225 per 80,000 kernels 
paid by participating farmers in 2011 and 2012), hauling costs 
(US$7.87 Mg–1, National Agricultural Statistics Service, 2012), 
and drying costs (US$2.36 Mg–1 to remove 10 g kg–1 of mois-
ture in excess of 150 g kg–1, National Agricultural Statistics 
Service, 2012). The corn grain price averaged US$265.76 Mg–1 
for the 2011 and 2012 marketing years in New York (New York 
Agricultural Statistics Service, 2012). We did not include stor-
age as a variable cost in this economic analysis because of differ-
ent handling procedures on each farm (i.e., one farmer sold the 
crop to an ethanol plant contiguous with the farm, one sold the 
crop to a neighboring dairy farm, and two farmers marketed 
the crop during the year to different buyers). All dollar values 
for income and cost items are expressed in real terms as 2012 
U.S. dollars. The expected changes in profit reflected differences 
in total net income (increases or decreases) minus differences 
in selected variable costs (increases and decreases) for the four 
farms in this study for a future average year.

Statistical analyses were performed using the JMP 10.0 Pro 
statistical package (SAS Institute, 2010). Because of nonhomog-
enous variances across sites for yield and profit as well as differ-
ences in row widths and planting dates across sites (and seeding 
rates at the Cayuga County site), each site was analyzed sepa-
rately. Hybrids and seeding rates were considered fixed and years 
and replications (nested within years) and interactions with 
years and replication were considered random in the ANOVA 
model for each site. Variances were homogeneous across years 
(Bartlett test, P < 0.01) for all measured variables except grain 
moisture at the 0.76-m and twin-row sites. At the narrow-row 
site in Cayuga County, however, variances were nonhomoge-
neous across years for yield, kernels per plant, relative profit, and 
grain moisture. When variances were nonhomogenous, separate 
analyses were performed on the data for each year. Also, the 
Shapiro–Wilk statistic indicated normality for all data except 
lodging percentage at all sites. Logarithm base 10 transforma-
tions were performed on all lodging data for statistical analyses 
and regression equations are presented as such.

If seeding rates or plant densities were significant (a = 0.1) in 
the ANOVA model, the restricted maximum likelihood model 
platform was used in JMP to fit mixed regression models. If 
variances were normal, linear and quadratic regression equa-
tions were developed, with significant measured variables as the 

dependent variables and seeding rates or final plant densities as 
independent variables across years (n = 48). If variances were not 
normal across years, linear and quadratic regression equations 
were developed for significant variables within years (n = 24). If 
hybrid ´ seeding rate interactions did not exist in the ANOVA, 
single regression equations were used. If hybrid ´ seeding rate 
or plant density interactions were significant in the ANOVA 
(a = 0.1), separate linear and quadratic equations were devel-
oped for each hybrid (n = 24 or n = 12 depending on whether 
combined or not combined across years). Linear and quadratic 
coefficients were considered significant at a < 0.1. Hybrid dif-
ferences were considered significant (a < 0.1) based on the 
ANOVA. We did not present grain moisture, kernel density, 
and lodging percentage responses to plant densities but rather 
just mentioned differences because most significant differences 
were of insufficient magnitude to be of practical significance.

RESULTS AND DISCUSSION
Growing Conditions

Both growing seasons at most sites had below-average precipi-
tation and above-average growing degree days (GDD) from June 
through July of 2011 (~40–70% of normal precipitation and 
~40–70°C above normal across sites) and June through August 
of 2012 (~60–80% of normal precipitation and ~50–85°C 
above normal across sites, Table 2). Despite above-average GDD 
in June and July in 2011, the delay in the planting date because 
of wet May conditions delayed the silking (R1) stage of both 
hybrids until early August (except at the mid-May-planted 
Seneca County site). Timely precipitation relieved dry condi-
tions in early August, and subsequent precipitation (>100 mm 
at most sites in August and September) created stress-free 
conditions from the R1 stage through physiological maturity 
(R6). Consequently, yields at the three late-planted sites aver-
aged 12.3 Mg ha–1 in 2011 (but only 10.4 Mg ha–1 at the Sen-
eca County site, which attained the R1 stage in mid-July). In 
2012, both hybrids attained the R1 stage about 20 July (except 
12–13 July at the April-planted Cayuga County site). Most of 
the July and August precipitation in 2012 occurred from 20 
July to 15 August at all sites. Consequently, both hybrids at 
the mid-May-planted sites were drought-free from R1 through 
kernel fill (R4–R5 stage) in 2012, resulting in average yields of 
11.0 Mg ha–1. The April-planted Cayuga County site, however, 
had average yields of only 8.9 Mg ha–1 in 2012, 25% less than in 
2011.

Livingston County: 0.76-Meter Rows

Hybrid and seeding rate did not affect yield and there was no 
hybrid ´ seeding rate interaction (Fig. 1). Likewise, final plant 
densities, which averaged 96% of seeding rates at this site, also 
did not affect yield, and there was no hybrid ´ plant density 
interaction (Table 3). The Livingston County site had the high-
est average yield (12.5 Mg ha–1) in this study so it was expected 
to have optimum seeding rates of about 91,500 kernels ha–1, 
based on seeding rate studies in the U.S. eastern Corn Belt and 
Northeast by Pioneer Hi-Bred International, (2011). Perhaps 
the dry July conditions in the 2 wk before the R1 stage in 2011 
and dry conditions after mid-August during the R5 to R6 stages 
in 2012 muted the yield response to seeding rates at this site.
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Fig. 1. Relationship between grain yield and seeding rate within sites for two corn hybrids (solid line, combined across hybrids; C, 
dashed-dotted line, P9807HR; X, dashed line, DKC49–94).

Table 3. Parameter estimates, R2 values, and model significance for regression models relating plant density (plants ha–1 ´ 1000) 
to yield, relative profit, kernels per plant, and kernel weight for sites, years, and hybrids. Years and hybrids are listed separately 
when there are interactions with plant density.

Dependent variable

Model†

Parameter estimate Model  
significanceYear and site Hybrid 0

b 1
b 2

b R2

 ————————— plants ha–1 ´ 1000 ————————— 
Yield (Mg ha–1)

2011
 Cayuga P9807 L 11.1 0.0189 NS 0.57 ‡

DKC49–94 Q 1.5 0.2482 –0.0014 0.76 *
2012
 Cayuga NS NS
2011–2012
 Livingston NS NS
 Orleans NS NS
 Seneca P9807 Q 12.1 –0.0382 –0.0002 0.87 *

DKC49–94 L 9.6 0.0114 NS 0.70 *
Relative profit (US$ ha–1)

2011
 Cayuga P9807 NS NS

DKC49–94 Q 5498.8 –89.624 0.6669 0.70 *
2012
 Cayuga NS NS
2011–2012
 Livingston NS NS
 Orleans NS NS
 Seneca P9807 Q 1343.5 33.142 –0.24449 0.87 *

DKC49–94 NS NS
Kernels plant–1 (no.)

2011
 Cayuga L 958.0 –6.1695 NS 0.82 **
2012
 Cayuga Q 694.5 –5.0398 0.1276 0.95 **
2011–2012
 Livingston Q 912.2 –5.3396 0.0356 0.97 *
 Orleans Q 955.7 –5.9138 0.0634 0.94 *
 Seneca P9807 L 830.0 –5.2608 NS 0.99 **

DKC49–94 L 762.5 –4.1767 NS 0.95 **
Kernel weight (mg)

2011–2012
 Cayuga L 378.8 –0.463 NS 0.65 *
 Livingston P9807 L 410.3 –1.0487 NS 0.90 **

DKC49–94 Q 381.0 –0.6474 0.0097 0.98 *
 Orleans Q 362.1 –0.8146 0.0274 0.89 *
 Seneca L 397.2 –0.9762 NS 0.81 **

* Significant at a = 0.05.
** Significant at a = 0.01.
† L, linear regression model; Q, quadratic regression model; NS, nonsignificant response to plant density.
‡ Significant at a = 0.10; NS, not significant at a = 0.10. 



698 Agronomy Journa l  •  Volume 105, Issue 3 •  2013

The number of kernels per plant showed negative quadratic 
responses to seeding rates (Fig. 2) and final plant densities 
(Table 3), with no hybrid interactions. Despite the significance 
of the quadratic coefficient, the minimum value as predicted 
by the quadratic equation occurred at the highest seeding rate 
(>98,800 kernels ha–1), which is consistent with other stud-
ies (Cox, 1996; Borrás et al., 2007; Boomsma et al., 2009; 
Ciampitti and Vyn, 2011; Cox and Cherney, 2012). When 
averaged across hybrids, the number of kernels per plant 
decreased from 610 kernels plant–1 at the lowest seeding rate to 
417 kernels plant–1 at the highest seeding rate, a 32% decrease. 
Interestingly, a recent small-plot study in New York in the dry 
2011 growing season with two different hybrids also showed a 
33% decrease in kernels per plant at similar seeding rates (Cox 
and Cherney, 2012). When averaged across years and seeding 

rates, the Pioneer hybrid had more kernels per plant (517) than 
the DeKalb hybrid (498).

Kernel weight had hybrid ´ seeding rate (Fig. 3) and hybrid ´ 
plant density interactions (Table 3). Kernel weight had negative 
quadratic responses to seeding rates (greater linear coefficient 
for the Pioneer hybrid), with minimum kernel weights occur-
ring at the highest seeding rates (>98,800 kernels ha–1) for both 
hybrids, which is consistent with previous studies (Cox, 1996; 
Boomsma et al., 2009; Borrás and Gambin, 2010; Ciampitti and 
Vyn, 2011; Van Roekel and Coulter, 2011). Kernel weight for 
the Pioneer hybrid had a negative linear response, whereas kernel 
weight for the DeKalb hybrid had a negative quadratic response 
to final plant densities. The 32% decrease in kernels per plant and 
9% decrease in kernel weight from the lowest to highest seed-
ing rates offset the increase in the number of plants per hectare, 

Fig. 2. Relationship between kernels per plant and seeding rate within sites for two corn hybrids (solid line, combined across 
hybrids; C, dashed-dotted line, P9807HR; X, dashed line, DKC49–94).

Fig. 3. Relationship between kernel weight and seeding rate within sites for two corn hybrids (solid line, combined across hybrids; 
C, dashed-dotted line, P9807HR; X, dashed line, DKC49–94).
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resulting in no yield response by either hybrid to seeding rates or 
plant densities at this site.

Grain moisture did not respond to seeding rates in 2011, but 
there were hybrid ´ seeding rate (Table 4) and hybrid ´ plant 
density interactions in 2012. Differences among seeding rates 
for the responsive DeKalb hybrid in 2012 were not of sufficient 
magnitude (<5 g kg–1), however, to be of practical significance. 
Also, kernel density had hybrid ´ seeding rate interactions, with 
generally negative linear responses (Table 4). Nevertheless, kernel 
density exceeded the docking threshold (695 kg m–3) by grain 
mills for all seeding rates so the negative linear responses were of 
no practical significance. Likewise, lodging percentage had linear 
responses to seeding rates (Table 4), but maximum values aver-
aged only 2.6% at the highest seeding rate, which probably did 
not affect grain yield. The Pioneer hybrid did have greater lodg-
ing (2.0%) compared with the DeKalb hybrid (0.9%) and greater 
grain moisture in 2011 (215 g kg–1) compared with the DeKalb 
hybrid (211 g kg–1).

Partial budget analyses indicated that relative profit did not 
respond to seeding rates or plant densities and there were no 
hybrid ´ seeding rate or plant density interactions (Fig. 4; Table 
3). Van Roekel and Coulter (2011), however, reported maximum 
net returns at plant densities of 80,000 to 85,000 plants ha–1 at 
comparable seed costs and corn prices as used in this study in a 

planting date ´ plant density study in Minnesota. The grower at 
this site typically plants all hybrids at 88,920 kernels ha–1. The 
grower would not have lost profit at this seeding rate, however, 
despite the lack of response, because relative profit was the same 
across all seeding rates.

Orleans County: Twin Rows

Although hybrids and seeding rates had yield differences of 
<3%, hybrid and seeding rate affected yield and there was no 
hybrid ´ seeding rate interaction (Fig. 1). Final plant densities, 
which averaged about 92% of the seeding rates at this site, had 
no hybrid, plant density, or hybrid ´ plant density interac-
tion for yield (Table 3), probably because of small differences 
between hybrids and across seeding rates. A maximum yield 
of 12.0 Mg ha–1 at a seeding rate of 87,785 kernels ha–1 was 
predicted by the quadratic equation, close to the optimum 
seeding rate of 90,500 kernels ha–1 predicted from seed-
ing rate studies in the U.S. eastern Corn Belt and Northeast 
by Pioneer Hi-Bred International (2011). The seeding rate 
response at this twin-row site agrees with the findings of Balk-
com et al. (2011) at one site and Bruns et al. (2012) in 1 yr in 
the U.S. Southeast, where twin-row corn had maximum yield 
at seeding rates >80,000 kernels ha–1. Nevertheless, the pre-
dicted yield (11.8 Mg ha–1) at the recommended seeding rate 

Table 4. Parameter estimates, R2 values, and model significance values for regression models relating seeding rate (kernels ha–1 ´ 
1000) to lodging percentage, grain moisture, and kernel density for sites, years, and hybrids. Years and hybrids are listed separately 
when there are interactions with seeding rate. 

Dependent variable

Model†

Parameter estimate

R2
Model  

significanceYear and site Hybrid 0
b 1

b 2
b

 ————————— plants ha–1 ´ 1000 ————————— 
Lodging (log %)

2011–2012
 Cayuga L –1.5 0.0016 NS 0.56 ‡
 Livingston L –1.9 0.0212 NS 0.77 *
 Orleans L –3.7 0.0369 NS 0.63 *
 Seneca L –4.3 0.0299 NS 0.67 **

Grain moisture (g kg–1)
2011
 Cayuga P9807 NS NS

DKC49–94 L 210.9 –0.2146 NS 0.68 **
 Livingston NS NS
 Orleans L 274.8 –0.2901 NS 0.56 ‡
 Seneca NS NS
2012
 Cayuga NS NS
 Livingston P9807 NS NS

DKC49–94 L 203.9 –0.2281 NS 0.77 **
 Orleans NS NS
 Seneca P9807 Q 222.8 –0.9791 0.0057 0.84 *

DKC49–94 NS NS
Kernel density (kg m–3)

2011–2012
 Cayuga NS NS
 Livingston  P9807 L 1182.7 –4.2355 – 0.68 *

DKC49–94 L 735.8 –0.2802 – 0.71 *
 Orleans L 747.8 –0.4181 – 0.33 *
 Seneca P9807 NS NS

DKC49–94 L 775.5 –0.5938 – 0.67 **

* Significant at a = 0.05.
** Significant at a = 0.01.
† L, linear regression model; Q, quadratic regression model; NS, nonsignificant response to seeding rate.
‡ Significant at a = 0.10; NS, not significant at a = 0.10.
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of 74,100 kernels ha–1 was only 1.7% less than the predicted 
maximum yield at 87,785 kernels ha–1. The Pioneer hybrid 
(11.8 Mg ha–1) yielded 3.5% greater than the DeKalb hybrid 
(11.4 Mg ha–1) at this site.

The number of kernels per plant showed a negative linear 
response to seeding rates (Fig. 2) and a negative quadratic 
response to final plant densities with no hybrid interactions 
(Table 3). Kernel weight also showed negative quadratic 
responses to seeding rates (Fig. 3) and plant densities (Table 3), 
with no hybrid ´ seeding rate or plant density interactions. 
When averaged across hybrids, the number of kernels per plant 
decreased 33% from the lowest seeding rate (645) to the highest 
seeding rate (432), similar to the decrease at Livingston County. 
Kernel weight decreased from 330 mg at the lowest seeding rate 
to a predicted minimum value of 305 mg at 90,500 kernels ha–1. 
At this site, the 33% decrease in kernels per plant and 8.5% 
decrease in kernel weight from the lowest to the highest seeding 
rate did not offset the increase in plants per hectare, resulting in 
a quadratic response. When averaged across years and seeding 
rates, the Pioneer hybrid had more kernels per plant (547) than 
the DeKalb hybrid (532), whereas the DeKalb hybrid had greater 
kernel weight (311 mg) than the Pioneer hybrid (305 mg).

Grain moisture showed negative linear responses to seed-
ing rates and plant densities in 2011 but did not respond to 
seeding rates (Table 4) or plant densities in 2012. Grain mois-
ture decreased from 258 g kg–1 at the lowest seeding rate to 
242 g kg–1 at the highest seeding rate in 2011. Stanger and 
Lauer (2006) also noted a 17 g kg–1 decrease in grain moisture 
as plant densities increased from 64,200 to 123,500 plants ha–1. 
Although the 16 g kg–1 difference in 2011 initially appears small, 
drying cost differences between the low and high seeding rates 
at yields of 11.6 Mg ha–1 would exceed US$40 ha–1. In 2012, 
however, grain moisture was much lower (~190 g kg–1) and 
seeding rate and plant density did not have an effect. Thomison 
et al. (2011) also noted a decrease in grain moisture from 275 to 
261 g kg–1 as plant densities increased from 59,000 to 89,000 
plants ha–1 but no response to plant densities when grain mois-
ture was in the 180 to 200 g kg–1 range.

Kernel density showed a negative linear response to seeding 
rate (Table 4) and plant density, with no hybrid ´ seeding rate 
or plant density interactions. Kernel density decreased from 
723 kg m–3 at the lowest seeding rate to 703 kg m–3 at the 
highest seeding rate, which is inconsistent with the Bruns et al. 
(2012) twin-row study that reported no effect of plant density 

on kernel density. As at Livingston County, kernel density values 
exceeded the docking threshold so the negative linear responses 
were of no practical significance. Likewise, lodging percentage 
had linear responses to seeding rates (Table 4), but maximum 
values were only 3.4% at the highest seeding rate, which probably 
did not affect grain yield. The Pioneer hybrid did have greater 
lodging (1.9%) than the DeKalb hybrid (0.4%), similar to Liv-
ingston County. Unlike at Livingston County, however, the 
DeKalb hybrid had greater grain moisture in 2011 (256 g kg–1) 
than the Pioneer hybrid (247 g kg–1).

Partial budget analyses indicated that relative profit showed 
a quadratic response to seeding rate but did not respond to 
plant density, and there were no hybrid ´ seeding rate or 
plant density interactions (Fig. 4; Table 3). Maximum relative 
profit was predicted at about 76,000 kernels ha–1, close to the 
74,100 kernels ha–1 density currently recommended in New 
York (Cox and Cherney, 2012). The grower at this site planted all 
hybrids at 90,155 kernels ha–1 in 2011 and 85,215 kernels ha–1 
in 2012, which indicates that the grower would have lost 
about US$25 ha–1 planting at these seeding rates instead of 
76,000 kernels ha–1 or the recommended 74,100 kernels ha–1. 
The Pioneer hybrid did have greater profit than the DeKalb 
hybrid because of its 0.3 Mg ha–1 yield advantage.

Seneca County: 0.76-Meter Rows

When averaged across years, yield had hybrid ´ seeding rate 
and hybrid ´ plant density interactions (Fig. 1; Table 3). The 
Pioneer hybrid showed quadratic responses to seeding rates and 
plant densities, whereas the DeKalb hybrid had positive linear 
responses. A maximum yield of 10.4 Mg ha–1 at a seeding rate 
of 70,000 kernels ha–1 was predicted by the quadratic equation 
for the Pioneer hybrid, somewhat lower than the recommended 
seeding rate of 74,100 kernels ha–1. Although the DeKalb hybrid 
had linear responses to seeding rates, yields differed by only 3.8% 
from the lowest seeding rate (10.2 Mg ha–1) to the highest seeding 
rate (10.6 Mg ha–1). The Seneca County site had an average yield 
of 10.4 Mg ha–1, so the Pioneer hybrid had lower but the DeKalb 
hybrid had higher seeding rates for maximum yield compared 
with the optimum seeding rate of about 85,500 kernels ha–1 
predicted by Pioneer Hi-Bred International (2011). Nevertheless, 
yield differences among seeding rates of the DeKalb hybrid were 
so small that higher seeding rates may not be economical.

Number of kernels per plant had hybrid ´ seeding rate and 
hybrid ´ plant density interactions, with both hybrids showing 

Fig. 4. Relationship between relative profit and seeding rate within sites for two corn hybrids (solid line, combined across hybrids; 
C, dashed-dotted line, P9807HR; X, dashed line, DKC49–94).
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negative linear responses (Fig. 2; Table 3). Kernel weight also 
showed negative linear responses to seeding rates and plant 
densities but with no hybrid interactions (Fig. 3; Table 3).The 
Pioneer hybrid (greater linear coefficient) had a 33% decrease 
in the number of kernels per plant from the lowest (536) to the 
highest seeding rate (358), whereas the DeKalb hybrid had a 27% 
decrease (from 529 to 383). Despite the interaction, the decreases 
in kernel number per plant are consistent with the Livingston 
and Orleans counties sites, especially for the Pioneer hybrid. 
Kernel weight decreased from 342 mg at the lowest seeding rate 
to 309 mg at the highest seeding rate, a 9.7% decrease, similar to 
the decreases at Livingston and Orleans counties. The decreases 
in the number of kernels per plant and kernel weight did not 
offset the increase in the number of plants per hectare, resulting 
in maximum yield at >98,800 plants ha–1 for the DeKalb hybrid 
and 95,500 plants ha–1 for the Pioneer hybrid. The Pioneer 
hybrid had greater kernel weight (330 mg) than the DeKalb 
hybrid (322 mg), which is inconsistent with the hybrid effect on 
kernel weight at the Orleans County site.

Grain moisture did not respond to seeding rates (Table 4) 
or plant densities in 2011, but small hybrid differences were 
observed between the Pioneer (182 g kg–1) and DeKalb hybrids 
(175 g kg–1). Grain moisture however, showed hybrid ´ seed-
ing rate (Table 4) and hybrid ´ plant density interactions in 
2012. The DeKalb hybrid showed a negative linear response to 
seeding rates and plant densities, with moisture decreasing from 
181 g kg–1 at the lowest seeding rate to 171 g kg–1 at the high-
est seeding rate. The Pioneer hybrid showed negative quadratic 
responses, with the highest grain moisture at the lowest seed-
ing rate (185 g kg–1), but then plateaued at 181 g kg–1 at seed-
ing rates from 74,100 to 98,800 kernels ha–1. Grain moisture 
was <190 g kg–1 in 2012, so it was not expected that seeding 
rate would influence grain moisture (Thomison et al., 2011). 
Although kernel density and lodging had hybrid and seeding rate 
effects (Table 4), the values were of insufficient magnitude to be 
of practical significance, similar to the results at Livingston and 
Orleans counties.

Partial budget analyses indicated that relative profit had 
hybrid ´ seeding rate and hybrid ´ plant density interactions 
(Fig. 4; Table 3). Relative profit for the DeKalb hybrid showed 
no response to seeding rates or plant densities, whereas the Pio-
neer hybrid had quadratic responses. The 3.8% yield increase 

from the lowest to the highest seeding rate of the DeKalb 
hybrid was not sufficient to offset the US$42 ha–1 increase 
in seed costs and small increases in hauling and drying costs. 
Maximum relative profit of the Pioneer hybrid was predicted at 
a seeding rate of 67,665 kernels ha–1, similar to the seeding rate 
for maximum yield but less than the 74,100 kernels ha–1 cur-
rently recommended in New York (Cox and Cherney, 2012). 
The grower at this site planted at 79,050 kernels ha–1 in 2011 
and 82,745 kernels ha–1 in 2012. The grower would not have 
lost profit at these seeding rates with the DeKalb hybrid because 
there was no relative profit response to seeding rate. The grower 
would have lost about US$43 ha–1, however, by planting the Pio-
neer hybrid at these seeding rates instead of 67,665 kernels ha–1 
and about US$11 ha–1 by not planting at the recommended rate.

Cayuga County: 0.51-Meter Rows

Yield, kernel number per plant, relative profit, and grain 
moisture did not have homogeneous variances across years, 
so the responses of these variables to seeding rates and plant 
densities were analyzed for individual years. In 2011, yield had 
hybrid ´ seeding rate and hybrid ´ plant density interactions 
(Fig. 5; Table 3). Quadratic regression equations predicted a 
maximum yield of 12.6 Mg ha–1 at 92,050 kernels ha–1 for 
the Pioneer hybrid and maximum yield at the high seeding 
rate (>98,800 kernels ha–1) for the DeKalb hybrid. Predicted 
maximum yield of the DeKalb hybrid to plant density, which 
averaged only 77% of seeding rates at this site in 2011, was 
88,642 plants ha–1 (Table 3). The yield of the Pioneer hybrid, 
however, which had 75% plant establishment, showed a linear 
response to plant density. Yield averaged 11.9 Mg ha–1 at this 
site in 2011, so it was expected to have optimum seeding rates 
of about 90,500 kernels ha–1 based on seeding rate studies by 
Pioneer Hi-Bred International (2011), similar to the Pioneer 
hybrid response. Overall, the responses to plant density in 2011 
were somewhat higher than the predicted 84,000 plants ha–1 for 
maximum yield in 0.51-m rows in Minnesota (Van Roekel and 
Coulter, 2012).

In 2012, however, yields of both hybrids did not respond to 
seeding rates (Fig. 5) or plant densities, despite final plant estab-
lishment of only 75% (Table 3). Yields averaged 8.9 Mg ha–1, 
25% less than in 2011, probably because of abnormally hot and 
dry conditions during the first 2 wk of July, which coincided 

Fig. 5. Relationship between grain yield and seeding rate at the Cayuga County sites within years for two corn hybrids (solid line, 
combined across hybrids; C, dashed-dotted line, P9807HR; X, dashed line, DKC49–94).
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with the V12 to R1 stages of both hybrids. The results of the 
2012 study agree with previous studies in New York, which 
indicated a much lower final plant density requirement for maxi-
mum yield when conditions are dry for a 2-wk period before and 
during the R1 stage (Cox, 1996; Cox and Cherney, 2012). Both 
hybrids yielded the same in 2012 (8.8 Mg ha–1 for the Pioneer 
and 9.1 Mg ha–1 for the DeKalb hybrid), indicating no apparent 
hybrid differences in drought tolerance.

The number of kernels per plant had a hybrid ´ seeding rate 
interaction but no hybrid ´ plant density interaction in 2011 
(Fig. 6; Table 3). The Pioneer hybrid had a 25% decrease from 
the lowest (668 kernels) to the highest seeding rate (498 kernels) 
in 2011, similar to the decrease in the DeKalb hybrid at Seneca 
County. Surprisingly, the number of kernels per plant of the 
DeKalb hybrid at this site did not respond to seeding rates. 
Nevertheless, the number of kernels per plant of both hybrids in 
2011 showed negative linear responses to plant densities, with 
no hybrid ´ plant density interaction (Table 4). In 2012, the 
number of kernels per plant showed the typical negative linear 
response when averaged across hybrids, with a 35% decrease in 
kernel number from the lowest (456 kernels plant–1) to the high-
est seeding rates (292 kernels plant–1). The low kernel numbers 
at this site in 2012 indicate that the warm and dry conditions 
before and during the R1 stage probably reduced kernel set. Also, 
the 35% reduction under stressful conditions is consistent with 
small-plot research only 10 km south of this site, in which there 
was a 33% reduction in a dry year but only a 15% reduction in 
a favorable year at similar seeding rates but with two different 
hybrids (Cox and Cherney, 2012). The DeKalb hybrid had more 
kernels per plant (385) than the Pioneer hybrid (323), which is 
inconsistent with the results at Livingston and Orleans counties.

When averaged across years, kernel weight showed typical neg-
ative linear responses to seeding rates and plant densities, with 
no hybrid interactions (Fig. 3; Table 3). Kernel weight decreased 
from 357 mg at the lowest to 336 mg at the highest seeding rate, 
a 5.9% decrease, which was somewhat less than at the other sites 
but similar to the 6.8% for corn in 0.51-m rows at similar seeding 
rates in Minnesota (Van Roekel and Coulter, 2012). Conditions 
were favorable during the kernel-fill period in both years at this 
site, which probably reduced competition for assimilates in the 
developing kernels, especially in 2012 when kernel numbers 
were low (Uribelarrea et al., 2008). When averaged across years, 

the Pioneer hybrid had greater kernel weight (353 mg) than the 
DeKalb hybrid (341 mg), which is consistent with the hybrid 
effect on kernel weight at Seneca County but inconsistent with 
the results at the Orleans County site. The Pioneer hybrid may 
have had greater kernel weight at this site because of lower kernel 
numbers (Uribelarrea et al., 2008).

Grain moisture had hybrid ´ seeding rate (Table 4) and 
hybrid ´ plant density interactions in 2011. The Pioneer hybrid 
had consistent grain moisture across seeding rates (~200 g kg–1), 
but the DeKalb hybrid showed a negative linear response (196 
to 188 g kg–1 from the lowest to highest seeding rate). In 2012, 
grain moisture did not respond to seeding rates (~200 g kg–1), 
but small hybrid differences were observed between the Pioneer 
(195 g kg–1) and DeKalb hybrids (203 g kg–1), in contrast to 
the Seneca County site in 2011, where the Pioneer hybrid had 
8 g kg–1 greater grain moisture at harvest. Kernel density did not 
respond to seeding rate (Table 4) or plant density. Also, lodg-
ing percentage had linear responses to seeding rates (not plant 
densities), but maximum values were only about 0.9% at the two 
higher seeding rates (Table 4). The Pioneer hybrid once again 
had greater kernel density (723 kg m–3) and lodging (1.0%) than 
the DeKalb hybrid (704 kg m–3 and 0.5%, respectively), but the 
differences were of no practical significance.

Partial budget analyses indicated that relative profit had 
hybrid ´ seeding rate and hybrid ´ plant density interac-
tions in 2011 (Fig. 7; Table 3). Relative profit of both hybrids 
showed quadratic responses to seeding rates in 2011, with the 
predicted maximum profit for the Pioneer hybrid at 85,100 
kernels ha–1 and for the DeKalb hybrid at 95,450 kernels ha–1. 
The relative profit of the Pioneer hybrid, however, showed no 
response to plant densities, whereas the DeKalb hybrid had a 
quadratic response, with maximum profit predicted at only 
67,000 plants ha–1. The limited quadratic response or lack of 
response of relative profit to plant densities at this narrow-row 
site is mostly consistent with Van Roekel and Coulter (2012), 
who reported a lack of response of net returns for corn in 0.51-m 
rows to plant densities at the seed costs and grain prices used 
in this study. In 2012, relative profit showed a negative linear 
response to seeding rates, with no response to plant density. The 
grower at this site planted all hybrids at 91,000 kernels ha–1 in 
both years. Regression equations indicate that the grower would 
have lost US$3 ha–1 by planting the DeKalb hybrid at too low a 

Fig. 6. Relationship between kernels per plant and seeding rate at the Cayuga County sites within years for two corn hybrids (solid 
line, combined across hybrids; C, dashed-dotted line, P9807HR; X, dashed line, DKC49–94).
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rate and US$9 ha–1 by planting the Pioneer hybrid at too high 
a rate compared with their respective optimum seeding rates in 
2011. In contrast, the grower would have lost US$139 ha–1 if 
planting the DeKalb hybrid and US$30 ha–1 if planting the Pio-
neer hybrid at the recommended 74,100 kernels ha–1 in 2011. In 
2012, however, the grower would have lost >US$80 ha–1 by not 
planting at the recommended seeding rate. The DeKalb hybrid 
did have a greater relative profit than the Pioneer hybrid, incon-
sistent with the relative profit at the twin-row site in Orleans 
County.

CONCLUSIONS
Grain yield and relative profit responded inconsistently to 

seeding rates across sites, between hybrids, and between years at 
one site. Overall, the maximum predicted relative profit never 
exceeded the recommended seeding rate of 74,100 kernels ha–1 
(Cox and Cherney, 2012) at the 0.76-m-row sites and exceeded 
the recommended rate by only 1900 kernels ha–1 at the twin-
row site and by 11,500 to 21,500 kernels ha–1 in 1 of 2 yr at the 
0.51-m row site. Based on the results of this study, recommended 
seeding rates in New York will not change. Nevertheless, because 
of inconsistent responses across sites, between hybrids, and 
between years at the narrow-row site, we recommend that grow-
ers test the response of new hybrid releases to seeding rates on 
their different fields. Growers can now easily conduct replicated 
strip tests on new hybrids at different seeding rates because of 
the ease in varying seeding rates with new corn planters and the 
prevalence of yield monitors on most combines. The results of 
seeding rate studies by growers could also lead to implementation 
of variable seeding rates within fields.

The lack of a consistent response to seeding rates in this study 
is probably related to dry conditions immediately preceding 
the R1 stage at most sites in both years. The number of kernels 
per plant, determined by hybrid genetics and environmental 
conditions during the 10-d period bracketing the R1 stage 
(Andrade et al., 1999; Echarte et al., 2004), showed mostly a 4 to 
5 kernel plant–1 or 25 to 35% decrease for every 1000 kernel ha–1 
increase in the seeding rate. A previous study in New York 
(Cox and Cherney, 2012) indicated only a 15% decrease under 
favorable environmental conditions but a 33% decrease under 
droughty conditions preceding and during the R1 stage at the 
same seeding rates as in this study. Consequently, dry conditions 

immediately preceding the R1 stage in both years probably lim-
ited the response of yield to higher seeding rates because corn is 
more susceptible to reduced kernel set at high seeding rates under 
droughty conditions at this time (Andrade et al., 1999). On the 
other hand, dry conditions for a 2- to 3-wk period before the 
R1 stage greatly reduced the stature of corn in both years, which 
subsequently reduced the lodging potential at all sites. Conse-
quently, the dry conditions for the 2 to 3 wk before the R1 stage 
probably limited lodging at higher seeding rates because corn is 
more susceptible to lodging and potential yield losses at higher 
seeding rates. Because of uncertain weather conditions and corn 
market prices, we recommend that growers continually test the 
response of new hybrid releases on their farms using 74,100 ker-
nels ha–1 as the control treatment.
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