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Abstract

Corn (Zea mays L.) planted in narrow row spacing (<30-inch) with
high plant population has become a recent interest in the US Corn
Belt to increase grain yield. We evaluated the impact of row spacing
and plant population on corn grain yield across 22 site-years in Iowa
from 2009 to 2018. Experiments were designed as a split-plot with
two row spacings, 20- and 30-inch, as the main-plot and three to
four plant populations, ranging from 30,000 to 42,000 plants acre –
1
, as subplot. Grain yield was affected in 73% of the site-years: 13
site-years by row spacing, six site-years by plant population, and 2
site-years by the interaction of both. Corn in 20-inch rows yielded 5
to 19 bu acre –1 more in 11 site-years and 10 to 14 bu acre –1 less in
two site-years compared to 30-inch rows. In both 20- and 30-inch
row spacings, corn yield decreased linearly at 0.4 to 1.7 bu acre –1
per thousand increase in plant population in four site-years and
responded quadratically with peak yield at around 36,000 plants
acre –1 in two site-years. However, corn yield increased linearly at 2.0
to 3.1 bu acre –1 per thousand increase in plant population only when
planted in 20-inch row in two site-years. When all 22 site-years were
combined, yield was only affected by row spacing. Corn in 20-inch
rows produced similar yield under low yielding environments and 8
to 10 bu acre –1 more yield under high yielding environments compared to 30-inch row spacing. Results suggest that farmers should
move to 20-inch row spacing at yield levels greater than 235 bu acre –1.

I

owa ranked first in corn (Zea mays L.) production in the United
States in 2018 (USDA-NASS, 2019), where the average corn yield
increased significantly over the last 20 years from 135 bu acre –1 in
1998 to 196 bu acre –1 in 2018 (Johanns and Plastina, 2019). Sustained
corn genetic improvements and better agronomic management
practices are the most important factors responsible for this yield
increase. Studies documented that 50 to 70% of corn yield increases
can be attributed to improved genetics and 30 to 50% to better agronomic management practices (Cardwell, 1982; Duvick, 2005; Lee
and Tollenaar, 2007). Among agronomic management practices,
corn grain yield is largely influenced by row spacing, plant population, soil fertility level, and crop fertilization (Tollenaar and Lee,
2002; Shapiro and Wortmann, 2006; Raymond et al., 2009).
Today, the most common row spacing for corn production in the
central US Corn Belt is 30 inches compared with 36-, 38-, and 40-inch
rows of the past. However, corn planted in narrow rows (<30-inch)
has become a recent interest across the Corn Belt to increase grain
yield (Lee, 2006; Butzen and Paszkiewicz, 2008). This interest has
been stimulated by the increase of soybean [Glycine max (L.) Merr.]
yield in narrow rows (7.5- or 15-inch) compared with wider rows
(30-inch; Costa et al., 1980; Lueschen et al., 1992; Oplinger and
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• Row spacing narrower than 30-inches increases corn
yield under high yielding conditions.
• Overall, the optimum plant population does not
vary with changes to row spacing.
• Narrow row spacing tolerates plant density stress
and, thereby, respond with increased yield.
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Table A. Useful conversions.
To convert Column 1 to Column 2,
multiply by

Column 1
Suggested Unit

Column 2
SI Unit

0.405

acre

hectare, ha

62.71

56-lb bushel per acre, bu/acre

kilogram per hectare, kg/ha

2.54

inch

centimeter, cm (10–2 m)

Philbrook, 1992; Pedersen and Lauer, 2003; Bertram and
Pedersen, 2004; Naeve et al., 2004; Harder et al., 2007; De
Bruin and Pedersen, 2008). The use of a single narrow-row
planter for both corn and soybean rotation is also responsible
for the interest of corn planted in narrow rows.
Planting corn in narrow rows is reported to improve light
interception during pollination (VT/R1; Ritchie et al., 1993;
Andrade et al., 2002), which can increase grain yield especially under sufficient water and nutrient conditions
(Andrade et al., 2002; Robles et al., 2012). However, there are
inconsistent results regarding the yield advantage of narrow
rows (<30-inch) over the wider (≥30-inch) rows. Although
several studies show a 2.7 to 10% yield increase by planting corn in narrow rows (Barbieri et al., 2000; Johnson and
Hoverstad, 2002; Widdicombe and Thelen, 2002; Shapiro and
Wortmann, 2006; Thelen, 2006; Williams et al., 2014: Nelson
et al., 2015), some studies show either yield reduction or no
yield advantage for narrow rows (Farnham, 2001; Lee, 2006;
Robles et al., 2012; Van Roekel and Coulter, 2012; Novacek
et al., 2013; Mackey et al., 2016). The most consistent yield
advantage (7 to 10%) of narrow rows over wider rows has
been documented in the north-central USA (Porter et al.,
1997; Johnson and Hoverstad, 2002; Widdicombe and Thelen,
2002; Sharratt and McWilliams, 2005; Thelen, 2006).
Planting corn at high plant populations has been another
strategy to increase grain yield (Mackey et al., 2016). This is
because the grain yield improvement of modern corn hybrids
is mainly associated with increased plant population per unit
land area rather than increased yield per plant (Tokatlidis and
Koutroubas, 2004) and modern corn hybrids are more tolerant
to stress associated with dense plant populations (Tollenaar
and Lee, 2002). The optimum plant population in Iowa ranged
from 10,000 to 13,000 plants acre–1 for open-pollinated corn
before hybrid genetics were adopted (Bowman and Crossley,
1908) and 15,000 to 19,000 plants acre–1 after hybrids were
widely used in the 1940s (Kohnke and Miles, 1951). Current
research in the central Corn Belt reveals that corn yield is
maximized at 33,000 to 36,000 plants acre–1 in Iowa (Farnham,
2001; Woli et al., 2014), 35,000 to 40,000 plants acre–1 in Illinois
(Nafziger, 2012), 33,000 plants acre–1 in Indiana (Robles et
al., 2012), 36,000 plants acre–1 in Michigan (Widdicombe and
Thelen, 2002), and 33,000 to 44,000 plants acre–1 in Minnesota
(Van Roekel and Coulter, 2012). Corn plant population for
grain production in Iowa has been increased by about 318
plants per acre per year from 1980 to 2018 (USDA-NASS, 2018).
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Corn yield response to plant population is reported to vary
greatly. Some studies showed a linear response under sufficient soil moisture (Farnham, 2001; Raymond et al., 2009) and
N conditions (Boomsma et al., 2009) or a quadratic-plateau
response with no yield decline at higher plant population (Hashemi-Dezfouli and Herbert, 1992; Nafziger, 1994;
Thomison and Jordan, 1995; Van Roekel and Coulter, 2011).
However, several studies showed a quadratic response of
corn yield to plant population with yield penalties associated with higher plant populations (Ahmadi et al., 1993;
Tollenaar and Wu, 1999; Echarte et al., 2000; Sangoi et al.,
2002; Stanger and Lauer, 2006; Coulter et al., 2010; Woli et al.,
2014). Although higher plant populations can maximize light
interception and thereby increase yield, plant populations
that are too high have the potential to decrease corn yield by
increasing stress to individual plants through crowding and
interplant competition (Boomsma et al., 2009) and by increasing stalk lodging (Stanger and Lauer, 2007).
Planting corn in narrow rows (<30-inch) can reduce interplant competition associated with increased plant population
by providing greater space between plants within a row
and thereby allow hybrids to respond with increased yield
(Butzen and Paszkiewicz, 2008). Although previous research
suggests that optimum plant population for maximum corn
yield do not vary with row spacing (Porter et al., 1997; Farnham,
2001; Widdicombe and Thelen, 2002), research regarding the
interaction of these two factors in terms of yield response
of recent corn hybrids in Iowa is scarce. Determining optimum plant population for specific row spacing has recently
been recognized as a major agronomic knowledge gap and,
therefore, requires the evaluation of these two important
management practices for the continued improvement of
corn genetics and productivity. We hypothesized that corn
grain yield would increase with the increase of plant population when planted in narrow rows (20-inch) compared to the
typical 30-inch row spacing in Iowa. Our objective was to
evaluate the impact of row spacing and plant population on
grain yield of recent corn hybrids.

Site Descriptions and Experimental
Design

Corn yield response to row spacing and plant population
was evaluated across 22 site-years in Iowa from 2009 to 2018
(Table 1). All sites ranged from somewhat poorly drained to
poorly drained soil. Soil textures ranged from silty clay loam
to clay loam with high organic matter (4 to 6%) and cation
exchange capacity ranging from 25 to 30 cmolc kg–1.
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Table 1. Corn hybrid and plant population
descriptions of research trials conducted for each
site-year in Iowa from 2009 to 2018.
Site-year

1.SCN-2009
2.SCS-2009
3.SCE-2010
4.SCW-2010
5.LW-2014
6.LW-2014
7.SL-2015
8.SL-2015
9.SL-2015
10.SL-2015
11.SL-2016
12.SL-2016
13.SL-2016
14.SL-2016
15.SL-2017
16.SL-2017
17.SL-2017
18.SL-2017
19.SL-2018
20.SL-2018
21.SL-2018
22.SL-2018

Year

Location

Brand

2009 Sac City North
Sac City South
2010 Sac City East
Sac City West
2014 Larchwood

Dekalb
Dekalb
Mycogen
Mycogen
Pioneer

2015 Sutherland

DeKalb
Pioneer

2016 Sutherland

DeKalb
Pioneer

2017 Sutherland

DeKalb
Pioneer

2018 Sutherland

DeKalb
Pioneer

Hybrid

61–69
61–69
2A551
2J597
P0193
P0297
52–84
53–36
P0157
P0297
48–12
53–56
P0157
P0339
51–38
54–38
P0157
P0339
51–38
54–38
P0574
P0589

Plant
population
1000 plants
acre –1
30, 36, 42
30, 36, 42
30, 36, 42
30, 36, 42
30, 36, 42
30, 36, 42
30, 36, 42
30, 36, 42
30, 36, 42
30, 36, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42
30, 34, 38, 42

Each field experiment was designed as a split-plot with three
to four blocks where the main-plot was row spacing and the
subplot was plant population. Row spacing was randomized
within each block and plant population was randomized
within each row spacing of each block. There were two row
spacing treatments, 20- and 30-inch and three or four plant
population treatments ranged from 30,000 to 42,000 plants
acre –1 in either 4000 or 6000 plants acre –1 increment, depending on site-year (Table 1). The seeding rates were 15% more
than the expected plant population treatments. Corn stands
were counted at the V2 to V4 stages (Abendroth et al., 2011)
to ensure our targeted plant population rates were achieved.
Each site-year had unique hybrids that were matched to the
location and field management. All site-years were rainfed.
Pest management as well as P and K applications at each
site followed Iowa State University Extension recommendations (Abendroth et al., 2009; Mallarino et al., 2013). Nitrogen
applications were applied based on the upper end of the maximum return to nitrogen rate from the Corn Nitrogen Rate
Calculator. Corn was harvested after physiological maturity
when grain moisture was below 20%. For the Sutherland site,
harvest was conducted with a CASE IH 1660 (Racine, WI)
combine equipped with a Harvest Master weigh bucket system. The Larchwood and Sac City sites used commercial
combines and weigh wagons available at each site. Grain
yield was adjusted to 15% moisture. Corn relative yield for
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each site-year was calculated by dividing the mean yield of
each plant population for each row spacing by the highest
mean yield across all plant populations and row spacings,
then multiplied by 100.

Statistical Analysis

Actual and relative yields were regressed against plant population using a polynomial model with the MIXED procedure
of SAS (v9.4, SAS Inst., Cary, NC). Each model included row
spacing and the linear and quadratic terms of plant population and their interaction with row spacing as a fixed effect
and the replication for actual yield or the site-year for relative
yield as random effect. Each MIXED model was run initially
with all the model terms and the final model was obtained
through a backward elimination technique by excluding the
model term that was not significant at the 0.10 probability
level. A linear regression model with the GLM procedure
was used to examine the relationship of actual yield between
30- and 20-inch row spacing and yield difference between
row spacings. Potential outliers for each statistical model
was identified using the studentized residual distribution
(<–2.5 and >2.5) and omitted when appropriate.

Corn Yield Response to Row Spacing

Across 22 site-years, corn yield ranged from 152 to 289 bu
acre –1 and averaged 209 bu acre –1 for the majority of site-years
(data not shown). Corn yield was significantly affected at 16
site-years by either row spacing, plant population, or the
interaction of both (Fig. 1; Table 2). Row spacing influenced
corn yield at 13 site-years where corn planted in 20-inch rows
yielded 5 to 19 bu acre –1 more in 11 site-years (Fig. 1a-c, e-k, m)
and 10 to 14 bu acre –1 less for two site-years (Fig. 1d, p) than
corn planted in 30-inch rows. The yield increase in 20-inch
rows compared to 30-inch rows in a majority of site-years
was within the range (2.7 to 10%) of yield increase reported
by several researchers for narrow rows (<30-inch; Porter et
al., 1997; Barbieri et al., 2000; Johnson and Hoverstad, 2002;
Widdicombe and Thelen, 2002; Sharratt and McWilliams,
2005; Shapiro and Wortmann, 2006; Thelen, 2006; Williams
et al., 2014: Nelson et al., 2015).

Corn Yield Response to Plant Population

Plant population only influenced corn yield in six site-years;
corn yield decreased linearly from 0.4 to 1.7 bu acre –1 per
thousand plant population increase in four site-years (Fig.
1a, h, l, m) and responded quadratically with peak yield at
around 36,000 plants acre –1 in two site-years (Fig. 1i-j). The
lack of corn yield response across plant populations for a
majority of the site-years was due to the fact that selected
plant populations were within a range (30,000 to 44,000 plants
acre –1) of optimum plant populations for maximum corn
yield, as shown in many studies conducted across the central Corn Belt (Thomison et al., 2011; Robles et al., 2012; Van
Roekel and Coulter, 2012; Woli et al., 2014). Therefore, corn
yield response to plant population in our study was similar
to the plateau end of the quadratic-plateau response with no
yield loss at the higher population (Hashemi-Dezfouli and
Herbert, 1992; Nafziger, 1994; Thomison and Jordan, 1995;

3 of 7

Fig. 1. Corn yield that responded significantly across plant population at two different row spacings as predicted
with a polynomial model of research trials conducted for each site-year in Iowa from 2009 to 2018. Coefficients of
the polynomial model for all site-years are listed in Table 2.
Van Roekel and Coulter, 2011) or the upper declining end of
quadratic response with yield loss at the higher plant population (Ahmadi et al., 1993; Tollenaar and Wu, 1999; Echarte et
al., 2000; Sangoi et al., 2002; Stanger and Lauer, 2006; Coulter
et al., 2010). That is to say, that the range of plant populations used in this study did not capture the point where yield
loss could be detected due to plant density stress. The hybrid
selection in our study might be an issue resulting in no yield
or a negative yield response to plant population, as some
modern hybrids do not tolerate stress associated with dense
plant populations especially under hot and dry conditions
(Cox, 1996). The current plant population recommendations
for modern corn hybrids in the central Corn Belt range from
30,000 to 33,000 plants/acre (Thomison et al., 2011; Nielsen,
2012). Most recently, Woli et al. (2014) determined that 33,000
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plants acre –1 was the optimum plant population for the
maximum corn yield in Iowa. Our results, along with the
abovementioned findings, suggest that the optimum plant
population for recent corn hybrids in Iowa is around 30,000
to 33,000 plants acre –1.

Row Spacing by Plant Population Interaction

Corn yield was affected by the interaction of both row spacing and plant population in only two site-years where corn
planted in 30-inch rows produced similar yield across plant
populations whereas in 20-inch rows yield increased linearly from 2.0 to 3.1 bu acre –1 per thousand plant population
increase (Fig. 1n-o). Corn in 30-inch rows yielded 17 to 32 bu
acre –1 more than corn in 20-inch rows only at 30,000 to 34,000
plants acre –1. The lack of interaction effect between row
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Table 2. Coefficients of the polynomial model for
predicting corn yield response to plant population at
two different row spacings of research trials conducted
for the 22 site-years in Iowa from 2009 to 2018.
Site-year
1.SCN-2009
2.SCS-2009
3.SCE-2010
4.SCW-2010
5.LW-2014
6.LW-2014
7.SL-2015
8.SL-2015
9.SL-2015
10.SL-2015
11.SL-2016
12.SL-2016
13.SL-2016
14.SL-2016
15.SL-2017
16.SL-2017
17.SL-2017
18.SL-2017
19.SL-2018
20.SL-2018
21.SL-2018
22.SL-2018

Polynomial model† coefficients
Row
spacing Intercept Linear Quadratic R2
inch
20
–
–
–
–
30
–
–
–
20
–
–
–
–
30
–
–
–
20
–
–
–
–
30
–
–
–
20
221.9
-1.390
–
0.58
30
211.9
-1.390
–
20
174.4
0.053‡
–
0.68
30
165.8
0.053‡
–
20
179.0
0.081‡
–
0.90
30
166.8
0.081‡
–
20
192.6
0.100‡
–
0.59
30
207.0
0.100‡
–
20
–
–
–
–
30
–
–
–
20
210.4 –0.294‡
–
0.53
30
200.2 –0.294‡
–
20
207.9 –0.397‡
–
0.30
30
202.7 –0.397‡
–
20
279.6
0.203‡
–
0.78
30
260.4
0.203‡
–
20
330.1 –1.722
–
0.76
30
316.8 –1.722
–
20
67.4
11.598 –0.15654
0.76
30
56.7
11.598 –0.15654
20
86.0
11.063 –0.15703
0.36
30
79.9
11.063 –0.15703
20
218.6
0.013‡
–
0.25
30
206.8
0.013‡
–
20
–
–
–
–
30
–
–
–
20
231.5 –0.418
–
0.22
30
231.5 –0.418
–
20
243.1 –0.732
–
0.40
30
237.0 –0.732
–
20
125.1
1.951
–
0.48
30
200.5
0.224‡
–
20
72.8
3.059
–
0.66
30
181.2
0.503‡
–
20
176.5
0.416‡
–
0.27
30
186.7
0.416‡
–
20
–
–
–
–
30
–
–
–

Model
P-value
0.470§
0.259§
0.206§
0.001
0.001
< 0.001
0.001
0.243§
0.004
0.073
< 0.001
< 0.001
< 0.001
0.027
0.051
0.564§
0.078
0.005
0.005
0.001
0.041
0.670§

† Linear model equation, y = z + ax and quadratic model equation,
y = z + ax + bx2; where y, corn yield; x, plant population; z,
intercept; a, linear coefficient; and b, quadratic coefficient.
‡ Model coefficients are not significantly different than zero at the
0.10 probability level.
§ The overall model is not significant at the 0.10 probability level.
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Fig. 2. Corn (a) relative yield across plant population at
two different row spacings (b) yield for 20- and 30-inch
row spacings and (c) yield difference between 30- and
20-inch row spacing as predicted with a linear model
across 22 site-years in Iowa during select years from
2009 to 2018. The intercept and slope followed by a
superscript NS were not significantly different than 0
and 1, respectively, at the 0.10 probability level.
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spacing and plant population on corn yield in a majority of
our site-years was in agreement with the findings of Nielsen
(1988), Porter et al. (1997), Farnham (2001), and Widdicombe
and Thelen (2002), suggesting that row spacing should not be
an issue in determining optimum plant population for maximum corn yield. These results were surprising. We expected
to find more than only two responsive site-years in our study
where corn yield increased with the increase of plant population when planted in narrow rows (20-inch) compared to
wider rows (30-inch), due to less interplant competition in
narrow rows than the wider rows, even in the higher populations (Butzen and Paszkiewicz, 2008).

Response by Yield Environment

To better understand the interaction effect of row spacing
and plant population on corn yield across all site-years, we
regressed relative yield across plant population at both row
spacings and found that, similar to actual yield in a majority of site-years, corn relative yield was also only affected
by row spacing (Fig. 2a). Furthermore, corn yield in 20- and
30-inch row spacing was linearly associated with each other,
with positive slope that was significantly different than 1.0
and a negative intercept that was not significantly different
than 0.0 (Fig. 2b). The significant linear relationship of corn
yield in 30-inch rows with the yield difference between 30and 20-inch row spacing (Fig. 2c) suggests that corn yield in
20-inch rows was significantly different than yield in 30-inch
row across all site-years. Specifically, corn yield was slightly
affected by row spacing under low yielding (<185 bu acre–1)
environments. However, under high yielding (>235 bu acre–1)
environments, corn produced 8 to 10 bu acre–1 more yield
when planted in 20-inch rows compared to 30-inch rows.
Based on this result we also evaluated the plant population
effect on corn yield by grouping our 22 site-years as Low,
Medium, and High yielding sites for < 185 bu acre–1, 185 to 235
bu acre–1, and > 235 bu acre–1 yield, respectively, and found no
response of corn yield to plant population regardless of yield
environments or row spacing (data not shown). The greater
yield advancement in narrow rows over the wider rows under
high yielding environments suggests that narrow rows may
be more productive for increasing corn yield in fields with
yield productivity greater than the state average yield.

Conclusion

The corn yield advantage of narrow rows over the wider
rows in a majority of our site-years suggests that Iowa corn
farmers should use narrow rows to increase corn production,
especially in high yielding corn fields (i.e., field productivity
greater than 235 bu acre–1) where the yield increase can easily offset the capital expense of purchasing a new planter.
Our results of either no change or decline of corn yield with
the increase in plant population from 30,000 to 42,000 plants
acre–1 were in agreement with a recently published study in
Iowa, reconfirming that the economically optimum plant
population for maximum corn yield is still around 30,000 to
33,000 plants acre –1, regardless of improved corn genetics or
row spacing. Although our results showed some indication of
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corn yield increase with the increase of plant population when
planted in narrow rows, additional research will be required
to recommend a plant population for a narrower row spacing
that can better account for year-to-year weather variability.
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