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Corn and soybean are among the most important 
fi eld crops worldwide, representing in combination 
around 302 million hectares (FAO, 2014). In Brazil, 

the combined planted area for both crops is around 51 mil-
lion hectares (CONAB, 2017a), while in the United States is 
about 72 million hectares (USDA, 2016). Double-planted area 
on end rows is a common problem in many corn and soybean 
fi elds. Plant densities that exceed the optimal rate to maximize 
yields not only increase seed costs but also can reduce yields. 
During the last decade, seed costs increased 126% for corn 
and 83% for soybean (USDA-ERS, 2017), due to the use of 
genetically modifi ed seeds. Th erefore, strategies to reduce DPA 
should produce seed cost savings while maintaining yield and 
economic profi ts for both crops.

For corn, a large proportion of modern hybrids are density 
dependent (Sangoi et al., 2002; Tokatlidis and Koutroubas, 
2004; Fasoula and Tollenaar, 2005; Ciampitti and Vyn, 2011; 
2012; Tokatlidis et al., 2011; Assefa et al., 2016). Agronomic 
optimum plant density can range from 40 to 100 thousand 
plants ha–1 depending on yield levels (i.e., fi eld yield potentials) 
(Hörbe et al., 2013; Assefa et al., 2016). Plant densities that 
exceed the optimal can reduce plant growth rate and impact 
grain components, leading to yield reductions (Tokatlidis and 
Koutroubas, 2004; Ciampitti and Vyn, 2011; Assefa et al., 
2016). Soybean has a compensatory ability that infl uences the 
response to plant density variation (Boquet, 1990; Carpenter 
and Board, 1997; Board, 2000; Norsworthy and Shipe, 2005), 
with yields that are not aff ected under a wide range of plant 
density (Boquet, 1990; Board, 2000; De Bruin and Pedersen, 
2008; de Luca and Hungría, 2014). Th us, the use of supra-opti-
mal plant density might result in increasing planting costs with-
out changing yields (Board, 2000; de Luca and Hungría, 2014).

Due to high production costs, farmers are exploring new 
technologies to fi ne-tune the use of diff erent inputs. Under 
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ABSTRACT
Double-planted area (DPA) on end rows commonly occurs in 
corn (Zea mays L.) and soybean (Glycine max L.) fi elds. Eco-
nomic and yield losses from DPA can be reduced by using the 
automatic section control (ASC) technology on planters. How-
ever, the eff ects of DPA on crop yield within diff erent yield lev-
els (yield potentials) as well as diff erent DPA proportion within 
Brazilian fi elds are not yet quantifi ed. Using two datasets, the 
objectives of this study were: dataset I- (a) quantify yield losses 
from DPA in corn and soybean; (b) calculate the planting area 
necessary to recover the investment from ASC for Brazil and 
U.S. farmers when considering: (i) yield loss, (ii), DPA propor-
tion, (iii) corn/soybean ratio in the rotation, and (iv) planted 
area; dataset II- (c) estimate DPA proportion at a regional-scale 
using data from 128 Brazilian fi elds. Th e main results were: 
dataset I- (1) corn yield losses linearly increased due to DPA 
as yield level decreased; (2) soybean yields were less sensitive 
to DPA; (3) when only corn was considered, economic returns 
from using ASC was recovered with a smaller planted area; and 
dataset II- (4) overall DPA proportion was 5.5% of the total fi eld 
area, increasing proportionally for irregular shaped fi elds. Use 
of ASC technology benefi ted soybeans via seed savings, while 
for corn, via both seed savings and superior yields. Future research 
focused on the ASC benefi ts should consider potential interactions 
between crop genotypes, fi eld management, and environments.
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Core Ideas
•	 Corn yield was more proportionally reduced for double-planted area 

as yield level decreased.
•	 Soybean yield presented similar behavior for both double-planted 

area and automatic section control at varying yield levels.
•	 ROI for the ASC technology is recovered with lower planted area 

when corn is the main crop.
•	 Overall DPA% was 5.5%, but for irregular fi elds double-planted area 

increased faster as planted area rose.
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this scenario, ASC technology can be used with different 
agricultural implements (Larson et al., 2016) such as sprayers 
and planters, by controlling sections, nozzles, and rows (Luck 
et al., 2010; Fulton et al., 2011; Sharda et al., 2011; Jernigan, 
2012; Shockley et al., 2012a; Luck, 2013; Velandia et al., 2013; 
Larson et al., 2016). Several studies reported the benefits of 
ASC with sprayers (Batte and Ehsani, 2006; Luck et al., 2010; 
Larson et al., 2016), with estimates demonstrating that double 
application may exceed 10% of the field area (Batte and Ehsani, 
2006). Otherwise, the use of ASC for sprayers could reduce 
overlap from 3% (regular field shape) to 13.5% (irregular field 
shape) (Larson et al., 2016).

Few studies are published in the scientific literature related to 
ASC technology for planters (Fulton et al., 2011; Velandia et al., 
2013; Larson et al., 2016) with information only available for 
U.S. farms. From those studies, an average of 4.3% of DPA rela-
tive to the planted area was reported in Alabama (Fulton et al., 
2011) and an average of 4.6% of DPA in Tennessee (Velandia et 
al., 2013). For Brazilian fields, research has not been published 
reporting the average DPA relative to the planted area and the 
yield response to DPA for field crops. Therefore, based on two 
different datasets the objectives of this study were to: dataset I 
(a) quantify the yield losses from DPA in corn and soybean at 
varying yield levels; (b) quantify the planting area necessary to 
recover the investment (return of investment, ROI) from ASC 
technology considering the following variables: (i) yield losses, 
(ii), DPA, (iii) corn/soybean ratio in the rotation, and (iv) planted 
area; and dataset II (c) measure the DPA proportion using data 
collected from a survey 128 Brazilian fields.

MATERIALS AND METhODS
Two datasets were utilized for this study. First, dataset I, 

based on field experiments, was used to quantify the effects 
of DPA compared to ASC on corn and soybean yields and to 
determine the required planted area to recover the investment 

on the ASC technology when used on planters. Second, dataset 
II represented geo-referenced planting data collected from 128 
farmer fields and was used to quantify the DPA proportion in 
Brazilian fields.

Dataset I-Field Layout and Crop 
Yield Measurements

Yield data were collected from 36 corn and 18 soybean field 
trials during the 2015/2016 and 2016/2017 growing seasons. 
For corn, experimental trials were performed in 4 site-years, 
3 in the state of Rio Grande do Sul (RS) and 1 in the state of 
Santa Catarina (SC). For soybean, 3 site-years were evaluated, 
2 in the state of RS and 1 in the state of SC (Table 1). All stud-
ies were conducted using producer planters equipped with ASC 
technology. For all fields, soil was classified as Oxisol (Soil 
Survey Staff, 2014). Fields were planted using tractors equipped 
with global navigation satellite system (GNSS) based auto-steer 
with real-time differential corrections (Real Time Kinematic-
RTK) provided from a reference station installed at each farm. 
For all site-years, except field 3 for corn (Table 1), producers 
utilized Evolution RTK from Stara Company (Stara, Não-Me-
Toque, RS, Brazil), while for field 3 (Pejuçara/RS), a StarFire 
RTK from the John Deere Company (Deere & Company, 
Moline, IL) was used.

At each site-year, two treatments were tested from plots 
located within the end rows of each field with side-by-side 
plots: (i) ASC having no overlapped areas through individual 
row control, and (ii) DPA with over-planting on end rows 
(Fig. 1). End rows were planted first with planting paths com-
pleted with the ASC system; while for the DPA plots, the ASC 
was turned off (Fig. 1). At site 3 for corn (Pejuçara/RS), a John 
Deere planter model DB50 equipped with the RowCommand 
(Deere & Company, Moline, IL) and VacuMeter seed distribu-
tion system was used. The rest of the fields were planted with a 
Stara planter, model Princesa, equipped with Stara row-by-row 

Table	1.	Location,	growing	season,	rainfall,	and	hybrid/cultivar	data	for	all	corn	and	soybean	studies	in	southern	regions	of	Brazil	(dataset	I).
Crop Site Location Coordinates Rainfall† Growing	season Hybrid/Cultivar

mm
Corn 1 Não-Me-Toque/RS 28°22¢48.45² S

52°52¢42.41² W
1013 2015/2016 Agroceres	9025	PRO3‡

2 Palmeira	das	Missões/RS 27°57¢18.68² S
53°29¢2.33² W

1136 2016/2017 Agroeste	1666	VTPROIII‡

3 Pejuçara/RS 28°28¢48.86² S
53°33¢32.94² W

953 2016/2017 Pioneer	1630H§

4 Xanxerê/SC 26°50¢27.18² S
52°30¢55.41² W

911 2016/2017 Dekalb	230	VTPROIII‡

Soybean 5 Condor/RS 28°	2¢57.01² S
53°28¢35.85² W

1249 2015/2016 Brasmax	Desafio¶

6 Condor/RS 28°	1¢21.97² S
53°29¢53.67² W

891 2016/2017 Brasmax	Raio¶

7 Xanxerê/SC 26°51¢57.85² S
52°28¢20.31² W

811 2016/2017 TMG	7062	IPRO#

†	Obtained	during	the	growing	season.
‡	Trademark	of	Monsanto	Technology	LLC	Monsanto	Technology	LLC,	St.	Louis,	MO.
§	Trademark	of	DuPont,	Pioneer,	Johnston,	Iowa.
¶	Trademark	of	GDM	Seeds,	Cambé,	Paraná,	Brazil.
#	Trademark	of	Tropical	Melhoramento	&	Genética,	Rondonópolis,	MT,	Brazil.
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control (Stara, Não-Me-Toque, RS, Brazil) and vSet seed dis-
tribution system (Precision Planting, Tremont, IL). Passes were 
planted at 90° angle relative to the end rows (Fig. 1). Lastly, 6 
(field 1) and 10 (fields 2, 3, and 4) planter passes were replicated 
for each treatment (e.g., ASC and DPA), establishing 36 side-
by-side evaluations for corn, while six planter passes (Fig. 1) 
were replicated for soybean (field 5, 6, and 7), creating 18 side-
by-side evaluations. Both ASC systems were previously row-
by-row tested and calibrated to automatically turn-off 0.25 m 
before and turn-on 0.25 m as the planter exited the end rows. 
Row spacing for both crops was 0.5 m.

All primary crop management practices and hybrid/cultivar 
selections were made by each producer. After crop emergence, 
experimental plots were delineated within the end rows and 
based on the centerline of the planter pass (Fig. 1). Plots were 
3.5-m long by 3.5-m wide for corn, and 3.0-m long by 3.0-m 
wide for soybean. Plant density was determined at V4 (fourth-
leaf) stage for corn (Abendroth et al., 2011) and V3 (third-tri-
foliolate) for soybean (Fehr et al., 1971) in five central rows of 
the plots (Fig. 1). At the end of the season, all corn and soybean 
plots were manually harvested. Grain and seed moisture con-
tent were determined for each plot and adjusted to 130 g kg–1 
for both corn and soybean, since this is the most common 
approach utilized in Brazil. In addition, 10 plants per plot 
were individually harvested to determine yield components: 
grain number per ear (GNE) and the thousand-grain weight 
(TGW, g) in corn, and the seed number per plant (SNP), total 
pods and pods with one, two, three, and four seeds were manu-
ally counted, and thousand-seed weight (TSW, g) in soybean.

Dataset I-Corn and Soybean Yield 
Losses from Double-Planted Areas

To estimate yield losses, the yield from a DPA relative to 
ASC ratio (YieldDPA/YieldASC) (Mg ha–1) was calculated for 
both corn and soybean. Based on this approach, the cumula-
tive frequency distribution (from 0–1) of yield loss/gain was 
calculated. Additionally, relative yield loss (Mg ha–1) related 
to the DPA proportion was calculated presenting four sce-
narios of DPA proportion: 1, 5, 10, and 15% of the field. The 
range of scenarios presented is in agreement with Velandia et 
al. (2013), reporting a range from 0.15 to close to 16% of DPA 
when 52 fields were evaluated in Tennessee. Farmer fields 
evaluated by Velandia et al. (2013) presented similar charac-
teristics as related to the shape relative to southern Brazilian 
fields (Supplemental Fig. S1). For all DPA scenarios, economic 
losses were quantified. The yield loss was multiplied by market 
price for each crop: US$0.15 kg–1 for corn and $0.30 kg–1 for 
soybean, both based on current Brazilian market (CONAB, 
2017b), while, the seed cost, $307 ha–1 for corn and $60 ha–1 for 
soybean (CONAB, 2017b), was calculate as a function of DPA.

Dataset I-Return of Investment from 
the Automatic Section Control for 

Planters in Corn and Soybean

A second approach was implemented to estimate the ROI 
(i.e., the planting area necessary to recover the investment from 
the ASC technology). In this approach, a change in net revenue 
(ΔREV) was calculated using Eq. [1] proposed by Velandia et 
al. (2013), as following:

	Fig.	1. Experimental	plot	layout	and	location	in	double-planted	area	(DPA)	and	without	over-planting	by	utilization	of	automatic	
section	control	(ASC)	controlled	row-by-row	for	both	corn	and	soybean	crops	during	2015/2016	and	2016/2017	growing	seasons,	
Brazil	(dataset	I).	
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where ΔREVj is the change in net revenue ($ ha–1) for crop j 
( j = corn, soybean or both), aj is the planted area (ha) in crop 
j, pj is the market price for each j crop ($ kg–1), Δyj is yield gain 
(kg ha–1) due to the reduction in DPA, Δscj is the reduction in 
seed cost ($ ha–1) due to reduction in the DPA, ωk is percent-
age (0 ≤ ωk ≤ 1) of fields in DPA category k [k = 1 (low DPA 
fields, <2% of total), k = 2 (moderate DPA fields, 2–5% of total 
planted area), and k = 3 (high DPA fields, >5% of total planted 
area)], μk is percentage (0 ≤ μk ≤ 1) of DPA for overlap category 
k (Velandia et al., 2013).

The Eq. [1] was used to test the scenarios for field classifica-
tion categories (i.e., ωk for each category k) separately. Thus, in 
each scenario ωk = 1 (i.e., all the fields in the same category) 
was considered.

Many of the fields in southern region of Brazil are often-
irregular shaped (Supplemental Fig. S1); therefore, two 
scenarios were tested based on the DPA proportion: 5% 
(μk = 0.05) and 10% (μk = 0.1). In the former (5%) and latter 
scenario (10%), we considered k = 2 (which represents moder-
ate DPA fields, 2–5% of total planted area) and k = 3 (high 
DPA fields, >5% of planted area), respectively, as proposed by 
Velandia et al. (2013). The Δscj (the reduction in seed cost) was 
based on the seed cost of $307 ha–1 for corn and $60 ha–1 for 
soybean, while market price for each crop (pj in the equation) 
was $0.15 kg–1 for corn and $0.30 kg–1 for soybean (CONAB, 
2017b). In this approach, simulations were also tested for the 
U.S. price scenario of seed price of $260 ha–1 for corn and 
$120 ha–1 for soybean, while market price was $0.11 kg–1 for 
corn and $0.31 kg–1 for soybean (USDA-NASS, 2017).

To represent the Δyj (yield gain from ASC), two values of 
yield loss were assumed for corn and soybean. Both values were 
based on the empirical cumulative frequency analysis based on 
field experiments: (1) YL50 = based on yield loss from 50% (0.5) 
of probability and (2) YL20 = based on yield loss with 20% 
(0.2) of probability. In addition, three cropping scenarios were 
considered to represent the aj (planted area) in each j (crop): (a) 
100% of the planted area with soybean (S100), (b) 50% of the 
planted area with soybean and 50% with corn (S50C50), and 
(c) 100% of the planted area with corn (C100). These estimates 
were performed for a farm size ranging from 1 to 1000 ha.

To determine ROI to ASC, the economic threshold was 
assumed as the cost of the ASC technology for Brazil and the 
United States, based on information obtained from private 
industry. Training or maintenance costs were not considered. 
Planter size was assumed to be 14 rows with the total cost of 
ASC as $10,500 ($750 per row) in Brazil and $7000 ($500 per 
row) in the United States. It was assumed that other compo-
nents required (GPS, auto-steer) were available at the farm and 
not considered in this analysis.

Dataset II-Planting Data Analysis and 
Estimation of Double-Planted Areas

An additional analysis was implemented utilizing the dataset 
II from geo-referenced farmer planting data for estimating the 
DPA proportion in Brazilian fields. The dataset was composed 
by 128 fields from the states of Mato Grosso (31 fields), São 

Paulo (25 fields), and Rio Grande do Sul (72 fields), totaling 
5725 ha. Planting data (shapefiles) were collected using plant-
ers without the ASC technology (121 fields), but all equipped 
with real-time differential corrections. A monitor Topper 5500 
VT (Stara, Não-Me-Toque, RS, Brazil) was used for data col-
lection storage. At planting, the operations (path orientation, 
headland turns, etc.) were conducted using a normal planting 
plan defined by the producer. At the end rows, a sensor identi-
fied when the planters were lowered or raised, and this data was 
collected and saved as shapefiles. Since DPA is influenced by 
planter size, only fields planted with similar number of rows 
were selected for the analysis, usually between 12 and 16 rows, 
which is the most frequent planter size in this region. Data 
were provided by producers and customers of Stara Company 
(STARA, Não-Me-Toque, RS, Brazil). In addition, with the 
goal of eliminating coverage errors of GPS in the DPA estima-
tion, seven fields were planted using the ASC technology for a 
14-row planter. It was hypothesized that if the planting shape-
files from the ASC indicated some percentage of DPA, this 
overall value must be discounted from the DPA data to obtain 
a more precise estimation of the DPA proportion. Errors could 
be a result of field topography or loss of GPS signal.

Planting data were analyzed using the geo-referenced poly-
gons shapefiles (Fig. 2), and planted area was calculated with 
the geometry function in QGis Software (QGIS Development 
Team, 2015). Area of individual polygons (including over-
lapped polygons) was used to calculate the total planted area. 
The field area was determined based on field boundary, using 
the outermost planter boundary. Since there is some degree 
of overlap during the planting procedure, the planted area will be 
larger than the boundary area. For each field evaluated, the DPA was 
determined by calculating planted area/boundary area ratio (Fig. 2).

Statistical Analysis

For dataset I, descriptive statistics such as mean, minimum, 
maximum, standard deviation (SD), coefficient of variation 
(CV), 25% percentile (1Q), and 75% percentile (3Q) were 
obtained for plant density, yield, and its components for both 
corn and soybean using R program (R Development Core 

Fig.	2.	Shapefile	information	from	dataset	II	used	to	calculate	the	
planted	area	(total	polygons	area),	field	area	(boundary	area),	
double-planted	area	(DPA)	(total	polygons	area	minus	field	area),	
and	DPA	proportion	(total	polygons	area/field	area	ratio)	in	each	
field	evaluated.	
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Team, 2013) (Table 2). The multi-site ANOVA of the yield and 
yield components (i.e., GNE and TGW in corn, and SNP and 
TSW in soybean) between the ASC and DPA treatments for 
both corn and soybean was conducted on NLME procedure 
(R Development Core Team, 2013) with plant density, replica-
tion and site treated as random variables. Linear regressions 
were used to characterize the relationship between YieldDPA/
YieldASC ratio and YieldASC (Fig. 3) as well as plant density-
DPA/plant densityASC ratio and plant densityASC (Fig. 4) using 
the LME procedure (R Development Core Team, 2013). An 
allometric analysis (log-log scale) was conducted to compare 
the slopes of the plant densityDPA/plant density ASC ratio and 
plant densityASC association for both crops using Past program 
(Hammer et al., 2001). For dataset II, the DPA in southern 

Brazil was based on the average of the DPA proportion, cal-
culated from 121 fields planted without the ASC (82 with 
soybean and 39 with corn) and seven planted with the ASC 
technology (four with soybean and three with corn). Linear 
models between planted area (ha) and DPA (ha and %) were 
also tested using the R program.

RESULTS
For corn, plant density was 78% greater in the DPA rela-

tive to the ASC treatment (Table 2). Similarly, soybean had 
71% more plants in the DPA relative to the ASC treatment. 
However, greater plant density for soybean did not change 
the yield (Table 2). For corn, the overall yield loss for the DPA 
treatment was 1.3 Mg ha–1, or 8.5% lower (p < 0.001) than the 

Table	2.	Summary	statistics	of	plant	density	(PD),	yield,	and	yield	components	for	the	automatic	section	control	(ASC)	and	double	planted	
area	(DPA)	for	both	corn	and	soybean	during	2015/2016	and	2016/2017	growing	seasons	(dataset	I).
Crop Treatment† Parameter‡ Mean Min. Max. SD§ CV 1Q 3Q

Corn ASC PD	ha–1	(×	1000) 84 *** 71 93 6.5 8.0 79 89
Yield,	Mg	ha–1 15.4 *** 9.4 19.7 3.2 21.0 12.9 18.4
Grains	ear–1 531 *** 309 726 111 20.9 431 631
TGW,	g 395 * 294 461 47.3 11.9 372 431

DPA PD	ha–1	(×	1000) 149 117 163 12 8.0 144 156
Yield,	Mg	ha–1 14.1 6.8 19.3 3.7 25.9 11.4 17.7
Grains	ear	–1 344 163 544 96 27.9 284 423
TGW,	g 342 267 462 40 11.9 314 375

Soybean ASC PD	ha–1	(×	1000) 268 *** 207 311 31 12.0 237 289
Yield,	Mg	ha–1 4.9 ns¶ 4.0 6.3 0.8 15.7 4.2 5.6
Seeds	plant–1 160 *** 117 216 31 20.0 134 187
TSW,	g 203 ns 167 241 24 12.0 181 225

DPA PD	ha–1	(×	1000) 460 400 533 45 10.0 415 494
Yield,	Mg	ha–1 4.8 3.9 6.6 0.8 16.3 4.2 5.2
Seeds	plant–1 101 75 155 20 20 85 108
TSW,	g 204 175 240 23.7 11.6 182 228

*	Significant	by	t	test	between	ASC	and	DPA	for	each	crop	at	the	5%	level.
***	Significant	by	t	test	between	ASC	and	DPA	for	each	crop	at	the	0.1%	level.
†	ASC	=	Automatic	section	control;	DPA	=	Double-planted	area.
‡	TGW	=	Thousand	grain	weight;	TSW	=	Thousand	seed	weight.
§	SD	=	Standard	deviation;	CV	=	Coefficient	of	variation;	1Q	=	1th	quartile;	3Q	=	3th	quartile;	Min.	=	minimum;	Max.	=	maximum.
¶	ns,	not	significant.

Fig.	3.	Relationship	between	relative	yield	(YieldDPA/YieldASC)	calculated	as	the	YieldDPA/YieldASC	ratio,	and	the	YieldASC	for	(A)	corn	
and	(B)	soybean	crops.	Each	observation	represents	a	side-by-side	yield	evaluation	for	corn	(36	total,	four	sites)	and	for	soybean	(18	total,	
three	sites).	Relative	YieldDPA/YieldASC	below	one	indicates	that	DPA	were	lower	than	yields	for	the	ASC	treatment.	
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yields in the ASC areas; while for soybean, mean yield loss for 
the DPA was 2%, or 0.1 Mg ha–1 lower (p = 0.70) relative to 
the yields in the ASC areas (Table 2).

Corn and Soybean Yield Response to Automatic 
Section Control and Double-Planted Areas

Yield results for the DPA was calculated as a ratio between 
YieldDPA to YieldASC across all corn (sites 1, 2, 3, and 4) and 
soybean (sites 5, 6, and 7) fields. To estimate yield losses at 
varying yield levels, the relationship between relative yield 
(YieldDPA/YieldASC) and the YieldASC was calculated (Fig. 3). 
A linear model fit (R2 = 0.39, p < 0.001) was adjusted between 
the YieldDPA/YieldASC to YieldASC for sites 1, 2, and 4, present-
ing an overall negative yield for the DPA treatment as the yield 
level was reduced (Fig. 3A). In 81% of the side-by-side evaluations 
(n = 29), lower yields were obtained for the DPA relative to the 
ASC treatment for corn. At site 3, the ratio between YieldDPA to 
YieldASC was flat (and not-significant) for the yield range investi-
gated (from 14 to 20 Mg ha–1) and a model was not adjusted. The 
latter could be partially explained as a result of planting a less 
density-dependent hybrid for this site (Fig. 3A).

Relative yield (YieldDPA/YieldASC) above one, representing 
yields for DPA greater than for the ASC areas-were obtained 
at site 4 (n = 6) (Fig. 3A). This site also showed the greatest 
overall yield across sites (Fig. 3A). It is worth noticing that this 
is a high-yielding level (18 Mg ha–1), which is not common for 
southern Brazil region. Frequent yields for this growing area 
are usually below 12 Mg ha–1. For corn sites 1 and 2, YieldDPA 
were 16 and 11% lower, respectively, than the YieldASC 
(Table 2). Yields above 14 Mg ha–1 (site 3) presented an overall 
corn yield loss of 15% or 2.8 Mg ha–1 (Fig. 3A). In summary, 
except for site 4, corn sites showed an overall yield reduction 
of 14% for the DPA relative to the ASC areas. The maximum 
yield penalty for the DPA to the ASC was 27%, documented in 
one of the lowest yielding level (<10 Mg ha–1) (Fig. 3A).

Regression models did differ when corn and soybeans were 
compared for the YieldDPA/YieldASC ratio and the YieldASC 
(Fig. 3A, 3B). For soybean, the response model was flat, with 
45% of the side-by-side evaluations (n = 8) showing superior 

yields for DPA, but with the opposite trend in 55% of the cases 
(n = 10) (Fig. 3B). In summary, the YieldDPA/YieldASC ratios 
were not related for soybean yields; while for corn, YieldDPA/
YieldASC ratio increase with higher yields (Fig. 3).

The final plant density for each treatment was recorded and 
the difference between the plant density in the DPA and the 
ASC treatment was calculated (plant densityDPA/plant den-
sityASC ratio). For corn, the majority of the DPA treatments 
had 60% more plants relative to the ASC areas (Fig. 4A). For 
sites 2, 3, and 4, a negative trend in plant densityDPA/plant 
densityASC ratio was documented from 2 to 1.6 units (R2 = 
0.63, p < 0.001) when plant density increased from 70 to more 
than 90 thousand plants ha–1 (Fig. 4A). This trend reflects a 
superior double-planted number at lower plant density. For 
site 1 (Table 1), the plant densityDPA/plant densityASC ratio 
did not correlate with plant densityASC (Fig. 4A). For soybean, 
a negative trend was common for all the sites (sites 5, 6, and 7) 
(Fig. 4B), with lower plant densityDPA/plant densityASC ratio 
as plant densityASC increased (R2 = 0.36, p < 0.01). Using 
a log-log analysis, slopes of linear models for corn (sites 2, 3, 
and 4) and soybean (sites 5, 6, and 7) were tested, presenting 
comparable (p = 0.11) reductions of plant densityDPA to plant 
densityASC as the plant densityASC increased (Fig. 4).

Dissecting Corn and Soybean Yield Components

To understand the effect of the DPA on yield, an analysis at 
plant scale was done to measure how the main yield compo-
nents affected yield responses. For corn, both GNE and TGW 
decreased as the plant density increased for the DPA treatment. 
A yield distribution for GNE shows a 54% yield reduction 
for the DPA compared to the ASC treatment (Fig. 5A). The 
median (50%IQR) showed that GNE ranged from 431 to 
631 for the ASC and from 284 to 423 for the DPA (Table 2; 
Fig. 5A). For the TGW, overall value was 16% greater for the 
ASC relative to the DPA; the 50%IQR ranged from 372 to 
431 g for the ASC technology and from 314 to 375 g for the 
DPA treatment (Table 2, Fig. 5B).

For soybean, yields were not affected by DPA likely due to 
compensation between the SNP and number of plants per unit 

Fig.	4.	Relationship	between	relative	plant	density	calculated	as	the	plant	densityDPA/plant	densityASC	ratio	(PDDPA/PDASC),	and	the	plant	
densityASC	for	(A)	corn	and	(B)	soybean	crops.	Each	observation	represents	a	side-by-side	yield	evaluation	for	corn	(36	total,	four	sites)	
and	for	soybean	(18	total,	three	sites).	Relative	plant	densityDPA/	plant	densityASC	above	one	indicates	that	DPA	were	higher	than	plant	
density	for	the	ASC	treatment.	
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area (Table 2). Mean SNP was reduced by 60% while plant 
density increased by 71% for the DPA treatment relative to the 
ASC (Table 2, Fig. 5C), but in overall TSW was not affected 
(Table 2, Fig. 5D). In summary, greatest yield response was 
documented for corn relative to soybean for the ASC system.

Yield and Economic Loss to Double-Planted Areas

Based on the cumulative frequency analysis, a probability of 
yield loss from DPA was estimated as 81% for corn and 59% for 
soybean (Fig. 6). In addition, the absolute yield value at which 
the yield loss probability was zero occurred at 15.4 Mg ha–1 for 
corn and at 4.9 Mg ha–1 for soybean. For corn, yield loss in 20% 
of the cases (YL20) portrayed economic losses of $60, 30, 15, 
and 5 ha–1 for 15, 10, 5, and 1% for the DPA scenarios, respec-
tively (Fig. 6A). At the same cumulative yield frequency level 
(e.g., 20%), soybean presented economic losses of $18, 10, 5, and 
2 ha–1 for 15, 10, 5, and 1% for the DPA scenarios, respectively 
(Fig. 6B). Considering the seed cost, economic losses ($ ha–1) 

reached 95 and 98% of cumulative frequency in corn for 5 and 
10% DPA scenario, respectively (Fig. 6A). Economic losses were 
three times greater in corn than soybean (Fig. 6).

Considering yield losses in 50% of the cases (YL50), a larger 
planted area is required to reach the economic threshold when 
only soybean is the planted crop (S100) (Fig. 7A, 7D). For 
the S100 scenario, the United States presented superior ROI 
than Brazil (due to higher seed cost in the United States than 
Brazil), recovering this investment with 700 ha at 10% of DPA 
(Fig. 7A, 7D). In a farm with 50% of the area planted with corn 
and 50% with soybean (S50C50), around 670 ha are required 
with 10% of DPA to fully recovered the cost of the ASC tech-
nology in Brazil and 540 ha in the United States (Fig. 7B, 7E). 
On the other hand, when corn is the main crop (C100), in a 
scenario of 5 and 10% of DPA close to 880 and 440 ha, respec-
tively, will be required to pay the technology in Brazil and 
830 and 420 in the United States (Fig. 7C, 7F). In synthesis, 
for scenario of YL20, ASC could be covered in 350, 250, and 

Fig.	5.	Kernel	density	of	(A)	grains	per	ear	and	(B)	thousand	grain	weight	for	corn,	and	(C)	final	seed	number	per	plant	and	(D)	thousand	
seed	weight	for	the	automatic	section	control	(ASC)	and	double-planted	area	(DPA)	treatments.	Dotted	lines	represent	25	and	75%	of	
interquartile,	respectively.	

Fig.	6.	Cumulative	frequency	distribution	of	yield	and	economic	loss	for	double-planted	area	(DPA)	minus	automatic	section	control	(ASC)	
technology	(YieldDPA	–	YieldASC)	for	(A)	corn	and	(B)	soybean	considering	the	scenarios	of	1,	5,	10	and	15%	of	DPA.	Results	based	on	data	from	
36	side-by-side	evaluations	in	corn	and	18	in	soybean.	YL50	and	YL20	represent	the	yield	loss	with	50	and	20%	of	probability,	respectively.
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190 ha with 10% of the DPA at S100, C50S50, and C100, respec-
tively, for the United States (Fig. 7D, 7E, 7F); while for Brazil 
those values were 570, 300, and 205 ha (Fig. 7A, 7B, 7C).

DISCUSSION
Corn and Soybean Yields and Response  

to Double-Planted Areas
This study provides a new insight about the ASC technology 

on planters, and suggests an opportunity to fine-tune optimum 
plant density for improving yields and reducing operational 
costs. Field research studies revealed that the DPA resulted 
in higher yield reduction in corn than in soybean. The lat-
ter observation could be due to greater effect of plant density 
on corn yield (Assefa et al., 2016). Genotypic characteristics 
could also play a role in corn hybrids that are density depen-
dent (Tokatlidis et al., 2005, 2011). Plant density above the 
agronomic optimum level, similar as to the DPA treatment, 
caused yield reduction as previously documented by several 
studies (Sangoi et al., 2002; Hörbe et al., 2013; Assefa et al., 
2016). Overall, yield loss increased when over-planted at low 
yielding levels with hybrids presenting a lower optimum than 
plant density relative to the high-yielding levels (Tokatlidis and 
Koutroubas, 2004; Hörbe et al., 2013; Assefa et al., 2016).

Similarly, to the main outcomes summarized in a recent 
synthesis analysis by Assefa et al. (2016), the response to DPA 
showed a trend related to yield levels (Fig. 3A). Yield increase 
for DPA at a high-yielding level was related to a specific hybrid 
response, with a more density-dependent hybrid (e.g., DKB230 
hybrid with lower penalty in ear size). The higher yield penalty 
for site 3 compared to site 4 was likely due to hybrid response, 

with Pioneer 1630H less density-dependent hybrid as reported 
by Mendes et al. (2013). Final ear size is related to potential 
GNE, and these yield components are main factors for increas-
ing yield potential (Ciampitti and Vyn, 2012; Egli, 2015; 
Assefa et al., 2016). Yield decrease in the DPA treatment was 
primarily explained by reductions in both GNE and TGW, 
connected to the level of intraspecific competition exacerbated 
in resource-limited environments (Maddonni and Otegui, 
2004; Pagano and Maddonni, 2007). Thus, utilization of the 
ASC systems could pay at a faster pace under lower yielding lev-
els due to both benefits in yield gain and seed savings. Similar 
is true for more rain-limited environments, the high plant-
to-plant competition in those resource-limited environments 
resulted in superior yield reduction as related to high-yielding 
levels (Hörbe et al., 2013; Assefa et al., 2016).

Soybean compensatory ability influences the response to 
plant density, with small or no response to plant density changes 
documented from a wide range of seeding rates, from 80 to 900 
thousand seeds ha–1 (Lehman and Lambert, 1960; Reiss and 
Sherwood, 1965; Costa et al., 1980; Beuerlein, 1988; Ablett et 
al., 1991; Adams and Weaver, 1998; Board, 2000; Kratochvil 
et al., 2004; Conley et al., 2008; De Bruin and Pedersen, 
2008; Epler and Staggenborg, 2008; de Luca and Hungría, 
2014). Following this rationale, the low probability of yield loss 
(“flat trend”) was predicted even when evaluated at different 
yield levels (4–6 Mg ha–1). Similarly, in Brazil Ferreira et al. 
(2016) recently documented the lack of yield response to plant 
density, with changes in yield response when plant density was 
lower than 235 thousand plants ha–1 and below 3.5 Mg ha–1. 
For the United States (Kansas), positive yield responses to 

Fig.	7.	Return	of	investment	(ROI)	relative	to	planted	area	(ha)	to	recover	the	cost	of	the	automatic	section	control	(ASC)	technology	
considering	the	following	farming	scenarios:	(S100)	100%	of	the	area	planted	with	soybean,	(S50C50)	50%	with	soybean	and	50%	with	corn	
and	(C100)	100%	of	the	area	with	corn,	and	two	proportion	of	double-planted	area	(DPA)	scenarios:	5	and	10%.	DPA	scenarios	were	tested	
considering	yield	losses	from	50%	of	cumulative	frequency	(YL50)	(dark	colors)	and	20%	of	cumulative	frequency	(YL20)	(light	colors),	as	
previously	documented	in	the	Fig.	6.	A,	B,	and	C	are	the	scenarios	S100,	S50C50,	and	C100	for	Brazil,	respectively,	while	D,	E,	and	F	are	the	
scenarios	S100,	S50C50	and	C100	for	the	United	States,	respectively.	The	ASC	technology	cost	was	considered	to	be	US$10,500	for	Brazil	and	
7,000	for	the	United	States	as	the	economic	threshold	based	on	the	price	of	the	technology	for	a	14-row	planter	in	the	current	market.
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plant density were documented when plant density was below 
200 thousand plants ha–1 (Epler and Staggenborg, 2008). In 
summary, the lack of yield response to DPA in soybean can be 
explained by the narrow yield variation and plant density range 
(ranging from 200,000–300,000 plants ha–1) explored (Fig. 3B, 
4B); although, the plant density range evaluated is the most used 
by both Brazilian and American farmers.

As related to ASC technology, economic benefit for soybean 
production is primarily related to improved profits via seed savings. 
Thereby, no or small potential for yield gain using ASC system is 
expected for soybean production which aligns with findings by 
Velandia et al. (2013). This research study supports this statement 
by understanding the modifications in SNP and TSW–with 
similar TSW but counterbalancing the reduction in SNP by 
the number of plants in the DPA areas (Fig. 5C, 5D). Several 
researchers reported that the main compensation mechanism in 
soybean plants was related to the number of pods and seeds per 
plant (Lehman and Lambert, 1960; Weber et al., 1966; Board 
et al., 1990; Boquet, 1990; Ball et al., 2000; Norsworthy and 
Shipe, 2005). At low plant densities, more dry mass is partitioned 
to branches, improving number of pods per plant (Kasperbauer, 
1987; Carpenter and Board, 1997; Board, 2000). This response 
is activated by red/far red light ratios within the canopy during 
early stages, with higher ratio inducing dry mass partitioning to 
branches (Kasperbauer, 1987; Carpenter and Board, 1997; Board, 
2000). Thus, at low plant density, more seeds per plant compensate 
for fewer plants, with the opposite occurring at high plant density, 
resulting in similar yields in both cases.

In summary, for corn, the percentage of yield loss for DPA 
should be evaluated under various yield levels; while for soybean, 
a zero-yield loss could be assumed if yields are ranging from 4 to 
6 Mg ha–1 and plant density ranging from 200,000 to 300,000 
plants ha–1. For corn, yield losses in DPA can be assumed to 
be 15% with yields below 10 Mg ha–1, 10% below 13 Mg ha–1, 
5% below 16 Mg ha–1 and 0% above 16 Mg ha–1 for density-
dependent hybrids. Based on similar corn yield response to plant 
density recently reported by Schwalbert et al. (2018) between the 

United States and Brazil, comparable yield losses for DPA should 
be expected to occur in the United States.

Economic Analysis from Automatic Section 
Control Technology for Planters

Savings were related to the seed cost and yield gain for corn, 
but only related to seed cost for soybean (Fig. 6). Field size 
and shape were also identified as main factors affecting ASC, 
with smaller field size and more irregular shapes presenting 
more benefits for the use of this technology (Luck et al., 2010; 
Shockley et al., 2012b; Velandia et al., 2013; Larson et al., 2016). 
The survey of 128 fields in Brazil (dataset II) showed an average 
DPA of 5.5% (6.3% from traditional systems minus 0.8% from 
ASC technology) (Table 3). This DPA value is greater than those 
reported for Alabama and Tennessee, with overall average rang-
ing from 4.3 to 4.6% (Fulton et al., 2011; Velandia et al., 2013).

After dividing the 121 fields (with DPA) in two categories, 
regular [perimeter (m)/area (ha), P/A ratio < 0.02] and irregu-
lar [P/A ratio ≥ 0.02], representing low/moderate (regular) to 
high (irregular) DPA, respectively (Velandia et al., 2013), only 
15% of all fields were classified as “regular” (P/A ratio < 0.02), 
while 85% presented P/A ratio ≥ 0.02, then classified as irregu-
lar (Fig. 8). The latter might help to explain the greater DPA 

Table	3.	Summary	of	parameters	evaluated	using	planting	geo-
referenced	shapefiles	from	dataset	II	to	calculate	the	planted	
area,	field	area,	and	double-planted	area	(DPA)	in	absolute	(ha)	
and	relative	terms	(%)	for	128	fields	in	Brazil.

Field	characteristics

Traditional	
system† ASC	technology‡

Min.§ Mean Max. Min. Mean Max.
Area,	ha 2.2 46.8 228 4.0 23.7 50.9
Planted	area,	ha 2.3 49.5 235 4.0 23.9 51.2
DPA,	ha 0.2 2.7 15.8 0.03 0.2 0.4
DPA	proportion,	% 1.8 6.3 18.0 0.2 0.8 1.1
†	Based	on	121	fields	evaluated.
‡	Based	on	seven	reference	fields	planted	with	automatic	section	con-
trol	(ASC)	(row-by-row)	in	the	planter.
§	Min.	=	minimum;	Max.	=	maximum.

Fig.	8.	(A)	Relationship	between	planted	area	(ha)	and	double-planted	area	(DPA,	ha)	for	regular	(n	=	18)	and	irregular	(n	=	103)	fields;	
and	(B)	between	planted	area	(ha)	and	DPA	proportion	for	regular	and	irregular	fields.	The	perimeter/area	ratio	(P/A	ratio)	was	used	to	
classify	the	fields	(Luck	et	al.,	2013).	We	considered	as	regular	fields	with	P/A	<0.02	and	irregular	when	P/A	≥0.02.	Examples	of	regular	
and	irregular	fields	are	shown	in	the	top	of	A,	after	their	respective	legends.	
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value reported in this study relative to the aforementioned U.S. 
studies (Fulton et al., 2011; Velandia et al., 2013). Irregular 
fields presented more than two-fold greater DPA (6.8%) than 
regular ones (3.2%). In addition, when the planted area (ha) 
increased, irregular fields presented a more than proportional 
(p < 0.001) increase of the DPA (slope = 0.059X) compared 
with regular fields (slope = 0.028X) (Fig. 8A). Furthermore, 
in regular fields the proportion of the DPA is reduced with the 
increase of the field area (R2 = 0.22, p < 0.05), while for the 
irregular fields a model was not adjusted–without presenting 
a clear trend (Fig. 8B). In agreement with the previous studies, 
field shape and size largely influenced DPA areas (Batte and 
Ehsani, 2006; Luck et al., 2010; Fulton et al., 2011; Sharda et al., 
2012; Velandia et al., 2013; Larson et al., 2016), reinforcing the 
benefits of the ASC for planters for the southern Brazil region.

Overall, the findings from this study support the adoption 
of ASC technology for planters. These outcomes highlight the 
benefits of using this technology, in agreement with previously 
published studies (Fulton et al., 2011; Jernigan, 2012; Shockley 
et al., 2012b; Smith et al., 2013; Velandia et al., 2013). For a 
corn–soybean rotation, economic benefits considering seed 
savings and/or avoiding yield losses in the headland areas due 
to DPA should be considered in the decision-making process. 
Finally, these results reinforce that considering an actual farm 
scenario (planted area, DPA, and crop), the number of years to 
pay for ASC is relatively short. Currently, the ASC is becoming 
a standard technology for new planters worldwide, with the 
projected cost decreasing as the adoption rate is increasing.

CONCLUSIONS
The use of ASC for planters increased profitability in both 

crops, by both seed savings and higher yields for corn and pri-
marily by seed savings for soybean. The main results were: data-
set I- (1) corn yield losses linearly increased for the DPA as yield 
level decreased, with yield losses primarily related to reduction 
in GNE than the TGW component; (2) soybean yields were 
less sensitive to DPA due to a similar number of seeds per unit 
area and TSW; (3) when only corn was considered, economic 
return for the ASC was recovered with a smaller planted area; 
and dataset II- (4) the average DPA proportion within fields 
was 5.5% of the total area; it increased linearly as planted area 
raised and for irregular field shapes, increasing the savings for 
ASC on planters.

Future research should be conducted with different crops 
under diverse crop rotations to quantify the overall benefits at 
the cropping system level, potentially improving farming prof-
itability while reducing the technology cost.
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