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Abstract. Consumer demand for edamame [Glycine max (L.) Merr.], the vegetable
version of soybean (Glycine max), has grown during the past decade in North America.
Domestic production of edamame is on the rise; however, research to guide fundamental
crop production practices, including knowledge useful for developing appropriate
recommendations for crop seeding rate, is lacking. Field experiments near Urbana, IL,
were used to quantify edamame response to plant density and determine the econom-
ically optimal plant density (EOPD) of machine-harvested edamame. Crop growth and
yield responses to a range of plant densities (24,700 to 395,100 plants/ha) were quantified
in four edamame cultivars (AGS 292, BeSweet 292, Gardensoy 42, and Midori Giant)
across 2 years. Plots were harvested with the Oxbo BH100, a fresh market bean
harvester. In general, as plant density increased, branch number and the ratio of pod
mass to vegetative mass decreased, while plant height and leaf area index increased.
Recovery, the percent of marketable pods in the machine-harvested sample, varied
among cultivars from 86% to 95%. Results identified the EOPD for machine-harvested
edamame ranged from 87,000 to 120,000 plants/ha. When considering the effect of plant
density on plant morphology, as well as seeding cost, harvester efficiency, recovery, and
marketable pod yield, edamame EOPDs are considerably lower than seeding rates of up
to 344,200 seeds/ha recommended in recent publications.

Edamame, an edible version of soybean
(Glycine max), is emerging in popularity in
North America. A nutritious and appetizing
vegetable with a sweet, nutty flavor (Miles
et al., 2000), edamame is harvested when pods
are bright green and immature seeds are at their
maximum size (Shanmugasundaram et al.,
1991). The protein-rich seed is attractive to
health-conscious consumers (Rao et al., 2002).
Edamame seed also contains cholesterol-free fat
(5.7%), phosphorus (158mgper 100 g), calcium
(78 mg per 100 g), vitamin B1 (0.4 mg per 100
g), vitamin B2 (0.17 mg per 100 g), isoflavones
and tocopherols (Shanmugamsundaram and
Yan, 2004).

The United States is second in global grain-
type soybean production, accounting for 122.5

million metric tons in 2018 (USDA-NASS,
2019). However, an estimated 70% of the
edamame consumed in the U.S. is imported
from China (Barlow, 2018). Cultivar evalua-
tion trials conducted across theUnited States—
including the Mid-Atlantic, Mississippi delta,
upper Plains, andMidwest—attest to the adapt-
ability of edamame (Duppong and Hatterman-
Valenti, 2005; Hunsberger et al., 2007; Zhang
and Kyei-Boahen, 2007). An economic analy-
sis revealed that edamame returns five times
per hectare more than grain-type soybean
grown in a 2-year rotation with corn (Karlen
et al., 2004). To meet growing consumer
demand for domestic product in the past de-
cade, several U.S. vegetable processors are
growing edamame (Crawford et al., 2018).

Several challenges to expanding commer-
cial edamame production exist, including voids
in best management practices for growing the
crop. Recent research has reduced some bar-
riers, including registration of certain herbicides
(Williams and Nelson, 2014; Williams et al.,
2017, 2019), developing nonchemical weed
control tactics (Crawford and Williams, 2018;
Crawford et al., 2018), and identifying optimal
seeding depth (Crawford and Williams, 2019;
Zhang et al., 2013). For other crop production
practices, the vegetable industry relies heavily
on established grain-type soybean management
guidelines; however, research to confirm or
deny their appropriateness is lacking.

One fundamental decision for growing a
crop is to determine the target plant population
density, hereafter called simply ‘‘plant den-

sity.’’ Selecting the appropriate plant density
is an important crop management decision in
commercial edamame production where plant
architecture determines efficiency of mechani-
cal harvest (Zandonadi et al., 2010). Studies on
grain-type soybean report that plant density
influences plant height (Matsuo et al., 2018;
Mehmet, 2008), number of main stem branches
(Agudamu and Shiraiwa, 2016; Board and
Kahlon, 2013), and plant biomass (Matsuo
et al., 2018). Companies selling edamame seed
identify seeding rates ranging from 197,600
plants/ha (Wannamaker Seeds, Saluda, NC) to
344,200 plants/ha (Johnny’s Selected Seeds,
Winslow, ME), which is similar to recommen-
dations for grain-type soybean (Nafziger,
2009). However, peer-reviewed literature to
develop such recommendations appears to be
nonexistent. In addition, edamame seed is more
expensive, ranging from $25 to $50 per kg for
edamame (Fedco Seeds, Clinton,ME; Johnny’s
Selected Seeds, Winslow, ME; Wannamaker
Seeds, Saluda, NC) compared with $2.5 per kg
for conventional grain soybean. Conventional
grain soybean cost (per kilogram) were calcu-
lated based on grain soybean cost of $57.40 per
acre (USDA-ERS, 2019) and seeding rate as-
sumed 22.68 kg (50 lbs) per acre.

The vegetable industry would benefit from
research-based information on edamame re-
sponse to plant density, including horticultural
performance and an economic analysis. We
define the EOPD as the plant density that
maximizes grower profits when accounting
for seed cost. The objectives of this study were
to a) evaluate edamame plant morphology and
yield response to plant density and b) determine
the EOPD of machine-harvested edamame.

Materials and Methods

Germplasm selection and seed treatment.
Edamame cultivars were selected based on
availability of seed grown commercially in
the United States. Four edamame cultivars used
in the studywere ‘AGS 292’ (Washington State
University, Pullman, WA), ‘Besweet 292’
(Rupp Seeds, Wauseon, OH), ‘Gardensoy 42’
(University of Illinois, Urbana, IL), and ‘Midori
Giant’ (Wannamaker Seeds, Saluda, NC). Be-
fore planting, edamame seeds were treated with
mefenoxam (3.37 g per 100 kg seed) and
fludioxonil (2.27 g per 100 kg seed; Apron
Maxx, Syngenta Crop Protection, Greensboro,
NC) to prevent losses from soil pathogens.

Site characterization. Field experiments
were conducted in 2017 and 2018 atUniversity
of Illinois Vegetable Crop Farm near Urbana,
IL (lat. 40.08�N, long. 88.26�W). Each year of
the experiment followed the grain-type soy-
bean phase of a sweet corn–soybean rotation.
The soil was a Flanagan silt loam (fine, smec-
titic, mesic Aquic Argiudolls). Before planting,
fields were prepared using two passes of a field
cultivator. Experiments were planted on 7 June
2017 and 23 May 2018, using a four-row cone
planter (ALMACO, Nevada, IA).

Experimental approach. The experimental
design was a randomized complete block with
four replicates and treatments assigned in a
split plot arrangement. The four cultivars were
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assigned to main plots measuring 53 by 3 m
(four rows spaced 76 cm). Main plots were
separated by a 3 m alley. Five target plant
densities (24,700, 49,400, 98,800, 197,500,
and 395,000 plants/ha) were assigned to sub-
plots measuring 9.1 by 3 m. Subplots within
eachmain plot were separated by a 1.5-m-wide
alley. Plant densities were established by over-
seeding 30% at planting, then after emergence,
hand thinning to appropriate target plant den-
sities. S-metolachlor (Dual Magnum, Syngenta
Crop Protection)was applied preemergence at a
rate of 1780 g a.i./ha for weed control. Escaped
weeds were removed with a single interrow
cultivation at R1 crop growth stage (Fehr et al.,
1971) and handweeding, as needed. Experimen-
tal sites were irrigated using a linear irrigation
system when rainfall was abnormally low.

Data collection. All data were collected on
the center two rows of each subplot. Starting at
floral bud initiation, the number of plants with
at least a single flower were counted until at
least 50% of plants from a sample of 10
continuous plants in each row began flowering
(R1). Days to midflowering from planting date
were recorded as days after planting (DAP) for
each subplot. Once midflowering was reached,
the following growth data were obtained. On
the basis of five plants per plot, the total number
of branches emerging from the main stem was
counted, and plant height from soil surface to
the apical meristem was measured. In addition,

leaf area index (LAI) was measured in full sun
within 2 h of solar noon with a linear ceptom-
eter (AccuPAR Linear Ceptometer; Decagon
Devices, Pullman,WA) by placing it parallel to
and between the center two rows.

The Oxbo Pixall BH100 bean harvester
was used to harvest pods of each cultivar at the
full seed (R6) growth stage (Fehr et al., 1971).
The entire length of the center two rows of
each subplot weremechanically harvested and
weighed (hereafter called ‘‘machine-harvest
pod yield’’). A 1-kg subsample of machine-
harvest pod yield was collected for each
harvested row, and market-quality pods were
retained and weighed (hereafter called ‘‘mar-
ketable pod yield’’). Discolored, shriveled,
unfilled, or mechanically damaged pods were
not considered market-quality. Recovery (%)
was calculated as the ratio of marketable pod
yield to machine-harvest pod yield.

Subplots alsowere subsampled for yield by
hand. Over a 1-m length of both outside rows,
plants were clipped at the soil surface and
counted. Fresh plant biomass, including pods,
was recorded. All marketable pods were re-
moved and weighed (hereafter called ‘‘hand-
harvested pod yield’’). Pod yield per plant was
calculated. ‘‘Reproductive:vegetative mass’’
was calculated as the ratio of hand-harvested
pod yield to fresh plant biomass.

A ratio of machine-harvest pod yield to
hand-harvested pod yield (interpolated toT
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Fig. 1. Effect of edamame cultivar and plant density on (A) main stembranches, (B) plant height, (C) leaf area
index, and (D) reproductive: vegetative mass. Simple linear regression models described the relation-
ships. Ninety-five percent confidence intervals are shown by the shaded regions around the line of best fit.
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same scale of area) was calculated (hereafter
called ‘‘Oxbo harvest efficiency’’). Oxbo har-
vest efficiency is likely underestimated in the
study because hand-harvested pod yield was
recorded on plants in the border rows, where
plants experienced less competition than in the
center two rows.

Economic analysis. A partial budget eco-
nomic analysis was conducted to determine
the most profitable plant density for each
cultivar. Edamame seed cost is highly vari-
able; from $25 per kg (Wannamaker Seeds,
2019), to $40 per kg (Johnny’s Selected Seeds,
2019), and $50 per kg (Fedco Seeds, 2019). In
this study, the preceding prices were averaged
($38 per kg) to determine edamame seed cost,
which was adjusted by 100-seedmass for each
cultivar. Therefore, seed costs were $9.0 (AGS
292, Besweet 292, Gardensoy 42) and $10.8
(Midori Giant) per 1000 seed.Wholesale price
of marketable pods was assumed $6.6 per kg
for all cultivars. Seeding costwas calculated as
the product of plant density (1000 plants per
ha) and seed cost ($ per 1000 seed). Yield
return ($/ha) was calculated as the product of
marketable pod yield (kg/ha) and wholesale
pod price ($/kg). Finally, gross profit margin
was calculated as the difference between yield
return and seeding cost.

Statistical analyses. All response variables
were analyzed with an analysis of variance
(ANOVA)model using themixed procedure in
SAS (version 9.4, SAS Institute Inc., Cary,
NC). The Shapiro-Wilk test of normality and
Brown-Forsythe test for homogeneity of vari-
ance were performed on ANOVA residuals to
test model assumptions. As needed, the Box-
Cox procedure was used to transform response
variables to satisfy model assumptions. Eda-
mame cultivar, target plant density, and their
interactionswere considered fixed effects. Year
and replicates nested within year were treated
as random effects. Mean comparisons for sig-
nificant treatment effects were performed using
Tukey’s mean separation test (a = 0.05).

Regression analyses were used to quantify
the effect of plant density on response variables
with significant plant density effects or cultivar-
by-plant density interactions. Response vari-
ables were fitted to linear or quadratic models
as a function of plant density using least-
squares regression. The peak of marketable
pod yield and gross profit margin regression
models were identified to determine yield-
optimized plant density (YOPD) and EOPD
for each cultivar. Nonoverlapping 95% confi-
dence intervals were used to detect significant
differences among cultivars for maximummar-
ketable pod yield and maximum gross profit
margin. Significant associations among re-
sponse variables were quantified using Pear-
son’s correlation coefficients at a = 0.05.

Results

Environmental conditions. Growing sea-
son conditions were favorable for edamame
during experimental trial years. Mean air tem-
perature for growing season was 23.1 and
23.7 �C for 2017 and 2018, respectively. Mean
air temperature did not record any significantT
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departures from 30-year average (1981–
2010). Total rainfall received during the grow-
ing season deviated from the 30-year average
(32.9 cm) for both 2017 (18 cm) and 2018 (40
cm). However, supplemental sprinkler irriga-
tion offset any water stress due to rainfall
shortages in 2017, and there were no extreme
weather events reported during the growing
season for either year (Illinois Climate Net-
work, 2019).

Days to midflowering. Edamame cultivars
differed in days to midflowering. ‘AGS 292’
and ‘Midori Giant’ flowered in 42 d, com-
pared with ‘Gardensoy 42’, which flowered
in 59 d (Table 1).

Number of main stem branches. Although
branching response to plant density differed
among cultivars (P = 0.04), on average there
was an 8-fold decline in main stem branches
when comparing the lowest to highest plant
density treatments (Fig. 1A, Table 1).

Plant height. There was an interactive
effect of cultivar and plant density on plant
height (Table 1). ‘Gardensoy 42’ had the
tallest plants among all cultivars, averaging
88.3 cm, while ‘Midori Giant’ produced the
shortest plant, with an average height of 63.6
cm (Table 1). Nonetheless, plant height in-
creased linearly with plant density for all
cultivars (Fig. 1B).

LAI. Edamame cultivars showed different
LAI responses to plant density. Overall,
‘Gardensoy 42’ produced the most dense
canopy with an LAI average of 6.5, whereas
‘Besweet 292’ produced the least dense can-
opy, averaging an LAI of 3.8 (Table 1).
Moreover, ‘Gardensoy 42’ had the steepest
positive slope (1.49) for LAI across plant
density, indicating the most rapid canopy
closure among cultivars (Fig. 1C).

Fresh plant biomass. Plant density had a
significant effect on fresh plant biomass (kg/m2)
at harvest (Table 1). Also, the reproductive:ve-
getative mass ratio, a proxy for harvest index,
varied across both cultivar and plant density.
While the reproductive:vegetative mass ratio
declined linearly with increasing plant density,
the rate of decline was higher for ‘AGS 292’
and ‘Midori Giant’ compared with the other
cultivars (Fig. 1D).A general decline in the ratio
indicates plants shifted carbon allocation to
leaves and stems in response to crowding stress.

Pod yield per plant. Pod yield per plant
declined from 185.9 g/plant at the lowest
plant density, to 30.1 g/plant at the highest plant
density (Table 2). Additionally, there was a
positive relationship between number of main
stembranches and pod yield per plant (r= 0.75).

Oxbo harvest efficiency and recovery.
Oxboharvest efficiencywas significantly affected
by both cultivar and plant density. Oxbo harvest
efficiency decreased by 26.7% with plant density
increasing from 24,700 to 395,000 plants/ha
(Table 2). In addition, ‘Gardensoy 42’ had a poor
Oxbo harvest efficiency (32.7%) compared
with the other three cultivars (49.2% to 63.3%).

Like Oxbo harvest efficiency, ‘Gardensoy
42’ also had the lowest recovery among
cultivars (Table 2). Both response variables
showed a negative correlation with plant
height (r = –0.59 to –0.65).

Machine-harvest pod yield, marketable
pod yield, and YOPD. Edamame cultivar and
plant density showed significant main effects
as well as an interactive effect on machine-
harvest pod yield and marketable pod yield
(P < 0.034). In general, the lowest yielding
cultivar (Gardensoy 42)was 48% to 58%of the
highest yielding cultivar (Besweet 292).

Quadratic regression models were fit to
quantify yield responses to actual plant density
for all cultivars (Fig. 2). The predicted max-
imummarketable pod yield and corresponding
plant density were identified for each cultivar
from quadratic model fit. The YOPD was the
plant density corresponding to maximum pre-
dicted marketable pod yield. The YOPD for
‘Besweet 292’, ‘Gardensoy 42’, ‘AGS 292’,
and ‘Midori Giant’ were identified as 90,000
plants/ha, 94,000 plants/ha, 106,000 plants/ha,
and 137,000 plants/ha, respectively (Fig. 2B).

Gross profit margins and EOPD. Much
like yield, there was significant main effect of
cultivar and plant density as well as an interac-
tive effect on gross profit margin (P = 0.018).
On the basis of the quadratic regression model
for each cultivar, maximum predicted gross
profit margin and corresponding plant density
(i.e., the EOPD) were identified (Fig. 3). Max-
imum gross profit margin of ‘AGS 292’,
‘Besweet 292’, and ‘Midori Giant’ were�2-fold

Fig. 2. Effect of edamame cultivar and plant density on (A) machine-harvest pod yield, and (B) marketable
pod yield.Machine-harvest pod yield is the total pod yield fromOxbomachine harvest, andmarketable
pod yield is the total market-quality (excluding discolored, shriveled, unfilled, or mechanically
damaged pods) pod yield. Quadratic regressionmodels described the relationships. Ninety-five percent
confidence intervals are shown by the shaded regions around the line of best fit.
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greater than ‘Gardensoy 42’ (Fig. 4). The EOPD
was 87,000 plants/ha, 94,000 plants/ha, 106,000
plants/ha, and 120,000 plants/ha for ‘Besweet
292’, ‘Gardensoy 42’, ‘AGS 292’, and ‘Midori
Giant’, respectively (Fig. 3).

Discussion

This study was conducted to evaluate
plant morphological and yield responses to
plant density among commercially available
edamame cultivars. Given the paucity of data
and literature in this area of research, coupled
with increased domestic production of eda-
mame, particular emphasis was placed on
determining the EOPD of the crop.

Increasing plant density increases plant
height and reduces number of main stem
branches in edamame, which is similarly ob-
served in grain-type soybean (Agudamu and
Shiraiwa, 2016; Lehman and Lambert, 1960;
Mehmet, 2008; Umburanas et al., 2019;
Wilcox and Sediyama, 1981). Mehmet (2008)
observed the tallest plants (96.9 cm) corre-
sponding to the highest plant density (280,700
plants/ha), whereas the lowest plant density
(70,200 plants/ha) had the shortest plants (67.4
cm). Increasing plant height under crowding
stress can be attributed to stem elongation
(Pedersen and Lauer, 2003) and increased
number of nodes per plant (Oh et al., 2007)
resulting from mutual shading (Dominguez

and Hume, 1978). Previous studies have re-
ported that grain-type soybean cultivars are
able to modify main stem branches under
different plant densities, also known as branch-
ing plasticity (Agudamu and Shiraiwa, 2016;
Board, 2000). Plants bear more branches at
sparse plant densities compared with crowded
conditions. Our findings in this study corrob-
orate similar relationships to grain-type soy-
bean in plant height and number of main stem
branches with plant density in edamame.

Edamame plants under crowding stress
bear fewer pods and produce more vegetative
biomass. A recent study from Brazil reported
average pod number per plant in grain-type
soybean decreased from 67.6 to 27.9 as plant
density increased from 150,000 to 450,000
plants/ha (Umburanas et al., 2019). Similarly,
Cox and Cherney (2011) reported 27% fewer
pods per plant at 469,000 compared with
321,000 plants/ha in grain-type soybean.
Lower pod yield at higher plant densities is
mainly associated with reduced number of
main stem branches observed at such densities.
In grain-type soybean, alterations in the branch
reproductive node per plant determine the
branch pod per plant (Carpenter and Board,
1997). Board et al. (1999) documented that
increased pods per plant, primarily due to
increased branching, is the secondary yield
component most responsible for grain-type
soybean yield compensation to increased space
either within or between rows. Fewer pods per
plant at high plant density not only reduce total
pod yield, but also increase overall vegetative
biomass, potentially interfering with machine
harvest and exacerbating losses in pod yield.

Plant architecture influences the efficiency
of machine harvest of edamame. Reduced
branching at higher plant densities is associated
with taller plants (r = –0.41) and increased LAI
(r = –0.42), which interfere with Oxbo harvest
efficiency of edamame. Edamame plant height
in the range of 55 to 60 cm is considered ideal
for mechanical harvest using a common bean
picker (Mebrahtu and Mullins, 2007). Mean-
while, excessive plant biomass can cause ma-
chine plugging and reduce harvest efficiency
(Zandonadi et al., 2010). Li et al. (2013) found a
negative correlation (r = –0.36) between eda-
mame plant height and pod yield, and therefore
recommended development of semidwarf cul-
tivars in edamame breeding programs. In the
present work, plant height was negatively cor-
related to pod yield per plant (r = –0.43) and
mechanical harvest efficiency (r = –0.59). Like-
wise, fresh plant biomass and mechanical har-
vest efficiency showed a negative correlation
(r = –0.75). Because commercial edamame
production in North America is viable with
mechanized harvest, development of future cul-
tivars must consider plant architecture charac-
teristics that favor efficiency ofmachine harvest.

Contrary to grain-type soybean yields that
reach an asymptote at the highest plant den-
sities (Duncan, 1986; Edwards and Purcell,
2005; Egli, 1988), edamame pod yield re-
veals a quadratic response to plant density.
Specifically, studies have shown that grain-
type soybean yields plateau at plant densities
above 250,000 plants/ha (Nafziger, 2009). The

Fig. 3. Relationship between gross profit margin and plant density of four edamame cultivars. Gross profit
margin estimates the total pod yield returns to growers after accounting for seed cost. EOPD that
maximizes gross profit margin is indicated by a triangle symbol for each cultivar. Ninety-five percent
confidence intervals are shown by the shaded regions around the line of best fit.

Fig. 4. Maximum gross profit margin and marketable pod yield at economically optimal plant densities for
four edamame cultivars. Denoted by lowercase letters (maximum profit margin) and uppercase letters
(marketable pod yield), cultivars with the same letter are not significantly different based on
nonoverlapping 95% confidence intervals.
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discrepancy in yield response between eda-
mame and grain-type soybean can be attrib-
uted in part to different developmental stages
at the time of harvest for the two crops. Grain-
type soybean is harvested at full maturity (R8
stage; Fehr et al., 1971) when plants have
senesced and optimum seed moisture between
13% and 15%. In contrast, edamame cultivars
are harvested before plant senescence, when
seeds are immature and have a moisture
between 65% to 70%. Moreover, undersized
seeds of edamame are nonmarketable. Fresh
plant biomass of edamame at harvest, which
increases with plant density, can interfere with
mechanical harvest, reducing harvest effi-
ciency and machine-harvested pod yield.

There is a confluence of economic, biologi-
cal, and mechanical factors that influence the
relationship between edamame plant density and
EOPD.Seeding cost increaseswith plant density.
From a biological standpoint, higher plant den-
sities for edamame are associated with increase
in LAI and plant height, which adds greater
volume of vegetative biomass, resulting in re-
duced Oxbo harvest efficiency, and hence lower
machine-harvested pod yields. Collectively,
these interlinked economic, biological, and me-
chanical factors curtail EOPDs in edamame.

Current edamame seeding rate recommen-
dations are similar to grain-type soybean.
Edamame EOPDs identified in this study are
much lower than such recommendations. Spe-
cifically, current edamame planting recom-
mendations up to 344,200 plants/ha are 2.9 to
4.0 times greater than EOPDs identified in this
study. The EOPDs identified in this work
account for the confluence of economic, bio-
logical, and mechanical factors that influence
marketable pod yield and profitability. To our
knowledge, this research provides the most
comprehensive research and analysis to date
for guiding decisions on plant density in
commercial edamame production.
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