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Abstract: This study was conducted to establish a weed management system based on the sequential
application of pre-emergence (PRE) and post-emergence (POST) herbicides for soybean production
in Primorsky krai. Field experiments were conducted for two years in a field located in Bogatyrka,
Primorsky krai, Russia (N43◦49′, E131◦36′). No herbicide application resulted in significant soybean
yield loss, 0.03–0.3 t ha−1, which is more than 91.6% yield loss compared with that of the weed-free
plot. The PRE application of acetochlor showed good weed control efficacy (greater than 90%
weed control) with acceptable soybean safety (less than 10% soybean damage), while the other
PRE herbicides performed poorly in terms of weed control. The POST application of bentazon +

acifluorfen, bentazon, and imazamox at 30 days after soybean sowing (DAS) showed good weed
control efficacy with good soybean safety. Neither the PRE nor POST application alone showed a
sufficient soybean yield protection, resulting in much lower soybean yield than the weed-free plot.
The sequential application of acetochlor (PRE), followed by either bentazon + acifluorfen (POST) at
30 DAS in 2012 or bentazon + imazamox (POST) at 60 DAS in 2013 showed the best performance in
soybean yields, 1.7 t and 1.9 t ha−1, respectively, provided with 724.5 US$ and 1155.6 US$ ha−1 of
economic returns. For alternative PRE herbicides of acetochlor, which is now banned, our tests of the
sequential application of S-metolachlor with other POST herbicides and the sole application of other
PRE herbicides revealed that S-metolachlor and clomazone could also be considered. Our results thus
demonstrate that the sequential applications of PRE and POST herbicides should be incorporated
into the weed management system for soybean production in Primorsky krai, Russia.

Keywords: acetochlor; bentazon; clomazone; sequential application; soybean

1. Introduction

Effective weed management in soybean (Glycine max L.) cultivation is essential to protect soybean
growth and yield from weed competition during the growing seasons. Soybean is vulnerable to weed
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interference because the seeds are sown with wide spacing to develop branches and to allow the
canopy to expand fully during the late growth stage [1–3]. The late canopy closure allows weeds to be
established more easily in soybean than in other crops [4–6]. To effectively manage weed infestations
in soybean, various weed management methods, including herbicide application, tillage practices,
and crop rotation, are used in combination [7]. The weed control methods can be modified based on
the field conditions. However, herbicide use has generally been incorporated into weed management
practices regardless of region.

The Far Eastern region of Russia is the major agricultural area (approximately 5 million ha) in which
soybean, maize, and wheat are traditionally cultivated for food and feedstock [8]. In most of the Far
Eastern region, including Amur Oblast, Khabarovsk krai, and Primorsky krai, early-maturing soybean
has been mainly cultivated for the production of soybean oil [9]. A difficulty in soybean cultivation is
in the management of troublesome weeds. On average, the grain yield of soybean in Primorsky krai
was approximately 1.1 t ha−1, which is lower than 1.5 t ha−1 yield of the Russian Federation [9,10].
Such a low soybean yield was attributed to poor weed management practices, which allowed the
weeds to cause a severe yield loss of soybean. In the Far Eastern region of Russia, conventional weed
management practices have focused on weed control by a single application of post-emergence herbicide,
bentazon + acifluorfen. Ambrosia artemisiifolia L. (common ragweed), Chenopodium album L. (common
lambsquarters), Sonchus oleraceus L. (annual sowthistle), Echinochloa crus-galli L. (barnyardgrass),
and Beckmannia syzigachne Steud. (American sloughgrass) were reported to be the dominant weeds
in soybean fields located in the region [9,10]. In particular, common ragweed was inconsistently
controlled when single post-emergence herbicides were applied [11,12].

To achieve a greater soybean yield and better economic return from herbicide use for weed control,
herbicide use should be systematically investigated to establish an herbicide-based weed management
system for soybean in the Far Eastern region of Russia. Previous studies indicated that the sequential
applications of pre-emergence (PRE) and post-emergence (POST) herbicides provided greater soybean
yield than sole herbicide applications [13–16]. However, no study has yet established an herbicide-based
weed management system that can be effective and economical for soybean production in the region.
Therefore, this study was aimed at establishing an effective and economic weed management system
based on the sequential applications of PRE and POST herbicides for soybean production in the Far
Eastern region of Russia. A field experiment was conducted to evaluate the performance of the PRE
and POST herbicides in weed control and soybean safety. A large field experiment was also conducted
to evaluate the performance of the sequential application of PRE and POST herbicides in weed control,
soybean yield and economic return.

2. Materials and Methods

2.1. Experimental Site

The field experiments were conducted in 2012 and 2013 in soybean fields in Bogatyrka, Russia
(N43◦49′, E131◦36′). During the whole growing season, the soybean was grown in the field under
rainfed conditions. The respective mean daily temperature and total rainfall during the growing
season were 15.4 ◦C and 625 mm, respectively, in 2012 and 16.7 ◦C and 302 mm, respectively, in 2013
(Figure S1). The soil of the field was a silty-loam with a pH of 6.61, organic matter content of 29.59 g kg−1,
a cation exchange capacity of 22.62 cmol kg−1, total nitrogen concentration of 1.58 g kg−1, inorganic
NH4

+-N and NO3
−-N concentrations of 0.85 mg kg−1 and 14.01 mg kg−1, respectively, and available

phosphorus concentration of 18.19 mg kg−1. The field had been used for maize or soybean cultivation
in previous years and was infested with diverse broadleaf weeds, including annual sowthistle, common
lambsquarters, common ragweed, and grass weeds, such as American sloughgrass, barnyardgrass,
and green foxtail (Setaria viridis). The soil was harrowed with disc harrow at a depth of 20 cm and
leveled with float. The soybean (Glycine max cv. Heinong 48) was drilled at a seeding rate of 80 kg ha−1



Agronomy 2020, 10, 1823 3 of 11

(17 soybean plants m−2) with a row width of 70 cm on 16 May 2012 and 27 May 2013. An N-P-K basal
fertilizer was applied at a rate of 12–31–31 kg ha−1 before sowing.

2.2. Performance Test of Sole Application of PRE and POST Herbicides

Five PRE herbicides, acetochlor (900 g a.i. ha−1), dimethenamid-P (720 g a.i. ha−1), ethalfluralin
(1,050 g a.i. ha−1), pendimethalin (951 g a.i. ha−1), and S-metolachlor (750 g a.i. ha−1), and 6 POST
herbicides, bentazon + acifluorfen (416 + 208 g a.i. ha−1), bentazon (560 g a.i. ha−1), fluazifop-p-butyl
(175 g a.i. ha−1), quizalofop-p-tefuryl (120 g a.i. ha−1), tepraloxydim (90 g a.i. ha−1), and imazamox
(40 g a.i. ha−1), were tested alone at their standard (×1) and double (×2) recommended doses in
comparison with the weed-free and untreated controls in the field (Table 1). To each 4 m by 5 m plot,
the PRE herbicides were applied immediately after sowing soybean and the POST herbicides were
applied at either 30 (or 60) days after sowing soybean (DAS). The herbicides were applied using a CO2

pressurized 3 m-boom sprayer with an 8002E flat-fan nozzle that was adjusted to deliver 600 L ha−1.
The plots were arranged in a randomized block design with 3 replications. Two pre-marked plots that
were 4 m by 5 m (20 m2) in size were kept as a weed-free (manual-weeding) and an untreated control
during the whole growing season.

Table 1. The herbicides tested in the experiment.

Herbicides Recommended Dose
(g a.i. ha−1)

Application Time
(Days after Sowing)

PRE herbicides

Acetochlor 900 0
Dimethenamid-P 720 0

Ethalfluralin 1050 0
Pendimethalin 951 0
S-metolachlor 750 0

POST herbicides

Bentazon+acifluorfen 416 + 208 30, 60
Bentazon 560 30, 60

Fluazifop-p-butyl 175 30, 60
Quizalofop-p-tefuryl 120 30, 60

Tepraloxydim 90 30, 60
Imazamox 40 30, 60

The visual evaluations of soybean damage and weed control efficacy were made in a quadrat of
2.1 m by 1.0 m (2.1 m2) in size by giving visual scores ranging from 0 (no injury) to 100 (completely
killed with no green tissue). The quadrat was randomly laid in each plot and the visual evaluation
was made at 30 days after herbicide application. In October of 2012 and 2013, the soybean plants
were harvested in the 2.1 m2 area of each plot, and their seed yields were assessed. The seed moisture
content was also measured, and the seed yield was estimated by adjusting to a 14% moisture content.

2.3. Performance Test of Sequential Application of PRE and POST Herbicides

The sequential applications of PRE and POST herbicides were tested at their standard (×1)
recommended doses by applying to a plot of 20 m by 5 m. The PRE herbicides tested include
dimethenamid-P, S-metolachlor, and acetochlor, and the POST herbicides include bentazon + acifluorfen,
bentazon + quizalofop-p-tefuryl, bentazon + acifluorfen + tepraloxydim and bentazon + imazamox.
In 2012, acetochlor and dimethenamid-P (PRE) were applied immediately after sowing the soybean,
and then bentazon + acifluorfen and bentazon + quizalofop-p-tefuryl (POST) were sequentially applied
to the plots of each PRE herbicide at either 30 or 60 DAS. In 2013, acetochlor and S-metolachlor (PRE)
were applied immediately after sowing the soybean, and then bentazon + acifluorfen + tepraloxydim
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and bentazon + imazamox (POST) were sequentially applied to the plots of each PRE herbicide at
either 30 or 60 DAS. The sequential applications of the PRE and POST herbicides were compared with
the weed-free and untreated controls. The weed-free and untreated controls that were 4 m by 5 m
(20 m2) in size were kept during the whole growing season. The herbicides were applied using an
18.3-m boom sprayer (Model 4730, John Deere, Moline, IL, USA) equipped with duo TT11003 spray
tips at a speed of 24 km h−1 that was adjusted to deliver 200 L ha−1. The plots were arranged in a
randomized block design with 3 replications.

All of the other procedures followed the same methods as for the performance test of the individual
PRE and POST herbicides that were described above.

2.4. Economic Analysis for Herbicide-Based Weed Management

An economic analysis was conducted to determine the economic return for the herbicide-based
weed management in the soybean fields of Bogatyrka. The analyzed weed management methods
include the solo applications of either PRE or POST herbicides and the sequential applications of PRE
and POST herbicides. The economic return (ER) of each weed management method was determined
by subtracting the cost of controlling the weed species from the benefit gained by herbicide application.

ER = Y × P−Ch −Ca (1)

where Y is the soybean yield (t ha−1), P is the value per unit of soybean (US$ t−1), Ch is the herbicide
cost (US$ ha−1), and Ca is the application cost (US$ ha−1).

2.5. Statistical Analysis

All the data were initially subjected to an analysis of variance (ANOVA), and a mean comparison
was performed by Duncan’s multiple range test (p < 0.05). The visual and yield data were analyzed
separately with the application schemes (PRE, POST at 30 DAS, POST at 60 DAS, PRE fb. POST at
30 DAS, and PRE fb. POST at 60 DAS), as the main factor and replication as a random factor in 2012
and 2013. All of the statistical analyses were conducted using SAS ver. 9.3 [17].

3. Results

3.1. Performance of Sole Application of PRE Herbicides

In the soybean fields in Bogatyrka, five PRE herbicides were tested to evaluate the performance of
PRE herbicides in weed control efficacy and soybean yield protection. Acetochlor showed the greatest
weed control efficacy among the tested PRE herbicides (Figure S2) but caused slight damage, stunting
growth even at its standard recommended dose in both 2012 and 2013 (data not shown). Although
acetochlor caused some growth damage at earlier times after its application, the damage diminished
with soybean growth even when applied at double its recommended dose. In contrast, the other PRE
herbicides, including dimethenamid-P, pendimethalin, ethalfluralin, and S-metolachlor, showed no
damage to the soybean but showed low efficacy even when applied at double their recommended
doses in 2012 and 2013.

For the soybean yield assessed at harvest, the weed-free plot produced 1.65 t and 1.97 t ha−1 of
soybean yield in 2012 and 2013, respectively (Figure 1). When no herbicide was applied (the untreated
plot), the soybean yield was significantly reduced to 0.03 t and 0.3 t ha−1, equivalent to 1.8% and 15%
of that of the weed-free plot in 2012 and 2013, respectively. In the herbicide-treated plots, acetochlor
resulted in the greatest yield showing 17-fold and 3-fold greater yield than those of the untreated
plots in 2012 and 2013, respectively. However, the other PRE herbicides showed no or little increase
even when applied at double their recommended doses. Thus, the PRE application of acetochlor is
more effective in major weed control than the other PRE herbicides, providing better advantages in
soybean yield protection from weed interference. However, the soybean yield resulted from the sole
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PRE application of acetochlor not being acceptable because the soybean yield was still only 26% of the
yield of the weed-free plot (Figure 1).

Figure 1. The seed yields (t ha−1) of soybean with a single application of pre-emergence (PRE) herbicides
in 2012 (a) and 2013 (b). The vertical bars represent the SE of the mean of three replicates. Means with
the same letter are not significantly different by Duncan’s multiple range test (DMRT) at p < 0.05.

3.2. Performance of Sole Application of POST Herbicides

Six POST herbicides were tested to evaluate the performance of the POST herbicides in the
weed control efficacy and soybean yield protection in the soybean fields of Bogatyrka (Figure S3).
The POST herbicides showed better weed control efficacies and gave greater soybean yield for their
earlier application made at 30 DAS. When applied at 30 DAS, bentazon + acifluorfen, bentazon,
and imazamox showed the greatest weed control efficacies against broadleaf weeds, including common
ragweed, common lambsquarters, and annual sowthistle, while the other POST herbicides showed no
broadleaf weed control. However, bentazon + acifluorfen, bentazon, and imazamox (POST) caused
slight damage to the soybean, with chlorosis and stunting growth, although those herbicides have been
reported as safe for soybean (data not shown). Against grass weeds including American sloughgrass,
barnyardgrass, and green foxtail, fluazifop, quizalofop, tepraloxydim, and imazamox showed the
greatest weed control efficacies. In particular, imazamox showed a broader weed control spectrum
with a more acceptable soybean damage than the other POST herbicides. However, when applied at
60 DAS, all the POST herbicides showed worse weed control efficacies and gave lower soybean yield
than their earlier application.

For the soybean yield assessed at harvest, bentazon + acifluorfen at 30 DAS showed the greatest
soybean yield, which were 23-fold and 4-fold greater than those of the untreated plots in 2012 and
2013, respectively (Figure 2). Sole application of bentazon or imazamox at the same time resulted in a
similar soybean yield. However, the soybean yield resulted from the sole application of any POST
herbicides not being acceptable, because the weed control efficacy of the POST herbicides alone was
not sufficient enough to protect the soybean from weed competition.
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Figure 2. The seed yields (t ha−1) of soybean with a single application of post-emergence (POST)
herbicides made at either 30 DAS (a,b) or 60 DAS (c,d) in 2012 (a,c) and 2013 (b,d). The vertical bars
represent the SE of the mean of three replicates. Means with the same letter are not significantly
different by Duncan’s multiple range test (DMRT) at p < 0.05.

3.3. Performance of Sequential Application of PRE and POST Herbicides

In a practical field scale, sequential applications of selected PRE and POST herbicides were tested
independently in 2012 and 2013. Most of the sequential applications showed better weed control
efficacy than the sole applications of the PRE and POST herbicides (Figure S4) and soybean damage
was not severe (data not shown). Among the sequential applications of PRE and POST herbicides,
the sequential applications based on acetochlor (PRE) showed the greatest weed control efficacies
against both broadleaf and grass weeds (Figure S4). When applied at either 30 or 60 days after the
acetochlor (PRE) application, bentazon-based POST herbicide mixtures such as bentazon + acifluorfen,
bentazon + acifluorfen+tepraloxydim, and bentazon + imazamox showed over 80% weed control
efficacies regardless of weed species.

The acetochlor (PRE)-based sequential herbicide applications resulted in higher soybean yields
than the other sequential herbicide applications. The sequential application of acetochlor (PRE) followed
by POST herbicides, bentazon + acifluorfen at 30 DAS in 2012 and bentazon + imazamox at 60 DAS in
2013, showed the highest soybean yield, giving approximately 1.7 t ha−1 and 1.9 t ha−1 of soybean
yield, respectively, similar to those of the weed-free plots (Figure 3). Our results thus demonstrate
that acetochlor (PRE)-based sequential applications were the most effective weed management in
controlling major weed species in Primorsky krai, Russia. When applied at either 30 or 60 days after
the acetochlor (PRE) application, bentazon + acifluorfen and bentazon + imazamox were the most
effective POST herbicides in the region.
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Figure 3. The seed yields (t ha−1) of soybean with a sequential application of PRE and POST herbicides
in 2012 (a,c) and 2013 (b,d). The PRE herbicides were applied immediately after sowing soybean and
the POST herbicides were applied at either 30 DAS (a,b) or 60 DAS (c,d). The vertical bars represent
the SE of the mean of three replicates. Means with the same letter are not significantly different by
Duncan’s multiple range test (DMRT) at p < 0.05.

3.4. Economic Return for the Sequential PRE and POST Herbicide Application

The economic analysis of the sequential PRE and POST herbicide applications showed better
economic return than sole application of either PRE or POST herbicides (Tables S1 and S2). When no
herbicide was applied (the untreated control), the gross revenue was reduced to 14.1 US$ and
195 US$ ha−1 in 2012 and 2013, respectively. In the case of single application of either PRE or POST
herbicides, they resulted in much greater economic return than the untreated control. The single
application of PRE herbicide acetochlor (PRE) resulted in 209.4 US$ and 579.4 US$ ha−1 of economic
return in 2012 and 2013, respectively. The single application of POST herbicide bentazon + acifluorfen
at 30 DAS gained the best economic returns among the tested POST herbicides in both years,
giving 308.4 US$ and 779.7 US$ ha−1 in 2012 and 2013, respectively. However, none of them were
sufficient enough to protect soybean yield from weed competition due to insufficient weed control
(Figures S2 and S3).

The sequential application of acetochlor (PRE) followed by POST herbicides at either 30 or
60 DAS achieved greater economic return than single application of either PRE or POST herbicides
and the sequential application based on the other PRE herbicides such as dimethenamid-P and
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S-metolachlor (Figure 4). In 2012, the sequential application of acetochlor (PRE) and bentazon +

acifluorfen (POST) resulted in the greatest economic return among the tested herbicide treatments,
giving 724.5 US$ ha−1 (Table S1). In 2013, the sequential application of acetochlor (PRE) and bentazon
+ imazamox (POST) at 60 DAS achieved the greatest economic return of 1155.6 US$ ha−1 (Table S2).
It is clear that the sequential application based on S-metolachlor as a PRE herbicide gave lower
economic return than the acetochlor-based sequential application in 2013. Nonetheless, the sequential
application of S-metolachlor followed by POST herbicides at 30 DAS showed comparable economic
return with the acetochlor-based sequential application with POST herbicides at 30 DAS (Table S2,
Figure 4b). In particular, the sequential application of S-metolachlor (PRE) and bentazon + acifluorfen
+ tepraloxydim (POST) at 30 DAS resulted in 837 US$ ha−1 of economic return.

Figure 4. Economic analysis of sequential PRE and POST herbicide applications in comparison with
acetochlor (PRE) and bentazon + acifluorfen (POST) sole applications in 2012 (a) and 2013 (b).

4. Discussion

In general, the weed control efficacies varied among the herbicide combinations and their
application timings. The variations in weed control efficacies have been mainly attributed to the
weed composition and size [18,19], the relative rate of weed growth [20,21], and their susceptibility to
herbicides [22,23] at the time of spraying under field conditions. Previous studies suggested that various
herbicides should be sequentially used for soybean to make it superior to weeds [13–16]. The timely
sequential application of PRE and POST herbicides is effective to control the major troublesome weed
species, an annual broadleaf weed, common ragweed, and an annual grass weed, barnyardgrass [24,25].
In particular, common ragweed and barnyardgrass are commonly found in soybeans across Primorsky
krai, causing soybean yield losses of 20% compared to weed-free plots [10,26,27]. Our results also
demonstrated that sequential application can be more effective in weed management for soybean
production than any sole application of herbicides in Primorsky krai, Russia.

Among the sequential treatments, the acetochlor-based sequential application provided the
best performance for weed control efficacy and soybean yield protection in the soybean fields of
Bogatyrka. Acetochlor was proven to be highly effective against both broadleaf and grass weeds
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when applied immediately after sowing the soybean [28–30]. For those weeds that escaped and are
established after the PRE application of acetochlor, POST herbicides can be an effective management
tool. Acetochlor-based sequential applications with various POST herbicides provided a season-long
weed control [31]. In our results, the acetochlor-based sequential application achieved the greatest
soybean yields of approximately 1.7 t and 1.9 t ha−1 in 2012 and 2013, respectively. The economic
return of the acetochlor-based sequential application provided with 724.5 US$ and 1155.6 US$ ha−1

of economic returns in 2012 and 2013, respectively (Figure 4; Tables S1 and S2). However, the use
of acetochlor (PRE), acifluorfen (POST), and tepraloxydim (POST) has recently been banned in the
European Union due to its potential risk to human health and the environment [32]. As an alternative
of acetochlor, S-metolachlor can be considered. The sequential application of S-metolachlor (PRE)
followed by bentazon + imazamox (POST) at 30 DAS in 2013, showed relatively high soybean yield,
giving approximately 1.2 t ha−1 of soybean yield, similar to those of the acetochlor-based sequential
application (Figure 3). The economic return of the S-metolachlor-based sequential application was
694.0 US$ in 2013 (Table S2). In addition, our new test with the other potential PRE herbicides
conducted in 2014 revealed that clomazone could replace acetochlor for the sequential herbicide
application (Figure S5). As an alternative of acetochlor, prometryn could be considered, but has also
been banned in the European Union. The PRE application of clomazone was more effective in major
weed control than the PRE herbicide acetochlor and prometryn (data not shown), providing better
advantages in soybean yield (Figure S5). The sequential application of clomazone (PRE) followed by
bentazon + imazamox (POST) can replace the acetochlor-based sequential application for soybean
production across Primorsky krai, Russia. Although the sequential application of PRE and POST
herbicides is more expensive than solo application of either PRE or POST herbicide, our results clearly
demonstrated that the sequential herbicide application can protect soybean yield significantly from
weed competition, resulting in a dramatic increase in economic return. Further work is necessary
to investigate the effectiveness of the sequential application of PRE and POST herbicides for weed
management for soybean production in other regions of Russia.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/11/1823/s1,
Table S1: Economic analysis of sequential PRE and POST herbicide applications in comparison with sole
applications of PRE and POST herbicides in 2012, Table S2: Economic analysis of sequential PRE and POST
herbicide applications in comparison with sole applications of PRE and POST herbicides in 2013, Figure S1:
The monthly average air temperature (line) and precipitation (bar) in Bogatyrka, Primorsky krai, in 2012 and 2013,
Figure S2: The visual efficacy of the PRE herbicides at 30 days after the application of PRE herbicides which were
administered immediately after sowing soybean in 2012 (a) and 2013 (b), Figure S3: The visual efficacy of the POST
herbicides at 30 days after the application of POST herbicides which were administered at either 30 DAS (a,b) or
60 DAS (c,d) in 2012 (a,c) and 2013 (b,d), Figure S4: The visual efficacy of sequential application of PRE and POST
herbicides at 30 days after the application of POST herbicides which were administered at either 30 DAS (a,b) or
60 DAS (c, d) in 2012 (a,c) and 2013 (b,d), Figure S5: The seed yield (t ha−1) of soybean with a single application of
PRE herbicides in comparison with acetochlor in 2014. For an alternative of acetochlor (PRE), clomazone and
prometryn were tested at their standard (×1) and double (×2) recommended doses in comparison with acetochlor
in the same soybean field as in 2012 and 2013. All of the other procedures were the same as for the performance
test for the sole application of PRE herbicides.

Author Contributions: Conceptualization, D.-S.K.; methodology, D.-S.K. and J.-S.S.; formal analysis, J.-S.S.;
investigation, J.-S.S., J.-H.C., K.J.L., J.K., J.-W.K., and J.-H.I.; data curation, J.-S.S.; writing—original draft
preparation, J.-S.S.; writing—review and editing, D.-S.K. and J.-S.S.; visualization, J.-S.S.; supervision, D.-S.K.;
project administration, D.-S.K.; funding acquisition, D.-S.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was carried out with the support of the “Next-Generation BioGreen21 Program for Agriculture
& Technology Development (Project No. PJ01324501)”, Rural Development Administration, Republic of Korea.
J.-S.S. is supported by the R&D Program of the “Plasma Advanced Technology for Agriculture and Food (Plasma
Farming, Project No. EN2025)” through the Korea Institute of Fusion Energy funded by the Government funds,
Republic of Korea.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2073-4395/10/11/1823/s1


Agronomy 2020, 10, 1823 10 of 11

References

1. Wax, L.M.; Pendleton, J.W. Effect of row spacing on weed control in soybeans. Weed Sci. 1968, 16, 462–465.
[CrossRef]

2. Yelverton, F.H.; Coble, H.D. Narrow row spacing and canopy formation reduces weed resurgence in soybeans
(Glycine max). Weed Technol. 1991, 5, 169–174. [CrossRef]

3. Hock, S.M.; Knezevic, S.Z.; Martin, A.R.; Lindquist, J.L. Soybean row spacing and weed emergence time
influence weed competitiveness and competitive indices. Weed Sci. 2006, 54, 38–46. [CrossRef]

4. Carey, J.B.; Defelice, M.S. Timing of chlorimuron and imazaquin application for weed control in no-till
soybeans (Glycine max). Weed Sci. 1991, 39, 232–237. [CrossRef]

5. Nelson, K.A.; Renner, K.A. Weed control in wide- and narrow-row soybean (Glycine max) with imazamox,
imazethapyr, and CGA-277476 plus quizalofop. Weed Technol. 1998, 12, 137–144. [CrossRef]

6. Harder, D.B.; Sprague, C.L.; Renner, K.A. Effect of soybean row width and population on weeds, crop yield,
and economic return. Weed Technol. 2007, 21, 744–752. [CrossRef]

7. Vivian, R.; Reis, A.; Kálnay, P.A.; Vargas, L.; Ferreira, A.C.C.; Mariani, F. Weed management in soybean—issues
and practices. In Soybean—Pest Resistance; EL-Shemy, H.A., Ed.; InTech: Rijeka, Croatia, 2013; pp. 47–84.

8. Lee, D.S. Korea’s agricultural production in the Russian Far East. Probl. Econ. Transit. 2018, 60, 307–324.
9. Park, K.Y.; Kim, H.T.; Kang, S.T.; Han, W.Y.; Kim, Y.M.; Shin, S.H. Soybean production circumstance and its

urgent problem in Primorsky. Korea Soybean Dig. 2015, 32, 1–10.
10. Song, J.S.; Kim, J.W.; Im, J.H.; Lee, K.J.; Lee, B.W.; Kim, D.S. The effects of single- and multiple-weed

interference on soybean yield in the Far Eastern region of Russia. Weed Sci. 2017, 65, 371–380. [CrossRef]
11. Hager, A.; Renner, K. Common ragweed (Ambrosia artemisiifolia) control in soybean (Glycine max) with

bentazon as influenced by imazethapyr or thifensulfuron tank-mixes. Weed Technol. 1994, 8, 766–771.
[CrossRef]

12. Leif, J.W.; Vollmer, J.L.; Hartberg, T.J.; Ballard, T.O. Growth and response of common ragweed
(Ambrosia artemisiifolia) ecotypes to imazethapyr. Weed Technol. 2000, 14, 150–155. [CrossRef]

13. Johnson, B.J. Effects of sequential herbicide treatments on weeds and soybeans. Weed Sci. 1971, 19, 695–700.
[CrossRef]

14. Anderson, J.M.; McWhorter, C.G. The economics of common cocklebur control in soybean production.
Weed Sci. 1976, 24, 397–400. [CrossRef]

15. Watts, J.R.; Murdock, E.C.; Stapleton, G.S.; Toler, J.E. Sicklepod (Senna obtusifolia) control in soybean
(Glycine max) with single and sequential herbicide applications. Weed Technol. 1997, 11, 157–163. [CrossRef]

16. Soltani, N.; Vyn, J.D.; Sikkema, P.H. Control of common waterhemp (Amaranthus tuberculatus var. rudis) in
corn and soybean with sequential herbicide applications. Can. J. Plant Sci. 2009, 89, 127–132. [CrossRef]

17. SAS. SAS/STAT Systems for Windows v. 9.3; SAS Institute: Cary, NC, USA, 2011.
18. Bàrberi, P.; Cozzani, A.; Macchia, M.; Bonari, E. Size and composition of the weed seedbank under different

management systems for continuous maize cropping. Weed Res. 1998, 38, 319–334. [CrossRef]
19. Kim, D.S.; Brain, P.; Marshall, E.J.P.; Caseley, J.C. Modelling herbicide dose and weed density effects on

crop:weed competition. Weed Res. 2002, 42, 1–13. [CrossRef]
20. Klingman, T.E.; King, C.A.; Oliver, L.R. Effect of application rate, weed species, and weed stage of growth on

imazethapyr activity. Weed Sci. 1992, 40, 227–232. [CrossRef]
21. Rosales-Robels, E.; Chandler, J.M.; Senseman, S.A.; Prostko, E.P. Influence of growth stage and herbicide rate

on postemergence johnsongrass (Sorghum halepense) control. Weed Technol. 1999, 13, 525–529. [CrossRef]
22. Hammerton, J.L. Environmental factors and susceptibility to herbicides. Weeds 1967, 15, 330–336. [CrossRef]
23. Kim, D.S.; Marshall, E.J.P.; Caseley, J.C.; Brain, P. Modelling interactions between herbicide dose and multiple

weed species interference in crop-weed competition. Weed Res. 2006, 46, 175–184. [CrossRef]
24. Johnson, G.A.; Hoverstad, T.R. Effect of row spacing and herbicide application timing on weed control and

grain yield in corn (Zea mays). Weed Technol. 2002, 16, 548–553. [CrossRef]
25. Song, J.S.; Lim, S.H.; Lim, Y.; Nah, G.; Lee, D.K.; Kim, D.S. Herbicide-based weed management in Miscanthus

sacchariflorus. Bioenergy Res. 2016, 9, 326–334. [CrossRef]
26. Vail, G.D.; Oliver, L.R. Barnyardgrass (Echinochloa crus-galli) interference in soybeans (Glycine max).

Weed Technol. 1993, 7, 220–225. [CrossRef]

http://dx.doi.org/10.1017/S0043174500047743
http://dx.doi.org/10.1017/S0890037X00033467
http://dx.doi.org/10.1614/WS-05-011R.1
http://dx.doi.org/10.1017/S0043174500071538
http://dx.doi.org/10.1017/S0890037X00042706
http://dx.doi.org/10.1614/WT-06-122.1
http://dx.doi.org/10.1017/wsc.2016.25
http://dx.doi.org/10.1017/S0890037X00028669
http://dx.doi.org/10.1614/0890-037X(2000)014[0150:GAROCR]2.0.CO;2
http://dx.doi.org/10.1017/S0043174500051080
http://dx.doi.org/10.1017/S004317450006625X
http://dx.doi.org/10.1017/S0890037X00041518
http://dx.doi.org/10.4141/CJPS08051
http://dx.doi.org/10.1046/j.1365-3180.1998.00098.x
http://dx.doi.org/10.1046/j.1365-3180.2002.00253.x
http://dx.doi.org/10.1017/S0043174500057271
http://dx.doi.org/10.1017/S0890037X00046145
http://dx.doi.org/10.2307/4041001
http://dx.doi.org/10.1111/j.1365-3180.2006.00502.x
http://dx.doi.org/10.1614/0890-037X(2002)016[0548:EORSAH]2.0.CO;2
http://dx.doi.org/10.1007/s12155-015-9693-z
http://dx.doi.org/10.1017/S0890037X00037167


Agronomy 2020, 10, 1823 11 of 11

27. Cowbrough, M.J.; Brown, R.B.; Tardif, F.J. Impact of common ragweed (Ambrosia artemisiifolia) aggregation
on economic thresholds in soybean. Weed Sci. 2003, 51, 947–954. [CrossRef]

28. Sweat, J.K.; Horak, M.J.; Peterson, D.E.; Lloyd, R.W.; Boyer, J.E. Herbicide efficacy on four Amaranthus species
in soybean (Glycine max). Weed Technol. 1998, 12, 315–321. [CrossRef]

29. Han, J.; Liu, H.; Guo, P.; Hao, C. Weed control in summer-sown soybeans with flumioxazin plus acetochlor
and flumiclorac-pentyl plus clethodim. Weed Biol. Manag. 2002, 2, 120–122. [CrossRef]

30. Pornprom, T.; Sukcharoenvipharat, W.; Sansiriphun, D. Weed control with pre-emergence herbicides in
vegetable soybean (Glycine max L. Merrill). Crop Prot. 2010, 29, 684–690. [CrossRef]

31. Mickelson, J.A.; Harvey, R.G. Woolly cupgrass (Eriochloa villosa) management in corn (Zea mays) by sequential
herbicide applications and cultivation. Weed Technol. 2000, 14, 502–510. [CrossRef]

32. EU Pesticides Database. Available online: https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database
(accessed on 13 November 2020).

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1614/02-036
http://dx.doi.org/10.1017/S0890037X00043876
http://dx.doi.org/10.1046/j.1445-6664.2002.00057.x
http://dx.doi.org/10.1016/j.cropro.2010.02.003
http://dx.doi.org/10.1614/0890-037X(2000)014[0502:WCEVMI]2.0.CO;2
https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Site 
	Performance Test of Sole Application of PRE and POST Herbicides 
	Performance Test of Sequential Application of PRE and POST Herbicides 
	Economic Analysis for Herbicide-Based Weed Management 
	Statistical Analysis 

	Results 
	Performance of Sole Application of PRE Herbicides 
	Performance of Sole Application of POST Herbicides 
	Performance of Sequential Application of PRE and POST Herbicides 
	Economic Return for the Sequential PRE and POST Herbicide Application 

	Discussion 
	References

