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Abstract
Soybean [Glycine max (L.) Merr.] yield has increased over time through the intro-

duction of new varieties and improved agronomic practices. However, seed protein

concentration has decreased. We conducted field studies in 2018 and 2019 to inves-

tigate the effects of fungicide, insecticide, and foliar fertilizer application on grain

yield and seed quality in two soybean maturity groups (MG). In-season treatments

targeted nutrient availability and soybean canopy duration during the seed-filling

period by fungicide, insecticide, or foliar fertilizer application at the onset of this

period. Biomass samples were collected at R5, R6, and R7 and partitioned into plant

parts. Year, location, and MG often influenced yield and seed composition, but foliar

fungicide, insecticide, or fertilizer application had no impact on these parameters.

1 INTRODUCTION

Soybean [Glycine max (L.) Merr.] was produced and har-

vested on nearly 36 million ha in 2018 in the United States

(USDA-NASS, 2019). Over the last century, soybean yields

increased by 23.4 kg−1 ha−1 yr−1 but also displayed a slow

dilution of soybean seed protein concentration (Rowntree

et al., 2013). Current soybean grain pricing is based on yield

and grain grading quality, which does not include seed oil or

protein levels, or amino acid composition. Conversely, seed

protein concentration is a factor for small grain prices, such

as for wheat (Triticum aestivum L.; Kaur et al., 2017; Weiden-

benner et al., 2014). Many wheat producers receive grain price

deductions if they do not meet protein requirements. Nonethe-

less, lower soybean protein concentrations often affect meal

processors trying to meet quality standards, and also impact

farmers who feed soybean meal to livestock. Factors that

Abbreviations: MG, maturity group; R3, beginning pod; R5, beginning

seed fill; R6, seed fill; R7, beginning maturity; SERF, South East Research

Farm, Beresford, SD.
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influence seed protein concentration are grouped into three

main categories: genetics (G), environment (E), and manage-

ment (M), or G × E × M. The G × E × M interaction deter-

mines final soybean yield and protein concentration.

Knowing which varieties are less susceptible to pathogens

or certain pests at variety selection can help maintain foliar

canopies through the growing season. The environment plays

a key role in seed quality and development through weather-

related events. High air temperatures and moderate to low

amounts of rainfall during the seed-fill period and during

reproductive growth generally result in higher protein con-

centration in soybean seeds (Rotundo & Westgate, 2009). The

magnitude of the increase in protein synthesis level depends

on the timing and extent of the environmental stress. Seed

mass can also be heavily influenced by environmental fac-

tors such as water availability and pest pressure. During seed

fill these stresses will increase protein concentration (Naeve

& Huerd, 2008). This increase in protein could be due to

decrease in seed size and could be why protein is not normally

correlated with higher yield (Rotundo & Westgate, 2009).
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Seeds at lower parts of the plant tend to have higher amounts

of oil, whereas the upper parts of the plant have more protein

because the accumulation of oil in seeds often starts earlier

in seed development than protein (Huber et al., 2016; Saldivar,

Wang, Chen, & Hou, 2011). Along with temperature and

water stress, other weather events (such as hail) can remove

or damage leaves and thus have an impact on photosynthe-

sis and protein synthesis. Hail damage can also lead to foliar

disease development later in the growing season. Foliar dis-

eases can reduce seed mass when not treated (Weidenbenner

et al., 2014). Disease management via fungicide applications

can help reduce soybean pathogens during the season.

Though a producer has minimal control over the weather

conditions during the seed-fill period, there is some ability to

influence the timing and length of the seed-fill period through

the choice of the maturity length of the variety planted.

Finding the right maturity group (MG) for the area is key to

reaching full yield potential and maintaining seed quality. In

addition to variety selection, planting date can also slightly

influence the seed-filling period.

Protecting the plant canopy through management practices

(e.g., supplying nutrient, or protection against pests) can pro-

long the beginning of leaf senescence. By delaying leaf senes-

cence and maintaining photosynthesis, soybean plants will

have a longer time to produce carbohydrate and protein in the

seeds (Garcia & Hanway, 1976). Protein development starts

later than oil synthesis and by extending time to physiologi-

cal maturity will help increase protein concentrations in the

seeds (Huber et al., 2016, Saldivar et al., 2011). Management

practices are potentially the easiest way to increase yield and

maintain the percentage of protein in the seed.

Foliar applications applied in-season can help maintain

canopies. Foliar diseases or insects can reduce leaf area,

which will lower photosynthesis and reduce yield (Bassanezi,

Amorim, Filho, Hau, & Berger, 2001). Fungicide and insecti-

cide applications can aid in maintaining healthy crop canopies

during the seed-fill period, which relieves crop stress and

extends photosynthetic production. Fungicides are often mar-

keted as the “cure all” for soybean diseases but have been

shown to mainly benefit fields that have a disease present

(Jordan, 2010). Wrather and Koenning (2006) found that

foliar diseases accounted for only about 7% of total yield

reduction over the 3-yr period of their study. Other research

has shown that fungicide applications are profitable even

when disease problems are not present (Orlowski et al., 2016).

However, following the integrated pest management princi-

ples, fungicide application should only be used when there

are known or anticipated disease problems.

Another way to help maintain healthy canopies is by

preventing nutrient deficiencies. Foliar fertilizers sometimes

contribute to observed yield differences (Jordan, 2010). These

nutrient deficiencies could be from lack of fertilization before

planting, not supplying adequate amount of the nutrient that

Core Ideas
∙ Yield did not improve with use of crop protection

in low pest pressure environments.

∙ Seed composition did not improve in low pest pres-

sure conditions.

∙ Reproductive biomass partitioning did not change

with foliar protection applications.

∙ Slight improvement in leaf retention was seen with

R3 fungicide and insecticide applications.

the crop needs or plants not being able to acquire it from the

soil. Garcia & Hanway (1976) speculated that minimizing the

nutrient depletion of soybean leaves caused by remobilization

was the cause of yield increases from foliar fertilization. They

hypothesized that this reduction in nutrient depletion delayed

senescence of the soybean and extended the leaf photosyn-

thetic activity and improved seed fill.

The objective of this research was to determine the effects

of foliar insecticide, fungicide, and fertilizer applications

at the beginning of seed filling on biomass accumulation

and partitioning during the late seed-filling period, on grain

yield and protein levels in soybean seeds in different MG

varieties.

2 MATERIALS AND METHODS

2.1 Site description and
experimental design

This study was conducted in the eastern part of South

Dakota at two of the South Dakota State University Research

Farms; near Brookings, SD (44.3114˚ N, 96.7984˚ W),

and near Beresford, SD (SERF; 43.0805˚ N, 96.7737˚ W).

The soil types were Divide (fine-loamy over sandy, mixed

superactive, frigid Aeric Calciaquolls), and Egan–Wentworth

complex (fine-silty, mixed superactive, mesic Udic Hap-

lustolls) at Brookings, and Egan–Clarno–Tetonka complex

(fine-loamy/fine-silty, mixed superactive, mesic Typic Hap-

lustolls) and Egan–Clarno–Trent complex (fine-silty, mixed

superactive, mesic Udic Haplustolls) at SERF in 2018 and

2019, respectively.

Two soybean varieties, GH1024X and GH2041X (MG 1.0

and 2.0, respectively, Golden Harvest Seed), were planted

in this study to vary seed-filling timing and duration. Six

different foliar application treatments were applied on each

variety at R3 (beginning pod) growth stage: untreated con-

trol, fungicide only, insecticide only, foliar fertilizer only,

fungicide plus insecticide, and a combination of fungicide,
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T A B L E 1 Experimental design, varieties used, and other crop production parameters, along with planting, treatment application, biomass, and

machine harvest dates

2018 2019
Field activities Brookings SERF Brookings SERF
Varieties GH1024X, GH2041X

Experimental design RCBD

Row spacing 0.76 m

Replications 4

Seeding rate 346,000 viable seeds ha−1

Plot dimensions 3 by 18.3 m 4.5 by 13.7 m

Tillage Conventional No-till Conventional

Rotation Corn–soybean Oat–soybean Corn–soybean

Planting date 15 Maya 17 May 2 June 8 June

R3 application 21 July 20 July 25 July 25 July

R5 Biomass 9 Aug. 6 Aug. 13 Aug. 15 Aug.

13 Aug. 20 Aug. 19 Aug.

R6 Biomass 30 Aug. 20 Aug. 4 Sept. 3 Sept.

7 Sept. 23 Aug. 10 Sept. 5 Sept.

R7 Biomass 14 Sept. 5 Sept. 23 Sept. 23 Sept.

19 Sept. 12 Sept. 4 Oct. 30 Sept.

Machine harvest 19 Oct. 18 Oct. 19–20 Oct. 18 Oct.

Note. R3, beginning pod; R5, beginning seed fill; R6, seed fill; R7, beginning maturity; RCBD, randomized complete block design; SERF, South East Research Farm.
aMultiple dates for a field activity indicate that the MG1 and MG2 varieties have been sampled on separately on the days presented.

insecticide, and foliar fertilizer. The combination of variety

and foliar product treatments were arranged in a randomized

complete block design. This study only included the fungi-

cide plus insecticide two-way interaction as these two types

of chemicals are often applied together to protect soybean

canopy from diseases and pests, and to manage the study size.

Plots received the following products according to treatment

assignment: Trivapro (N-[9-(dichloromethylene)-1,2,3,4-

tetrahydro-1,4-methanonaphthalen-5-yl]-3-(difluoromethyl)-

1-methyl-1H-pyrazole-4-Carboxamide, Methyl (E)-2-

{2-[6-(2-cyanophenoxy)pyrimidin-4-yloxy]phenyl}-3-

methoxyacrylate, 1-[[2-(2,4-dichlorophenyl)-4-propyl-

1,3-dioxolan-2-yl]methyl]-1H-1,2,4-triazole) fungi-

cide at 0.172 L ha−1; and Miravis (1H-Pyrazole-4-

carboxamide, 3-(difluoromethyl)-N-methoxy-1-methyl-

N-[1-methyl-2-(2,4,6-trichlorophenyl)ethyl]) fungicide

at 0.172 L ha−1; Endigo (1a(S*),3a(Z)]-cyano(3-

phenoxyphenyl)methyl-3-(2-chloro-3,3,3-trifluoro-1-

propenyl)-2,2-dimethylcyclopropanecarboxylate, 3-(2-

chloro-1,3-thiazol-5-ylmethyl)-5-methyl-1,3,5-oxadiazinan-

4-ylidene(nitro)amine) insecticide at 0.052 L ha−1, and Gen-

erate (0–0–0–0.28Fe–0.11Mn–0.14Cu–0.11Zn–0.001Mo–

0.52Co–0.11Na) foliar fertilizer at 0.366 L ha−1 rates when

sprayed at 140 L ha−1.

Corn (Zea mays L.) was the preceding crop at both locations

in 2019 and at the Brookings site in 2018. These sites utilized

conventional tillage practices and fields were field cultivated

a few days prior to planting, whereas at Beresford in 2018

soybean was planted in no-till ground following oat (Avena
sativa L.). In 2019, soybean at the SERF site required replant-

ing due to very poor plant stand caused by wet weather con-

ditions during the planting and emergence window. Soybean

varieties were planted at 346,000 seeds ha−1 in 76-cm rows

(Table 1). Plots were maintained weed free. Plots sizes were

3 by 18.3 m in Brookings in 2018 and 4.5 by 13.7 m at SERF

in 2018 and at both locations in 2019.

Foliar treatments were applied at the R3 growth stage in end

of July 2018 and 2019 (Table 1). At the SERF site in 2018,

planting error resulted in the foliar fertilizer treatment and the

combination of the foliar fertilizer, fungicide, and insecticide

being applied to the same MG soybean (e.g., foliar fertilizer

was only applied to MG1, whereas the combination of the

chemicals was applied only to MG2). This error was noticed

at the beginning of leaf senescence.

2.2 Field data collection

Before planting, soil samples were taken from each replication

(15 cores with a 2-cm diameter soil probe) and separated to 0–

15 cm and 15–60 cm; soil samples were air-dried with forced

air then ground to pass through a 2-mm sieve, and sent off to
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a certified commercial laboratory (AgSource Laboratories) to

determine soil nutrient concentrations, soil pH, and organic

matter (OM). The laboratory used the 1:1 soil/water slurry

method for soil pH; the loss of ignition method for OM; the

cadmium reduction method for NO3
––N; the Bray-1 extrac-

tion method for P; the ammonium acetate extraction for K,

Mg, and Ca; the monocalcium phosphate method for SO4
2––

S concentration determination; the DTPA extraction method

for Zn, Cu, Fe, and Mn; and the hot water extraction method

for B (AgSource Laboratories, 2020).

Visual plant damage ratings were taken before foliar treat-

ment application, 14 and 28 d after application for extent of

leaf damage and presence and extent of disease based on per-

centage of leaf damage and percentage of the plant they made

up in all site-years.

At approximately the V3 growth stage and at physiologi-

cal maturity we estimated the plant population by conduct-

ing stand counts on 1-m lengths in the center two rows of

each plot. Four counts were completed in each plot. At R5

(beginning seed), R6 (full seed), and R7 (beginning matu-

rity) growth stages biomass samples were taken from a 0.5-

m section of a non-border row; the sampling dates are pre-

sented in Table 1. The R5 and R6 samples were partitioned

into leaves, stems, branches (including petioles), pods, and

fallen leaves. The R7 samples were partitioned into leaves,

stems, branches (including petioles), pod shells, seeds, and

fallen leaves. Fallen leaves were any leaves and petioles that

fell in the area where biomass was collected (0.38 m from each

side of the row). All samples were dried at 60 ˚C until constant

weight and the dry biomass accumulation was calculated.

The middle two rows were harvested with a Massey Fergu-

son 8XP plot combine in late October (Table 1). Seed weight

and moisture readings were recorded. Plot lengths were mea-

sured to determine grain yield. Seed protein and oil concentra-

tions were determined with InfraTec Nova instrument (FOSS

Analytics) instrument. Seed mass (200-seed weight) was esti-

mated by weighing grain samples collected from the harvested

plots. Grain yield, seed protein and oil concentration, and the

200 seed weight data was adjusted to 130 g kg−1 moisture

content.

2.3 Statistical analysis

Results were analyzed in R Studio using analysis of vari-

ance (ANOVA) and Fishers’ protected LSD at .05 significance

level. The foliar application treatments, MG, year, and loca-

tion were all considered fixed factors in the statistical model.

The SERF site in 2018 was analyzed separately from the

other three site-years due to the planting and foliar application

error. The other three site-years were combined for statistical

analysis.

3 RESULTS AND DISCUSSION

3.1 Site characteristics

Daily minimum and maximum temperatures, and precipita-

tion in 2018 and 2019 for each site are shown in Supplemen-

tal Figure S1, and monthly mean, minimum, and maximum

temperatures and monthly precipitation are presented in Sup-

plemental Table S1. Air temperature followed closely, within

±1.5 ˚C of the 30-yr normal on the monthly average in each

site, whereas daily observations were within±5 ˚C of the daily

30-yr normal values. In general, air temperatures were slightly

warmer than the 30-yr normal. However, an above normal

precipitation pattern occurred in both years, especially in the

early part of the growing season.

Soil pH, OM, and nutrient levels were not limited compared

with the South Dakota Fertilizer Recommendations Guide
(South Dakota State University, 2019) as shown in Table 2.

There were no statistical differences in either early or late-

season plant stands between the foliar application treatments,

but there were some seasonal (site-year) differences (Supple-

mental Table S2; Tables 3 and 4). However, these differences

in plant stands were not considered to impact yields.

3.2 Biomass accumulation and partitioning

Weight of biomass partitions did not differ among treat-

ments at any growth stage across the three site-years

(Supplemental Table S3). Likewise, plant parts biomass

accumulation did not differ statistically among the foliar

application treatments at the R5 growth stage, but the year ×
location interaction was statistically significant (Supplemen-

tal Table S3). Biomass accumulation in 2019 was lower than

in 2018 by ∼1,000 kg ha−1 at both locations at all three

growth stages (Figure 1). Foliar application treatments did not

influence the amount of biomass that the plant maintained

through the late reproductive (R5–R7) stages except for the

leaf biomass at the R6 growth stage, and the leaves and pods

biomass weight differed at the R7 growth stage (Supplemen-

tal Table S3 and Table 5). Foliar fertilizer treatment alone

resulted about 250 kg ha−1 lower leaf biomass production

compared with the combination of fungicide, insecticide, and

foliar fertilizer application at the R6 growth stage whereas the

other foliar application treatments did not differ (Table 5). The

fungicide only or treatment combinations containing fungi-

cide produced the three largest leaf biomass at the R7 growth

stage averaged across MGs and site-years (Table 5). Only the

fungicide and insecticide treatment did not differ from the

other three non-fungicide containing treatments. This obser-

vation agrees with Parker and Boswell (1980) findings where

they noticed delayed senescence after fungicide applications.
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Samples at the R5 growth stage were collected on the same

day across MG (Table 1), which also contributed to the differ-

ences between the varieties. However, at later growth stages

sample collection was targeting the time when MGs reached

the target growth stage. Due to the large number of plots to

sample during the grain-filling period the sample collection

still occurred at slightly different sub-developmental stages

across MGs (e.g., MG1 samples were collected at R5.3 and

MG2 samples were collected at R5.1), which might account

for some differences seen between MGs (Table 6) and con-

sequently contributed to the nonsignificant statistical differ-

ences among the foliar application treatments. The growing

season (site-years) also influenced the biomass accumulation

in the individual plant parts as shown in Table 6. However, the

relative plant partitions (e.g., percentage of the total biomass

accumulation for a plant partition) did not differ among treat-

ments (data not shown).

Both growing seasons were wetter than the 30-yr aver-

age, which influenced the emergence and stand uniformity,

even though the average plant population did not differ sub-

stantially among the foliar application treatments (Tables 3

and 4). However, plant stand heterogeneity may vary the num-

ber of plants collected in a sample (plants were cut from

a 0.5-m section of the row) and potentially impact total

biomass accumulation and more likely the partitioning of the

biomass. Overall, the foliar fungicide application produced

only a minimal effect, influencing the biomass partitioning

(Table 5).

3.3 Disease and pest damage assessment

There were seasonal differences in pest damage ratings prior

to the foliar application when comparing 2018 and 2019 (Sup-

plemental Table S4). In 2018, initial insect damage ratings

indicated increased leaf damage prior to the R3 foliar appli-

cation than was observed in 2019. The disease pressure prior

to the foliar protection application were similar between the

2 yr (Supplemental Table S4). Following foliar insecticide,

fungicide, or foliar fertilizer application, higher insect dam-

age was observed in the untreated control and the foliar fer-

tilizer only treatments in the pest damage assessment tim-

ing and foliar application treatment interactions (Supple-

mental Table S5). However, no noticeable disease pressure

differences were observed 14 and 28 d after application

(Supplemental Table S4 and Supplemental Table S5).

3.4 Grain yield, seed protein, and
oil concentrations

The growing season × location interaction influenced

both grain yield, seed protein, and oil concentrations
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F I G U R E 1 Fungicide, insecticide, and foliar fertilizer application effects on R5, R6, and R7 biomass accumulation and partitioning in eastern

South Dakota in 2018 and 2019

(Supplemental Table S2). However, only grain yield and seed

oil concentration differed due to the varieties, and to the year×
location × MG interaction (Supplemental Table S2). The

foliar application treatments alone did not lead to yield, seed

protein, or oil concentration differences averaged across grow-

ing season, locations, and varieties (Supplemental Table S2).

Data on yield, seed protein, and oil concentrations are shown

in Tables 3 and 4. The MG2 variety out-yielded the MG1

variety by about 0.45 Mg ha−1 averaged across the foliar

application treatments and site-years (Table 3). Seed oil con-

centration was also numerically higher with fungicide and

insecticide treatment compared with the other foliar applica-

tion treatments averaged across the MGs and site-years. At

Brookings, the MG1 variety had approximately from 0.4 to

0.8% higher seed protein concentration than the other MGs in

the location × MG interaction, whereas all other MG varieties

in Brookings and SERF had approximately 0.4% higher grain

oil concentration (Table 7).

The highest yield was achieved in 2018 at the Brookings

site with the MG2 variety compared with all the other treat-

ments in the year × location × MG interaction (Table 7). Seed

protein concentration was the highest in the MG1 variety at

Brookings across the foliar treatment applications and for the

seed oil concentration was the opposite, with the MG1 vari-

ety at the Brookings site being the lowest (Table 7). At the

Brookings sites the MGs differed both in seed protein and oil

concentrations, whereas at the SERF site the MGs had similar

seed composition.

The SERF site in 2018 that was analyzed separately

(Table 4); the fungicide only and the fungicide and
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T A B L E 7 Year × location × maturity group (MG) interaction effect on grain yield, and location × MG interaction effect on seed protein and oil

concentrations in 2018 and 2019 near Brookings, SD, and Beresford, SD (SERF)

Year/location Maturity group Grain yield Seed protein conc. Seed oil conc.
Mg ha−1 %

Year × Location × MG

2018 Brookings MG1 4.4ba

MG2 4.8a

2019 SERF MG1 3.7c

MG2 4.2b

2019 Brookings MG1 3.4d

MG2 3.8c

Location × MG

Brookings MG1 35.7a 17.6b

MG2 35.3b 18.1a

SERF MG1 34.5c 18.0a

MG2 34.9bc 18.1a

Note. MG, maturity group; SERF, South East Research Farm.
aDifferent lower-case letters indicate statistically different results within a column at p = .05 confidence level.

insecticide combination out-yielded the untreated control

plots (5.76, 5.78, and 5.51 Mg ha−1, respectively) averaged

across the MGs (Table 4). The MG2 variety produced higher

yield, seed protein, and oil concentrations compared with the

MG1 variety (Table 4).

Rotundo and Westgate (2009) found protein increases with

drought stress during seed fill. None of our site-years had this

type of water stress; the Brookings site in 2018 had the lowest

amounts of precipitation during seed fill for the two growing

seasons and also with higher levels of protein concentration

than in 2019. At SERF in 2018, the trial had large amount

of rainfall during seed fill and slightly warmer than normal

weather throughout the season and ended up having the high-

est yield and protein concentration in this study.

The location effect on yield is related to environmental fac-

tors such as the higher early season precipitation and warmer

temperatures (Naeve & Huerd, 2008) during the growing sea-

son similar to our SERF site. Previous research also found that

fungicide applications did not improve yield in the absence

of disease pressure (Swoboda & Pedersen, 2009). However,

other research indicates a profitable response even without

disease pressure (Orlowski et al., 2016), due to what is usu-

ally termed a physiological effect. In addition, Bandara et al.

(2020) recently reported that farmers in low-yielding regions

use fungicide with the goal of increasing yields, but without

truly knowing or formally assessing the true effect. Our study

did not show yield or protein response to the foliar fungi-

cide, insecticide, or fertilizer applications in the absence of

soybean stressors during the two growing seasons except for

yield at the SERF site in 2018. Moreover, spraying fungicide

and insecticide below the pest economical thresholds (e.g., not

following the integrated pest management approach) increase

input costs while reducing profitability, and may lead to resis-

tance problems.

Further investigation in fields that have pest or disease pres-

ence would be important to find out if these foliar applications

would benefit yield and seed composition more consistently.

South Dakota has a problem with white mold in soybean.

However, the R3 application timing was too late to prevent

white mold infection, but the seed-filling period was the main

focus of this study. Future studies could address the effect of

different fungicide or insecticide application timings on seed

quality and disease development and their interaction.

4 CONCLUSION

The current study showed that foliar fungicide, insecticide, or

fertilizer applications (or the combination of these treatments)

at the beginning of the grain-fill period generally did not

impact yield or seed protein except in one of four site-years.

The lack of response to foliar fungicide, pesticide, and

fertilizer application was attributed to low insect and disease

pressure and adequate soil nutrient supply. Even though

fungicide application, alone or in combination with other

treatments, showed somewhat delayed leaf senescence, it did

not affect overall biomass accumulation and partitioning or

grain yield. Our results indicate no benefit to these foliar treat-

ments at the beginning of pod setting (R3 growth stage) in

the absence of disease, pest, or nutrient stress. Application of

the fungicide, insecticide, or foliar fertilizer products without

yield response will also lower profitability. Maturity group,

and site-year interactions did influence seed protein and

oil concentrations, which also highlights the importance of
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variety selection. Nonetheless, without market incentive for

higher seed protein concentration our results indicate no justi-

fication to use these treatments in the absence of pest pressure.
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