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Fungicide Management Does Not Affect the Rate
of Genetic Gain in Soybean
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Shaun N. Casteel, Vince M. Davis, Brian W. Diers, Paul D. Esker, James E. Specht, and Seth L. Naeve*

ABSTRACT

On-farm U.S. soybean [Glycine max (L.) Merr.] yields have increased at an annual rate of 23.3 kg ha~lyr~!since the 1920s. These
gains have come from a variety of sources including genetic, agronomic, and environmental changes. Genetic gains arising from
breeding efforts have likely contributed the most to the U.S. soybean yield increase; however, the relative contribution of each
source of gain is difficult to estimate. The objectives of this study were to compare yield of soybean varieties with different year of
release, understand the effects of fungicide applications on soybean seed yield, and evaluate the composition of soybean cultivars
chosen to represent historically significant releases in maturity groups (MGs) II and III released during the last 85 yr. A set of
116 cultivars in these two MGs, released from 1923 to 2008, received a fungicide seed treatment followed by foliar applications
at R1, R3, and RS and were compared to non-treated controls. Seed composition changed over time with protein concentration
decreasing 2.1 g kg™! for every g kg lincrease in oil concentration. The significant interaction between fungicide treatment and
MG III cultivar release year for plant stand revealed that such treatments were more beneficial with respect to obsolete cultivars
of MG III, though this plant stand interaction did not translate into a significant yield interaction. The rate of genetic yield
improvement made by breeders was not influenced by fungicide management and matched the observed rate of on-farm yield

improvement that occurred during the same period.

Soybean has been in commercial production in
the United States since the early 1920s (USDA-NASS, 2014).
In the last 90 yr, soybean production has increased by 29.8
million ha whereas yield increased by more than 2000 kg ha™!
(USDA-NASS, 2014). Rowntree et al. (2013) and Wilson et
al. (2014) provided a summary of the genetic yield gain with
respect to its interaction with Crop management practices,
which in their papers, focused on planting date and N fertil-
ization, respectively. Other factors such as chemical disease
management and the introduction of genes for resistance to
disease in newer cultivars could also influence the rate of genetic
yield gain over time.
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Various management practices have been proposed and used
to mitigate damage caused by disease. Tillage, crop rotation,
use of resistant cultivars, and fungicides are the principal
management practices available for soybean disease control
(Elmore, 1991; Crookston et al., 1991; Swoboda and Pedersen,
2009). The use of foliar fungicides has been the subject of much
current research, and has been shown to have variable effects on
soybean seed yield. Yield gains of up to 25% have been reported
with the use of pyraclostobin alone (Nelson and Meinhardt,
2011; Nelson et al., 2010; Henry et al., 2011). These authors
consistently reported that this fungicide resulted in a reduc-
tion in either foliar disease incidence or its severity from the
treatments, primarily in Septoria brown spot (Seproria glycines
Hemmi, SBS) and frogeye leaf spot (Cercospora sojina K. Hara,
FLS). Kyveryga et al. (2013) found a correlation between above
average spring rainfall and an increased likelihood of a response
to foliar fungicides. Other authors have not found a positive
yield response from pyraclostobin applications (Swoboda
and Pedersen, 2009; Dorrance et al., 2010). The primary seed
constituents, protein and oil, were not affected by treatment
(Swoboda and Pedersen, 2009; Henry et al., 2011). Seed mass
increased, but seed number ha™! was unchanged (Swoboda and
Pedersen, 2009; Henry et al., 2011), and the increase in seed
mass accounted for about 80% of the observed yield gain in
Henry et al. (2011). Seed mass is heavily influenced by environ-
mental factors such as water availability and disease pressure,
but foliar diseases alone can significantly reduce seed mass.

Abbreviations: FLS, frogeye leaf spot; MGs, maturity groups; PRSR,
phytophthora root and stem rot; SBS, Septoria brown spot.
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Nelson and Meinhardt (2011) found SBS and FLS caused a
respective 16 and 29% loss in seed mass. Variation in environ-
ments and inoculum levels in the previous studies may account
for the inconsistent yield responses to fungicide treatments
that have been observed to date in soybean. To our knowledge,
there is no published evidence to support the claim that foliar
fungicides increase soybean yield from physiological enhance-
ments beyond disease suppression.

Planting disease resistant cultivars is an important manage-
ment practice. New cultivars with resistance to soybean cyst
nematode (Heterodera glycines Ichinohe) have been shown to
yield an average of 14% more than comparable susceptible cul-
tivars, when the pest is present (De Bruin and Pedersen, 2008).
Some diseases such as stem canker [Diaporthe phaseolorum
(Cke. & ElL) Sacc. var. caulivora Athow & Caldwell and var.
meridionalis Morgan-Jones] are far less common now than they
were previously. Stem canker resulted in yield losses of up to
50% in Iowa during the 1950s, but was ranked the 16th most
damaging disease of the 21 diseases surveyed in Iowa in 2005,
and the least damaging in 2006 and 2007 (Lu et al., 2010).
Several Rps genes have been identified for resistance to specific
races of Phytophthora sojae Kaufmann and Gerdeman, and
can drastically reduce yield loss in environments suitable for
infection (Dorrance et al., 2009). Despite advances in genetic
resistance to . sojae, phytophthora root and stem rot (PRSR)
was the second most yield-limiting disease between 2001 and
2010 (Wrather and Koenning, 2010). When genetic resistance
is lacking, soybean producers have turned to chemical control
methods (Swoboda and Pedersen, 2009). Today, more than
50% of soybean land area in the Midwest is planted with a fun-
gicide seed treatment to mitigate seedling damp-off and thus
increase seedling emergence (Esker and Conley, 2012).

Genetic improvement in yield potential per se has had
asignificant role in soybean yield gain over time (Wilcox,
2001). Breeding specifically for disease resistance has provided

appreciable protection against losses in yields arising from
soybean discases. Still, diseases continue to reduce yields, which
has led to a greater economic incentive for their control. Under-
standing the role of management practices for controlling foliar
diseases, and identifying interactions between genetics and
management will help determine best practices for reducing
yield loss, thereby leading to greater realization of cultivar
genetic yield potential over time.

We expect both genetic resistance and chemical disease
management to effectively limit diseases from reducing yield,
with older cultivars likely benefiting more from fungicide treat-
ment than newer cultivars. In experimental terms, our primary
hypothesis was that fungicide applications would reduce the
apparent rate of genetic gain over time, because yields of obso-
lete cultivars might be enhanced more by the treatments than
the yields of modern cultivars, and the resultant interaction
would be testable in our experiment. We also hypothesized
that seed mass might be increased by the use of fungicides, but
that seed protein and oil were unlikely to be unaftected. The
objective of our study was to better understand the impact of
fungicide applications on soybean yield, seed protein, seed oil,
seed mass, lodging, and plant stands at both establishment and
harvest, measured in a historic set of MG I and III cultivars
that have been released by breeders during an 85-yr period
(1923-2008).

MATERIALS AND METHODS

This study used the same materials and methods as Wilson
etal. (2014) and Rowntree et al. (2013) with an additional
location, Waseca, MN, added in 2011,and used the same
cultivars as the Wisconsin location. Site coordinates, soil char-
acteristics, soil fertility, and previous crop for these locations
are presented in Table 1. A set of 59 MG II soybean cultivars
released over eight decades, from 1928 to 2008 were planted,
and 57 MG III soybean cultivars released from 1923 to 2007

Table |. Experimental details with respect to test sites, soils, and soybean cyst nematode (SCN) egg counts in 2010 and 201 1.

Research site

Arlington Agricultural
Research Station

Southern Research &
Outreach Center

Crop Sciences Research &
Education Center

Throckmorton Purdue
Agricultural Center

Location

2010 Previous crop
201 | Previous crop

Arlington, WI

43°18' N, 89°20' W
Corn harvested for silage
Corn harvested for silage

Waseca, MN

44°4' N, 93°31'W

Corn harvested for grain
Corn harvested for grain

Urbana, IL

40°3' N, 88°14'W

Corn harvested for grain
Corn harvested for grain

Lafayette, IN

40°17’ N, 86°54' W
Corn harvested for grain
Corn harvested for grain

Soil Series . Webster & Nicollet clay Flanagan silt loam & Drummer )

Plano silt loam . Throckmorton silt loam

loam silty clay loam

Soil Family Fine-loamy, mixed, mesic Fine-silty. mixed. mesic Typic

Fine-silty, mixed, mesic Typic ~ Typic Endoaquolls & fine- 4 ! YPIC Fine-silty, mixed, mesic

- ) ) ) Endoaquolls & fine, smectitic, ) )
Argiudoll loamy, mixed, mesic Aquic - ) ) mollic Oxyaquic Hapludalf
mesic Aquic Argiudolls
Hapludolls

Tillage I pass fall chlse! - I pass | pass fall chisel + | pass | pass fall chisel + 2 pass spring | pass fall chisel + 2 pass

spring field cultivation + | . N ) . N

. S spring field cultivation mulch till spring field cultivation
pass spring soil finisher
Soil fertility 2010 2011 2010 2011 2010 2011 2010 2011

Phosphorous Bray, mg kg™ 43.5 55.5 320 37.0 234 335 66.1 38.6
Potassium, mg kg™! 172.5 165.5 184.0 165.0 121.6 122.0 146.3 137.5
pH 7.1 6.9 7.1 5.9 6.1 5.8 6.1 6.0
Organic matter, g kg™! 32 32 63 54 41 36 30 29
CEC, cmol, kg™'+ 18.4 19.4-21.5 22.1-224 13.6
SCN Egg Counts 0 n/a 25 n/a 40 n/a n/a n/a

(per 100 cc soil)

T Data from NRCS Web Soil Survey, http://websoilsurvey.nrcs.usda.gov (accessed 17 Feb. 2014) (USDA-NRCS, 2014).
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were planted. The list of cultivars, chosen to represent a set of
historically significant releases, along with available informa-
tion on pedigree and genetic disease resistance are presented
in Table 2. To provide an estimate of experimental error, 13
MG II cultivars and 15 MG III cultivars were replicated twice
within each planting date, for a total of 72 plots per treatment
in each maturity group. A limited number of cultivars were

Table 2. Cultivars, year of release, maturity group, plant introduction (Pl) number, and disease resistance of the entries used in this study.

chosen for replication due to limited seed supply and field space

constraints. Replicated cultivars within each maturity group

were evenly distributed across years of release. The experiment

was replicated by environment, defined as location within year,

for each maturity group. Plots were mechanically seeded in

four rows, spaced 76 cm apart, at a rate of 370,650 seeds ha L.

Planted plot dimensions at all locations were 3.1 m wide by

Cultivar Year of release Maturity Group Pl no.t P. sojaet§ HG type 2.5.79 HG type 0
Dunfield# 1923 1] P1548318 n/a mrtt nr
Wini# 1927 1l P1548348 n/a nr nr
Korean# 1928 Il P1548360 n/a nr -
AK (Harrow) # 1928 1l P1548298 n/a nr mr
Mukden# 1932 Il P1548391 nla nr nr
Mandell 1934 1] P1548381 n/a nr nr
Richland# 1938 1l P1548406 n/a mr nr
Mingo 1940 1] P1548388 nla nr nr
Lincoln# 1943 1] P1548362 n/a nr nr
Hawkeye# 1947 Il P1548577 nla nr nr
Adams 1948 1] P1548502 n/a nr -
Harosoy# 1951 Il P1548573 nr nr nr
Lindarin 1958 1l P1548589 nr nr mr
Shelby 1958 1 P1548574 n/a nr mr
Ford 1958 1 P1548562 n/a mr mr
Ross 1960 1 P1548612 n/a nr nr
Harosoy 63 1963 1l P1548575 R nr nr
Hawkeye 63 1963 1l P1548578 R nr nr
Wayne# 1964 1] P1548628 mr nr nr
Adelphia 1964 1l P1548503 nr nr nr
Amsoy 1965 Il P1548506 nr nr nr
Corsoy# 1967 Il P1548540 nr nr nr
Beeson 1968 I P1548510 r nr nr
Calland# 1968 1} P1548527 r nr nr
Amsoy 7|# 1970 Il P1548507 r nr nr
Williams# 1971 1} PI1548631 ms nr nr
Wells 1972 1l PI548630 n/a nr nr
Woodworth# 1974 1] PI1548632 ms nr nr
Harcor 1975 Il P1548570 Rps! nr nr
Private 2-7 1977 Il n/a n/a nr mr
Private 2-8 1977 I n/a n/a nr nr
Wells |l 1978 Il P1548513 Rps Ic nr nr
Vickery 1978 Il P1548617 Rps Ic nr nr
Private 3-1# 1978 1l n/a n/a nr nr
Cumberland 1978 11l P1548542 ms nr nr
Oakland 1978 11l P1548543 r nr nr
Corsoy 79 1979 Il P1518669 Rps Ic nr nr
Beeson 80 1979 Il P154851 | Rps Ic nr nr
Century# 1979 Il P1548512 r nr -
Amcor 1979 Il P1548505 r nr mr
Pella 1979 1] P1548523 r nr nr
Williams 82# 1981 1] PI518671 Rps 1k nr nr
Private 2-11 1982 Il n/a n/a nr -
Private 3-15 1983 11l n/a n/a nr nr
Century 84 1984 I P1548529 Rps 1k nr nr
Elgin 1984 Il P1548557 nr nr nr
Zane 1984 n PI1548634 nr nr nr
Harper 1984 11l P1548558 mr nr nr
Preston 1985 I P1548520 nr nr nr

Continued next page.
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Table 2. (continued).

Cultivar Year of release Maturity Group Pl no.t P. sojaet§ HG type 2.5.79 HG type 0

Private 2-15 1985 l n/a n/a nr nr
Chamberlain# 1986 1] P1548635 Rps | nr nr
Private 3-2 1986 Ll n/a n/a nr nr
Resnik 1987 1] P1534645 Rps 1k nr nr
Pella 86 1987 1] P1509044 Rps 1k nr nr
Burlison 1988 Il P1533655 Rps Ib & 3 nr nr
Private 2-9 1988 I n/a n/a nr -
Elgin 87 1988 Il P1518666 Rps 1k nr nr
Conrad# 1988 I P1525453 nr nr mr
Jack# 1989 Il P1540556 nr nr hr
Kenwood 1989 Il P1537094 Rps | nr -
Private 2-1 1989 I n/a n/a nr nr
Private 3-9 1989 LIl n/a n/a nr mr
Private 2-2 1990 I n/a n/a nr nr
Private 3-10 1990 1 n/a n/a nr mr
RCAT Angora 1991 Il P1572242 Rps Ic nr nr
Private 2-6 1991 Il n/a n/a nr -
Private 3-16 1991 1 n/a nla nr hr
Dunbar 1992 N P1552538 r nr nr
Thorne 1992 1] P1564718 Rps 1k nr nr
Private 3-17 1992 1] n/a nla nr nr
Private 2-5 1993 1l n/a n/a nr nr
Private 3-18 1993 1l n/a n/a nr nr
Private 2-10 1994 l n/a n/a nr nr
Private 2-16 1994 1l n/a n/a mr hr
Private 3-19 1994 1l n/a n/a nr nr
1A 2021 1995 1l nla Rps 1k nr nr
Macon# 1995 1l P1593258 nr nr nr
1A 3004 1995 1l n/a n/a nr nr
Savoy 1996 1l P1597381 Rps Ib & 3 nr nr
Private 2-12 1996 1l n/a n/a nr nr
Maverick 1996 11l P1598124 Rps Tk nr r
Private 3-4 1996 I n/a n/a nr nr
Private 3-11 1996 n n/a n/a nr nr
Dwight# 1997 Il P1597386 nr nr hr
Private 218 1997 Il n/a n/a nr nr
Pana 1997 I PI1597387 nr nr hr
Private 3-5 1997 I n/a n/a nr r
Private 3-12 1997 n n/a n/a nr nr
1A 2038 1998 Il n/a n/a nr nr
Private 3-6 1998 1 n/a n/a mr hr
1A 3010 1998 I n/a nr nr nr
Private 3-7# 1999 I n/a n/a nr nr
IA 2050 2000 Il n/a n/a nr nr
1A 2052 2000 Il n/a nr nr nr
Private 3-20 2000 1l nla n/a nr nr
Loda# 2001 I P1614088 nr mr -
Private 2-4 2001 I n/a Rps 1k nr nr
Private 2-17 2001 I n/a n/a nr hr
U98-311442 2001 1] n/a n/a mr hr
1A 3014 2001 1] n/a r nr r
Private 3-8# 2002 1 n/a n/a nr r
1A 2068 2003 ] n/a n/a mr hr
1A 3023 2003 1 n/a nr mr nr
Private 2-3 2004 ] n/a Rps 1k nr r
NE3001 2004 1 n/a n/a nr nr
Private 3-13# 2004 Ll n/a n/a nr nr

Continued next page.
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Table 2. (continued).

Cultivar Year of release Maturity Group Pl no.t P. sojaet§ HG type 2.5.79 HG type 0
1A 3024 2004 Ll n/a nr nr nr
1A 2065 2005 I n/a n/a nr nr
Private 2-19 2005 I n/a n/a nr hr
Private 2-20 2005 ] n/a n/a nr nr
1A 2094 2006 ] n/a nr nr nr
Private 3-22 2006 1 n/a n/a nr nr
Private 3-23 2006 1 n/a n/a nr nr
Private 3-14 2007 1 n/a n/a mr r
Private 2-13 2008 Il n/a Rps Tk nr r
Private 2-14# 2008 Il n/a Rps 1k nr hr

T n/a, not applicable.
} n/a, not available.
§ Resistance gene listed if available.

I Heterodera glycines population type, Type 2.5.7 can reproduce on PI88788, PI209332, and PI548316 sources of resistance. Type 0 does not reproduce on known sources

of resistance.

# Cultivars replicated within location.

11 mr, moderately resistant; nr, not resistant; ms, moderately susceptable; r, resistant; hr, highly resistant.

4.6 m long. Plant populations were recorded for all plots at the
V1 (first trifoliate) and R8 (95% pod maturity) growth stages,
as defined by Fehr and Caviness (1977). The center two rows
of each plot were mechanically harvested a few days after R8.
Grain weight and moisture data were collected simultaneously
at harvest so that seed yield could be expressed on a 130 gkg™!
seed moisture content basis.

At each location in both 2010 and 2011, two blocks were
established, each with the same completely randomized set
of cultivars. One block was intensively managed with disease
control measures and the other remained non-treated. The
cultivars planted in the treated block received fungicidal seed
treatment in combination with three applications of foliar
fungicides occurring at the R1, R3, and RS growth stages. See
Table 3 for additional details regarding the fungicide active
ingredients and application timing. Both the seed treatment
and foliar fungicides were applied according to company
recommended label rates and growth stages. The three foliar
fungicide applications were both prophylactic and more
frequent than standard grower practices to assure maximum
disease protection. In Minnesota, Indiana, and Illinois, foliar
treatments were applied with CO,—pressurized hand sprayers.
In Wisconsin, the R1 application in 2010 was applied with a
CO,—pressurized hand sprayer, and all subsequent applications
in 2010 and 2011 used a tractor-mounted sprayer. Sprayers were
equipped with XR TeeJet 8002 nozzles (Spraying Systems Co.,
Wheaton, IL) and calibrated to deliver 140 L ha=lin W1, IN,
and IL, and 150 L ha! in MN.

In 2011, a planting error in MN resulted in the experi-
ment being planted at half the target rate. Despite low plant

Table 3. Fungicide treatments and applications used for all locations.

populations, data from MN were still collected and retained
for the analysis, given that the magnitude of the treatment
effect was similar to that of the other locations. The MN
results, as expected, exhibited greater variation in yield and
loss of precision in determining treatment effects. Addition-
ally, 13 contiguous plots from MN in 2011 were removed from
the analysis due to severe water damage. Early season ponding
resulted in uneven stands and yield. Plant populations were
recorded for all plots and locations at V1 and R8 growth stages.
Lodging scores were recorded for each plot before harvest
usinga 1 to 5 scale, with 1 being fully erect and 5 being fully
prostrate. Foliar disease severity ratings in the center two rows
of a4.6 m plot were accomplished by visual estimation of the
percentage (0-100%) of foliar arca exhibiting disease symp-
toms. Ratings were performed only in 2011, but repeated at the
R1,R3,R5, and R7 stages for Arlington, Waseca, and Lafayette,
and at the R3, R5, and R7 stages in Urbana.

Yield, seed mass, seed protein and oil, lodging, and plant
stands at establishment and harvest were subjected to the
same analysis as Rowntree et al. (2013). The main effects were
fungicide treatment, cultivar year of release, and fungicide
treatment X year of release interaction. Variables were regressed
over year of release to evaluate the change over time with the
two treatments. The change in rate per year is estimated by the
slope of the regression line plus or minus the standard error.
The interaction of fungicide by release year was examined to
determine if differences existed in the rate of change for each
variable. Final models were chosen using appropriates statis-
tics (AIC, BIC, -2 Res Log Likelihood), as well as biological

interpretation.

Trade name Active ingredient Percent composition Application rate Application timingt FRAC Code}
Apron Maxx Fludioxonil 2.31 2.5 g 100 kg seed™! SA§ 12
Mefenoxam 3.46 3.75 g 100 kg seed™! 4
Endura Boscalid 70 538 gha! RI & R3 7
Headline Pyraclostrobin 23.6 220 g ha™! R3 I
Stratego Propiconazole 1.4 9l g ha™! R5 3
Trifloxystrobin 1.4 9l g ha™! I
T Soybean reproductive stages (Fehr and Caviness, 1977).
} Fungicide Resistance Action Committee Code List 2011.
§ Seed applied.
Agronomy Journal <+ Volume 106, Issue 6 <+ 2014 2047



RESULTS AND DISCUSSION

Climatic conditions during the study were reported in
Rowntree et al. (2013). Additionally, the Waseca, MN, loca-
tion had above average early-season rainfall and was affected
by a slight frost on 15 Sept. 2011, damaging the upper canopy
(Table 4).

Soybean yield increased at a rate of 20.9 + 2.20 kg ha™! yr‘1
with respect to MG II cultivars released over the 85-yr time
frame, and 23.4 + 1.85 kg ha! yr‘1 for the group III culti-
var releases (Fig. 1). These estimated rates of genetic gain are
very close to the realized rate of U.S. on-farm yield gain of
23.3 kgha™! yr~! from 1924 to 2013 (USDA-NASS, 2014).
The on-farm USDA rate represents what the average U.S.
soybean producer achieves each year by adopting both genetic
technology and improved or novel agronomic practices. Our
estimates are dependent on the agronomic yield potential
of the field sites where the historic cultivar sets were grown.
While our estimated rates of genetic yield gain are about equal
to the rate of on-farm yield gain achieved by the average U.S.
producer, these genetic rates of gain may not account for the
entire rate of on-farm yield gain achieved in the most highly
productive environments.

The genetic gain estimated here and in Rowntree et al.
(2013) and Wilson et al. (2014) is similar to previous estimates
by Luedders (1977), Boerma (1979), Wilcox et al. (1979),
Voldeng et al. (1997), and Morrison et al. (2000). The linear fit
suggests the rate of gain has remained relatively constant over
the past 85 yr. However, there is evidence that the rate of gain
has been increasing in recent years (Voldeng et al., 1997; Specht
etal., 1999).

Seed protein concentrations modestly decreased by 0.22 +
0.07 gkg™! yrtin MG II, and 0.28 + 0.06 gkg™! yr~! for the
group III cultivar releases (Fig. 2). Over the 85 yr of cultivar
releases examined in this study, there was a total reduction in
protein of 18.7 and 23.6 gkg‘lfor MG Il and III, respectively.
Rowntree et al. (2013) similarly found that protein decreased
0.191 g+ 0.07 kg™! yr™! in MG II, and MG I1I decreased by
0.242 + 0.06 gkg™! yr~!. Morrison et al. (2000) estimated

a greater decrease in protein of 0.537 g kg_1 yr_1 in MG O
and 00. Protein may have been indirectly selected against
as new varieties were selected for higher yield. The decline
in seed protein concentration coincided with an increase in
seed oil concentrations, as is often observed (Hartwig and Kilen,
1991). Oil concentration gained 0.11 + 0.03 gkg™! yr~! and
0.13 £ 0.04 gkg_l yr‘1 for MG IT and I1I, respectively
(Fig. 3). Over the 85 yr, there was a total gain of 9.1 and
10.9 gkg™!, respectively. Wilson et al. (2014) similarly
found that oil increased 0.13 + 0.03 gkg™! yr~!in MG II
and 0.12 + 0.03 gkg™! yr~!in MG II1. This is less than the
0.449 gkg™! yr! for oil estimated by Morrison et al. (2000).
The sum of protein and oil concentrations decreased by 0.11 +
0.05 gkg™! yr~! for MG ITand 0.15 + 0.05 gkg™! yr'in MG
III. Over the 85 yr, there was a combined loss of 10.7 and
13.7 gkg™! for MG I1 and I11, respectively. This result suggests
that selection for greater yield has diverted photoassimilate
from these metabolically costly constituents into carbohydrates to
obtain greater seed production. This loss in total seed quality shows
the inverse relationship is not 1:1 (Wilcox and Guodong. 1997).
Fungicide treatment altered seed protein and oil contents for
MG II but not MG III (Table 5). The protein in treated MG I1
cultivars increased 6.8 g kg‘1 and the oil decreased 4.0 gkg‘l.
Similarly, Nelson et al. (2010) reported a change in seed
constituents from the application of a fungicide and insecti-
cide. They found an increase in grain oil concentration and a
decrease in protein with an R4 application of azoxystrobin plus
lambda-cyhalothrin. Our MG III results are in agreement with
those of Swoboda and Pedersen (2009) who observed no effect
of fungicides on seed protein or oil.
Seed mass was not affected by the cultivar release year or
by fungicide treatment in the historic MG II cultivar set.
Release year in MG I1I cultivars had an effect (Table 5), with
an increase in seed mass per year of 0.015 + 0.008 g 100 seeds™!
(Fig. 4). The change in sced mass is consistent with previous
reports that seed mass has shown little (Specht and Wil-
liams, 1984) or no (Morrison ct al., 2000) change over time.
There was no fungicide treatment effect on seed mass in our

Table 4. Mean monthly air temperature and total monthly precipitation at the four locations during the 2010 and 2011 growing seasons, and 30-yr

average.t
Arlington,WI Waseca, MN Urbana, IL Lafayette, IN
Month 2010 2011 30yr 2011 30yr 2010 2011 30yr 2010 2011 30yr
°C

Air temperature
April 10.4 6.2 7.1 6.3 77 15.1 1.9 1.1 14.9 1.6 10.7
May 15.3 13.4 132 13.9 14.6 18.3 16.9 16.9 18.1 17.1 16.6
June 19.7 19.6 18.7 20.1 20.1 238 228 223 233 22.6 21.8
July 229 24.0 20.8 24.6 22.1 25.2 26.8 238 244 26.0 23.4
August 22.2 21.0 19.6 21.1 14.1 25.1 24.1 23.0 243 22.7 22.4
September 15.6 14.5 152 15.5 16.1 19.7 17.5 19.0 19.4 17.1 18.8

mm
Precipitation

April 107.5 106.4 88.9 168.1 82.9 48.5 214.6 93.5 729 192.6 86.6
May 88.9 55.4 93.7 118.6 100.1 78.5 121.9 124.2 72.6 1134 1179
June 169.4 98.8 118.9 250.4 119.4 198.6 106.7 110.2 95.0 928 1156
July 222.8 64.3 105.7 183.1 115.5 90.7 39.9 119.4 66.3 455 103.6
August 114.0 39.9 99.1 234 99.8 40.1 44.7 99.8 422 26.3 100.1
September 50.5 96.5 89.9 45.2 90.8 76.7 70.9 79.5 24.1 82.8 71.2

T 30-yr average from 1971 to 2000.

2048 Agronomy Journal <+ Volume 106, Issue 6 <+ 2014



‘an|ea 3dacuaiul £ $74| © Ae|dsip 01 palrew.oy suonenba aya Yam ‘(A|aAnndadsau ‘paysep

PUE PI|OS) S3UI| PU3.] Yl SALISP O) PIsN Sem UOISsaI3al Jeaul| 11j-1s9g "SUBdW | |OT
eIR(] "3uswdo|oasp aAndnpoudal Sulinp pue pass syl uo pajjdde Juswaeauy spIdISuny B INOYIM pue
Y2IM ‘9sBIJaJ JO JBL "SA SJeARIND (Wo110q) ||| pue (doa) || dnoug Aaruniew jo uieroud pasg 7 314

0107 @4® sauiod

-anjeA 1dadusaul £ 76| & Aejdsip 01 paliew.o) suonenbs

9Y2 Y2IM ‘Saul| puaJl SYl SALISP 01 PAsN Sem UOIssaISa Jeaul| 11J-1sag ‘suesaw ||07—0]0g - sauiod
e1eq ‘J3uswdo|aAap aAndnpo.udad Sulunp pue pasas ayy uo pailjdde Juswaeaus apidISuny B INOYIIM
PUE UM ‘9SE3[3. JO JB3A "SA SJeAn|nd (Wwo110q) ||| pue (doa) || dnoud Aaumiew jo piaik pasg *| "Si4

010¢

ISBI[IY JO ABIX

0ce

ore

09¢

08¢

00¥

0Ty

(U4

09%

0rg

09¢

08¢

00

0Ty

000¢ 0661 0861 0L61 0961 0se6l o6l 0ge6l 061
B
g 2 -
g oo -
- g B .
i8¢ - - h
Wm o o = = 8 n m
e e Tp e 8o
] & =
o [ ] oa
[ ]
g
(=]
o i . PABDUON-TIOW o
6'68¢+ (¥T61-18ak) 8LT0- =A paleal] - [ O =
” '16€+ ($TO1-189K) 07T (- =K o= o=
00 &m 6'L6E+ (FTET1-T80K) 0TT0- =4 =
Quo
pawean-uoN - DN o
paeaALL - [ DN

(1124

(I_S)[ 3) urroa g

3SBI[AY JO JvIX

010z 000T 0661 0861  OL6I 0961  0S6I  OF6I  OE61  0TG6I
1 1 1 1 1 1 1 I O
o - 0001
- 000Z
- 000€
2 L 000F
T
i m = - 000S
GLgm o ZS61 + (PT61- 189K) preg =A
L]
= . . POIRAN-UON - [T DN O e
pAEAIL-[[IDN = - 0009 W
T T T T T T T T O m
s
-
B.
SV 110] S
(o] *
o] & o
° ° - 0002
o]
o]
©
( ]
P - 000€
(o]
00 . o
% e L 000
%8 =
1.9
P 1 S . - 0005
mnom M et o® 16T + (1T61 - oK) 60T =K
a Y . poleon-uoN - [[ DN o
o% pawaIl -11DON e L 0009

2049

2014

* Volume 106, Issue 6

Agronomy Journal



‘anjea 1dadua1ul £ $7g| & Ae|dsip 01 palrew.of suonenbs

9yl YIIM ‘SDUI| pUDJI SY) SALISP O) PIsn Sem UOIssaISau Jeaul| 1§-1s9g ‘sueaw |[07—0]0T - sutod
e1eq “3uswdo|aAap aAndnpoudad Sulunp pue pass syl uo paljdde Juswieaul apidISuny B INOYIIM
PUE U3IM ‘95B3[a. JO JB3A "SA sJeA|ND (Wo110q) ||| pue (do3) || dnoud Aauniew jo ssew paag ' ‘84

ISBI[AY JO ABIX

010T 000T 0661 0801 0L61 0961 0561 0rol 0tol 0col

1 1 1 1 1 1 1 1 D—
o a m m W o
a [m]
. B -4
o B
g B ..
9 H.0 g 7
B .o a u -l
-.m i i
mm_u m u o m o a
H 5 Omm am g B =
ml R a oo o g r 9l
s " ia d - a ﬂ
u. =l | ‘ .
L] " -8l
o &z
paRAn-ION - [l DN O &
001+ GTOI-O L1008 poayy o w Foz 2
w
T T T T T T T T C— \ﬁ\h
- D
L] go F Tl s
00 54 97 &% 3
o O fe] o
o o
uboowm.omu ° o, 8 g g . 8 Ly &
PR oW PO 00 o 00 o8 & 8 %
MWOM mu 06 aMc e 88 omm o g m m g . - 91
. ® -%.o . . @
uomuowud&nmoio.. n « * . - 81
o
&oo mo“mu ~ o e g © 5
. o . - 0T
" 4 * 5
[ ]
. o - Cc
Q
o o
" % palean-uoN - [[ OIN © . - ¥C
pajeall - [IDAN e L]
9T

"anjeA 1deousaul £ 76| e Aejdsip 01 paiiew.ioj suonenbs aya yum ‘(Ajoandadsad ‘paysep

PUE PI|OS) SDUI| PUD.1 92 SALISP 01 PISN SEM UOISSD.3aJ Jeaul| 21J-159g "sueaw ||0Z—0]0 e sauiod
eieq 3uawdojaasp aAnonpo.adad Sulinp pue pass aya uo paidde Juswiesa apISuny B anoyam

PU® U2IM ‘9SBI|aJ JO JBIL "SA SJeAlR|Nd (Wwo330q) ||| pue (do3) || dnoud L1unjew jo |10 paag “¢ ‘314

ISBI[Y JO JvdX

oroc 000¢ 0661 0861 0Lol 096l 0sel orel otel 0cel
1 1 1 1 1 1 1 1 ow —

- 06l

- 00T

- 0IT

- 0re

e :

palean-uoN - III O O L osz ©
TYIT + (rT6l- eak) g170 =4 paeAIL-[[[ON m =
T T _ T T _ T 081 e
=
qﬂ.
° ” -~
® - 061
o
¢ #o m b ° o 8
" 00 ¢ . . % 4 * . °
B sty sog L ag Bt o
. -
o MuO o 0 Ilv!lm
-
5 oW 5 o - 01T
) Be 8 8o
2 a9 g 9
OO hwuﬁ.u 0o ®OO.O M o)
e Of 8> o° @ ®.0 - 0TT
58, ® -,  °°
& 8 EP0T+H (FTO1-18K) [['0=A o e
£00T+ (FTo1-184) [0 =4 L 0gT
o pajean-uon - [1 DI o
pareal] - [[ DN ]
0rT

2014

¢ Volume 106, Issue 6

Agronomy Journal

2050



Table 5. Statistical significance of cultivar release year, fungicide treatment, and their interaction on the measured traits.

Protein
Factor Yield concentration Oil concentration Seed mass Lodging Vit pop R8t pop

Maturity Group Il

Release year (RY) ok ok ok nst ok ns ok

Fungicide treatment (F) ns ok ok ns ns ns ns

RY x F ns ns ns ns ns ns ns
Maturity Group lll

RY ok ok ok * ok ns ok

F ns ns ns ns ns ok *

RY x F ns ns ns ns ns ok *

* Significant at P < 0.05.
** Significant at P < 0.01.
*** Significant at P < 0.001.

T Populations recorded after emergence and before harvest at the VI and R8 stages described by Fehr and Caviness (1977).

1 ns, not significant.

Plant lodging (1 -5 scale)
=

0

1920

® MGIL-Treated y=-0.021 (year-1924) + 3.28
O MG II - Non-treated

[ ] [sXeXeoXo] O 080

LA _J Jel

o 000 OO0 000 000 QOO0 OO O

OOWO0 00 0O We WewoO O @

m MG III - Treated
o MG III - Non-treated

y=-0.028 (year-1924) + 3.62

a O 008 OO0 MO0 OETTOTITTTTTT M

H 00 0DODOOO0 =W EOmo o0

1930

1940

1950

1960 1970

Year of Release

1980

1990

2000

2010

Fig. 5. Lodging score of maturity group Il (top) and Il (bottom) cultivars vs. year of release, with and without a fungicide treatment applied on the
seed and during reproductive development. Data points are 20102011 means. Best-fit linear regression was used to derive the trend lines, with the
equations formatted to display a 1924 y intercept value.
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experiment, inconsistent with previous reports by Swoboda
and Pedersen (2009), and Henry et al. (2011). The late season
frost and below average rainfall in 2011 may have contributed
to reduced seed mass and could have mitigated a putative posi-
tive effect of the fungicide treatment that year.

Recently released cultivars exhibited less lodging than older
cultivars when averaged over maturity groups (Table 5). This
trend of less lodging in newer, improved cultivars has been
well-documented in previous genetic gain research (Lued-
ders, 1977; Wilcox et al., 1979; Specht and Williams, 1984;
Voldeng et al., 1997). An upright stand helps to control discase
by reducing both the relative humidity under the canopy, and
free water required for infection, effectively allowing escape
from disease development (Kim and Diers, 2000). We detected
different rates of lodging reduction over the 85 yr between
the two maturity groups; in MG II the total decrease was 1.8
score units, whereas in MG 111, the total decrease was 2.4 units
(Fig. 5). These lodging reduction rates were not affected by
fungicide treatment. The rates of lodging reduction we noted
were greater than the —0.014 units yr‘1 previously reported by
Voldeng et al. (1997).

Plant populations at establishment (V1) and at harvest (R8)
were different in both MGs. In MG 11, there was no difference
between modern and obsolete cultivars or between treated
and non-treated plots relative to stand establishment (Fig. 6),
although the low seeding rate in Minnesota decreased the
precision in detecting treatment effects. A different response
was observed in MG IIL. Initial plant stands in the seed-treated
plots remained constant across year of release. However, in
non-treated plots, initial plant stands were lower than treated
stands in obsolete cultivars, but equal to treated stands in mod-
ern cultivars. The increase in plant stand establishment over
time for MG III cultivars may be due to greater resistance to
damping-off diseases, though this was not directly measured.
This is further supported by the gradual loss of seed treatment
effect as ever improved cultivars replaced their predecessors
over release years. It appears breeders have successfully selected
for traits leading to greater stand establishment in MG III.

The plant stands at harvest showed a slightly different response
than those at establishment. Both MGs had greater harvest
populations in newer cultivars than the older cultivars. Matu-
rity group I averaged 4.2 more plants m™~2 for cultivars released
in 2008 than for those released in 1924 (Fig. 7). Maturity
group III cultivars averaged 3.1 and 6.9 more plants m~Z%in
treated and non-treated plots, respectively. The increased slope
of the harvest population compared to the establishment popu-
lation indicates that older cultivars had greater plant mortality
during the season. This mortality could be the result of disease
or from the obsolete cultivars being unable to support the popu-
lation due to interplant competition.

At every location in 2011, SBS and bacterial blight (BB) were
the most prevalent diseases observed and averaged a respective
70 to 100% and 0 to 80% incidence in plots. Study coopera-
tors in West Lafayette, IN, in 2010 observed 38% incidence of
Sudden Death Syndrome (caused by the soilborne Fusarium
virguliforme [Aoki et al, 2003], SDS). At the Urbana site in
2011, FLS was observed in 24% of plots. At the Waseca site in
2011, PRSR was observed in 23% of plots, and was more severe
on cultivars without genetic resistance (data not shown). At the

Arlington site in 2011, stem canker incidence was observed in
45% of plots. In both years, foliar disease severity ranged between
0 and 10% at all locations, and was below economic threshold.

CONCLUSIONS

We found that fungicides were equally effective at reduc-
ing yield losses from disease in obsolete and modern cultivars.
Across Minnesota, Wisconsin, Illinois, and Indiana, we esti-
mated genetic yield improvement of 20.9 # 2.20 kg ha=1 yr~1
for MG IT and 23.4 + 1.85 kg ha™! yr~! for MG III over the
years 1923 to 2008. It appears that our observed rate of genetic
improvement made by breeders matches the rate of on-farm
yield improvement that occurred in the same time frame. Selec-
tion for higher yield has likely resulted in decreased protein and
decreased combined protein and oil concentrations. Addition-
ally, obsolete cultivars had greater plant mortality during the
season than modern cultivars, and the fungicide treatment
reduced the magnitude of this effect. Average soybean seed
mass increased slightly over time for MG III and remained
constant for MG II. Increasing seed mass while maintaining
seed number could explain how fungicides have contributed
to grain yield in some environments but not others. Further
research is needed to understand what mechanisms could lead
to greater seed mass with a fungicide treatment.
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