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Abstract 

 

United States soybean [Glycine max (L.) Merr.] yields have increased at an annual rate of 

23.4 kg ha
-1

 yr
-1

.   These gains have come from a variety of sources including genetic, 

agronomic, and environmental changes.  The relative contribution of each source in yield 

gain and in protecting yield potential is difficult to estimate.  The objectives of the study 

were 1: to compare yield across year of release attributed to greater foliar disease control 

and to understand the effects of fungicide applications on soybean yield, seed protein, 

seed oil, seed mass, seed number, lodging, and plant stands at establishment and harvest 

and 2: to understand the genetic response of soybean across year of release to seedling 

and foliar diseases including brown spot (Septoria glycines Hemmi), frogeye leaf spot 

(Cercospora sojina, Hara), cercospora blight (Cercospora kikuchii, T. Matsu. & 

Tomoyasu), and brown stem rot (Phialophora gregata Allington & D.W. Chamb. f. sp. 

sojae; BSR) over 85 years of cultivar releases in maturity groups (MG) II and III.  One 

hundred and sixteen cultivars in MG II and III received a seed treatment and foliar 

fungicides at R1, R3, and R5, and were compared to untreated controls.  These cultivars 

(released 1923-2008) were selected to represent a distribution of historically significant 

cultivars.  The annual rate of yield gain was 1.1% and was unaffected by the fungicide 

treatment that could not control yield-limiting diseases.   Seed protein decreased 0.06% 

yr
-1

, while oil increased 0.06% yr
-1

.  Seed mass increased 0.12% yr
-1

 for MG III and had 

no change over time for MG II.  Seed number increased 1.0% over time.  The rate of 

lodging was suppressed by -0.026 unit yr
-1

 for treated and -0.022 unit yr
-1

 for untreated 

cultivars.  The treatment increased plant stands at establishment but no treatment 
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difference was observed at harvest.  We attempted to evaluate the change in disease 

resistance over time but our methods limited our inference to the subset of naturally-

occurring diseases.  The area under the disease progress curve (AUDPC) for the foliar 

fungal diseases had a three-way interaction between treatment, maturity group, and year 

of release.  Foliar diseases were reduced by both genetic sources and fungicides, even 

below economic injury levels.  Stem browning decreased over the 85 years without 

significant contribution of BSR resistance genes.   
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Overview of Soybean Yield Gain over Time and Disease Management Strategies. 
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History of Yield Gain 

 Soybean [Glycine max ( L.) Merr.] was introduced into the United States in 1765 

and has been in commercial production since the early 1920’s (Shurtleff and 

Aoyagi, 2007).  In the last 90 years, soybean production has increased by 29.8 million 

hectares while yield increased by more than 2000 kg ha
-1

(USDA-NASS). The national 

average grain yield has been recorded by the United States Department of Agriculture’s 

National Agricultural Statistic Service (USDA-NASS) since 1924.   The yearly increase 

in grain yield since 1924 is approximately 23.4 kg ha
-1 

yr
-1

.  The yield gained since 1980 

is 8.7 kg ha
-1 

yr
-1

 greater than the 87 year average, showing the rate of yield gain has been 

increasing.  Despite this incredible increase in supply, the demand is higher than ever.  

The scarcity of new arable land places pressure on increasing yields to meet the rising 

demand.   

 Specht et al. (1999) attributes the 22.6 kg ha
-1 

yr
-1 

yield gain from 1924 to 1997 to 

advances in genetic, agronomic, genetic × agronomic interactions, as well as increases in 

atmospheric CO2 concentrations.  These four areas have all contributed to yield gain to 

varying degrees.  The four areas will be discussed individually to highlight the relative 

contributions of each area.    

 The yield gained by genetic improvements has been significant and well-

documented.  Several studies have used a wide range of genetics planted in common 

environments and common management practices to estimate the genetic gain in 

soybean.  The rate of yield gain is commonly reported as percent year
-1

. One of the 

earliest studies was conducted by Luedders in 1977.  He used 21 varieties in maturity 

groups (MG) I to IV spanning 47 years.  He concluded significant genetic improvements 
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explained the observed 0.9% yr
-1

 yield gain, particularly in resistance to lodging.  Wilcox 

et al. (1979) used five varieties in MGs II and III representing 51 years.  This study 

observed plant breeders gained 0.5% yr
-1

 yield gain from genetic improvements.  Boerma 

(1979) used 17 varieties released over 30 years in MGs VI to VIII and found a 0.7% yr
-1

 

yield gain, suggesting genetic yield improvements in southern varieties were similar to 

those in northern varieties.   Salado-Navarro et al. (1993) used 18 varieties in MG VI to 

VIII over 38 years.  They reported yield increases in the United States of 15.9 kg ha
-1 

yr
-1

 

and 18.7 kg ha
-1 

yr
-1

 in 1985 and 1987, respectively, resulting in a similar increase of 

0.5% yr
-1

.  Interestingly, the same varieties were grown in a high-yielding environment in 

Argentina and no significant yield gain over time was observed.  The yield advantage 

was only observed when the varieties were grown where they were best adapted.  

Voldeng et al. (1997) used 41 varieties released over 58 years from MGs 0 to 000 in 

Canada.  Their results showed an accelerating rate of genetic improvement with no 

significant yield gain prior to 1976 and 0.7% yr
-1

 yield gain after 1976.    

 Like the previous studies, the objective of Morrison et al. (2000) was to observe 

changes in agronomic traits over time.  To accomplish this, they examined 14 short-

season varieties in Ontario representing 58 years.  In addition to examining yield and 

other traits, they specifically rated foliar diseases to examine if disease resistance 

contributed to genetic improvements.  Foliar diseases were rated at R5 (Fehr and 

Caviness, 1977) on a 1-5 scale based on the number and severity of leaves affected per 

plant, without consideration for disease type.  In conclusion, they observed short-season 

varieties showed increased yield by 0.45% yr
-1 

likely from increased number of seeds per 

plant and not increased seed size.  They also found a significant reduction in foliar 
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disease ratings over time and noted breeding and selection has likely increased stress and 

disease tolerance.  This study did not test the impact of different management practices 

on yield gain.  Wilcox (2001) used data from 60 years of elite soybean lines reported in 

Uniform Soybean Test for MGs 00 to IV.  His conclusions, similar to the previous 

studies, suggest “most of the improvement in seed yields can be attributed to genetic 

improvement for yield potential.”  He also noted genetic resistance to major pathogens as 

an improvement in modern varieties but did not quantify its contribution to yield gain.  

  Agronomic improvements have not been studied as thoroughly as genetic 

improvements.  Soybean is considered less responsive to management practices than 

maize (Zea mays L.), making the improvements a less significant factor in soybean yield 

gain.  Compared to maize and other cereal crops, improvements in fertility management 

in soybean have been less significant.  Soybeans in association with rhizobia are able fix 

atmospheric nitrogen, the commonly limited nutrient.  On average, soybeans require 350 

kg N ha
-1

 (Abendroth et al., 2006). Under normal growing conditions, this nitrogen 

demand can be met by biological fixation. The in-season application of fertilizer-N has 

no effect on soybean yield (Schmitt et al., 2001).  Row spacing and seeding rates are two 

management practices that contribute to plant density.  Soybeans will compensate for 

lower densities by branching more and yielding more seeds per plant.   Cox and Cherney 

(2011) evaluated this compensation to find maximum soybean yield in 0.19, 0.38, and 

0.76 m rows with 321,000; 371,000; 420,000; and 469,000 seeds ha
-1

.  The results 

indicated the greatest yield potential for the 0.19 m rows and 420,000 seeds ha
-1

.  Due to 

high seed costs and other mechanical constraints, soybeans are rarely planted at such high 

density.  An earlier planting date allows the soybean to capture more days of sunlight 
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giving a yield advantage over late planting.   Bastidas et al. (2008) found 

planting soybeans after the recommended date, May 1
st
, led to a significant linear yield 

decline of 17 kg ha
-1

 d
-1

 in 2003 and 43 kg ha
-1

d
-1

 in 2004. 

 Genetic × agronomic interactions are an important factor in yield gain.  This 

interaction exists when a genetic trait only contributes to increased yield under 

appropriate agronomic practices. For maize, the interaction between these two 

components has had the greatest effect on yield (Duvick, 1997; Tollenaar, 2002).   

Genetic improvements have been primarily in increased stress tolerance.  In the absence 

of stress, Duvick and Cassman (1999) suggest modern maize hybrids have not improved 

yield potential over hybrids from the 1960s.  Modern cultivars are more resilient to 

stressful conditions such as high planting density and cold soils during planting.  The 

higher planting density also carries a higher nitrogen demand.  This genetic improvement 

is actualized in grain yield when modern cultivars are planted at higher density, earlier in 

the season, and with higher nitrogen fertilizer.   The relative contributions of genetic × 

agronomic interactions in soybean are not understood.     

 Changes in the environment have had an impact of soybean yields.  Atmospheric 

CO2 concentrations have steadily increased over the past 50 years with some implication 

for grain yields.  It is difficult to quantify how the increase has affected soybean yields.  

Free-air carbon dioxide enrichment studies have estimated a doubling of current CO2 

concentrations to increase soybean yields 34-38% (Hatfield et al., 2011).  These gains are 

expected to come from increased leaf photosynthesis and water use efficiency.  The 

changes in the environment over time are more complex than increased atmospheric CO2 

concentrations.  Changes in precipitation and temperature patterns will impact plant 
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growth and yields.   

 Another change in the environment is the prevalence of disease.  There are 

currently more than 100 known pathogens of soybean and 33 have been documented in 

the United States (Sinclair and Hartman, 1999; Yang and Feng 2001).  This list has 

continued to increase since the introduction of the soybean.  Notable additions are 

soybean cyst nematode [caused by Heterodera glycines Ichinohe; (SCN)] (Rao-Arelli et 

al., 1992) first discovered in North Carolina in 1954 and sudden death syndrome [caused 

by the soilborne Fusarium virguliforme)] (Aoki, 2003) first found in Arkansas in 1971. 

Physiology of Yield 

 Yield is affected by genetics, the environment, and the interaction between the two. 

The optimal yield for a given area is determined by the constraints of these factors.  Yield 

is controlled by the light interception, dry matter accumulation, and partitioning to yield 

components (Kahlon et al., 2011).  Examples of yield components are seed size, seed m
-2

, 

seed per pod, and pods m
-2

.  Maximizing the yield components and minimizing losses is 

the goal for increasing final grain yield.  Kahlon et al. (2011) studied the interplay 

between the different yield component factors to provide breeders with potential indirect 

selection criteria for soybean yield.  They found the seed, pod, and reproductive nodes m
-

2 
factors were significantly correlated to final yield.  However, seed and pods m

-2
 are too 

tedious and time consuming to serve as a practical selection criteria.  Reproductive nodes 

m
-2 

was a practical and accurate predictor of final yield and could be used as an indirect 

selection criterion.   

 There is a large contrast between the rate of yield gain in maize compared to 

soybean.  Data from USDA-NASS estimates the rate of yield gain in maize to be 105 kg 
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ha
-1 

yr
-1

 since 1924.  It is important to know the physiological differences between maize 

and soybean to understand a portion of the difference in the rate of yield gain for each 

crop.   Maize has a C4 photosynthetic mechanism with no apparent loss to 

photorespiration.   Soybean has a C3 photosynthetic mechanism which is subject to 

photorespiration, reducing photosynthetic efficiency at higher temperatures.  Also, the 

biological fixation of atmospheric N2 by rhizobia in soybean nodules requires more 

photosynthetic energy than does the uptake of nitrate in fertilizers.  The greatest 

difference between the crops affecting yield is the grain composition.  The seed 

composition in maize is in general 85% carbohydrate, 10% protein, and 5% lipid.   In 

contrast, soybean seed is generally 40% carbohydrate, 40% protein, and 20% oil.  The 

higher levels of protein and lipid in soybeans require more photosynthetic energy.   These 

physiological differences result in maize intrinsically yielding three times more than 

soybeans (Specht, personal communication, 2011). 

 The physical differences in yield formation can explain a majority of the inequality 

in grain yield between maize and soybean.  Additionally, maize yield has been able to 

improve significantly from genetic × agronomic interactions.  The same gains due to 

improved stress tolerance have not been quantified for soybeans.   

Limiting Yield Loss 

 The advancement of soybean has used a multifaceted approach.  The selection for 

greater yield has come from a variety of sources and is not strictly under genetic control.  

Different strategies to maximize the yield have also included reducing yield loss.  Some 

factors that do not impact yield potential but could decrease obtained yield include 

mechanical harvest loss, weed control, lodging, and disease management.  These factors 
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that contribute to yield loss have both genetic and management approaches.   

 Weed control is imperative in soybean production.  Uncontrolled weeds can result 

in a near total yield loss from full-season interference (Baysinger and Sims, 1991).  

Gianessi and Reigner (2007) estimated 26% yield loss in soybeans without adequate 

weed control.  The critical time for weed control is two to six weeks after emergence and 

will vary based on environmental conditions, weed species present, and the 

competitiveness of the crop (Baysinger and Sims, 1991).  

 The management of weeds has influenced agricultural production since its 

inception.  Tillage, crop rotations, and herbicides are primary management practices of 

weed control.  The integration of these tools can effectively eliminate yield loss due to 

weeds.   Environmental and economic concerns around the use of herbicides increased 

the interest in the competitive ability of soybeans.  There are two forms of 

competitiveness, outcompeting weeds for resources reducing weed biomass production, 

and tolerating competition from weeds while maintaining high yields (Bussan et al., 

1997).  Rapid and uniform germination and reducing the time to canopy closure are goals 

for increasing weed competitiveness.  Variation in branching ability, leaf size, and weed 

tolerance can be selected for greater weed competiveness (Bussan et al., 1997).  The 

availability of herbicides and crops with herbicide resistance technologies have reduced 

the interest in selecting for weed competitiveness.   

 Lodging has historically been a significant issue in soybean (Weber and Fehr, 

1966).  Stem lodging can be caused by high winds and heavy rains when plants are 

susceptible.  The subsequent yield loss from lodging can come from two sources, 

physical loss from mechanical harvest and physiological loss in the number of seeds per 
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plant.    Board (2001) estimated for every unit increase in lodging score (1-5 scale), yield 

was reduced 198 kg ha
-1

.  The time when lodging occurs is important for estimating yield 

loss.  Noor and Caviness (1980) found that yield was not reduced when lodging occurred 

before the R4 growth stage.     

 Several production practices to increase seed yield also can increase susceptibility 

to lodging.   High plant populations, high fertility, and irrigation can all lead to rapid 

growth and tall plants with weaker stems.  Production practices to maximize yield must 

also account for potential losses to lodging.  Lodging can also be reduced with genetic 

selection.  Several genetic studies have found a reduction in lodging over time (Luedders, 

1977; Wilcox,1979; Specht and Williams, 1984; Voldeng et al., 1997).  These studies 

have found breeding efforts to reduce lodging have been successful.  Voldeng et al. 

(1997) reported a 0.014 reduction of lodging units yr
-1

 of release.  However, Morrison et 

al. (2000) found lodging did not change over time.   Several plant traits can contribute to 

lodging susceptibility.  Variation in plant height, stem diameter, and bushiness can be 

selected to reduce lodging (Cooper, 1971).   These traits are also influenced by plant 

populations.  Lower populations will result in shorter plants with greater stem diameter 

and more branches.  Optimal plant populations will maximize yield and minimize 

lodging.   

 Diseases also can be correlated to lodging. Few studies have examined the 

relationship between disease and lodging in soybean.  Weber et al. (1966) found 

soybeans grown on soils infested with the brown stem rot causal organism, Phialophora 

gregata, (Allington & D.W. Chamb.) W. Gams 1971 f. sp. sojae had 8% less lodging 

than non-infested soils.  Sclerotinia stem rot (Sclerotinia sclerotiorum) (Lib.) de Bary 
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disease severity is positively correlated with lodging (Buzzell et al., 1993; Kim and Diers, 

2000).  The pathogen prefers cool, moist conditions for infection and disease 

development.  An upright canopy is an escape mechanism which helps limit the moist 

environment required for infection (Kim and Diers, 2000).  This is a complex relationship 

with several factors influencing both disease and lodging susceptibility.  Diseases could 

reduce plant height or thin a population, resulting in plants more resilient to lodging.  

Conversely, diseases could reduce plant vigor and compromise root and stem integrity, 

increasing the likelihood of lodging. 

Disease Management 

It is hypothesized modern soybean varieties have been bred with greater disease 

resistance and this defensive breeding has contributed to the observed yield gains.  Yield 

lost to disease can happen in a variety of ways.  Foliar diseases generally cause a 

reduction in a plant’s photosynthetic potential, while root diseases commonly hinder the 

acquisition and translocation of nutrients.  Other diseases, such as sclerotinia stem rot and 

phytophthora root and stem rot (caused by Phytophthora sojae Kaufmann and Gerdeman; 

PRSR), can result in plant death.  

 Annual yield losses due to disease have been estimated.  In 1994, worldwide losses 

in soybean yield were estimated at 15 million metric tons, about 11% of the total 

production, and valued at $3.31 billion at $220.50 t
-1

(Wrather et al., 1997). The United 

States’ losses due to disease have ranged between 9 and 14 million metric tons between 

1996 and 2007, but have seen a consistent decrease in the percent of the national soybean 

crop lost to disease from 16% in 1996 to 11% in 2007 (Wrather et al., 2003a; Wrather 

and Koenning, 2006; USDA NASS, 2011). Advances in disease resistance and chemical 
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control have played an important role is reducing the percent lost to disease.  The 

economic incentive to reduce this loss has greatly increased with higher commodity 

prices.  The estimated economic loss in 1999 was $1.5 billion with the commodity prices 

averaging $170.10 t
 -1

.  This loss has doubled to $3 billion in 2007 when the price 

averaged $371.07 t
-1

(USDA NASS, 2011).  While there has been success in reducing the 

nation’s soybean yield loss due to disease, the incentive to reduce losses further continues 

to increase.   

 Defensive breeding, specifically targeting resistance traits, has become a major 

driver in recent soybean releases.  New cultivars with resistance to SCN have yielded 

14% more than comparable susceptible cultivars (De Bruin, 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 at one 

time.  Stem canker resulted in yield losses of up to 50% in Iowa during the 50’s but was 

ranked the 16
th

 most damaging disease out of 21 diseases surveyed in Iowa in 2005 and 

the least damaging in 2006 and 2007 (Lu et al., 2010).  The reduction in disease severity 

is assumed to have come from resistant cultivars but it is rare for seed companies to 

evaluate and report stem canker resistance scores (Lu et al. 2010).  Other diseases, such 

as damping-off, are much more difficult to control through genetic resistance.  Pythium, 

Phytophthora, Fusarium, and Rhizoctonia are the genera that contain the causal agents 

responsible for this disease in soybeans.  These pathogens have a diverse genetic 

background including two oomycetes, an asexual ascomycete, and an asexual 

basidiomycete, respectively.  They have different optimal temperatures and free moisture 

requirements for infection. The diversity and site-specific nature of these organisms are 
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major obstacles to developing resistance cultivars.  Resistance to Pythium has been 

reported in a few cultivars and contributed to higher yield when grown in infested soil 

(Kirkpatrick et al., 2006).  Several Rps genes have been identified for resistance to 

specific races of Phytophthora sojae that can drastically reduce yield loss in 

environments suitable for infection (Dorrance et al. 2009).   Despite advances in genetic 

resistance to P. sojae, PRSR ranked the second most yield-limiting disease between 2003 

and 2005 (Wrather and Koenning, 2006).  When genetic resistance is lacking, soybean 

producers have turned to chemical control methods (Swoboda and Pedersen, 2009).  

Today, over 50% of soybeans acres are planted with a fungicide seed treatment to 

manage damping-off and increase emergence rates (Esker and Conley, 2012).  

 Defensive breeding comes with some costs.  Screening for novel resistance genes 

and backcrossing to unimproved lines requires substantial time and resources, and can 

introduce undesired genes from the donor parent (Young et al., 1988).  These breeding 

efforts do little to improve yield in the absence of the stress.  A strictly offensive breeding 

strategy ignores defensive breeding and focuses efforts entirely on traits to improve the 

maximum yield potential.  Continually crossing elite by elite lines prevents deleterious 

genes from being introduced from unimproved lines.  Shifting the breeding efforts away 

from defensive traits weakens the integrated approach to pest management. 

 Chemical Controls 

  The chemistry of fungicides has greatly changed over time.  The first compound 

used to control disease was Bordeaux mixture in 1882, using copper ions as the active 

ingredient.  In 1934, dithiocarbamates were the first synthetic fungicides and offered 

broad spectrum protection.  The first class of compounds to offer systemic control was 
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the benzimidazoles in the mid 1960s.  These fungicides, such as benomyl, were a 

significant advancement and offered greater control with much lower application rates.  

The rapid adoption and overuse of this single mode of action quickly led to the 

development of resistance.  A large class of fungicides still used today, the triazoles, was 

developed in the early 1970s.  The general mode of action for this class inhibits the de-

methylation in sterol biosynthesis (Morton and Staub, 2008).  This class of fungicides has 

remained robust and the risk for resistance development is only moderate. A diverse class 

of fungicides with differing modes of action is the anilides.  The most significant anilides 

are the phenylamides that inhibit RNA polymerase in oommycetes (Morton and Staub, 

2008).  These compounds, such as metalaxyl and mefenoxam, are largely used as seed 

treatments today.  The newest class of fungicide is the strobilurins, first developed in 

1996.  These compounds have a potent mode of action, inhibiting mitochondrial 

respiration in the cytochrome-bc1 complex, providing highly effective broad spectrum 

control (Morton and Staub, 2008).  Like benzimidazoles, this class is vulnerable to the 

development of resistance and appropriate stewardship is required to maintain efficacy.  

 Diseases controlled by fungicides, such as sclerotinia stem rot, septoria brown spot 

(Septoria glycines, Hemmi; SBS), and frogeye leaf spot (Cercospora sojina, Hara; FLS), 

account for only 20% of U.S. soybean yield losses (Wrather 2009).  These losses are even 

less in the Upper Midwest, where foliar diseases rarely limit yield.  As a result, the use of 

foliar fungicides is not a common practice (Swoboda and Pedersen, 2009).  Despite this, 

the use of foliar fungicides in soybeans has recently increased.   The Economic Research 

Service of the USDA reported four percent of the U.S. soybean area planted in 2006 was 

treated with fungicides.  The previous report in 1997 showed no use of fungicides.  Since 
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2006, the area treated with foliar fungicides has continued to increase in the United States 

(Paul et al., 2011).  Several factors are contributing to this rapid increase in fungicide use.  

One factor contributing to this increase was the introduction of Asian soybean rust 

(Phakopsora pachyrhizi, Syd. & P. Syd.) into the U.S. in 2004.  This resulted in an 

increase in fungicide production and availability to producers.  A second factor is the 

need for risk mitigation.  High total input costs are reducing profit margins and producers 

cannot risk losing yield to disease.  A third factor is the industry claim of higher yield 

potential independent of disease control (Henry et al., 2011; Paul et al., 2011).  The 

increased use of fungicides along with injudicious applications without known disease 

pressure is poor chemical stewardship (Cruz et al., 2010).  Cautious and targeted 

applications should be used to maintain efficacy of specific systemic fungicides such as 

the strobilurins.    

 The strobilurin class has been the subject of several studies investigating the claim 

of nonfungicidal physiological changes that result in higher yields.  Kresoxim-methyl, a 

strobilurin fungicide, has been shown to induce a darker green appearance of leaves, 

delay senescence, and increase stress tolerance in cereal crops, such as wheat (Triticum 

aestivum L.) (Grossman and Retzlaff, 1997).  These physiological changes have been 

linked to auxin-like activity by inhibiting the 1-aminocyclopropane-1-carboxylic acid 

(ACC) synthase (Grossman et al., 1999).  Reducing the levels of ACC, a precursor to 

ethylene production, alters the hormonal profile of the plant.  Lower ethylene levels and 

conversely greater cytokinin levels were causally related to delayed leaf senescence 

(Grossman et al., 1999).  These fungicide-induced physiological changes have reportedly 

contributed to increases in wheat yields beyond the benefit due to disease control alone 
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(Bryson et al., 2000).   

 The same physiological changes with the inhibition of ACC synthase have not been 

observed in soybeans.  The use of a strobilurin (pyraclostrobin) in soybean has had 

variable impact on 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).  Other reports have not found a positive yield response from pyraclostobin 

treatment (Swoboda and Pedersen, 2009; Dorrance et al. 2010).  All of these reports 

consistently found a significant reduction in foliar disease from the treatments, primary in 

SBS and FLS.  Seed constituents of protein and oil were not affected by treatment 

(Swoboda and Pedersen, 2009; Henry et al., 2011).  Seed mass was significantly 

increased but seed number ha
-1

 was unchanged (Swoboda and Pedersen, 2009; Henry et 

al., 2011).  The increase in seed mass accounted for 80% of the observed yield gain in 

Henry et al. (2011).  Seed mass is heavily influenced by environmental factors such as 

water availability and disease pressure.  Foliar diseases alone can significantly reduce 

seed mass.  SBS can cause up to 16% loss in seed weight and FLS can cause 29% loss in 

seed weight (Nelson and Meinhardt, 2011).  These reports support that disease 

suppression alone can account for the variable yield gains observed in soybeans.  There is 

no evidence to support the claim that the yield gains observed in soybean after treatment 

with pyraclostrobin have resulted from any factor other than disease suppression. 

 The fungicides used in this study had multiple modes of action and were applied 

throughout the reproductive growth stages to provide maximum potential control.  The 

seed treatment, ApronMAXX RFC (Syngenta, Greensboro, NC), is a combination of the 

active ingredients fludioxonil and mefenoxam, listed as group 12 and 4, respectively, in 
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the fungicide resistance action committee (FRAC).  The label claims the seed treatment 

protects against damping-off and seed rots due to Pythium, Phytophthora, Fusarium, and 

Rhizoctonia species.  The treatment can also suppress seed-borne diseases due to 

Sclerotinia and Phomopsis species.  Effective disease control is limited by the degree of 

persistence of the seed treatment in the soil.  Fungicide breakdown is most rapid under 

warm, moist conditions and slowest under cool, dry conditions. Depending on soil 

moisture conditions and temperatures, most fungicides tend to lose their efficacy in 10 to 

14 d but may persist up to 30 d (Munkvold et al., 2006). 

 Endura (BASF corporation, Research Triangle Park, NC) is a group 7 fungicide 

with the active ingredient boscalid.  The mode of action is respiration inhibition, and it is 

classified as carboxamide.  This compound belongs to the anilide class and is generally 

used for high-value specialty crops such as grapes and vegetables.  It has a broad 

spectrum of activity, and can offer some protection from sclerotinia stem rot (Sclerotinia 

sclerotiorum) (Lib.) de Bary (Bayer, 2010).   

 Headline (BASF corporation, Research Triangle Park, NC) is a group 11 fungicide 

with the active ingredient pyraclostrobin.  This compound belongs to the strobilurin class 

and is labeled to result in improved plant health.  The mode of action is respiration 

inhibition, and it is classified as a quinone outside inhibitor.  It also has a broad spectrum 

of activity and effective for controlling Asian soybean rust control (BASF, 2009). 

 Stratego (Bayer CropScience LP, Research Triangle Park, NC) is a combination of 

two active ingredients.  One compound, trifloxystrobin, is a strobilurin belonging to 

group 11.  The other compound, propiconazole, is a triazole belonging to group 3.  Like 

pyraclostrobin, trifloxystrobin works as a respiration inhibitor.  The propiconizole 
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introduces a new mode of action called sterol inhibition.  This class of chemistry is 

effective at stopping the development of fungal cell walls (Bayer, 2010). 

Brown Stem Rot 

 Brown stem rot (BSR) is an important disease of soybean in the north-central 

United States (Impullitti et al., 2009).  The causal agent, Phialophora gregata (Allington 

& D.W. Chamb.) W. Gams 1971 f. sp. sojae, was first identified in 1944 in Illinois.  

Since then the fungal pathogen has spread across much of the soybean producing region 

in the United States.  The disease was found in 68-73% of soybean fields surveyed in 

Illinois, Iowa, and Minnesota in 1996 (Malvick and Grunden, 2008).   

 P. gregata is soil-borne fungus that overwinters on soybean stem residue.  The 

saprophytic lifestyle allows P. gregata to persist and sexually reproduce in the soil for 

several years.  This impedes the effectiveness of rotating to a non-host, requiring multiple 

years to significantly reduce inoculum density, and thus disease severity (Adee et al., 

1995).    Infection occurs through the roots and the stem near the soil surface early in the 

season. Mycelium can grow into the vascular tissue.  The pathogen is thought to spread 

through the plant by asexual conidia released in the xylem tissue and translocated up the 

plant (Gray and Grau, 1999).  The production of systemic toxins, called Gregatins, may 

also influence leaf chlorosis and necrosis (Harrington et al., 2003).  Disease expression is 

greatest with cool weather after flowering, favoring production conditions in the upper 

Midwest.  Infected plants become the source of inoculum for subsequent crops (Allington 

and Chamberlain, 1948).  

 Although infection occurs early in the season, symptom development rarely 

occurs before pod set.  A dark brown discoloration of the pith starting at soil level is the 
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characteristic symptom of BSR (Allington and Chamberlain, 1948).  In addition to the 

stem symptom, interveinal chlorosis and eventual necrotic foliar symptoms also may 

appear.  Foliar symptoms are dependent on environmental conditions, the genetics of the 

host, and the pathogen isolate (Gray and Grau, 1999).  Populations of P. gregata consist 

of two genotypes, type A and type B, which can be identified based on an insertion or 

deletion in the intergenic spacer region of ribosomal DNA (Hughes and Grau, 2010).  

Type A is more aggressive and will produce foliar symptoms and type B is less 

aggressive and does not cause foliar symptoms.  In addition to differences in symptom 

development, the genotypes also interact differently with host resistance, and have 

different distributions across the landscape.  Genotype B is the predominate genotype 

detected across the Midwest, occurring in 62% of samples confirmed as having BSR 

(Malvick and Grunden, 2008).  The lifecycle, genetic diversity, and distribution of BSR 

make controlling the disease difficult.   

 Crop rotation is an easy and effective means of reducing disease severity (Weber et 

al., 1966). However, common crop rotation practices in the upper Midwest utilize 

soybean every other year.  This rotation is not long enough to significantly reduce BSR 

inoculums (Adee et al., 1994).  Foliar fungicides are ineffective in controlling this disease 

because infection occurs through the roots early in the season.  The most effective control 

for BSR is genetic resistance.  Major race-specific resistance genes, Rbs1, Rbs2, Rbs3, 

and genes derived from PI88788 have been identified and deployed in soybean cultivars 

(Klos et al., 2000).  These major genes have been more effective at controlling genotype 

A than type B.  Malvick and Grunden (2008) found the ratio of infection by genotype 

B:A for Rbs1 was 3.6, Rbs2 was 3.3,  Rbs3 or Rbs1 was 1.8, and PI88788 was 1.6.  



19 

 

 

1
9
 

Hughes and Grau (2010) also observed differential responses of the two P. gregata types.  

The wide deployment of these resistance genes has preferentially selected for genotype 

B, resulting in broader distribution (Malvick and Grunden, 2008).      

 Another challenge growers face in controlling this disease is the SCN.  The plant 

parasitic nematode is widely distributed across the Midwest and is the top yield-limiting 

pest (Wrather, 2006).  Like BSR, the nematode infects soybean roots early in the season, 

damaging roots and increasing susceptibility to secondary infections.  Increased 

population density of H. glucines is correlated to increased colonization of P. gregata 

(Tabor et al., 2006).  These results suggest growers should first adequately control SCN 

before attempting to control BSR.  Like BSR, SCN is controlled with nonhost crop 

rotation and genetic resistance.  Sources of genetic resistance have been identified from 

Peking, Hartwig, and PI 88788 (Rotundo et al., 2010). 

 The Peking source is limited in modern germplasms.  It was first used in Williams 

82 and helped confer resistance to SCN race 3.  It has been shown also to confer 

susceptibility to BSR.  Hartwig is another source of resistance with limited use in modern 

cultivars.  PI 88788 is the primary source for all SCN resistance and can be found in 800 

cultivars available to growers in Iowa (Tylka and Mullaney, 2010).  This source has 

multiple genes conferring resistance to both SCN and BSR.  It is recommended to rotate 

between different sources of resistance to maintain efficacy.  The wide use of PI 88788 is 

a concern for narrowing the genetic diversity of soybeans.  This narrow diversity could 

make the crop more vulnerable to the next disease outbreak. 
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CHAPTER SUMMARY 

United States soybean [Glycine max (L.) Merr.] yields have increased at an annual 

rate of 23.4 kg ha
-1

 yr
-1

.   These gains have come from a variety of sources including 

genetic, agronomic, and environmental changes.  While it is assumed that genetic gains 

through breeding efforts have contributed the most to this increase, the relative 

contribution of each source of gain is difficult to estimate.  The objective of our study 

was to compare yield across year of release attributed to greater seedling and foliar 

disease control and to understand the effects of fungicide applications on soybean yield, 

seed protein, seed oil, seed mass, seed number, lodging, and plant stands at establishment 

and harvest over 85 years of cultivar releases in maturity groups (MG) II and III.  One 

hundred and sixteen cultivars in MG II and III received a fungicidal seed treatment and 

foliar fungicides at R1, R3, and R5, and were compared to untreated controls.  These 

cultivars (released 1923-2008) were selected to represent a distribution of historically 

significant cultivars.  The annual rate of yield gain was 1.1% and was unaffected by the 

fungicide treatment that could not control yield-limiting diseases.   Seed protein 

decreased 0.06% yr
-1

, while oil increased 0.06% yr
-1

.  Seed mass increased 0.12% yr
-1

 for 

MG III and showed no change over time for MG II.  Seed number increased 1.0% over 

time.  The rate of lodging was suppressed by -0.026 unit yr
-1

 for treated and -0.022 unit 

yr
-1

 for untreated cultivars.  The treatment increased plant stands at establishment but no 

treatment difference was observed at harvest.   
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INTRODUCTION 

Soybean has been in commercial production in the United States since the early 

1920s (Shurtleff and Aoyagi, 2007).  In the last 90 years, soybean production has 

increased by 29.8 million hectares while yield increased by more than 2000 kg ha
-1 

(USDA-NASS, 2011).  The national average grain yield has been recorded by the United 

States Department of Agriculture’s National Agricultural Statistic Service (USDA-

NASS) since 1924.  Based on this data, the observed yield increase over time is 

approximately 23.4 kg ha
-1 

yr
-1

.  The observed yield gained since 1980 is 8.7 kg ha
-1 

yr
-1

 

greater than the 87-year average, illustrating that the rate of yield gain has been 

increasing (USDA-NASS, 2011).  Specht et al. (1999) attributes soybean
 
yield gain from 

1924 to 1997 to the rapid adoption of genetic, agronomic, and genetic × agronomic 

technologies as well as increases in atmospheric CO2 concentrations.  Numerous studies 

have examined the genetic component of yield gain through breeding efforts. Wilcox et 

al. in 1979 used five cultivars in MG II and III representing 51 years.  The authors 

determined that plant breeding efforts increased seed yield 0.5% yr
-1

 from genetic 

improvements.  Voldeng et al. in 1997 used 41 cultivars released in Canada over 58 years 

from MGs 0 to 000.  Their results showed an accelerating rate of genetic improvement 

with no significant yield gain prior to 1976, and 0.7% yr
-1

 yield gain after 1976.  These 

studies and several more (Luedders, 1977; Boerma, 1979; Morrison et al., 2000) used a 

wide range of cultivars from multiple breeding programs to estimate genetic 

improvement.  Although the yield gained by genetic improvements has been significant 

and well documented, little is known about the potential interactions of genetic gain and 

specific management practices.  For instance, observed yield gain could result from 
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increased yield potential, stress tolerance, or reduction of stress through improved 

management strategies such as chemical fungicides.  Understanding the basis of soybean 

yield gains is critical to focus research on areas of greatest potential, thus ensuring yield 

can continue to increase over time.  

 This study refers to genetic gain as the increase in production attributed to 

selection from breeders.  The genetic gain in soybean over a period of years is measured 

by comparing cultivars relative to their release date.  The release date is used as a proxy 

for the amount of selection undergone on the cultivar.  New cultivars are generally 

selections from crosses with at least one parent being an established cultivar.  Genetic 

gain is also relative to the environment in which testing occurs.  Any gain made by newer 

cultivars is a result of the genetic, the environment, and the genetic × environment 

interaction.  Wilcox (2001) reviewed data from 60 years of elite soybean lines reported in 

Uniform Soybean Test for MGs 00 to IV.  The yield trials included check cultivars to 

identify variation due to the environment.  He concluded, “Most of the improvement in 

seed yields can be attributed to genetic improvement for yield potential.”  This finding 

allows us to broadly estimate genetic gain by using a spectrum of historical and modern 

cultivars in a common environment. 

 The United States’ soybean loss due to disease ranged from 9 to 14 million metric 

tons between 1996 and 2007, but has observed a consistent decrease in the percent crop 

loss to disease, from 16% in 1996 to 11% in 2007 (Wrather et al., 2003a; Wrather and 

Koenning, 2009; USDA-NASS, 2011).  Advances in both disease resistance and 

chemical control have played an important role in reducing yield loss due to disease.  The 

economic incentive to reduce this loss has greatly increased with higher commodity 
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prices.  The estimated economic loss due to disease in 1999 was $1.5 billion with the 

commodity prices averaging $170.10 t
 -1

.  This loss doubled to $3 billion in 2007 when 

the price averaged $371.07 t
-1

(USDA-NASS, 2011).  While there has been success in 

reducing the nation’s soybean yield loss due to disease, the incentives to reduce losses 

further continue to increase. 

Specifically targeted pest resistance traits have been an important component of 

breeding efforts and thus soybean releases.  New cultivars with resistance to soybean cyst 

nematode (Heterodera glycines Ichinohe) have yielded an average of 14% more than 

comparable susceptible cultivars (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 1950’s 

but was ranked the 16
th

 most damaging disease out of 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 P. sojae, phytophthora 

root and stem rot (PRSR) was ranked as the second most yield-limiting disease between 

2003 and 2005 (Wrather and Koenning, 2006).  When genetic resistance is lacking, 

soybean producers have turned to chemical control methods (Swoboda and Pedersen, 

2009).  Today, over 50% of soybean acres in the Midwest are planted with a fungicide 

seed treatment to manage damping-off and increase emergence rates (Esker and Conley, 

2012). 
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The use of foliar fungicides has been the subject of current research and has had 

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).  Other reports have not found a positive yield response from pyraclostobin 

(Swoboda and Pedersen, 2009; Dorrance et al., 2010).  All of these reports consistently 

found a significant reduction in both foliar disease incidence and severity from the 

treatments, primarily in Septoria brown spot (Septoria glycines, SBS) and frogeye leaf 

spot (Cercospora sojina, FLS).  The primary seed constituents, protein and oil, were not 

affected by treatment (Swoboda and Pedersen, 2009; Henry et al., 2011).  Seed mass was 

significantly increased but seed number ha
-1

 was unchanged (Swoboda and Pedersen, 

2009; Henry et al., 2011).  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 

environmental factors such as water availability and disease pressure.  Foliar diseases 

alone can significantly reduce seed mass.  SBS can cause up to 16% loss in seed mass 

and FLS can cause 29% loss in seed mass (Nelson and Meinhardt, 2011).  Field to field 

variation in disease pressures and variable weather patterns in these studies may account 

for the inconsistent yield gains observed in soybean.  There is no evidence to support the 

claim that yield gains observed in soybean after treatment with foliar fungicides have 

come from sources other than disease suppression. 

 Lodging has historically been an important issue in soybean (Weber and Fehr, 

1966).  Board (2001) estimated that for every unit increase in lodging score (1-5 scale), 

yield was reduced 198 kg ha
-1

.  Several production practices to increase seed yield can 

also increase susceptibility to lodging.  High plant populations, high fertility, and 
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irrigation can all lead to rapid growth and tall plants with weaker stems, thus increasing 

the likelihood of lodging.  Variation in plant height, stem diameter, and bushiness can be 

altered by selection (Cooper, 1971), and several studies have found that breeding efforts 

targeting these traits to reduce lodging have been successful (Luedders, 1977; Wilcox, 

1979; Specht and Williams, 1984; Voldeng et al., 1997).     

Diseases also can be correlated to lodging. Few studies have examined the 

relationship been disease and lodging in soybean.  Weber et al. (1966) found soybeans 

grown on soils infested with the brown stem rot causal organism, Phialophora gregata 

(Allington & D.W. Chamb.) W. Gams 1971 f. sp. sojae, had 8% less lodging than non-

infested soils.  Kim and Diers (2000) found sclerotinia stem rot (Sclerotinia sclerotiorum) 

(Lib.) de Bary disease severity to be positively correlated with lodging.  An upright 

canopy is an escape mechanism which helps limit the moist environment required for 

infection (Kim and Diers, 2000).  This is a complex relationship with several factors 

influencing both disease and lodging susceptibility.  Diseases could reduce plant height 

or thin a population, resulting in plants more resilient to lodging.  Conversely, diseases 

could reduce plant vigor and compromise root integrity, increasing the likelihood of 

lodging. 

Genetic improvement has had a significant role in soybean yield gain over time 

(Wilcox, 2001).  Breeding for disease resistance has provided appreciable protection 

against yield-limiting diseases.  Still, diseases reduce the yield potential and the economic 

incentive for control is increasing.  Understanding the role of management practices for 

controlling foliar diseases, and identifying an interaction between genetics and 

management will help determine best practices for reducing yield loss and effectively 
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increasing yield gain over time.  This study will help target breeding efforts to use 

resources for the greatest potential yield gain.  Effective and economical management 

practices could reduce the reliance on genetic resistance traits.  We expect older cultivars 

will benefit more from fungicide treatment than newer cultivars, and both genetic 

resistance and chemical disease management effectively limit disease from reducing 

yield.  Our hypothesis is that fungicide applications reduce the rate of genetic gain over 

time, by increasing yield of older cultivars.  This assumes that modern soybean 

management practices have improved yield.  We speculate that seed mass will be 

increased by the use of fungicides and seed protein and oil will be unaffected.   The 

objective of our study was to compare yield across year of release attributed to greater 

foliar disease control and to understand the effects of fungicide applications on soybean 

yield, seed protein, seed oil, seed mass, seed number, lodging, and plant stands at 

establishment and harvest over 85 years of cultivar releases in MG II and III.   

MATERIALS AND METHODS 

To accomplish our objectives, a four-state collaborative project was undertaken at 

Arlington, WI; Waseca, MN; Urbana, IL; and Lafayette, IN during 2010 and 2011.  Site 

coordinates, soil characteristics, soil fertility, and soybean cyst nematode populations for 

each location are presented in Table 1.  In 2010 and 2011, respectively, the planting dates 

for the four locations were WI 4-May and 5-May; MN 18-May and 19-May; IL 15-May 

and 12-May; IN 10-May and 17-May.  Excess rainfall resulted in standing water and the 

inability to collect data from the 2010 MN location.  At each of the four locations, 

cultivars were completely randomized in two adjacent blocks.  One block was intensively 

managed with disease control measures and the other was left untreated.  The cultivars 
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planted in the treated block received fungicidal seed treatment in combination with three 

applications of foliar fungicide occurring at the R1, R3, and R5 growth stages (Fehr and 

Caviness, 1977).  See Table 2 for additional details regarding the fungicide active 

ingredients and application timing.  Both the seed treatment and foliar fungicide 

applications were applied according to company recommended label rates and growth 

stages.  In Minnesota, Indiana, and Illinois, foliar treatments were applied with CO2-

pressurized hand sprayers.  In Wisconsin, R1 application in 2010 was applied with a 

CO2-pressurized hand sprayer, 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
-1

 in WI, IN, and 

IL, and 150 L ha
-1 

in MN.  Within each treatment block, the MN and WI cooperators 

planted 59 MG II soybean cultivars released between 1928-2008, while at the IL and IN 

cooperators planted 57 MG III soybean cultivars released between 1923-2007.  To 

provide an estimate of experimental error, 13 MG II cultivars and 15 MG III cultivars 

were replicated twice within each treatment block, for a total of 72 plots per treatment 

block in each maturity group.  A limited number of cultivars were chosen for replication 

due to limited seed supply and field space constraints.  Each cultivar used in the 

experiment represented a cultivar widely grown during the time period of its release.  

Cultivars used in the experiment included plant introductions along with public and 

proprietary cultivars derived from further cycles of selection and breeding (Table 3).  The 

soybean seed used for the experiment originated from public and private seed sources, 

with seed increases occurring during the 2009 and 2010 growing seasons.  All MG II 

seed was increased at the University of Nebraska-Lincoln (Lincoln, NE) and MG III seed 
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was increased at the University of Illinois at Urbana-Champaign (Urbana, IL) under 

uniform conditions.   

In both years of the experiment, field plots were in a corn (Zea mays L.) and soybean 

rotation harvested for grain at the MN, IL, and IN locations.  Soybean followed corn 

harvested for silage at the WI location, but the site had not been in soybean for several 

years prior to the experiment.  All locations were fall chiseled and either cultivated 

(Arlington, Waseca, Lafayette) or mulch-tilled (Urbana) the following spring.  Fertility 

and pest management at each location was performed according to university 

recommendations and best management practices.  The disease history in the plots is not 

known, but can be assumed to differ between production fields because of different 

management practices and cropping systems.  All plots were mechanically-seeded in 76-

cm rows at a rate of 370,650 seeds ha⁻¹.  In 2011, a planting error in MN resulted in the 

experiment being planted at half the target rate.  Despite low populations, data from MN 

remained in the analysis. The magnitude of the treatment effect was similar to other 

locations.  The result was greater variation in yield and loss of precision about maturity 

group effects.   Planted plot size at all locations was 3.1 x 4.6m.  Plant populations were 

recorded for all plots and locations at the V1 and R8 (Fehr and Caviness, 1977) growth 

stages.  Lodging notes were recorded on a 1-5 scale, 1 being fully erect and 5 being fully 

prostrate, for each plot before harvest.  The center two rows of each plot were 

mechanically harvested at maturity (R8) and grain weight and moisture data were 

collected.  Yields were calculated and adjusted to a moisture content of 130 g kg⁻¹.  Grain 

subsamples (500g) were collected from each plot for seed quality analysis and seed mass 

determination.  Seed protein and oil were determined using a Perten DA 7200 Feed 
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Analyzer (Perten Instruments, Stockholm, Sweden).  Weights of 1000 seeds were 

determined using a DuBois 2500 seed counter (DuBois Engineering Company, West Des 

Moines, IA), and are presented on a gram 100 seeds
-1

 basis.  Seed number was calculated 

by dividing yield by seed mass and converting to number of seed m
-2

.   

Data Analysis 

Data were subjected to a mixed-effect regression analysis using the PROC MIXED 

procedure in SAS Version 9.2 (SAS Institute Inc., 2008).  Model effects were tested for 

significance using the appropriate F-test (α= 0.05).  Release year, fungicide treatment, 

release year by fungicide treatment, maturity group, release year by maturity group, 

fungicide treatment by maturity group, and release year by fungicide treatment by 

maturity group interaction were treated as fixed effects, while environment, environment 

by maturity group, fungicide treatment by environment,  environment by maturity group 

by fungicide treatment, maturity group by environment by cultivar, maturity group by 

fungicide treatment by cultivar, maturity group by cultivar, and maturity group by 

fungicide treatment by environment by cultivar interaction were considered to be random 

effects.  Cultivar was assigned as a random variable to provide a broader inference over 

the time spans they represent.  The cultivars in the experiment were chosen to represent a 

larger group of cultivars specific to a previous release year in time, not individual cultivar 

performance, and therefore, were assumed to be random.  Yield, seed protein, seed oil, 

seed mass, seed number, lodging, and plant stands at establishment and harvest were 

regressed over cultivar year of release to evaluate change over time in these parameters.  

The fungicide treatment by release year interaction was examined to determine if 

differences in the rate of change between the treatments existed for the variables 
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measured.  The number of replicated cultivars was determined based on maximizing the 

power of replicates within the available plot space as well as keeping the plots 

manageable.  The 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.   

RESULTS AND DISCUSSION 

Climatic conditions were variable across locations and years for the duration of this 

study (Table 4).  In general, both years were warmer than their 30-year averages in all 

locations, and 2010 was warmer than 2011.  Precipitation varied considerably between 

the two years and between locations.  In 2010, the Waseca, MN location received two 

major rain events, a 100-mm event in June and a 195-mm event in September causing 

precipitation to be well above the 30-year average .  The Arlington, WI station had above 

average rainfall and temperatures in June through August in 2010, leading to state record 

soybean yields.  In 2011, a cool wet spring delayed planting in Waseca, MN; Urbana, IL; 

and Lafayette, IN.  Below average rainfall occurred in July through October across the 

four locations.  Much of the region experienced drought conditions.  Additionally, the 

Waseca location was affected by a slight frost on 15 September, 2011, damaging the 

upper canopy.   

Disease pressure in this study was low in both years (Chapter 3).  Insect pressure was 

below economic threshold (ET) across the four stations in 2010.  In 2011, soybean aphid 

(Aphis glycines Matsumura) populations were above ET at the Waseca station 

necessitating a single application of lambda-cyhalothrin on 5 August.  The other locations 

did not observe insect populations above ET.      

http://www.greenbook.net/SearchResults.aspx?alter=yes&ai=1465
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Soybean yield increased 23.0 kg ha
-1

 yr
-1 

across maturity groups II and III (Fig. 1).  

This estimate of genetic gain is very close to the observed gain in the national average 

yield of 23.4 kg ha
-1

 yr
-1

 (USDA-NASS, 2011), despite being a very different measure.  

The USDA-NASS yields are based on average yields recorded annually and include 

changes in the planted area, production practices, environment, and genetic improvement 

of the crop.   These environmental and cultural changes confound the effect of genetic 

gain on the crop.  The proximity of our estimate to the USDA-NASS observation 

suggests that the majority of observed national average yield can be explained by genetic 

gain.  This estimate of genetic gain is relative to the four testing environments due to the 

interaction between the degree of genetic yield gain and the yield of the evaluating 

environments (Specht et al., 1999). 

The rate of annual yield gain measured in this study was 1.1%.  This is slightly higher 

than previous estimates ranging from 0.5% to 0.9% (Luedders, 1977; Boerma, 1979; 

Wilcox et al., 1979; Voldeng et al., 1997; Morrison et al., 2000).  The linear fit suggests 

the rate of gain has remained constant over the past 85 years.  However, there is evidence 

the rate of gain has been increasing in recent years (Voldeng et al., 1997; Specht et al. 

1999).  A polynomial fit may have a more meaningful biological interpretation but did 

not provide the best estimate for yield gain in this study.     

While year of release affected yield, there was no effect of the two MGs or 

interactions with MG and year of release on yield in this study.  The yield also was 

unaffected by fungicide treatment across the four states examined in this study (Table 5).  

This is consistent with a previous report by Swoboda and Pedersen (2009) in Iowa.  

Dorrance et al. (2010) found an inconsistent response of fungicide treatment on yield, 
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increasing yields in six out of twenty-eight studies in Ohio.  Henry et al. (2011) found a 

3.5% yield increase from fungicides in Indiana attributed to changes in the seed mass.  

The inconsistency in reports on the effect of fungicides on soybean yield could be due to 

variation in disease pressure.   

The seed protein concentrations had a modest decrease of 0.06% yr
-1

 (Fig. 2).  A total 

reduction in 20.6 g kg
-1

 was observed over the 85 years of cultivars examined in this 

study.  This is less than the 0.13% yr
-1

 decrease for protein estimated by Morrison et al. 

(2000).   The loss in protein over time was not a surprise because it has a negative 

correlation with yield and oil (Wilcox and Guodong, 1997).  As new varieties were 

selected for higher yield, protein may have been indirectly selected against.  The annual 

decline in seed protein concentration coincided with an increase in seed oil 

concentrations.  Oil concentration gained 0.06% yr
-1 

(Fig. 3).  A total gain in 9.5 g kg
-1

 

was observed over the 85 years.  This is less than the 0.23% yr
-1

 for oil estimated by 

Morrison et al. (2000).  The sum of protein and oil concentrations decreased by 0.02% yr
-

1
 (Fig. 4).  A total loss of 11.1 g kg

-1
 in total protein and oil was observed over the 85 

years.  This result may suggest 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 a gradual devaluing of the 

crop. 

The seed quality constituents responded differently to the fungicide treatment across 

MG II and MG III indicated by a treatment by MG interaction (Table 5).  Protein 

increased 6 g kg 
-1 

overall in MG II when treated with the fungicides, while oil decreased 

5 g kg 
-1

.  There were no seed quality effects in MG III lines as a result of the fungicide 
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treatment.  The MG II results differed from Swoboda and Pedersen (2009), who found no 

effect of fungicides on seed quality.  Nelson et al. (2010) found an R4 application of 

azoxystrobin plus lambda-cyhalothrin increased grain oil concentration and decreased 

protein.  It is unclear what mechanism may be causing the fungicide treatment to result in 

a shift in seed quality constituents in some instances.  Few diseases are known to 

significantly affect the protein and oil composition in the seed.  Hoffman et al. (1998) 

found sclerotinia stem rot incidence was positively correlated with seed protein in one 

cultivar and negatively correlated with oil in two other cultivars tested.  Wrather et al. 

(2003b) found the percentage of seed infected with Phomopsis seed decay [caused by 

Diaporthe phaseolorum var. sojae (Lehman) Wehmeyer, Diaporthe phaseolorum (Cooke 

& Ellis) Sacc. var. caulivora Athow & Caldwell, and Phomopsis longicolla Hobbs)] was 

not correlated with protein or oil concentration in seed. 

Seed mass was not affected by the cultivar release year or fungicide treatment across 

maturity groups (Table 5).  However, maturity group by release year interaction effect 

existed, illustrating a different rate in the change in seed mass over time between the MG 

II and MG III (Fig. 5).  MG II showed no change over time and MG III showed a 0.12% 

annual increase in seed mass.  The change in seed mass is consistent with previous 

reports that seed mass has showed little to no change over time (Specht and Williams, 

1984; Morrison et al., 2000).  The lack of effect from the fungicide treatment is 

inconsistent with previous reports.  Both Swoboda and Pedersen (2009) and Henry et al. 

(2011) reported seed mass was increased by fungicide treatment.  When 2010 results 

were analyzed apart from those of 2011, a significant treatment effect was observed.  The 

fungicide treatment increased seed mass 0.87 grams seed
-1

 in MG II and III (data not 
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presented).  The late season frost and below average rainfall in 2011 likely contributed to 

reduced seed mass and the loss of treatment effect.   

Seed number was affected by cultivar release year, resulting in an increase of 0.9% 

yr
-1

 (Fig. 6).  A total gain in 1,200 seeds m
-2

 was observed over the 85 years of cultivars 

examined in this study.  This confirms previous reports that increasing seed number, and 

not seed mass, has contributed the observed yield gain over time (De Bruin and Pedersen, 

2009).  The fungicide treatment had no effect on seed number.  This result was not a 

surprise because seed number is largely under genetic control and less influenced by 

environmental or disease pressures.   

Across maturity groups, more recently-released cultivars exhibited less lodging than 

older cultivars (Table 5).  This trend of less lodging in newer, improved cultivars has 

been well-documented in previous genetic gain research (Luedders, 1977; Wilcox, 1979; 

Specht and Williams, 1984; Voldeng et al., 1997).  Differences existed in the treated (-

0.026 unit yr⁻¹) and untreated (-0.022 unit yr⁻¹) rates of lodging suppression, indicating 

an interaction between fungicides and year of release.  The greater slope indicates that 

older cultivars lodged more with fungicides (Fig. 7).  Newer cultivars were equally 

resistant to lodging, regardless of treatment.  The rate of lodging reduction was greater 

than the -0.014 units yr
-1 

previously reported by Voldeng et al. (1997).   

  Plant populations at establishment (V1) and harvest (R8) were different from one 

another for both MGs.  The low seeding rate in MN decreased the precision in detecting 

treatment effects.  There was a treatment by release year by maturity group interaction for 

plant stands at establishment (Table 5).  In MG II, there was no response over time, but 

the treated seeds had 3.1 more plants m
-2

 (Fig. 8).  MG III cultivars had a slightly 
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different response in that the treatment by release year was significant.  The untreated 

seeds of newer cultivars produced greater plant stands than did older cultivars.  This 

effect was not observed for treated seeds.  The treated seeds had 8.1 more plants m
-2

 than 

untreated seeds in 1924 (Fig. 8).  This treatment advantage was not observed for newer 

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 an effect over time for the 

treated seeds.  It appears breeders have successfully selected for traits leading to greater 

stand establishment in MG III.   The plant stand at harvest had a different response than 

at establishment.  The two maturity groups differed, with MG III having more plants m
-2

 

than MG II (Table 5).  Both MGs had greater harvest populations for newer cultivars, 

averaging 4 more plants m
-2

 for current cultivars than for those released in 1924 (Fig. 9).  

The increased slope of the harvest population compared to the establishment population 

indicates older cultivars had greater plant mortality during the season.  This mortality 

could be a result of disease or the growth habit of the cultivars being unable to support 

the population from establishment.  Also, the treatment effect from establishment did not 

carry through to harvest.  This suggests the seed treatment was beneficial for increasing 

establishment but the foliar applications did nothing to sustain the higher population.   

The higher rate of attrition in treated plots may also explain the lack of treatment effect 

on yield.   

The results of this study are specific to MG II and III soybeans that are grown across 

the Corn Belt.  Cultivars that are adapted to the southern United States may respond 

differently to the fungicide treatment.  The longer growing season and the greater insect 
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and disease pressure may increase the likelihood of seeing a yield benefit from fungicide 

application.  Further, we do not know how southern cultivars would interact with disease 

management practices.  The breeders may have adapted cultivars to have greater 

tolerance to diseases. 

CONCLUSIONS 

Using our methods across four states, we estimated genetic yield improvement of 

23.0 kg ha
-1

 yr
-1 

for both MG II and III.  It appears genetic improvement made by 

breeders can explain the majority of the observed yield gain over time observed by 

others.  Selection has resulted in decreased protein and decreased combined protein and 

oil concentrations, gradually devaluing the crop for end users.  Fungicides slightly 

increased protein and decreased oil concentrations, but the effect was very modest.  

Fungicides made older varieties more susceptible to lodging but had no effect on lodging 

in newer varieties.  The use of seed treatment increased the population at establishment 

but a yield gain was not realized at harvest.  Average soybean seed mass increased over 

time for group III and remained constant for group II.  It is unclear what effect fungicides 

may have on seed mass.  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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Table 1. Experimental details with respect to test sites, soils, and dates of planting & harvest in 2010 and 2011.     

State  Wisconsin Minnesota Illinois Indiana 

     
Research Site 

Arlington Agricultural                  

Research Station 

Southern Research                     

& Outreach Center 

Crop Sciences Research              

& Education Center 

Throckmorton Purdue 

Agricultural Center 

     Location  Arlington, WI Waseca, MN Urbana, IL Lafayette, IN 

     
 

43°18’ N, 89°20’ W 44°4’ N, 93°31’ W 40°3’ N, 88°14’ W 40°17’ N, 86°54’ W 

     
Soil Series Plano silt loam 

Webster & Nicollet clay 

loam 

Flanagan silt loam & 

Drummer silty clay loam 
Throckmorton silt loam 

     

Soil Family 
 fine-silty, mixed, mesic 

Typic Argiudoll 

fine-loamy, mixed,  mesic 

Typic Endoaquolls & fine-

loamy, mixed,  mesic Aquic 

Hapludolls 

fine-silty, mixed, mesic 

Typic Endoaquolls & fine, 

smectitic, mesic Aquic 

Argiudolls 

fine-silty, mixed,  mesic 

mollic Oxyaquic Hapludalf 

     

Tillage  

1 Pass Fall Chisel + 1 Pass 

Spring Field Cultivation + 1 

Pass Spring Soil Finisher 

1 Pass Fall Chisel + 1 Pass 

Spring Field Cultivation  

1 Pass Fall Chisel + 2 Pass 

Spring Mulch Till  

1 Pass Fall Chisel + 2 Pass 

Spring Field Cultivation 

 

2010  2011 2010  2011 2010  2011 2010   2011 

Soil Fertility 

43.5 55.5 32.0 37.0 23.4 33.5 66.1 38.6  Phosphorus (mg kg
-1

) 

 Potassium (mg kg
-1

) 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
-1

) 3.2 3.2 6.3 5.4 4.1 3.6 3.0 2.9 

SCN Egg Counts  

(per 100cc soil) 
0  n/a 25  n/a 40  n/a n/a  n/a 
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† Growth stages (Fehr and Caviness, 1977). 

‡ Fungicide Resistance Action Committee Code List 2011. 

§ Seed Applied. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Fungicide treatments and application rate used for all locations. 

Trade 

Name 

Active 

Ingredient 

Percent 

composition 
Application rate

 Application 

timing † 

FRAC 

Code ‡ 

Apron 

Maxx 

Fludioxonil 2.31 2.5 g 100 kg seed
-1 

SA§ 12 

Mefenoxam 3.46 3.75 g 100 kg seed
-1

 
 

4 

Endura Boscalid 70 538 g ha
-1 

R1 & R3 7 

Headline Pyraclostrobin 23.6 220 g ha
-1 

R3 11 

Stratego 
Propiconazole 11.4 91 g ha

-1 
R5 3 

Trifloxystrobin 11.4 91 g ha
-1

 
 

11 
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Table 3. Cultivars, year of release, maturity group, plant introduction (PI) number, and pedigree of 

the entries used in this study. 
  

  

Year of  Maturity 

    Cultivar Release Group PI Number‡ Pedigree§ 

† Dunfield 1923 III PI548318 P. I. 36846 (NE China) 

† Illini 1927 III PI548348 Sel. from A.K. in 1920 

† Korean 1928 II PI548360 From China 

† AK (Harrow) 1928 III PI548298 Sel. from A.K. (by 1928) 

† Mukden 1932 II PI548391 P.I. 50523 (NE China) 

 

Mandell 1934 III PI548381 Sel. from Manchu in 1926 

† Richland 1938 II PI548406 P.I. 70502-2 (NE China) 

 

Mingo 1940 III PI548388 Sel.  from Manchu in 1924 

† Lincoln 1943 III PI548362 Mandarin x Manchu 

† Hawkeye 1947 II PI548577 Mukden x Richland 

 

Adams 1948 III PI548502 Illini x Dunfield 

† Harosoy 1951 II PI548573 Mandarin (Ottawa)(2) x A.K. (Harrow) 

 

Lindarin 1958 II PI548589 Mandarin (Ottawa) x Lincoln 

 

Shelby 1958 III PI548574 Lincoln (2) x Richland 

 

Ford 1958 III PI548562 Lincoln (2) x Richland 

 

Ross 1960 III PI548612 Monroe x Lincoln 

 

Harosoy 63 1963 II PI548575 Harosoy (8) x Blackhawk 

 

Hawkeye 63 1963 II PI548578 Hawkeye (7) x Blackhawk 

† Wayne 1964 III PI548628 L49-4091x Clark 

 

Adelphia 1964 III PI548503 C1070  x Adams 

 

Amsoy 1965 II PI548506 Adams x Harosoy 

† Corsoy 1967 II PI548540 Harosoy x Capital 

 

Beeson 1968 II PI548510 C1253 (Blackhawk x Harosoy) x Kent 

† Calland 1968 III PI548527 C1253 x Kent 

† Amsoy 71 1970 II PI548507 Amsoy (8) x C1253  

† Williams  1971 III PI548631 Wayne x L57-0034 (Clark x Adams) 

 

Wells 1972 II PI548630 C1266R (Harosoy x C1079) x C1253 

† Woodworth 1974 III PI548632 Wayne x L57-0034 

 

Harcor 1975 II PI548570 Corsoy x OX383 (Corsoy x Harosoy 63) 

 

Private 2- 7 1977 II n/a n/a 

 

Private 2- 8 1977 II n/a n/a 

 

Wells II 1978 II PI548513 Wells (8) x Arksoy 

 

Vickery 1978 II PI548617 Corsoy (5) x (L65-1342 & Anoka x Mack) 

† Private 3- 1 1978 III n/a n/a 

 

Cumberland 1978 III PI548542 Corsoy x Williams 

 

Oakland 1978 III PI548543 L66L-137 (Wayne x L57-0034) x Calland 

 

Corsoy 79 1979 II PI518669 Corsoy (6) x Lee 68 

 

Beeson 80 1979 II PI548511 Beeson (8) x Arksoy 

† Century 1979 II PI548512 Calland x Bonus 

 

Amcor 1979 II PI548505 Amsoy 71 x Corsoy 

 

Pella 1979 III PI548523 L66L-137 x Calland 

† Williams 82 1981 III PI518671 Williams (7) x Kingwa 

 

Private 2-11 1982 II n/a n/a 

 

Private 3-15 1983 III n/a n/a 

 

Century 84 1984 II PI548529 Century (5) x Williams 82 
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(Cont.) Table 3. Cultivars, year of release, maturity group, plant introduction (PI) number, and 

pedigree of the entries used in this study. 

 

Year of  Maturity 

  Cultivar Release Group   PI Number‡  Pedigree§ 

 

Elgin 1984 II PI548557 F4 selection from AP6 population 

 

Zane 1984 III PI548634 Cumberland x Pella 

 

Harper 1984 III PI548558 

F4 sel. from an unknown diallel-

cross pop. 

 

Preston 1985 II PI548520 

Schechinger S48 x Land O' Lakes 

Max  

 

Private 2-15 1985 II n/a n/a 

† Chamberlain 1986 III PI548635 A76-304020 x Land O Lakes Max 

 

Private 3- 2 1986 III n/a n/a 

 

Resnik 1987 III PI534645 Asgrow A3127(4) x L24 

 

Pella 86 1987 III PI509044 

From backcross of Pella(5) x 

Williams 82 

 

Burlison 1988 II PI533655 

F4 selection from K74-113-76-486 

x Century 

 

Private 2- 9 1988 II n/a n/a 

 

Elgin 87 1988 II PI518666 Elgin (5) x Williams 82 

† Conrad 1988 II PI525453 A3127 x Tri-Valley Charger  

† Jack 1989 II PI540556 Fayette x Hardin 

 

Kenwood 1989 II PI537094 Elgin x A1937 

 

Private 2- 1 1989 II n/a n/a 

 

Private 3- 9 1989 III n/a n/a 

 

Private 2- 2 1990 II n/a n/a 

 

Private 3-10 1990 III n/a n/a 

 

RCAT Angora 1991 II PI572242 B152 x T8112 

 

Private 2- 6 1991 II n/a n/a 

 

Private 3-16 1991 III n/a n/a 

 

Dunbar 1992 III PI552538 Platte x A3127 

 

Thorne 1992 III PI564718 A80-344003  x A3127BC3F2-1 

 

Private 3-17 1992 III n/a n/a 

 

Private 2- 5 1993 II n/a n/a 

 

Private 3-18 1993 III n/a n/a 

 

Private 2-10 1994 II n/a n/a 

 

Private 2-16 1994 II n/a n/a 

 

Private 3-19 1994 III n/a n/a 

 

IA 2021 1995 II n/a Elgin 87 x Marcus 

† Macon 1995 III PI593258 Sherman x Resnik 

 

IA 3004 1995 III n/a 

Northrup King S23-03 x A86-

301024 

 

Savoy 1996 II PI597381 Burlison x Asgrow A3733 

 

Private 2-12 1996 II n/a n/a 

 

Maverick 1996 III PI598124 

LN86-4668 (Fayette x Hardin) x 

Resnik(3)  

 

Private 3- 4 1996 III n/a n/a 

 

Private 3-11 1996 III n/a n/a 

† Dwight 1997 II PI597386 Jack x A86-303014 

 

Private 2-18 1997 II n/a n/a 

 

Pana 1997 III PI597387 Jack x Asgrow A3205 

 

Private 3- 5 1997 III n/a n/a 

 

Private 3-12 1997 III n/a n/a 
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(Cont.) Table 3. Cultivars, year of release, maturity group, plant introduction (PI) number, and 

pedigree of the entries used in this study. 

 

Year of  Maturity 

  Cultivar Release Group    PI Number‡     Pedigree 

 

IA 2038 1998 II n/a Pioneer 9301 x Kenwood 

 

Private 3- 6 1998 III n/a n/a 

 

IA 3010 1998 III n/a Jaques J285 x Northrup King S29-39 

† Private 3- 7 1999 III n/a n/a 

 

IA 2050 2000 II n/a 

Northrup King S24-92 x A91-

501002 

 

IA 2052 2000 II n/a Northrup King S24-92 x Parker 

† Private 3- 8 2002 III n/a n/a 

 

IA 2068 2003 II n/a AgriPro P1953 x LN94-10470 

 

IA 3023 2003 III n/a Dairyland DSR-365 x Pioneer P9381 

 

Private 2- 3 2004 II n/a n/a 

 

NE3001 2004 III n/a Colfax x A91-701035 

† Private 3-13 2004 III n/a n/a 

 

IA 3024 2004 III n/a A97-553017 x Pioneer YB33A99 

 

IA 2065 2005 II n/a n/a 

 

Private 2-19 2005 II n/a n/a 

 

Private 2-20 2005 II n/a n/a 

 

IA 2094 2006 II n/a AgriPro X0121B74 x A00-711036 

 

Private 3-22 2006 III n/a n/a 

 

Private 3-23 2006 III n/a n/a 

 

Private 3-14 2007 III n/a n/a 

 

Private 2-13 2008 II n/a n/a 

† Private 2-14 2008 II n/a n/a 

      † Cultivars replicated within location 

  ‡ n/a, not available 
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Table 4. Mean monthly air temperature and total monthly precipitation at the four locations during the 2010 and 2011 growing seasons, and 30-year 

average. 

    Arlington, WI Waseca, MN Urbana, IL Lafayette, IN 

    2010 2011 30 yr.  2010 2011 30 yr.  2010 2011 30 yr.  2010 2011 30 yr.  

Air Temperature  -------------------------------------------------------------------------------- °C----------------------------------------------------------------------------------  

 

Apr 10.4 6.2 7.1 11.7 6.3 7.7 15.1 11.9 11.1 14.9 11.6 10.7 

 

May 15.3 13.4 13.2 15.1 13.9 14.6 18.3 16.9 16.9 18.1 17.1 16.6 

 

Jun 19.7 19.6 18.7 19.3 20.1 20.1 23.8 22.8 22.3 23.3 22.6 21.8 

 

Jul  22.9 24.0 20.8 22.5 24.6 22.1 25.2 26.8 23.8 24.4 26.0 23.4 

 

Aug 22.2 21.0 19.6 22.9 21.1 14.1 25.1 24.1 23.0 24.3 22.7 22.4 

 

Sep 15.6 14.5 15.2 15.2 15.5 16.1 19.7 17.5 19.0 19.4 17.1 18.8 

Precipitation  --------------------------------------------------------------------------------mm---------------------------------------------------------------------------------  

 

Apr 107.5 106.4 88.9 84.3 168.1 82.9 48.5 214.6 93.5 72.9 192.6 86.6 

 

May 88.9 55.4 93.7 83.1 118.6 100.1 78.5 121.9 124.2 72.6 113.4 117.9 

 

Jun 169.4 98.8 118.9 327.9 250.4 119.4 198.6 106.7 110.2 95.0 92.8 115.6 

 

Jul  222.8 64.3 105.7 167.9 183.1 115.5 90.7 39.9 119.4 66.3 45.5 103.6 

 

Aug 114.0 39.9 99.1 61.7 23.4 99.8 40.1 44.7 99.8 42.2 26.3 100.1 

  Sep 50.5 96.5 89.9 383.3 45.2 90.8 76.7 70.9 79.5 24.1 82.8 71.2 
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Table 5. Statistical analysis testing effect of release year and disease management over time.  

  Yield Protein Oil P + O Seed Mass Seed Number Lodging V1 pop‡ R8 pop‡ 

RY † *** *** *** ** ns *** *** ns *** 

Trt  ns ns ns ns ns ns * * ns 

RY x Trt  ns ns ns ns ns ns * * ns 

MG   ns ns ns ns ns ns ns ns * 

RY x MG  ns ns ns ns * ns ns ns ns 

Trt x MG  ns ** * * ns ns ns * ns 

RY x Trt x MG ns ns ns ns ns ns ns * ns 

*, **, ***,  ns Significant at P ≤ 0.05, P ≤ 0.01, P ≤ 0.001, or not significant, respectively.    

† Abbreviations RY = Release Year; Trt= Fungicide treatment; MG= 

Maturity group. 

 
   

‡ Populations recorded at growth stage according to Fehr and Caviness, 1977. 
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Figure 1. Relationship of seed yield over cultivar year of release for fungicide treated and untreated in 2010 and 2011. Equation for 

best fit set y-intercept to 1924. 
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Figure 2. Relationship of MG II (red) and III (blue) seed protein over cultivar year of release for fungicide treated (solid) and 

untreated (dashed) in 2010 and 2011. Equations for best fit set y-intercept to 1924. 
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Figure 3. Relationship of MG II (red) and III (blue) seed oil over cultivar year of release for fungicide treated (solid) and untreated 

(dashed) in 2010 and 2011. Equations for best fit set y-intercept to 1924 
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Figure 4. Relationship of MG II (red) and III (blue) seed protein and oil over cultivar year of release for fungicide treated (solid) and 

untreated (dashed) in 2010 and 2011. Equations for best fit set y-intercept to 1924. 
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Figure 5. Relationship of MG II (red) and III (blue) seed mass over cultivar year of release for fungicide treated and untreated in 2010 

and 2011. Equations for best fit set y-intercept to 1924. 
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Figure 6. Relationship of seed number over cultivar year of release for fungicide treated and untreated in 2010 and 2011. Equation for 

best fit set y-intercept to 1924. 
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Figure 7. Relationship of plant lodging over cultivar year of release for fungicide treated and untreated in 2010 and 2011. Equation for 

best fit set y-intercept to 1924. 
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Figure 8. Relationship of MG II (red) and III (blue) plant stand at V1 (Fehr and Caviness, 1977) over cultivar year of release for 

fungicide treated (solid) and untreated (dashed) in 2010 and 2011. Equations for best fit set y-intercept to 1924. 
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Figure 9. Relationship of MG II (red) and III (blue) plant population at R8 over cultivar year of release for fungicide treated and 

untreated in 2010 and 2011. Equations for best fit set y-intercept to 1924.
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CHAPTER SUMMARY 

 It has been hypothesized that modern cultivars have been bred with greater stress 

tolerance and this ‘defensive’ breeding has contributed to observed yield gains.  

Management practices are another important method to mitigate losses.  The relative 

contribution of each source in protecting yield potential is not well understood.  The 

objective of the study was to understand the genetic response of soybean [Glycine max 

(L.) Merr.] across year of release to seedling and foliar diseases including septoria brown 

spot (Septoria glycines Hemmi; SBS), frogeye leaf spot (Cercospora sojina, Hara; FLS), 

cercospora blight (Cercospora kikuchii, T. Matsu. & Tomoyasu; CB), and brown stem rot 

(Phialophora gregata Allington & D.W. Chamb. f. sp. sojae; BSR).  The study was 

conducted during the 2011 growing season using 116 cultivars between maturity group 

(MG) II cultivars and MG III cultivars.  These cultivars (released 1923-2008) were 

selected to represent a distribution of historically significant cultivars.  The foliar fungal 

diseases were assayed in two blocks that were either treated with a seed treatment and 

three applications of foliar fungicides, or untreated.  Brown stem rot was assayed using a 

subset of 26 cultivars between the two maturity groups in untreated plots.  We attempted 

to evaluate the change in disease resistance over time but our methods limited our 

inference to the subset of naturally-occurring diseases.  The area under the disease 

progress curve (AUDPC) for the foliar fungal diseases indicated a three way interaction 

between treatment, maturity group, and year of release.  Foliar diseases were reduced by 

both genetic sources and fungicides, even below economic injury levels.  Stem browning 

decreased over the 85 years without significant contribution of BSR resistance genes.   
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INTRODUCTION 

 The improvement of soybean has required a multifaceted approach.   Strategies to 

maximize yield have included reducing yield loss.  It has been hypothesized that modern 

cultivars have been bred with greater stress tolerance and that this ‘defensive’ breeding 

has contributed to observed yield gains (Specht et al., 1999).  Defensive breeding, 

specifically targeting yield-protecting traits, has been important in soybean releases (De 

Bruin and Pedersen, 2008).   Management practices can be an important method to 

mitigate losses (Specht et al., 1999).  Understanding the relative contribution of genetic 

resistance and chemical control of soybean diseases is needed to focus research on areas 

of greatest impact. 

 Disease management is critical in soybean production.  Managing diseases can be 

very difficult because of their unpredictability.  A given disease may be at destructive 

levels one year and nonexistent the next (Wrather and Koenning, 2009).  Site-specific 

conditions can favor specific disease development and preclude other diseases.  The 

disease history and cropping system of a field provide the contextual information 

required for integrated disease management.  Tillage, crop rotation, use of resistant 

varieties, and fungicides are the principal management practices available to control 

disease (Elmore, 1991; Crookston et al., 1991; Swoboda and Pedersen, 2009).  

 Soybean cultivars are commonly bred for disease resistance.  ‘Williams 82’ was a 

widely used cultivar for several years.  It was selected from a series of six backcrosses to 

the cultivar Williams to transfer a Phytophthora soja resistance gene Rps 1k from 

‘Kingwa’ (Bernard and Cremeens, 1988).   Also, new cultivars with resistance to soybean 

cyst nematode (Heterodera glycines Ichinohe; SCN) have yielded an average of 14% 
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more than comparable susceptible cultivars across three locations in Iowa (De Bruin and 

Pedersen, 2008).   Annual yield losses due to disease have decreased from 17 to 11% 

between 1996 and 2007 (Wrather and Koenning, 2009).   Advances in disease resistance 

and chemical controls have played an important role in reducing the percent of yield lost 

to disease.  The two modes of control can work in concert to provide adequate control 

when one is insufficient (Dorrance et al., 2003).  Fungicides can also offer initial control 

until genetic resistance is developed and deployed to augment long-term disease 

management (Hartman et al., 2005).  Genetic resistance of diseases offers many 

advantages like constitutive protection of both above and below ground tissue. 

 Defensive breeding comes with some costs.  Screening for novel resistance genes 

and backcrossing to unimproved lines requires substantial time and resources, and can 

introduce undesired genes from the donor parent (Young and Tanksley, 1988).  These 

breeding efforts do little to improve yield in the absence of the stress.  A strictly offensive 

breeding strategy ignores defensive breeding and focus efforts entirely on traits to 

improve the maximum yield potential.  Continually crossing elite by elite lines prevents 

deleterious genes from being introduced from unimproved lines.  Shifting the breeding 

efforts away from defensive traits weakens the integrated approach to pest management.   

 Brown stem rot  is an important disease of soybean in the northcentral United 

States (Impullitti et al., 2009).  The causal agent, Phialophora gregata f. sp. sojae was 

first identified in 1944 in Illinois.  Since then the fungal pathogen has been identified 

across much of the soybean producing region in the United States.  The disease was 

found in 68-73% of soybean fields surveyed in Illinois, Iowa, and Minnesota in 1996 

(Malvick and Grunden, 2008).   
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 P. gregata is soil-borne fungus that overwinters on soybean stem residue.  The 

saprophytic lifestyle allows P. gregata to persist and sexually reproduce in the soil for 

several years.  This impedes the effectiveness of rotating to a nonhost, requiring multiple 

years to significantly reduce inoculum density, and thus disease severity (Adee et al., 

1995).    Infection occurs through the roots and the stem near the soil surface early in the 

season. Mycelium can grow into the vascular tissue.  The pathogen is thought to spread 

through the plant by asexual conidia released in the xylem tissue and translocated up the 

plant (Gray and Grau, 1999).  The production of systemic toxins, called Gregatins, may 

also influence leaf chlorosis and necrosis (Harrington et al., 2003).  Disease expression is 

greatest with cool weather after flowering, favoring production conditions in the upper 

Midwest.  Infected plants become the source of inoculum for subsequent crops (Allington 

and Chamberlain, 1948).  

 Although infection occurs early in the season, symptom development rarely 

occurs before pod set.  A dark brown discoloration of the pith starting at soil level is the 

characteristic symptom of BSR (Allington and Chamberlain, 1948).  In addition to the 

stem symptom, interveinal chlorosis and eventual necrotic foliar symptoms also may 

appear.  Foliar symptoms are dependent on environmental conditions, the genetics of the 

host, and the pathogen isolate (Gray and Grau, 1999).  Populations of P. gregata consist 

of two genotypes, type A and type B, which can be identified based on an insertion or 

deletion in the intergenic spacer region of ribosomal DNA (Hughes and Grau, 2010).  

Type A is more aggressive and will produce foliar symptoms and type B is less 

aggressive and does not cause foliar symptoms.  In addition to differences in symptom 

development, the genotypes also interact differently with host resistance, and have 
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different distributions across the landscape.  Genotype B is the predominate genotype 

detected across the Midwest, occurring in 62% of samples confirmed as having BSR 

(Malvick and Grunden, 2008).  The lifecycle, genetic diversity, and distribution of BSR 

make controlling the disease difficult.   

 Crop rotation is an easy and effective means of reducing disease severity (Weber 

et al., 1966). However, common crop rotation practices in the upper Midwest utilize 

soybean every other year.  This rotation is not long enough to significantly reduce BSR 

inoculum (Adee et al., 1994).  Foliar fungicides are ineffective in controlling this disease.  

The most effective control for BSR is genetic resistance.  Major race-specific resistance 

genes, Rbs1, Rbs2, Rbs3, and genes derived from PI88788, have been identified and 

deployed in soybean cultivars (Klos et al., 2000).  These major genes have been more 

effective at controlling genotype A than type B.  Malvick and Grunden (2008) found the 

ratio of infection by genotype B:A for Rbs1 was 3.6, Rbs2 was 3.3,  Rbs3 or Rbs1 was 

1.8, and PI88788 was 1.6.  Hughes and Grau (2010) also observed differential responses 

of the two P. gregata types.  The wide deployment of these resistance genes has 

preferentially selected for genotype B, resulting in its greater distribution (Malvick and 

Grunden, 2008).    

 This study will help determine how breeding efforts and management practices 

have contributed to protecting yield potential.  Effective and economical management 

practices could reduce the reliance on genetic resistance traits.  We hypothesized that 

chemical disease management reduces the rate of disease loss over the 85 years examined 

in this study.  That is, older cultivars benefit more from fungicide treatment than newer 

cultivars and both genetic resistance and chemical disease management can effectively 
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protect against yield loss due to disease.  The objective of the study was to understand the 

genetic response of soybean across year of release to foliar diseases and BSR caused by 

P. gregata. The foliar diseases were evaluated under two disease management practices.  

MATERIALS AND METHODS 

 Research was conducted at Arlington, WI; Waseca, MN; Urbana, IL; and 

Lafayette, IN during the 2011 growing season, using the same methods and plant material 

as detailed in chapter 2.  At each of the four locations, cultivars were completely 

randomized in two adjacent blocks.  One block was intensively managed with selected 

fungicides and the other was left untreated.  The cultivars planted in the treated block 

received fungicidal seed treatment in combination with three foliar fungicides occurring 

at the R1, R3, and R5 growth stages (Fehr and Caviness, 1977).  Both the seed treatment 

and foliar fungicide applications were applied according to company recommended label 

rates and growth stages.   

Disease Ratings 

Foliar disease severity was rated in the center two rows of a 4.6 m plot by rating 

percent area of foliar disease on a continuous scale (0-100%).  Ratings were performed at 

the R1, R3, R5 and R7 stages for Arlington, Waseca, and Lafayette, and at the R3, R5, 

and R7 stages in Urbana.  The ratings were limited to fungal diseases that are controlled 

by fungicide treatment.  All diseases were noted and only foliar fungal diseases that are 

controlled by the fungicide treatment were rated with a single plot-wide severity score. 

The first several plots were examined in detail.  After initial plots were inspected, further 

plots were examined without isolating individual plants.  Five plants per plot were 

isolated and individual leaves examined to help understand the disease severity in the 
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whole plot.  Symptoms in the lower canopy of irregular brown spots with chlorosis were 

reported as brown spot.  Symptoms in upper canopy of small angular, sometimes water-

soaked, lesions were reported as bacterial blight (Pseudomonas syringae pv. glycinea, 

Coerper).  Symptoms on the upper surface of leaves with light purple discoloration 

causing leaves to appear leathery were reported as Cercospora blight, if distinguishable 

from sunscald.  Symptoms on leaves with circular lesions with reddish brown margins 

and grey centers were reported as Frogeye leaf spot.  A single percent was recorded for 

total fungal diseased area present in the plot. Area under the disease progress curve 

(AUDPC) was calculated for each plot.  

A severe disease outbreak at Waseca, MN site necessitated rating each plot 

individually.  The symptoms were girdling stem lesions from the soil level, compromised 

root integrity, and plant death.  These symptoms were present in the field from V1 and 

continued to develop through the season.  The symptoms were consistent with 

Phytophthora root and stem rot (caused by Phytophthora sojae Kaufmann and Gerdeman; 

PRSR), although this was not confirmed.  A rating was performed at R5 to identify which 

plots were affected by the disease. 

Another disease outbreak was rated in Arlington, WI.  The symptoms were 

reddish brown lesions at the base of lower branches and wilting of the upper leaves.  

These symptoms were first identified and rated at R7.  The symptoms were consistent 

with stem canker [caused by Diaporthe phaseolorum (Cke. & Ell.) Sacc. var. caulivora 

Athow & Cald], although this was not confirmed. 

Twenty-six cultivars from maturity groups II and III (Table 1) were selected as a 

subset of the cultivars used for foliar ratings to rate stem browning as an estimate of BSR.  
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These cultivars were chosen as a representative sample of cultivars released over the 85-

year time span.  The experimental design to assay stem browning was a randomized 

complete block design (RCBD) with four blocks per location and four locations.  At 

growth stage R7, ten plants were arbitrarily selected from each plot and were cut at soil 

level.  All branches and leaves were removed, and the stems were trimmed to 60 cm.  

Each stem was split down the middle and rated for stem browning.  Disease incidence 

and lesion length in centimeters were recorded.  Percent internal stem discoloration 

(PISD) was calculated as an estimate of disease severity by dividing lesion length by 60.   

Data Analysis 

 Foliar disease ratings were subjected to a mixed-effect regression analysis using 

the PROC MIXED procedure in SAS Version 9.2 (SAS Institute Inc., Cary, NC).  Model 

effects were tested for significance using the appropriate F-test (α= 0.05). Release year, 

fungicide treatment, release year by fungicide treatment, maturity group, release year by 

maturity group, fungicide treatment by maturity group, and release year by fungicide 

treatment by maturity group interaction were treated as fixed effects, while environment, 

environment by maturity group, fungicide treatment by environment, environment by 

maturity group by fungicide treatment,  maturity group by environment by cultivar, 

maturity group by fungicide treatment by cultivar, maturity group by cultivar, and 

maturity group by fungicide treatment by environment by cultivar interaction were 

considered to be random effects. Cultivar was assigned as a random effect to provide a 

broader inference over cultivars released within their respective years. The cultivars that 

were used in the study were chosen to represent a larger group of cultivars specific to a 

previous release year in time, not individual cultivar performance, and therefore were 
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assumed to be random.  Disease ratings were regressed over year of release to evaluate 

change over time. The fungicide treatment by release year interaction was examined to 

determine if differences in the rate of change between the treatments existed for foliar 

disease ratings.   

 Stem browning data were analyzed as an RCBD by using PROC ANOVA 

procedure in SAS Version 9.2 (SAS Institute Inc., Cary, NC).  Block and location were 

treated as random effects and cultivar was a fixed effect.  Fisher’s least significant 

difference (LSD) was used for means separation and comparisons were conducted at P ≤ 

0.05.  A mixed-effect regression analysis also was performed in PROC MIXED to 

estimate the change in incidence and PISD over release year.  Block and location were 

random effects and release year was a fixed effect.   

RESULTS AND DISCUSSION 

The dryer than average weather conditions during the reproductive phase led to 

low foliar disease pressure in 2011. SBS and bacterial blight (BB) were the most 

common diseases observed.  Both diseases were observed at every location.  SBS ranged 

between 30% and 100% incidence in all plots, with heaviest infestation in Arlington, WI.   

BB ranged between 0 and 80% incidence in plots.  FLS and CB were also observed at 

low frequency. FLS was identified in 24% of plots in Urbana, IL and CB was identified 

in three plots in Arlington, WI.  In 2011, the Waseca station had an outbreak of PRSR 

with 23% incidence (Table 2) that was more severe on cultivars without genetic 

resistance.  The Arlington station observed 45% incidence of stem canker (Table 3).    

There was a treatment by release year by maturity group interaction for the 

AUDPC (Table 4).  MG III cultivars had greater foliar disease severity than MG II 
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cultivars did.  Both groups had the same trend of lower foliar disease severity over year 

of release (Fig. 1).  The fungicide treatment consistently reduced foliar disease severity 

by 2 – 3 percentage points. This result suggests fungicides are effective at lowering foliar 

disease severity, even under minimal disease pressure.  Given greater foliar fungal 

disease severity, the effect of the fungicide would have presumably been greater.    

 Several soybean diseases cannot be adequately assessed with foliar ratings, 

including many of the most economically-damaging.  Due to the limited inference on the 

effect of disease pressure on soybean over time from foliar ratings, an additional 

experiment to study the effect of a specific disease, BSR, on soybean cultivars over time 

was conducted.  The effect of BSR was estimated by measuring stem browning in plant 

samples.  Our assumption was the stem browning was caused by BSR, but this was not 

confirmed.  Other diseases and stresses may cause stem browning. This disease in 

conjunction with foliar diseases helps to better illustrate the genetic response of soybean 

across year of release.   

 The analysis in Table 5 lists the cultivars with the estimated stem browning 

incidence and PISD.  Incidence was only moderately correlated to PISD (r=0.573).  For 

example, the Richland cultivar had 60% incidence of stem browning but very low PISD 

at 9%.  The analysis shows the cultivar Chamberlin, with known Rbs 1 gene, was in the 

middle of the range for disease incidence.  Further, the Chamberlin cultivar was among 

the group of cultivars with the greatest PISD.  One possible explanation why a cultivar 

with genetic resistance is not providing adequate protection may be due to infection by 

genotype B of BSR, the predominate genotype detected across the Midwest.  Malvick 

and Grunden (2008) found that Rbs 1 has 3.6 times greater infection with genotype B 
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than A.  The samples were not analyzed to identify the genotype responsible for 

infection.  Another possibility for reduced resistance to BSR is an interaction with SCN.  

Tabor et al. (2003) found that infection by SCN increased the disease incidence and 

severity of BSR for cultivars both with and without resistance to BSR.  It is also not 

possible to rule out other diseases or stresses that could result in stem browning.  The 

assumed disease response may be inflated by other causes.  The private cultivar 3-13 was 

the only cultivar in which stem browning was never detected.  It is uncertain if                                                                                                      

this cultivar had some form of resistance or if it was able to escape the disease.   

 The regression analysis replaced the cultivar identifications with their 

representative release year for inference over time.  This analysis showed that stem 

browning responded more to breeding efforts over time than did specific sources of 

resistance.  Disease incidence was affected by cultivar release year, resulting in a 

decrease of 1.1% yr
-1

 (Fig. 2).  A total reduction of 35 percentage points of incidence was 

observed over the 85 years of cultivars examined in this study.  Percent internal stem 

discoloration was not as strongly correlated to cultivar release year, but was reduced by 

0.67% yr
-1

 (Fig. 3).  A total reduction of 8.7 PISD was observed over the 85 years of 

cultivars examined. 

 The observed decrease in stem browning over time is not related to the use of R 

gene-mediated resistance.  The gradual decline suggests indirect selection for resistance, 

perhaps from several sources.  Cultivars may have been bred for greater acquired 

resistance to inhibit or slow growth after infection has occurred.  There was a larger 

negative correlation between incidence and year of release than severity.  This suggests 

newer cultivars are less likely to be infected by the pathogen but the ability to suppress 
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disease progression is less robust.  It is likely that both R gene-mediated and general 

resistance has contributed to reducing stem browning over time.   

 Infection by BSR is influenced by the cropping system.  The inoculum for 

infection is predominately found on crop residue and can persist in the soil for 3-5 years.  

Field to field variation can greatly influence disease development (Gray and Grau, 1999), 

thus broad inferences across the four geographically-diverse locations is limited.  

Effective management of BSR includes identifying fields with a history of BSR, 

increasing the duration between soybean crops, increasing residue decomposition, and 

planting resistant varieties (Gray and Grau, 1999).  The use of resistant varieties alone 

may not provide adequate control for both genotypes A and B.   

CONCLUSIONS 

 Fungicide application moderately reduced foliar diseases that were below 

economic threshold, but brown stem rot is a disease, which is not controlled by 

fungicides.  Genetic based control has been effective at reducing incidence and severity 

of stem browning, a proxy for BSR.  The Rbs 1 gene in the cultivar Chamberlain did not 

provide substantial protection in this study, rather there appeared to be indirect selection 

for disease resistance among selected cultivars released between 1923 and 2008. 
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Table 1. Cultivars, year of release, maturity group, plant 

introduction (PI) number, and source of brown stem rot (BSR) 

resistance of the entries used in this study. 

Cultivar 

Year of 

Release 

Maturity 

Group 

  PI 

Number† 

 Source of BSR 

resistance 

Dunfield  1923 III PI548318 

 Illini  1927 III PI548348 

 Korean  1928 II PI548360 

 Mukden  1932 II PI548391 

 Richland  1938 II PI548406 

 Lincoln  1943 III PI548362 

 Hawkeye  1947 II PI548577 

 Harosoy  1951 II PI548573 

 Wayne  1964 III PI548628 

 Corsoy  1967 II PI548540 

 Calland  1968 III PI548527 

 Amsoy 71  1970 II PI548507 

 Williams  1971 III PI548631 

 Private 3-1  1978 III n/a 

 Century  1979 II PI548512 

 Williams 82  1981 III PI518671 

 Chamberlain  1986 III PI548635 Rbs 1  

Conrad  1988 II PI525453 

 Jack  1989 II PI540556 PI 88788 

Macon  1995 III PI593258 

 Dwight  1997 II PI597386 PI 88788 

Private 3-7  1999 III n/a 

 Loda  2001 II PI614088 

 Private 3-8  2002 III n/a PI 88788 

Private 3-13  2004 III n/a 

 Private 2-14  2008 II n/a PI 88788 

     † n/a, not available 
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Table 2. Incidence of phytophthora root and stem rot in Waseca, MN 2011. 

Cultivar R gene (If known) # plots infected % of cultivar † 

 Korean 

 

3 18.8% 
 

Mukden 

 

1 6.3% 
 

Richland 

 

8 50.0% 
 

Hawkeye 

 

6 37.5% 
 

Harosoy 

 

12 75.0% 
 

Lindarin 

 

5 62.5% 
 

Harosoy 63 "resistant" 5 62.5% 
 

Hawkeye 63 

 

4 50.0% 
 

Amsoy 

 

6 75.0% 
 

Corsoy   9 56.3% 
 

Beeson 

 

1 12.5% 
 

Amsoy 71 

 

13 81.3% 
 

Wells 

 

2 25.0% 
 

Harcor 

 

3 37.5% 
 

Private 2- 7 

 

2 25.0% 
 

Private 2- 8 

 

4 50.0% 
 

Wells II 

 

3 37.5% 
 

Vickery Rps 1c 4 50.0% 
 

Corsoy 79 Rps 1c  2 25.0% 
 

Beeson 80   2 25.0% 
 

Century 

 

1 6.3% 
 

Amcor 

 

5 62.5% 
 

Private 2-11 

 

1 12.5% 
 

Century 84 Rps 1k 0 0.0% 
 

Elgin 

 

3 37.5% 
 

Preston 

 

4 50.0% 
 

Private 2-15 

 

2 25.0% 
 

Burlison Rps 1b & 3  1 12.5% 
 

Private 2- 9 

 

0 0.0% 
 

Elgin 87 Rps 1k 0 0.0% 
 

Conrad 

 

1 6.3% 
 

Jack 

 

0 0.0% 
 

Kenwood 

 

2 25.0% 
 

Private 2- 1 

 

0 0.0% 
 

Private 2- 2 

 

2 25.0% 
 

RCAT Angora Rps 1c 0 0.0% 
 

Private 2- 6 

 

1 12.5% 
 

Private 2- 5 

 

2 25.0% 
 

Private 2-10 

 

0 0.0% 
 

Private 2-16   0 0.0% 
 

IA 2021 Rps1k 1 12.5% 
 

Savoy 

 

0 0.0% 
 

Private 2-12 

 

0 0.0% 
 

Dwight 

 

7 43.8% 
 

Private 2-18 

 

0 0.0% 

 IA 2038 

 

0 0.0% 

 IA 2050 

 

0 0.0% 

 IA 2052 

 

0 0.0% 
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(Cont.)Table 2. Incidence of phytophthora root and stem rot in Waseca, MN 2011. 
 Cultivar R gene (If known) # plots infected % of cultivar † 

 Loda 

 

1 6.3% 

 Private 2-14 

 

0 0.0% 

 Private 2-17 

 

0 0.0% 

 IA 2068 

Private 2- 3 

 

0 

0 

0.0% 

0.0%  

 IA 2065 

 

0 0.0% 

 Private 2-19 

 

0 0.0% 

 Private 2-20 

 

0 0.0% 

 IA 2094 

 

0 0.0% 

 Private 2-13 Rps 1k 0 0.0% 

 Private 2-14 Rps 1k 1 6.3% 

 † Number of plots infected divided by all plots of that cultivar 
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Table 3. Incidence of stem canker in Arlington, WI 2011. 

Cultivar # plots infected % of cultivar† 

Korean 2 12.5% 

Mukden 3 18.8% 

Richland 2 12.5% 

Hawkeye 4 25.0% 

Harosoy 0 0.0% 

Lindarin 2 25.0% 

Harosoy 63 2 25.0% 

Hawkeye 63 2 25.0% 

Amsoy 2 25.0% 

Corsoy 0 0.0% 

Beeson 2 25.0% 

Amsoy 71 3 18.8% 

Wells 0 0.0% 

Harcor 0 0.0% 

Private 2- 7 1 12.5% 

Private 2- 8 0 0.0% 

Wells II 1 12.5% 

Vickery 1 12.5% 

Corsoy 79 0 0.0% 

Beeson 80 0 0.0% 

Century 2 12.5% 

Amcor 2 25.0% 

Private 2-11 0 0.0% 

Century 84 1 12.5% 

Elgin 0 0.0% 

Preston 1 12.5% 

Private 2-15 2 25.0% 

Burlison 0 0.0% 

Private 2- 9 1 12.5% 

Elgin 87 2 25.0% 

Conrad 3 18.8% 

Jack 1 6.3% 

Kenwood 2 25.0% 

Private 2- 1 1 12.5% 

Private 2- 2 1 12.5% 

RCAT Angora 0 0.0% 

Private 2- 6 1 12.5% 

Private 2- 5 1 12.5% 

Private 2-10 0 0.0% 

Private 2-16 0 0.0% 

IA 2021 1 12.5% 

Savoy 1 12.5% 

Private 2-12 1 12.5% 

Dwight 2 12.5% 

   Private 2-18 0 0.0% 

IA 2038 1 12.5% 

IA 2050 1 12.5% 

IA 2052 0 0.0% 
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(Cont.) Table 3. Incidence of stem canker in Arlington, WI 2011. 

Cultivar # plots infected % of cultivar† 

Loda 1 6.3% 

Private 2- 4 1 12.5% 

Private 2-17 

IA 2068 

1 

1 

12.5% 

12.5% 

Private 2- 3 2 25.0% 

IA 2065 0 0.0% 

Private 2-19 1 12.5% 

Private 2-20 1 12.5% 

IA 2094 0 0.0% 

Private 2-13 0 0.0% 

Private 2-14 2 12.5% 

† Number of plots infected divided by all plots of that cultivar 
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Table 4. Statistical analysis testing effect of 

release year and disease management over time. 

  AUDPC† 

RY  *** 

Trt  ns 

RY x Trt  ns 

MG   ns 

RY x MG  ns 

Trt x MG ‡ ** 

RY x Trt x MG ** 

**, ***,  ns Significant at P≤ 0.01, P ≤ 0.001, or 

not significant, respectively. 

† Abbreviations AUDPC= Area under the disease 

progress curve; RY = Release year; Trt= Fungicide 

treatment; MG= Maturity group. 
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 Table 5. Incidence and severity of stem browning in soybean 

cultivars used in this study . 

Cultivar Incidence 

 

PISD†  

Susceptible 

  

  

  Korean 68% a ‡ 18% ab 

  Richland  60% a 9% defg 

  Lincoln  40% b 17% abc 

  Calland  38% bc 23% a 

  Mukden  35% bcd 12% bcde 

  Conrad  30% bcde 9% defg 

  Dunfield    29% bcde 10% cdefg 

  Century  29% bcde 7% defgh 

  Harosoy  28% bcde 5% efgh 

  Williams  28% bcde 14% bcd 

  Hawkeye  25% cdef 7% defgh 

  Corsoy  25% cdef 5% efgh 

  Wayne  21% defg 18% ab 

  Illini        19% efg 12% bcde 

  Williams 82  13% fghi 9% defg 

  Amsoy 71  11% fghi 4% fgh 

  Private 3-1  10% ghi 11% bcdef 

  Private 3-7  10% ghi 8% defg 

  Loda  10% ghi 4% fgh 

  Macon  8% ghi 10% cdefg 

  Private 3-8  4% hi 3% gh 

  Private 3-13  0% i 0% h 

Resistant 

  

  

  Chamberlain  19% efg 14% bcd 

  Dwight  16% efgh 8% defg 

  Private 2-14  13% fghi 3% gh 

  Jack  8% ghi 5% efgh 

LSD ‡ 14% 

 

7%  

†Percent internal stem discoloration. 
  

‡Within columns values followed by the same letter are not 

statistically different according to Fisher's least significant difference 

(LSD) 0.05.
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Figure 1. Relationship of MG II (red) and III (blue) quantified foliar diseases over cultivar year of release for fungicide treated 

(solid) and untreated (dashed) in 2010 and 2011. Equations for best fit set y-intercept to 1924. 
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Figure 2. Relationship of stem browning similar to BSR over cultivar year of release for 2011. Equations for best fit set y-intercept to 

1924. 
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 Figure 3. Relationship of percent internal stem discoloration (PISD) over cultivar year of release for 2011. Equation for best fit set y-

intercept to 1924.
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Appendix 

Table 1a. Incidence and percent internal stem discoloration (PISD) of 

Philophora gregata in soybean cultivars by state in maturity group (MG) II. 

 

Year of Incidence PISD 

Cultivar Release WI MN MG II WI MN MG II 

Korean  1928 80% 55% 68% 19% 17% 18% 

Mukden  1932 8% 63% 35% 6% 18% 12% 

Richland  1938 63% 58% 60% 10% 8% 9% 

Hawkeye  1947 3% 48% 25% 4% 12% 8% 

Harosoy  1951 0% 55% 28% 0% 8% 4% 

Corsoy  1967 0% 50% 25% 0% 9% 5% 

Amsoy 71  1970 0% 23% 11% 0% 8% 4% 

Century  1979 13% 45% 29% 3% 11% 7% 

Conrad  1988 25% 35% 30% 6% 14% 10% 

Jack    1989 0% 15% 8% 0% 22% 11% 

Dwight  1997 8% 25% 16% 4% 14% 9% 

Loda  2001 5% 15% 10% 9% 4% 6% 

Private 14  2008 13% 13% 13% 5% 5% 5% 

 

 

Table 1b. Incidence and percent internal stem discoloration (PISD) of 

Philophora gregata in soybean cultivars by state in maturity group (MG) III. 

  Year of Incidence PISD 

Cultivar Release IN IL MG III IN IL MG III 

Dunfield    1923 38% 20% 29% 11% 11% 11% 

Illini  1927 15% 23% 19% 19% 11% 15% 

Lincoln  1943 43% 38% 40% 23% 13% 18% 

Wayne  1964 18% 25% 21% 25% 17% 21% 

Calland  1968 43% 33% 38% 23% 21% 22% 

Williams  1971 25% 30% 28% 22% 12% 17% 

Private 1  1978 3% 18% 10% 27% 15% 21% 

Williams 82  1981 13% 13% 13% 6% 15% 10% 

Chamberlain  1986 23% 15% 19% 16% 14% 15% 

Macon  1995 5% 10% 8% 16% 13% 15% 

Private 7  1999 8% 13% 10% 9% 11% 10% 

Private 8  2002 8% 0% 4% 21% 0% 10% 

Private 13  2004 0% 0% 0% 0% 0% 0% 
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Table 2.  Statistical analysis of fractional light intercepted by 

location and date. 

Location Date Release Year Treatment Interaction 

Minnesota 9/19/2011 *** *** ns 

 

9/26/2011 *** *** ns 

  10/3/2011 ns ns ns 

Wisconsin 8/27/2010 ns ns ns 

 

9/3/2010 ns ns ns 

 

9/9/2010 ns ns ns 

 

9/16/2010 ns ns ns 

 

9/23/2010 ns ns ns 

 

8/25/2011 ns ns ns 

 

9/1/2011 ns ns ns 

 

9/7/2011 ns ns ns 

 

9/15/2011 ns * ns 

  9/27/2011 ns * ns 

Illinois 9/7/2010 *** *** ns 

 

9/13/2010 ** ** ** 

 

9/20/2010 * ns * 

 

8/25/2011 ** ns ns 

 

9/1/2011 *** ns ns 

 

9/8/2011 ** ns ns 

 

9/15/2011 * ns ns 

 

9/22/2011 ns * * 

  9/29/2011 ns * * 

Indiana 8/23/2010 *** ** ** 

 

8/30/2010 *** ns ns 

 

9/10/2010 ** ** ns 

 

9/17/2010 ns ns ns 

 

8/19/2011 *** *** ns 

 

8/26/2011 *** ** ns 

 

9/2/2011 *** * ns 

 

9/9/2011 ** *** ns 

 

9/16/2011 ** ** ns 

 

9/23/2011 ns * ns 

*, **, ***,  ns Significant at P ≤ 0.05, P ≤ 0.01, P ≤ 0.001, or not 

significant, respectively. 
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Table 3.  Statistical analysis of normalized difference 

vegetation index by location and date. 

Location  Date Release Year Treatment Interaction 

Minnesota 9/12/2011 *** *** ns 

 

9/19/2011 *** *** ns 

 

9/26/2011 *** *** ns 

  10/3/2011 *** *** ns 

Wisconsin 8/22/2011 * ** * 

 

8/29/2011 * * * 

 

9/7/2011 *** *** *** 

 

9/12/2011 * *** ns 

 

9/19/2011 ** *** ns 

  9/27/2011 *** ns ns 

Indiana 8/15/2011 ns ns ns 

 

8/23/2011 ** *** ns 

 

8/26/2011 *** ** ** 

 

9/2/2011 *** *** ns 

 

9/9/2011 *** *** ns 

 

9/16/2011 *** ** ns 

  9/23/2011 ** ns ns 

*, **, ***,  ns Significant at P ≤ 0.05, P ≤ 0.01, P ≤ 0.001, or not 

significant, respectively. 

 


