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ABSTRACT 

IDENTIFYING BIOTIC AND ABIOTIC FACTORS INFLUENCING SOYBEAN SOIL 

HEALTH AND WINTER WHEAT PRODUCTION 

 

By 

Michael Joseph Swoish 

       Soil microbiota affect crop productivity via nutrient movement to plant roots, disease 

incidence, and other specialized relationships including nodule formation in soybean (Glycine 

max L.). Field studies were initiated in Lansing, MI to determine the impact of three cover crops 

and four fertilizer sources on soybean emergence, height, nodulation, grain yield, soil respiration, 

and spatial/temporal changes in microbial diversity, community structure, and community 

composition. A significant 5 bu ac-1 yield decrease occurred in 2013 when hairy vetch preceded 

soybean. Soil respiration was greatest following chicken manure but never significantly greater 

than following inorganic fertilizer. Cover crop and fertilizer source both exhibited the ability to 

alter soil microbial community composition within a single growing season indicating that 

grower management can influence soil health in production agriculture.  

Lodged wheat (Triticum aestivum L.) can result in harvest difficulties and yield loss. 

Trinexepac-ethyl is a newly labeled plant growth regulator (PGR) for application to wheat in 

Michigan designed to decrease internode length and increase stem thickness to reduce lodging 

incidence. Field studies were initiated in Deckerville, MI and Lansing, MI to determine the 

effects of PGR rate, timing, and interaction with three N rates on winter wheat height, lodging, 

and yield. PGR application reduced plant height, decreased lodging by 67-83%, and increased 

grain yield 5% across four site years. When lodging risks are increased (i.e., varieties with poor 

stem strength and/or greater than average height), wheat may warrant PGR application, and 

applications should occur early in stem elongation to maximize production opportunities.   
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CHAPTER 1 

LITERATURE REVIEW 

 

Introduction 

 Farmers in the Midwestern United States (U.S.) have expressed concerns about 

inabilities to increase soybean yield (Naeve, 2004). Inconsistent yield response to fertilizer when 

soil-test nutrient levels exceed critical values may be one reason mean corn (Zea mays L.) grain 

yields in Michigan increased 41% more than soybean (Glycine max (L.) Merr.) yields between 

1980 and 2014. Mean soybean grain yields in Michigan are < 3.2 Mg ha-1, but yields sometimes 

surpass 5.4 Mg ha-1 in individual fields (NASS, 2015). Better understanding of the relationship 

between soil properties, agronomic management, soybean yield, and seed quality is required to 

optimize soybean production (Anthony et al., 2012). Field research in the Midwestern U.S. 

indicated that relationships between soybean yield and soil physical properties, including soil test 

potassium (K), soil water content, and slope, may be dependent upon environmental factors 

within individual fields (Kravchenko and Bullock, 2000; Sawchik and Mallarino, 2008). Despite 

considerable variation in weather patterns, Anthony et al. (2012) reported within-field spatial 

variability in soybean yield remained consistent across years. Although correlation of soybean 

yield variation with soil properties or topographical features is well-documented in the literature 

(Fahnestock et al., 1996; Changere and Lal, 1997; Kravchenko and Bullock, 2000; Kaspar et al., 

2004; Anthony et al., 2012), few data exist demonstrating whether soil biological components 

(i.e., microbial community composition) may also explain yield variability.  

Variability in soybean grain quality is a concern since soybean producers may be paid a 

premium for specific grain traits (e.g. high protein or oil concentration) (Brumm and Hurburgh, 
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2006). Soybean protein concentrations tend to decrease from the south-east to the north-west 

U.S. (Hurburgh et al., 1990; Brumm and Hurburgh, 2006), and growers attempting to capitalize 

on premium trait soybeans must determine how management practices affect seed quality. In one 

study, soybean protein and oil concentrations varied from 10 – 78% within fields planted to a 

single genotype (Kravchenko and Bullock, 2000). Similar to grain yield, protein to oil ratio is 

correlated with soil chemical, physical properties, and climate-soil interactions on a regional 

scale (Anthony et al., 2012). Increasing soybean grain quality is most important in countries that 

cannot meet daily protein intake requirements.  

Soybean Response to Soil Properties and Fertility 

Although positive soybean yield response to fertilizers is rarely achieved when soil test 

nutrient values are sufficient (Welch et al., 1973; Anthony et al., 2012; Slaton et al., 2013), 

positive yield or quality responses to soil properties or amendments are present in the literature. 

Yield is correlated with increased elevation and greater slope (Fahnestock et al., 1996; Changere 

and Lal, 1997; McConkey et al., 1997; Kravchenko and Bullock, 2000). The association between 

low, flat portions of the landscape and greater yield is attributed to water movement patterns that 

increased plant water supplies in low-lying areas of the field. However, Kaspar et al. (2004) 

found the yield and elevation/slope relationship is reversed in years when excess precipitation 

results in standing water in low-lying areas. Anthony et al. (2012) attributed a correlation 

between elevation and yield to soil pH. Soil pH and elevation were strongly correlated at two 

locations, with greater pH correlating with lower elevation in fine-loamy soils. A significant 

negative correlation between pH and yield was also observed in all six site years of the study.  
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Whether the addition of nitrogen (N) fertilizer is necessary to achieve maximum soybean 

yield is unclear in the literature. Previous research showed the addition of N fertilizer lead to 

increased soybean yield (Harper, 1974; Adeli et al., 2005), but more recent studies indicated no 

yield increase following N application (Anthony et al., 2012; Slaton et al., 2013). In relation to 

grain quality, research suggests that fertilizer N may increase soybean grain protein (Schmitt et 

al., 2001; Anthony et al., 2012). The addition of supplemental inorganic or organic N to soybean 

may be unnecessary in soils with sufficient rhizobia populations to facilitate adequate N fixation 

(Schultz and Thelen, 2008).  

Donald et al. (2013) investigated the effects of broiler litter application on soybean in a 

field with sufficient soil phosphorus (P) and potassium (K) nutrient levels. They found that plant 

height increased by as much as 15% with chicken litter compared to unfertilized control. 

Incorporation of the litter did not increase height compared to surface application, nor did rate 

(6.7 Mg ha-1 or 13.4 Mg ha-1) of litter applied. Greater soybean grain yield was observed 

following broiler litter compared to unfertilized plots in disked soil for three consecutive years. 

However, soybean cyst nematode concentration in the soil was also increased two out of three 

years following chicken litter application compared to control. Soil test P, magnesium (Mg), and 

zinc (Zn) levels were greater following broiler litter application as opposed to control, which was 

consistent with the results of Gilfillen et al. (2010). Adeli et al. (2005) reported that the 

application of broiler litter prior to soybean planting increased yield compared to soybean 

receiving no fertilizer as well as soybean planted after inorganic fertilization. However, due to 

the buildup of heavy metals to plant-toxic levels, successive broiler litter applications may not be 

advisable (Gilfillen at al., 2010). Nutrient availability of poultry litter may vary based on number 

of animals, composition of the animal feed ratios, design of waste management systems, bedding 
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material, and environmental conditions (Hochmuth et al., 2007). Since nutrient content of litter 

varies across time and location, Walker (2010) advised testing to accurately record the amount of 

nutrient being applied.  

Influence of Soil Bacteria and Management Decisions on Soybean Nodulation 

Soybean can fix up to 70% of the total N required for growth via symbiotic partnerships 

with soil bacteria (Tien et al., 2002; Lindemann and Glover, 2003). Bacteria-soybean N fixation 

was previously thought to occur only between soybean and Bradyrhizobium japonicum, but 

further research showed that symbiotic relationships between other species of bacteria and 

soybean can also contribute to N fixation (Rodriguez-Navarro et al., 2011). Rhizobia which form 

nitrogen-fixing soybean nodules include Bradyrhizobium elkanii (Kuyendall et al., 1992), 

Bradyrhizobium lianoningense (Xu et al., 1995), Mesorhizobium tianshanense (Chen et al., 

1995), and Sinorhizobium fredii and xinjianganse (Chen et al., 1988). Bradyrhizobium 

japonicum is the species most specific to soybean N fixation in most North American cultivars 

(Balatti and Pueppke, 1992). Nodulation efficiency between specific strains of rhizobium and 

individual soybean genotypes is an important factor to consider, as increased nodulation 

efficiency can lead to enhanced N fixation potential.  

Rhizobium inoculation increases soybean yield by as much as 50% in fields with no 

history of soybean (Duong et al., 1984; Seneviratne et al., 2000). Rhizobium inoculation in fields 

with history of soybean increased yield in some studies (Beuerlein, 2005; Conley and Christmas, 

2006) and have no effect in others (Vitosh, 1997; Pedersen, 2003; Abendroth and Elmore, 2006; 

Schulz and Thelen, 2008). Soil factors including pH, soil water content, organic matter, and soil 

texture can impact Bradyrhizobium japonicum populations (Albrecht et al., 1984; Graham, 1992; 
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Bacanamwo and Purcell, 1999; Abendroth and Elmore, 2006), and successive inoculation may 

increase soybean nodulation only in areas with high annual reductions in rhizobium populations 

(e.g., pH < 5, sandy soil types). Economic return of repeated inoculation can vary by location, 

and may be cost effective depending upon soil physical and chemical properties, precipitation, 

and temperature (Schultz and Thelen, 2014).  

Management decisions (e.g. cover crop or fertilizer selection) affect soybean nodule 

formation. In the greenhouse, Sato et al. (2011) measured the effect on soybean nodulation of 

incorporating hairy vetch foliage into soil prior to planting across soil types. Number of nodules 

and total nodule biomass varied based on soil type. An increase in nodulation and N2 fixation 

were observed in a gley lowland soil, which was observed by Sato et al. (2007) as well. In a 

sand-dune regosol soil, the amount of nodules was not affected, but nodule dry weight decreased 

significantly after hairy vetch foliage application, indicating that the growth of individual 

nodules was inhibited (Takashi et al., 2011). In a non-allelopathic andosol soil, the number of 

nodules was decreased, which could have been due to a low soil pH as opposed to a direct effect 

of hairy vetch residue. Ill-Min and Joung-Kuk (1994) reported that a 1% weight/volume hairy 

vetch residue extract reduced hydroponically-grown soybean nodule number by 20%. Variable 

results between soil types and between field and greenhouse experiments suggest that soil factors 

including pH, soil type, and soil microbiological activity all influence the effect of hairy vetch 

residues on subsequent soybean nodulation. It is not known whether increased Rhizobium 

leguminosarum biovar viceae (i.e. the bacterium responsible for hairy vetch nodule formation) 

presence following a hairy vetch cover crop competes directly with Bradyrhizobium japonicum 

to decrease soybean nodulation (Mothapo et al., 2013). 



6 

 

Nodulation also depends on fertilizer use. Matsunaga and Matsumoto (1984) reported 

that soybean yield was dependent upon a combination of N fixed by nodule bacteria and 

supplemental N from soil and fertilizer applications. Nutrient additions besides N also promoted 

soybean nodule formation and productivity. For example, Matsunaga and Matsumoto (1984) 

observed increased nodulation with both P and K applications. Jones et al. (1977) stated that P 

fertilization increased nodule number and weight significantly over an unfertilized check. Tagoe 

et al. (2008) observed a significantly greater number of soybean nodules when chicken litter was 

applied at 100 kg first year mineralizable N ha-1 and attributed the increase to the high available 

P content in the litter. In contrast, Streeter (1985) said that N contributions from manure or 

fertilizer applications on soybean were unnecessary and interfered with biological N2 fixation. 

Adeli et al. (2005) indicated that broiler litter application to soybean decreased subsequent 

nodulation and N fixation.  

Effects of Cover Crops on Soil Properties and Plant Growth 

Potential benefits of cover crops include reduction of fertilizer use due to nutrient cycling 

or fixation, increased soil organic matter and soil aeration (Lu et al. 2000), reduced subsoil 

compaction (Williams and Weil, 2004), decreased pest pressure to subsequent crops (Fisk et al., 

2001), reduced erosion and nutrient leaching, increased microbial activity, improved soil 

structure (Ercoli et al., 2007), and weed suppression (Hill et al., 2007). Adding a cover crop(s) 

into an agricultural system may improve farm profitability by reducing the need for fertilizer and 

pesticides (Weil and Kremen, 2007). 
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Hairy Vetch 

Hairy vetch has been referred to as the superior winter annual legume in the central and 

southern U.S. (Smith et al., 1987), due in part to its ability to consistently accumulate 100 – 200 

kg N ha-1 year-1 (Cline and Silvernail, 2002; Seo et al., 2006; Acosta et al., 2011). Fixing and 

supplying N for a subsequent crop provides an economic benefit to growers if the amount of N 

fertilizer can be reduced or eliminated. Cline and Silvernail (2002) reported hairy vetch supplied 

an inorganic N fertilizer equivalent of 82 kg ha-1 to a subsequent corn crop. Acosta et al. (2011) 

found that the biological N fixation of hairy vetch was on average 72.4%, which represented an 

annual input of 130 kg ha-1 of atmospheric N. Nitrogen was released from hairy vetch relatively 

quickly, with approximately 90% of total N released within four weeks after cover crop 

termination. The recovery of labeled 15N from hairy vetch by maize was low compared to total N 

uptake, with an average of only 12.3% at harvest. Multiple studies with labeled 15N in hairy 

vetch have shown that soil, not direct crop uptake, is the main destination of legume-derived N 

(Scivittaro et al., 2003; Seo et al., 2006).  

Hairy vetch typically overwinters in Michigan. Terminating hairy vetch in a timely 

matter prior to planting is necessary to avoid soil nutrient depletion or excessive green manure, 

which may interfere with crop seed germination. Cline and Silvernail (2001) observed 

significantly greater hairy vetch biomass production and significantly less shoot N concentration 

compared to hairy vetch terminated eight days earlier. Additional biomass production and lower 

shoot N concentration leads to a greater tissue C:N ratio, and can decrease or eliminate the 

amount of N supplied to the subsequent crop. However, spring termination of hairy vetch is a 
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negative factor under wet springtime conditions that make entering a field with equipment 

difficult or undesirable.  

Hairy vetch exhibited allelopathic effects on weeds in field (Teasdale, 1996) and 

laboratory extract (Hill et al., 2007) studies. The release of allelopathic chemicals by hairy vetch 

could be beneficial if weed suppression at soybean germination is enough to reduce competition 

for resources. Reduction of germination or radicle elongation appears to be highly species 

dependent, with some weed species being unaffected and others experiencing over 50% 

reduction (Hill et al., 2006). The degree of allelopathic interference towards weeds is dependent 

on, and thus varies with, the amount of hairy vetch biomass established and incorporated into the 

soil.  

The potential allelopathic effects of cover crops on the subsequent cash crop should also 

be considered. Hairy vetch extracts have an allelopathic effect on soybean and corn seed 

germination, seedling length, and seedling weight (Ill-Min and Joung-Kuk, 1994). Twenty-

percent weight/volume extracts of hairy vetch decreased soybean seed germination, seedling 

length, and weight by 15%, 42%, and 25%, respectively, when compared to a control. A residue 

rate of 1% resulted in a decrease in soybean plant height and leaf area by 10% and a 23%, 

respectively, compared to control. Research is needed to test the effect of hairy vetch on soybean 

in-situ because results may differ between laboratory and field studies due to factors such as soil 

microbiology, weather, and soil chemical properties. Variable effects on weed species and 

difficulty controlling the dose and timing of residue release indicate that hairy vetch alone may 

not be suitable to provide adequate weed control for soybean production without potentially 

interfering with soybean growth as well. 
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Oilseed Radish 

Oilseed radish (Raphanus sativus L.) is a cover crop that is new to many areas of the U.S. 

and has been gaining popularity worldwide in the last decade (Lawley et al., 2011). There are 

many names and varieties of radish cover crops being sold in the species Raphanus sativus L. 

The term “oilseed radish” generally refers to sativus L. var. oleoferus, and the term “forage 

radish” generally refers to sativus L. var. longipinnatus or sativus L. cv. Daikon in the literature. 

These common names are sometimes used interchangeably, while the terms fodder radish, 

daikon radish, radish ripper, and Japanese radish are also alternate common names for various 

radish cover crops. Raphanus sativus var. oleifer Metzg Stokes, sativus L. ssp. Oleiferus, and 

sativus L. var. oleiformis Pers. are all alternate scientific names sometimes used for radish. 

Tillage radish™ (Cover Crop Solutions LLC, Lititz, Pennsylvania), Groundhog™ (Ampac Seed 

Company, Tangent, Oregon), and NitroRadish™ (GS3 Quality Seed Inc., Monmouth, Oregon), 

are examples of radish brands, which make claims about gene line purity and features such as 

increased root growth or hardpan alleviation that are brand exclusive. European varieties of 

oilseed radish include ‘Adagio’ and ‘Colonel’. Radishes that are not one of the commercial 

brands tend to be referred to as forage radish. Research shows that growth and biomass 

production tend to be similar across varieties and brands (Ngouajio and Mutch, 2004; Dean and 

Weil, 2009; White and Weil, 2011). Research cited in this review will not differentiate between 

alternate names used within the same species. 

Potential benefits and risks of a radish cover crop can vary greatly by location and 

growing conditions. One of the agronomic limitations of radish as a cover crop is that it requires 

relatively early planting in northern U.S. climates to establish the biomass necessary to 
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potentially alleviate hardpans in the soil (Dean and Weil, 2009). An oilseed radish cover crop 

produced as much as 8168 kg ha-1 of above and belowground biomass in a single Mid-Atlantic 

growing season (Dean and Weil, 2009). The biomass produced is dependent on location and 

growing conditions, most notably number of growing degree days and N availability (Krall et al., 

2000). Biomass production is important because larger plants can potentially release more 

nutrients to a subsequent cash crop. 

In addition to amount of nutrient uptake, timing of nutrient release from a cover crop to 

the subsequent crop is important since crop nutrient uptake is not uniform throughout a growing 

season (Bender et al., 2013). Studies show oilseed radish is effective at reducing potentially 

leachable nitrate in the fall (Rogasik and Obenhaul, 1992; Stivers-Young, 1998), and measured 

nitrate levels have been greater when sampled in the spring following oilseed radish (Dean and 

Weil, 2009). However, oilseed radish decomposition occurs relatively quickly, with as much 

39% decomposition after just 15 days of frost melt (Viola et al., 2013). Dean and Weil (2009) 

discovered that the potential for nitrate leaching and loss to runoff following oilseed radish may 

be greater in the spring during snowmelt and rainy periods than rye and rapeseed cover crops, 

especially in course textured, well-drained soils. Greater rainfall may also increase the potential 

amount of leached nitrate to levels deep enough that even an early-planted crop may not root fast 

enough to reach. Although oilseed radish may result in increased nitrate release compared to 

other cover crops, multiple studies indicated that oilseed radish reduced N losses early in the 

spring compared to control plots (Isse et al., 1999; Vyn et al., 2000). Because N release from 

oilseed radish often occurs prior to subsequent crop sowing, literature suggests that an oilseed 

radish N credit to succeeding crops will likely not be observed in climates where oilseed radish 

winter kills.  
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Wang et al. (2008) and O’Reilly et al. (2012) found oilseed radish to accumulate over 

300 kg N ha-1 at maturity in Ontario and Michigan, respectively. Despite relatively large N 

uptake compared to other cover crops, no increase in plant available N in the following crop 

season was observed by Wang et al. (2008) or O’Reilly et al. (2012). Results from Isse et al. 

(1999) and Vyn et al. (2000) concurred that an oilseed radish cover crop did not increase N 

uptake in the following crop. Conversely, Thorup-Krsitensen (1994) found that oilseed radish 

could effectively cycle N and improve the N balance of a system by at least 67 kg N ha-1 year-1 

when preceding barley. Schomberg et al. (2006) also found oilseed radish to result in an N credit 

similar to that of crimson clover, however this occurred in Georgia, U.S., where the oilseed 

radish did not winter kill due to a warmer climate and was terminated three weeks prior to cash 

crop sowing.  

Viola et al. (2013) reported P and K accumulation in oilseed radish up to 15 and 277 kg 

ha-1, respectively, and observed K release from oilseed radish dry matter beginning less than one 

week after winter-kill. Rapid K release is not as concerning as rapid N release because K is less 

mobile in the soil and is not considered as environmentally harmful if leaching or runoff occur. 

Wang et al. (2008) observed uptake rates of 310.7, 42.7, 446.6, 23.8, 209.2, 48.2, 34.7, 3.3, 0.12, 

0.25, 0.07, and 0.26 kg ha-1 for N, P, K, Mg, calcium, sulfur, sodium, iron, manganese, boron, 

copper, and Zn, respectively at maturity in above and belowground-biomass averaged across two 

years. Despite substantial biomass nutrient accumulation, only soil test P increased significantly 

following oilseed radish compared to the control. Increased soil P levels from 0 – 2.5-cm soil 

depth were observed by White and Weil (2011) after three successional years of forage oilseed 

radish cover crop. Phosphorus levels surrounding the holes left by oilseed radish in the soil 

surface also had significantly greater P test levels. Increases in P near the root holes were thought 
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to be due to biological, chemical, and physical interactions among plants, the soil, and the 

environment. Holes left in the soil by oilseed radish may also increase water infiltration in the 

spring and reduce runoff. Miller et al. (1994) determined that oilseed radish had a greater 

likelihood of losing nitrate and P to runoff in the winter than ryegrass and red clover cover crops 

due to its high biomass production, relatively high P concentration, and winter decomposition. 

Phosphorus in runoff is detrimental to lakes and streams due to increased eutrophication (Boesch 

et al., 2001), so oilseed radish cover crops in areas where erosion into rivers or bodies of water is 

more likely is ill-advised. 

An oilseed radish cover crop is better suited than most other cover crops to naturally 

reduce soil compaction. Chen and Weil (2009) found that oilseed radish root biomass increased 

with soil strength and was more effective at alleviating compaction in no-till farming systems 

than a rapeseed or rye cover crop. Williams and Weil (2004) observed soybean roots utilizing 

holes through a compaction layer made by brassica cover crops in order to reach water at lower 

depths than those roots without a preceding brassica cover crop. Reduced compaction may lead 

to enhanced root profiles that can increase access to water and nutrients.  

Weed suppression by oilseed radish may increase a grower’s bottom line, as shown by 

the profit margin increase reported by O’Reilly et al. (2011, 2012). Decreased weed density in 

the fall following oilseed radish was perceived to lead to greater sweetcorn yields. Stivers-Young 

(1998) achieved 100% weed suppression with an oilseed radish cover crop into late March and 

early April when the cover crop was planted by 3 September the year prior. Lawley et al. (2011) 

also observed complete control of weeds into early spring, and determined that oilseed radish 

could effectively replace a pre-plant burndown herbicide. Wang et al. (2008) found a decreased 
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weed population density in onions as late as July of the following year following oilseed radish, 

and also noted a change in weed species composition following oilseed radish. Allelopathic 

effects on weeds have been shown in wild radish (Raphanus raphanistrum), but there is a lack of 

information in the literature on allelochemicals produced by sativus L. (Norsworthy, 2003; Malik 

et al., 2008). Oilseed radish weed control may be due to canopy shading, allelopathy, or a 

combination of both. A study by White and Weil (2009) concluded that an oilseed radish cover 

crop did not have negative allelopathic effects on mycorrhizal fungi colonization of maize roots 

at the V4 stage. Gruver et al. (2010) concluded that no negative allelopathic effects were 

exhibited on nematodes, and measured an increase in bacterivore nematodes following oilseed 

radish.  

Held et al. (2000) reported a sugarbeet-cyst-nematode trapping variety of oilseed radish 

cover crop to increase the net return as a percent of land value for a subsequent barley crop from 

3.9% to 5.9%, or up to 9.3% if sheep were allowed to graze on the leafy greens of the oilseed 

radish. Wang et al. (2008) found that oilseed radish prior to onion production in Michigan 

increased onion stand count by 14.6%, which resulted in a 5 t ha-1 marketable yield increase. 

Other studies in the literature did not show a yield increase, but none showed a yield decrease 

after an oilseed radish cover crop (Isse et al., 1999; Vyn et al., 2000; Lawley et al., 2011). 

Effect of Soybean, Cover Crop, and Fertilizer on Soil Microorganisms 

Microbial life occupies only a minor volume of soil and is often localized in densely 

populated “hot spots” such as the rhizosphere (Nannipieri et al. 2003). The rhizosphere refers to 

the soil volume surrounding the rhizoplane (i.e. root surface), first coined by Hiltner in 1904 

(Brimecombe at al., 2001). Rhizosphere microbial communities perform fundamental processes 
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that contribute to nutrient cycling, healthy root growth, and the promotion of plant growth 

(Buchenauer, 1998; Atkinson and Watson, 2000; Sylvia and Chellemi, 2001). The reason soil 

microbial biomass is fundamental to maintaining soil functions is that microbes represent the 

main source of soil enzymes that regulate transformative processes of elements in soils to plant 

available nutrients (Böhme and Böhme 2006). Soil bacteria and fungi use organic and inorganic 

substrates as energy sources, altering molecules to plant available forms of nutrients, and 

therefore directly affect crop productivity and yield (Sun et al. 2004).  

Microbial communities in the soil are dynamic, vast, and complex (Carelli et al., 2000). 

Plant type, soil type, and soil management all contribute to soil microbial community structure, 

and complex interactions are involved (Garbeva et al., 2004; Buyer et al., 2010). Soil amendment 

and environmental factors that are most important to microbial community variation appear to be 

site-specific- depending on the cropping system, the factors that are measured, and the amount of 

variation in each factor found within each study. Mulch or cover crop were found to be more 

important than soil temperature, pH, and texture in determining soil microbial community 

composition in a study conducted by Buyer et al. (2010), indicating that management decisions 

made by growers have a drastic effect on soil microorganisms. The literature suggests that the 

soil microbial community composition is dynamic and responsive to yearly management 

decisions, and therefore should not be treated as a “black box” in theory or process based models 

(Kennedy and Smith, 1995). 

There is convincing evidence that plants have a strong selective influence on microbial 

populations in the rhizosphere (Marilley and Aragno, 1999; Marschner et al, 2002), resulting in 

conditions most suitable for select niches of soil microbes. Root exudates supply energy for the 
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soil subsystem and can specifically influence microbial communities (Miethling et al., 2000), 

and can differ based on plant species, cultivar, and plant growth stage (Rovira, 1965; Nelson, 

1990; Whipps, 2001; Rengel, 2002). Soil properties, plant species and genotypes, and the growth 

stage of the plant can also interactively influence the survival, growth, and activity of 

microorganisms in the rhizosphere (Duineveld et al., 2001). Rhizodeposits released from 

soybean roots are different from other plant species, and can even differ between cultivars (Jones 

et al., 2004; Yanxai et al., 2009). Microorganisms in the rhizosphere have been observed 

responding to rhizodeposits of soybean root, changing the community profile for subsequent 

crops (Duineveld et al., 2001). Decreased pH in the rhizosphere of soybean has been documented 

(Jin et al., 2007) and may be selective for microbes that prefer lower pH soils (Marschner at al., 

2004). Changes observed in soybean rhizosphere microbial communities between growth stages 

of soybean may be explained by interactions between soybean roots, soil, and soil microbes 

varying across time within a growing season due to environmental conditions (Peterson and Sim, 

1999, Singh et al., 2007). 

Cover crops can directly and indirectly affect soil microbial community structure. 

Experiments using 15N labeled hairy vetch have shown that up to 55% of N in hairy vetch 

biomass is found in the soil after decomposition (Seo et al., 2006). Increased biological activity 

associated with the relatively low C:N ratio of hairy vetch tissue may account for accelerated N 

release upon biomass decomposition (Varco et al., 1993). Buyer et al. (2010) reported hairy 

vetch roots and shoots both increased microbial biomass in the soil when mowed and left on the 

soil surface. Wang et al. (2007) observed an increase in microbial biomass when hairy vetch was 

incorporated into the soil as well. Hairy vetch has been shown to increase arbuscular mycorrhizal 

(AM) colonization of soybean roots, which was accredited with increasing soybean growth, 
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shoot P content, and yield compared with previous cropping of a non-AM host or fallow 

(Norikuni et al., 2010). One study indicated that cover cropping with hairy vetch affected 

microbial community composition more than soil temperature, moisture, pH, and texture (Buyer 

et al., 2010). Although studies concerning the effect of hairy vetch on soil microorganisms are 

present in the literature, more information regarding the effect of oilseed radish on soil biological 

communities is needed to evaluate the potential effects of repeated oilseed radish plantings, as 

well as potential negative effects on soil microbes that form symbiotic relationships with other 

crops in a given rotation. With more data regarding cover crop effects on the microbial 

community and the mechanisms stimulating these changes, researchers could develop cover crop 

systems that maximize desirable outcomes on the subsequent crop (Gruver et al., 2010). 

Applications of organic based fertilizer (e.g. manure) can cause changes in the physical, 

chemical, and biological properties of soils (Zhong et al., 2010). Applying organic-based 

fertilizer (e.g. manure) has been shown to increase soil microbial activity (Brady and Weil, 1999; 

Liu and Ristaino 2003), microbial diversity (Girvan et al. 2004; Grayston et al. 2004), and 

bacterial densities (van Bruggen and Semenov 2000). Tewolde et al. (2009) suggested that 

application of chicken litter may increase the number of successive years the same crop can be 

grown on the same soil without a yield decline by stimulating soil microorganisms to simulate 

the effects of crop rotation. Organic amendments may provide a rich medium supporting greater 

microbial activity (Chen et al. 1988) and may also contain a diverse microbial population 

(McKinley and Vestal 1984), which could directly supplement existing microbial communities. 

Bibhuti and Dkhar (2012) reported that plots treated with organic substrates showed an increase 

in fungal and bacterial population compared to the control plot in two study years. Gelsomino et 

al. (2004) compared organic and conventional agricultural systems by examining their effects on 
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soil microbial biomass, microbial activity, and substrate utilization and documented an increased 

microbial biomass in the plots with organic amendments. Addition of manure leads to an 

increase in secondary and micronutrients in the soil, which may help to increase the microbial 

population (Krishnakumar et al. 2005). Soil microorganisms play an important role in degrading 

the complex organic compounds such as cellulose, lignin, and protein that can be found in 

poultry manure applications, which may lead to increased microbial activity.  
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CHAPTER 2 

 

INFLUENCE OF PLANT GROWTH REGULATORS AND NITROGEN RATE ON 

SOFT WINTER WHEAT GROWTH AND YIELD 
 

 

Using Plant Growth Regulators to Improve Small Grains Production 

Plant lodging in small grains is caused by failure of roots to anchor the plant or bending 

of the internodes near the culm base (Pinthus, 1973). Plant growth regulators (PGRs), designed 

to decrease internode length and increase stem thickness to reduce plant lodging, have been 

applied to cereal crops in the United States (U.S.) over five decades (Humbries et al., 1965). 

Grain yield potential decreases >1% for each day wheat plants lodge prior to harvest (Stapper 

and Fischer, 1990), due to the inhibition of water and nutrient transport from plant roots to the 

grain head (Van Sanford et al., 1989). Lodging may further increase yield loss due to threshing 

difficulties, resulting in unharvestable grain remaining on the soil surface (Knapp et al., 1987). 

Lodging risk increases with increased plant height, decreased stem rigidity, high wind speeds 

and frequency, and increased nitrogen (N) rate (Wiersma et al., 1986; Knapp et al., 1987; White, 

1991). Although environmental conditions cannot be predicted, management practices such as 

cultivar selection, sowing rate, and N application can be modified to affect lodging incidence 

(White, 1991).  

Factors including climate and soil properties also affect optimal N rates for wheat 

production. Major et al. (1988) and Frederick and Camberato (1994) reported that wheat yield 

remained constant or decreased when N was applied in excess of 143 lb. N/acre in North Dakota 

or 60 lb. N/acre in South Carolina, respectively. Excessive spring N applications on wheat 

reduced stem strength and resulted in 17% decreased root-anchorage strength leading to 

increased likelihood of plant lodging (Crook and Ennos, 1995). Crop rotation also affects the 
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quantity of N fertilizer required to optimize yield. Wheat following soybean (Glycine max L.) 

required 19 lb./acre less N than wheat following sorghum (Sorghum bicolor L.) to obtain similar 

yield (Staggenborg et al., 2003). Despite lack of research support, some Michigan wheat 

producers report yield gains with 25 – 50% more N than recommended by Michigan State 

University. A trend of increasing N rates and using a PGR to combat lodging has now emerged. 

Limited research on the combination of PGR and N rates is available, but Knott et al. (2016) 

reported no difference in wheat height or peduncle diameter among recommended (100 lb 

N/acre) and elevated (150 and 200 lbs N/acre) rates in Kentucky following PGR application.  

Multiple researchers reported decreased height (Matysiak, 2006; Wiersma et al., 2011; 

Knott et al., 2016) and decreased lodging (Nolte, 2007; Penckowski et al., 2009; Wiersma et al., 

2011; Knott et al., 2016) following PGR application to wheat. Decreased lodging was attributed 

to increased stalk strength as well as decreased plant height (Matysiak, 2006). Increased stem 

diameter was observed and may contribute to enhanced straw strength (Zagonel et al., 2002; 

Knott at al., 2016). Data on other wheat physiological responses to PGR are limited. Knott et al. 

(2016) reported increased spikelets head-1 following PGR application. Perennial ryegrass 

(Lolium perenne), another cool-season grass species, had increased tillering with PGR 

application (Ervin and Koski, 1998). Photosynthesis in turfgrass was unaffected by PGR 

application (Stier et al., 1997; Qian et al., 1998). Little information regarding the effect of PGR 

rate or application timing in wheat is available. Matysiak (2006) and Weirsma et al. (2011) found 

that plant height and lodging decreased with increased PGR application rates. Applying PGR at 

Feekes 8 resulted in less lodging compared to Feekes 5 (Weirsma et al. 2011). 

Palisade® EC (Syngenta, Basel Switzerland) (trinexapac-ethyl) {ethyl 4-

[cyclopropyl(hydroxyl)methylene]-3,5-dioxocyclohexane-1-carboxylate} is a PGR labeled to 
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reduce wheat lodging incidence by decreasing plant height and thus susceptibility to wind 

damage. This PGR has been used in Europe under the common name Moddus® (Syngenta, 

Basel, Switzerland) for over 20 years and has been considered a fast degrading and easily-

detectable product in crop residue (Syhre et al., 1997). Palisade® EC functions similar to other 

PGRs by inhibiting the formation of gibberellic acid, resulting in decreased stem elongation 

(Rademacher, 2000). However, other PGRs labeled for use on wheat inhibit the production of 

gibberellic acid earlier in the biosynthetic pathway and therefore may affect wheat growth and 

yield differently than Palisade® EC (Rademacher, 2000; Hafner, 2001). 

Michigan wheat yields ranked in the top-five nationally and first in the Midwest from 

2012-2015, with a new state record of 81 bu/acre in 2015 (NASS, 2014, 2015). Nitrogen 

application rates have increased along with yield. Increasing N rates, in combination with 

elevated danger of high-wind from spring weather volatility during the April – June growth 

period, increased both risk and incidence of wheat lodging. The objective of this study was to 

investigate the individual and combined effects of N rate and PGR application on wheat growth, 

grain yield, plant structure, and lodging incidence.   

Materials and Methods 

Locations and Site Descriptions 

PGR rate and timing field studies were conducted on-farm in Deckerville, MI 

(43°30'58.30"N, 82°46'47.00"W) during 2012 and 2013. The soil type was a Parkhill loam (fine-

loamy, mixed, semiactive, nonacid, mesic Mollic Epiaquepts). Soil samples were collected prior 

to planting at a depth of 8 inches, dried, and ground to pass a 0.08-inch sieve. Soil characteristics 

over both study years were 6.5 to 6.7 pH, 35 to 40 ppm P, and 140 to 165 ppm K. Fields were 
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previously cropped to dry edible bean (Phaseolus vulgaris L.) and tilled prior to planting using 

either a field cultivator (John Deere, Moline, IL) or vertical tillage tool (Case IH, Racine, WI).  

PGR and N rate field studies were conducted in 2014 and 2015 at the Michigan State 

University South Campus Field Research Facility in Lansing, MI (42°41'21.18"N, 

84°29'15.46"W) on a Capac loam (fine-loamy, mixed, active, mesic Aquic Glossudalfs). Soil 

samples were collected prior to planting at a depth of 8 inches, dried, and ground to pass a 0.08-

inch sieve. Soil characteristics over both study years were 6.8 to 7.3 pH, 48 to 62 ppm P, and 103 

to 127 ppm K. Fields were previously cropped to soybean and autumn disked and cultipacked 

prior to planting. 

Experimental Procedures for PGR Timing and Rate 

Separate studies were done to examine PGR timing (Study 1) and rate (Study 2). 

Individual plots were 18 x 75 ft. (7.5-in spacing), planted to 1.8 million seeds/acre, and arranged 

in a randomized complete block design with four replications. Treatments in study 1 were two 

PGR application timings (Feekes 7 and 8) at 12 oz./acre and an untreated check. Treatments in 

study 2 were three PGR application rates (10, 12, and 14 oz./acre) applied at Feekes 7 and an 

untreated check. Plots were planted 7 Oct 2012 and 2013 with a commercial grain drill to a depth 

of 1.25 inches (John Deere, Moline, IL). The varieties planted were ‘Syngenta 1062’ (Basel, 

Switzerland) in 2012 and ‘Ambassador’ (Michigan Agricultural Experiment Station, East 

Lansing, MI) in 2013. Nitrogen was split-applied each study year using the recommended N rate 

from Michigan State University for soft white wheat production of 160 lbs. N/acre. In 2012, N 

application was split between 115 lbs. N/acre broadcast applied on 10 March using ammonium 

nitrate (34N - 0P - 0K) and ammonium sulfate (21N - 0P - 0K) and 15 gal/acre urea ammonium 

nitrate (UAN) (28N - 0P - 0K) applied 19 April using streamer bars. In 2013, 33 gal./acre UAN 
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was applied 28 April and 20 gal./acre additional UAN was applied 13 May. Palisade EC was 

applied using a tractor mounted boom sprayer on 25 Apr and 8 May 2012, and 16 May and 25 

May 2013, at Feekes 7 and 8, respectively. Fields were managed to minimize disease and weed 

incidence each year. 

Plant height was measured from 20 plants/plot at Feekes 10.5.4. Lodging ratings were 

based on the percentage of each plot leaning 45 degrees or more prior to harvest. Environmental 

data were recorded throughout the growing season at an MSU weather station five miles away 

(http://www.agweather.geo.msu.edu/mawn/, Michigan State University, East Lansing, MI). 

Grain yield was harvested from the center 15 x 70 ft. of individual plots using an International 

2144 (Racine, Wisconsin) combine equipped with a Juniper HarvestMaster system that provided 

grain yield, test weight, and moisture. Final grain yields were corrected to 13.5% moisture. 

Experimental Procedures for PGR by N Rate 

Individual 12-row plots were 8 x 25 ft. (7.5-inch row spacing) and arranged in a split-plot 

randomized complete block design with four replications and an untreated check. Treatments 

were three rates of N applied at green-up (75, 105, and 135 lb. N/acre) by two PGR application 

rates at Feekes 6 (12 oz./acre and no application). Nitrogen application rates were chosen to 

encompass a spectrum of deficient and non-limiting N conditions for most Michigan soft red 

wheat environments. Nitrogen was broadcast-applied at Feekes 3 using urea (46N - 0P - 0K) on 

11 April and 6 April 2014 and 2015, respectively. Plots were planted on 11 Oct. 2013 and 29 

Sept. 2014 at a population of 1.8 million seeds/acre using ‘Red Dragon’ (Michigan Crop 

Improvement Association, Okemos, MI). Plant growth regulator was applied with a backpack 

sprayer 14 May 2014 and 6 May 2015. Affinity BroadSpec (7 May) and Harmony Extra (27 

April) were applied in 2014 and 2015, respectively (DuPont, Wilmington, DE). Disease control 
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consisted of Quilt applied at Feekes 9 (29 May 2014 and 14 May 2015) and Prosaro applied at 

Feekes 10.5.1 (6 June 2014 and 2 June 2015).  

Three plant greenness measurements were collected from the uppermost leaves of each 

plot every 10-14 days after green-up using a FieldScout® Chlorophyll Meter (Spectrum 

Technologies, Inc., Aurora, IL). The number of grain heads per square foot were counted at 

Feekes 10.5.1. Plant height and peduncle length (i.e., stem portion between the uppermost leaf 

and bottom of the grain head) were averaged from measurements of five plants within each plot 

at Feekes 10.5.4. After lodging occurred in any plot, ratings were taken on a per-plot basis using 

the Belgian lodging scale (Szoke et al., 1979). Environmental data were recorded throughout the 

growing season at an MSU weather station one mile away 

(http://www.agweather.geo.msu.edu/mawn/, Michigan State University, East Lansing, MI). 

Grain yield was harvested from the center 4 ft. of each plot using a small plot combine (Almaco, 

Nevada, IA) on 21 July 2014 and 16 July 2015. Moisture and test weight for each plot were 

obtained using a GAC 2100 (DICKEY-john, Auburn, IL). Final grain yields were corrected to 

13.5% moisture.  

Statistical Analysis 

Data were subjected to analysis of variance using PROC GLIMMIX in SAS (SAS 

Institute, 2012) to determine the significance of PGR timing and PGR rate in 2012 and 2013, and 

N rate by PGR application in 2013 and 2014. Replication was considered a random factor in all 

experiments and all other factors were considered fixed. When ANOVA generated a significant 

F value (P ≤ 0.05), treatment means were separated using Fisher’s protected LSD. Data were 

significantly different by year (P ≤ 0.05) and thus were analyzed separately.  
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Wheat Grain Yield Response to Plant Growth Regulator and Nitrogen 

Grain yield was not significantly (P > 0.05) affected by PGR timing at Feekes 7 or 

Feekes 8, but the earlier Feekes 7 application timing produced 2% – 6% greater yield than 

untreated wheat indicating potential for greater productivity (Table 1). Plant growth regulator 

application at Feekes 8 reduced yield compared to Feekes 7 likely due to application timing too 

late in the stem elongation growth phase to positively affect grain yield. Previous studies 

reported no significant difference in grain yield following PGR applications on hard red spring 

wheat at Feekes 5 compared to Feekes 8 (Wiersma et al., 2011) or Feekes 6 compared to Feekes 

7 (Penckowski et al., 2009). The Palisade® EC label recommends single applications between 

Feekes 4 and Feekes 7, but our data appear to indicate that growers are more likely to see a 

benefit on soft winter wheat if applied earlier in the suggested application window prior to 

extensive stem elongation and node development (e.g., Feekes 6). Timing of PGR application 

did not affect grain moisture or test weight (data not shown).  

Table 2.1. Wheat grain yield as affected by Palisade EC application timing and rate, Deckerville, 

MI, 2012 – 2013.   

 Yield 

   2012 2013 

 -----------bu/acre----------- 

PGR timing   

Untreated   93 a† 103 a 

Feekes 7 99 a 105 a 

Feekes 8 98 a 102 a 

   

PGR rate (oz./acre)   

No PGR   93 b 103 a 

10 100 a 106 a 

12   99 a 105 a 

14 100 a 103 a 

   

Significance (P>F)   

PGR timing 0.10 0.19 

PGR rate 0.05 0.43 

† Values followed by the same letter within a column are not significantly different α=0.05.  



36 

 

 

Plant growth regulator applied at 12 oz./acre resulted in a significant 4.8 bu/acre grain 

yield increase compared to no PGR application in 2014 with an overall 5% – 8% yield increase 

across both 2014-15 at the 12 oz./acre application rate (Table 2). Increased wheat grain yield 

following PGR application was reported by Matysiak (2006) and Penckowski et al. (2009). In 

contrast, Rajala and Peltonen-Sainio (2002), Wiersma et al. (2011), and Knott et al. (2016) did 

not observe increased grain yield following PGR applications. In the present study, PGR 

increased yield even when lodging was minimal or nonexistent, perhaps due to physiological 

changes within the plant (Hafner, 2001). Increased tiller density following PGR application was 

reported for multiple wheat cultivars (Rajala and Peltonen-Sainio, 2001) and cool-season 

turfgrasses (Ervin and Koski, 2001). The lack of difference in the number of grain heads/ft.2 in 

the present study (data not shown) indicate observed yield increases were presumably due to 

increased total grain mass/head (i.e., individual kernel weight).  

Table 2.2. Wheat grain yield as affected by Palisade EC application and N rate, Lansing, MI, 

2014 – 2015.   

 Yield 

     2014 2015 

 ------------bu/acre------------ 

PGR application   

No PGR     99.2 b† 68.5 a 

12 oz./acre 104.0 a 74.2 a 

   

N Rate (lb./acre)   

75 102.8 a 73.8 a 

105 101.1 a 71.4 a 

135 100.7 a 68.7 a 

   

Significance (P>F)   

PGR application 0.02 0.23 

N rate 0.60 0.67 

PGR*N rate 0.31 0.76 

† Values followed by the same letter within a column are not significantly different α=0.05. 
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Michigan State University wheat N recommendations are based on the equation (YP x 

1.33) -13 while the Tri-State Fertilizer recommendations utilize [(YP – 50) x 1.75] + 40 where 

YP indicates yield potential (Vitosh et al., 1995; Warncke et al., 2009). As previously reported in 

other states, producers are increasing N rates in excess of recommendations with inconsistent 

yield responses (Knott et al., 2016). No interaction between PGR and N rate on grain yield 

occurred in 2014 or 2015. No significant yield differences were observed with N rates > 75 lb. 

N/acre in either study year (Table 2). Tripathi et al. (2002) also reported no increase in grain 

yield for N rates equal to or above locally recommended N rates. Ervin and Koski (2001) found 

no difference in cool-season turfgrass response to PGR across four rates of N. The lack of yield 

response to greater rates of N was not surprising, as rapid N uptake in wheat (i.e., Feekes 5 

growth stage) occurs in March – April, and precipitation totals were 61% and 70% below 30-yr 

averages for 2014 and 2015, respectively (data not shown). In addition to reduced N uptake from 

lack of water, dry spring soil conditions also tend to limit downward N movement and N losses 

(Balkcom et al., 2003). Reduced yield in 2015 compared to 2014 was likely due to a combination 

of 57% more precipitation, fewer growing degree days, and below average air temperatures in 

June 2015 which hampered crop maturation and harvest. These results applying a PGR because 

of greater rates of N application may not be justified, and other factors (e.g., cultivar, lodging 

susceptibility) may impart greater significance in the grower decision making process.    

Plant Growth Regulator Effects on Greenness, Height, and Lodging 

Plant greenness significantly increased by 9% – 18% in wheat treated with PGR from 

Feekes 10.5.1 to Feekes 11.2 in 2014 and by 7% at Feekes 10.5.4 in 2015 (Table 3). These 

results agree with Steinke et al. (2003) who observed increased greenness and a > 13% increase 

in chlorophyll content across three cool-season turfgrass species following PGR application. The 
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increased wheat greenness following PGR application in this study was likely due to reduced cell 

elongation concentrating plant chlorophyll in lieu of increased chlorophyll production per cell 

(Nangle et al., 2012). Retention of greenness in the flag leaf is especially important because it 

intercepts more light than lower leaves (Gooding et al., 2000) and contributes 30 – 50% of the 

photosynthetic energy required during grain fill (Sylvester-Bradly et al., 1990).  
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Table 2.3. Main effects and interactions for wheat greenness, lodging, plant height, peduncle length, heads/ft.2, grain moisture, test 

weight, and yield across three nitrogen rates, Lansing, MI, 2014-15.  

 P Value 

Effect 

Feekes 8 

greenness 

Feekes 10.5.4 

greenness 

 

Lodging 

Plant 

height 

Peduncle 

length 

Heads/ 

ft.2 Moisture 

Test 

weight Yield 

       --------------------------------------------------------2014------------------------------------------------------------------ 

Plant growth 

regulator (PGR) 
0.47 0.03 0.04 < 0.01 0.01 0.48 0.52 0.16 0.02 

Nitrogen (N) rate 0.74 0.62 0.96 0.20 0.83 0.60 0.24 0.07 0.60 

PGR x N rate 0.83 0.73 0.44 0.34 0.43 0.22 0.52 0.42 0.31 

       --------------------------------------------------------2015------------------------------------------------------------------ 

Plant growth 

regulator (PGR) 
0.99 0.01 N/A† < 0.01 < 0.01 0.06 0.86 0.74 0.23 

Nitrogen (N) rate 0.48 0.24 N/A 0.66 0.11 0.15 0.03 0.62 0.67 

PGR x N rate 0.88 0.25 N/A 0.34 0.79 0.18 0.66 0.50 0.76 

† N/A, not applicable as lodging did not occur. 
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At the 12 oz./acre rate, wheat receiving PGR was 2.8 inches shorter on average across all 

four study years (Table 4). Plant height was 0.6 – 1.6 and 3.1 – 4.1 inches shorter following 14 

oz. PGR/acre compared to 12 oz./acre and untreated plots, respectively (Table 5). In 2013, only 

rates >12 oz. PGR/acre resulted in significantly shorter plants than untreated wheat. Plant height 

reductions ranging from 12% – 27% have been reported in previous studies following PGR 

application (Łęgowiak and Wysmułek, 2000; Rajala and Peltonen-Sainio, 2001; Matysiak, 

2006). The peduncle (i.e., last elongated internode that supports the grain head) accounted for the 

majority of stem length reduction in this study. Peduncle length was significantly decreased by 

0.5 inches and 1.2 inches in 2014 and 2015, respectively, indicating that >50% of the plant 

height reduction occurred beneath the flag leaf.  

Table 2.4. Effects of PGR applied at 12 oz./acre on Feekes 10.5.4 wheat height and peduncle 

length, Deckerville and Lansing, MI, 2012-2015.   

      Plant height   Peduncle length  

PGR application 2012 2013 2014 2015 2014 2015 

 -------------------------------------inches------------------------------------- 

No PGR  35.4 a† 35.5 a  34.6 a 33.1 a 7.9 a 7.1 a 

12 oz./acre   32.9 b 33.0 b  32.6 b 28.9 b 7.5 b 5.8 b 

P>F < 0.01 0.02 < 0.01 < 0.01 0.01 < 0.01 

† Values followed by the same letter within a column are not significantly different α=0.05. 

 

Table 2.5. Influence of PGR rate on Feekes 10.5.4 wheat height and lodging incidence, 

Deckerville, MI, 2012-2013.  

  Plant height   Lodging  

PGR rate 

(oz./acre) 

2012 2013 2012† 2013 

 --------inches-------- ---- % of plot ---- 

No PGR   35.4 a‡ 35.5 a 11 a 48 a 

10 33.1 b   33.9 ab     7 ab 16 b 

12 32.9 b 33.0 b    3 b   8 b 

14     31.3 c 32.4 b    1 b   0 b 

P>F < 0.01 0.02 0.03 0.04 

† Lodging was accessed as percent of plot leaning 45° or more  
‡ Values followed by the same letter within a column are not significantly different α=0.05. 
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In all study years, plant lodging was significantly lower at Feekes 10.5.4 using the 12 

oz./acre application rate except for 2015 when no lodging occurred (Table 6). Feekes 7 or 8 

application timings at the 12 oz./acre rate did not impact lodging incidence (data not shown), but 

lodging severity increased with later PGR application timings (P = 0.09 in 2013 and 0.10 in 

2014). Weirsma et al. (2011) determined that PGR reduced lodging incidence when applied at 

Feekes 5 compared to Feekes 8. Decreased plant height and reductions in lodging are often 

related and attributed to increased stem strength and diameter (Hafner, 2001; Matysiak, 2006; 

Weirsma et al., 2011). To take full advantage of lodging protection, growers may be advised to 

apply PGR earlier in the growing season (i.e., Feekes 5 – 6). Reductions in plant height and 

decreased lodging severity indicate that growers may want to place greater emphasis on these 

two factors rather than N rate individually when deciding whether to input a PGR into their 

management regime. Mean plant height and lodging incidence are annually rated in variety trials 

(e.g. Michigan State University Wheat Variety Trials) (Olson, 2015), and cultivars displaying an 

increased tendency for one or both of these characteristics may be more probable to result in a 

positive yield response to PGR applications.    

Table 2.6. Severity of wheat plant lodging when present, Deckerville and Lansing, MI, 2012-

2014.   

 Wheat lodging† 

PGR application 2012† 2013 2014 

12 oz./acre        3 b‡   8 b 1 b 

No PGR 11 a 48 a  2 a 

P>F  0.03 0.04 0.04 

† Lodging accessed as percent of plot leaning 45° or more in 2012 – 2013 and by the Belgian  

 Lodging Scale in 2014 
‡ Values followed by the same letter within a column are not significantly different α=0.05. 
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Conclusions 

Grain yield was significantly increased by 4.8 and 6.0 bu/acre in 2012 and 2014 

following PGR application at 12 oz./acre. Rate (10, 12, or 14 oz./acre) and timing (Feekes 7 or 8) 

of PGR application did not affect grain yield, and PGR was not influenced by overall N 

application rate. Averaged across all PGR application rates and timings, grain yields increased 

5% across the four study years compared to no PGR application. A 12 oz./acre application would 

have yielded an economic gain in three of four study years. However, profit margins would 

decrease if a PGR was applied alone instead of tank-mixed with a fungicide or nutrient 

application.  

Plant growth regulator applied at 12 oz./acre decreased lodging 67% – 83% compared to 

untreated plots in all three years that lodging occurred. Applying 12 oz./acre decreased plant 

height by 2.8 in. compared to the control plots across all four study years. Rates in excess of 12 

oz./acre decreased plant height an additional 1.6 – 1.8 inches but offered no yield benefit. 

Although plant height is genetically determined and environmentally influenced, taller wheat 

cultivars are more likely to benefit from PGR application. Due to PGRs targeting stem 

elongation and lodging resistance, application should occur early in the stem elongation growth 

phase (i.e., Feekes 5 – 6) to fully maximize this benefit, though some lodging resistance was 

observed at later application timings. Additional wheat research is needed utilizing cultivars that 

vary in height and susceptibility to plant lodging under a variety of environmental conditions. 
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CHAPTER 3 

SOIL MICROBIAL COMMUNITY COMPOSITION AND SOYBEAN YIELD 

FOLLOWING COVER CROP AND FERTILIZER SOURCE  

 

Introduction 

Improved understanding of the relationship between soil physical properties, agronomic 

management, soybean yield, and seed quality is required to optimize soybean production 

(Anthony et al., 2012). Mean Michigan soybean grain yields are < 3.2 Mg ha-1, although 

individual growers may surpass 5.4 Mg ha-1 (NASS, 2015). Inconsistent yield response to 

fertilizer inputs may partially explain why Michigan soybean grain yields only increased 29% 

between 1980 and 2014 compared to a 69% increase for corn (Zea mays L.). Field research in the 

Midwestern U.S. indicated that relationships between soybean yield and soil physical properties 

(e.g., soil moisture content) and soil chemical properties (e.g., soil test potassium [K]) may be 

dependent upon environmental factors within individual fields (Kravchenko and Bullock, 2000; 

Sawchik and Mallarino, 2008). Although within-field soybean spatial yield variability has been 

correlated to soil physical properties or topography and remained consistent across years 

(Fahnestock et al., 1996; Changere and Lal, 1997; Kravchenko and Bullock, 2000; Kaspar et al., 

2004; Anthony et al., 2012), few data exist detailing how soil microbiological components (i.e., 

microbial community composition) may vary in response to management practices. Soil 

microbes may be the next area of crop/environment interaction that must be understood in order 

to fully optimize soybean production.  

Rhizosphere microbial communities fundamentally affect nutrient cycling, root growth, 

and plant biomass production (Buchenauer, 1998; Atkinson and Watson, 2000; Sylvia and 

Chellemi, 2001). Specialized mutualistic relationships (e.g., soybean and Bradyrhizobium 
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japonicum) develop in the rhizosphere which enable soybean to provide roughly 70% of the total 

N required for growth (Tien et al., 2002; Lindemann and Glover, 2003). Plant type (e.g. 

including the use of cover crops), soil texture, and soil management may all influence soil 

microbial community composition and interactions within the soil-plant continuum (Garbeva et 

al., 2004; Buyer et al., 2010).  

A limited autumn and spring fallow period prior to planting has prevented widespread 

adoption of cover crops preceding soybean in Michigan and areas with similar or shorter 

growing seasons. The documented benefits of using cover crops including increased soil organic 

matter (SOM), tightening of nutrient cycles, and weed suppression warrant further investigation 

to address stagnant soybean grain yield (Lu et al., 2000; Hill et al., 2006). Oilseed radish 

(Raphanus sativus L.) reduces compaction and improves soil tilth and water infiltration, but few 

data exist regarding the impact of oilseed radish on soil microbial communities (Chen and Weil, 

2009; White and Weil, 2011). Oilseed radish root growth and ensuing desiccation often result in 

soil disturbance, which can reduce soil microbial diversity (i.e., the total number of species 

present [richness] and the distribution of individuals among those species [evenness]) (Margalef, 

1958; Giller, 1996; Lupwayi et al., 1998). The allelopathic effects of oilseed radish on weed 

suppression (Wang et. al., 2008) also affect microbial community composition, because root 

exudates influence the survival, growth, and activity of specific soil microbes (Duineveld et al., 

2001; Whipps, 2001; Marschner et al., 2002; Rengel, 2002). Another cover crop, Hairy vetch 

(Vicia villosa Roth), fixes atmospheric nitrogen (N) via bacteria-induced root nodules and may 

supply up to 82 kg N ha-1 to a subsequent crop (Cline and Silvernail, 2002). The low 

carbon:nitrogen ratio of hairy vetch (8:1) may account for the accelerated N release following 

biomass decomposition (Aulakh et al., 1991; Varco et al., 1993). Buyer et al. (2010) reported 
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hairy vetch roots and shoots increased the 0 – 15-cm soil microbial biomass when hairy vetch 

residue was mowed and left on the soil surface. Wang et al. (2007) recorded an increase in 

microbial biomass when hairy vetch residue was soil-incorporated. A pervious crop of hairy 

vetch increases arbuscular mycorrhizal colonization of roots, growth, shoot phosphorous (P) 

content, and yield of soybean as compared to a previous non-arbuscular mycorrhizal host or 

fallow (Norikuni et al., 2010). Buyer et al. (2010) concluded that planting cover crop mixtures 

containing hairy vetch resulted in greater shifts in microbial community operational taxonomic 

unit (OTU) composition than soil temperature, moisture, pH, and texture. Nutrient source and 

abundance within the soil may alter soil microbial community composition (Fauci and Dick, 

1994), but whether changes in yield are due to shifts in soil microbial community composition or 

biological activity are unclear. 

Fertilizer source (i.e., inorganic vs. organic) may also affect the soil microbial community 

composition and in turn impact soil carbon content, organic matter percentage, soil aggregation, 

and grain yield (Coleman et al., 2004; Zhong and Cai, 2007). Soybean yield often does not 

respond to inorganic P or K application when soil test values are above critical levels (Welch et 

al., 1973; Anthony et al., 2012; Slaton et al., 2013). Although some studies reported increased 

soybean yield after N fertilization (Harper, 1974; Adeli et al., 2005), more recent research has 

not shown a consistent yield response following N application (Anthony et al., 2012; Slaton et 

al., 2013). Poultry litter increased soybean grain yield compared to inorganic fertilizers (Adeli et 

al., 2005), and positive yield responses to poultry litter application have occurred where soil P 

and K levels were sufficient for soybean production (Donald et al., 2013). Chinnadurai et al. 

(2014) concluded that organic soil amendments resulted in greater microbial populations and 

enzyme diversity than inorganic or no fertilizer application. Zhong et al. (2010) reported 
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increased microbial diversity following organic manure applied alone or in combination with 

inorganic fertilizer as compared to inorganic fertilizer individually. The addition of manure 

increased microbial biomass even when manure accounted for only 25% of the total N, P, and K 

application (Lazcano et al., 2013). Organic fertilizers often supply carbon necessary for 

microbial growth and increased microbial biomass (Diacono and Montemurro, 2010; Knapp et 

al., 2010). The addition of carbon from organic fertilizers may alter microbial community 

composition as copiotrophs favor nutrient-rich conditions and oligotrophs are better suited for 

nutrient-poor environments (Hu et al., 1999; Marschner et al., 2003; Ros et al., 2006; Zhong et 

al., 2010). Organic fertilizers mineralize over a longer period of time than inorganic fertilizers 

and therefore may provide a competitive advantage for copiotrophs throughout the growing 

season by acting as a long-term source of organic carbon and N, similar to cover crop residue 

(Carrera et al., 2007).  

In-situ, field-scale data are lacking regarding the effects of cover crop and fertilizer 

source on soil microbial communities in soybean production. Previous work defining microbial 

communities use methods including denaturing gradient gel electrophoresis (DGGE) (Xu et al., 

2009) and phospholipid fatty-acid analysis (PLFA) (Lazcano et al., 2013). While DGGE was 

more effective than culturing techniques for determining the presence or absence of broad 

microbial groups (Yang and Crowley, 2000), newer methods (i.e., Illumina 16S high-throughput 

sequencing) produce a more detailed and cost-effective assessment of the soil microbial 

community (Degnan and Ochman, 2011). Other studies measured soil respiration to determine 

the activity and biomass of soil microbiota (Ajwa and Tabatabai, 1994; Peacock et al., 2001; 

Mamilov and Dilly, 2002), but the relationships between soil respiration, fertilizer source and/or 

cover crop, and crop yield were seldom reported. The effects of cover crops and fertilizer inputs 
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on soybean yield and soil microbial community composition have not been reported. Because 

cover crops prior to soybean are not common for this region and very little information detailing 

the in-situ soil microbial community response to management is available, the objectives of this 

study were to i) investigate the effects of previous cover crop and fertilizer source on soybean 

emergence, growth, grain yield, and soil respiration, and ii) evaluate and characterize temporal 

and spatial variations of soybean soil microbial community composition in response to these 

same cover crop and fertilizer sources. 

Materials and Methods 

Site Description and Experimental Design 

Field studies were conducted in 2013 and 2014 at the Michigan State University South 

Campus Field Research Facilities in Lansing, MI (42°41'21.18"N, 84°29'15.46"W) on a Capac 

loam soil (fine-loamy, mixed, active, mesic Aquic Glossudalfs) located 266 m above sea level. 

The study was arranged as a split-plot randomized complete block design with four replications 

each containing 12 experimental units (4.5 x 12.1 m). Main plots consisted of one of these cover 

crop treatments preceding soybean: oilseed radish (Raphanus sativus L.) (Ampac Seed 

Company, Tangent, OR), hairy vetch (Vicia villosa Roth), or no cover crop. Sub-plots consisted 

of three fertilizer sources and a non-fertilized check (C). Fertilizers included sterilized, organic-

based (SO) chicken litter with inoculum and nutrient additions at 2.2 Mg ha-1 (8-4-4 [N-P2O5-

K2O]) (Perfect Blend Biotic Fertilizer, Bellevue, WA), organic (O) chicken litter applied at 4.5 

Mg ha-1 (4-3-2 [N-P2O5-K2O]), and inorganic (I) N-P-K fertilizer based on first-year nutrient 

mineralization of the SO and O treatments (45-27-36 kg of N, P2O5, and K2O ha-1 applied as urea 

[46-0-0], monoammonium phosphate [MAP] [11-52-0], and muriate of potash [MOP] [0-0-62]).  
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Fields were cropped to wheat prior to cover crop establishment and cultivated following 

wheat harvest. Soil characteristics in autumn 2012, preceding cover crop planting, were 7.1 pH 

(1:1 soil/water) (Watson and Brown, 1998), 118 mg kg-1 K (ammonium acetate extractable K) 

(Warncke and Brown, 1998), 41 mg kg-1 P (Bray P1) (Frank et al., 1998), 12.9 cmolc kg-1 cation 

exchange capacity (CEC) (Warncke et al., 1998), and 3.7% SOM (loss on ignition) (Combs and 

Nathan, 1998). Soil characteristics preceding 2013 cover crop planting were 6.5 pH, 24 mg kg-1 

P, 97 mg kg-1 K, 12.2 meq 100g-1 CEC, and 2.7% SOM. Cover crops were planted 9 Aug 2012 

and 5 August 2013. A 12-row grain drill (Great Plains Ag, Salina, KS) was used to plant oilseed 

radish at 13.4 kg ha-1 and hairy vetch at 22.4 kg ha-1. Seeds were planted at a depth of 1.5 cm in 

19-cm rows. Oilseed radish decomposes prior to winter, but hairy vetch and weeds required 

spring termination and were sprayed 6 May 2013 and April 22 2014 with 2.3 L ha-1 Glystar Plus 

(N-(phosphonomethyl)glycine, in the form of its isopropylamine salt) (Albaugh, Ankeny, IA) 

and 2.3 L ha-1 Roundup WeatherMAX (N-(phosphonomethyl)glycine, in the form of its 

potassium salt) (Monsanto, St. Louis, MO), respectively.  

Fields were disked prior to spring planting to minimize hairy vetch and weed residue on 

the soil surface. Soil amendments were broadcast and incorporated using a soil finisher to a 10-

cm depth prior to soybean planting. Soybean was seeded with a six-row planter in 76-cm rows 

(Monosem Inc., Edwardsville, KS). A 2.5 maturity group soybean (92Y51) (DuPont Pioneer, 

Johnston, IA) was planted on 22 May 2013 and 19 May 2014 at a population of 381,777 seeds 

ha-1 at a depth of 3.2 cm.  

Data Collection 

Soil samples were collected to depths of 10, 15, 20, and 30-cm for individual 

measureables. Pre-plant, R1, and harvest 10-cm soil samples were collected during the soybean 
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growing season for DNA extraction. Pre-plant 10-cm main-plot composite soil samples were 

taken after cover crop termination and prior to spring fertilizer application. Rhizosphere within-

row (i.e. between two soybean stems within a row) and between-row (i.e. at least 30 cm from the 

nearest soybean stem) 10-cm soil samples were collected on all in-season sampling dates. 

Monthly soil samples were collected June – September to a depth of 15-cm in every plot to 

assess soil respiration (Solvita, Mt Vernon, ME) and to a depth of 30-cm in non-fertilized plots 

to measure soil N. To evaluate the effects of cover crops on soil pH, P, and K, 20-cm soil 

samples were collected at cover crop planting, prior to the first autumn frost, and prior to 

soybean planting.  

Soybean emergence (plants m-1) was evaluated eight days after soybean planting. Mean 

height of 10 plants per plot was measured at V3 and R5. SPAD chlorophyll meter readings were 

taken at V3 and R5 on the uppermost fully-developed trifoliate from 25 plants per plot 

(Spectrum Technologies, Aurora, IL). Twenty-five of the uppermost fully-developed trifoliates 

were collected from non-harvest rows at R1 and analyzed for nutrient content. At R3, 10 plants 

plot-1 were excavated and the root systems were washed of soil to determine mean number of 

root nodules per plant.  

At physiological maturity, 10 plants plot-1 were collected to determine average number of 

nodes per plant, pod producing nodes per plant, pods per node, and beans per pod. Grain yield 

was harvested from the center 1.2 m of each plot using a small plot combine (Almaco, Nevada, 

IA) on 9 October 2013 and 22 October 2014. Moisture and test weight for each plot were 

obtained using a GAC 2100 (DICKEY-John, Auburn, IL). Final grain yields were corrected to 

13.5% moisture. Grain subsamples from each plot were used to determine protein and oil 

content.  
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Soil DNA Extraction and Analysis 

The present study utilized next-generation sequencing (NGS) to precisely characterize 

soil microbial communities. Bacterial DNA from rhizosphere and between-row soil samples 

collected throughout the growing season were the basis for microbial identification and 

subsequent classification. Soil DNA extraction was accomplished using a MoBio PowerSoil 

DNA Isolaton kit (Mo Bio Laboratories, Inc., Carlsbad, CA). DNA was amplified using 

Accuprime™ Pfx Supermix for downstream application (ThermoFisher Scientific, Waltham, 

MA) with a Mastercycler gradient thermocycler (Eppendorf, Hauppauge, NY) with the following 

cycling parameters: 3 min. at 94°C; 30 cycles of 45 sec.at 94°C, 45 sec. at 56°C, and 1 min. at 

72°C; final extension time of 7 min. at 72°C; hold at 4°C. Samples were visualized by 

electrophoresis on a 0.75 % agarose gel. If bands were visually present on the gel, DNA was then 

amplified. To ensure approximately equal sample sizes, individual samples were normalized 

following successful PCR amplification using a SequalPrep™ normalization kit (ThermoFisher 

Scientific, Waltham, MA). Final DNA concentration following combination of all samples was 

measured in ng µl-1 using a Qubit fluorometer (ThermoFisher Scientific, Waltham, MA). Final 

16S rRNA analysis was performed using an Illumina MiSeq Sequencer (San Diego, California) 

at the Michigan State University Genomics Core (East Lansing, MI). 

The resulting sequence data were analyzed using a previously described SOP analysis 

pipeline (Kozich, et al. 2013) with the MOTHUR v.1.33.2b software package (Schloss et al., 

2009) and processed using the protocol from http://www.mothur.org/wiki/MiSeq_SOP (accessed 

5 October 2015). Processing was conducted at the Michigan State University High Performance 

Computing Center (East Lansing, MI). A cutoff of 8,000 reads sample-1 was used for sample 

homogeneity. A series of calculators were run on the data, including inverse Simpson’s diversity 

http://www.mothur.org/wiki/MiSeq_SOP
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∑ 𝑛𝑖(𝑛𝑖−1)

𝑠𝑜
𝑖=1

𝑁(𝑁−1)
)
−1

, where So = the number of observed OTUs, ni = the number of individuals in 

the ith OTU, and N = the number of total individuals in the community. Indicator analysis in 

MOTHUR was utilized to depict differences in occurrence and relative abundance of individual 

OTUs based on sampling time and origin. The ‘parsimony’ command determined whether 

clustering within the phylogenetic tree created during analysis was significantly different among 

groups of samples on the probability that two given treatments would have similar ecological 

structures (Schloss et al. 2009). The ‘metastats’ command was used to determine whether the 

abundance of OTUs was significantly different among cover crop treatments.  

Data Analysis 

Data were subjected to analysis of variance using PROC GLIMMIX in SAS version 9.4 

to determine the significance of cover crop and fertilizer (SAS Institute, 2012). Cover crop, 

fertilizer, sampling time, and sample origin were considered fixed effects and replication was 

considered a random effect. When ANOVA generated a significant F value (P ≤ 0.05), treatment 

means were separated using Fisher’s protected LSD. The data were determined to be 

significantly different by year (P ≤ 0.05) and were analyzed separately. 

Results and Discussion 

Environmental Conditions 

 September – November rainfall was 34% below, and similar to, the 30-year mean in 2012 

and 2013, respectively, while air and soil temperatures were near the 30-year mean (Table 1). 

Dry soil conditions following the 2013 cover crop seeding resulted in delayed germination as 

compared to 2012. Monthly growing season (April – October) precipitation was 26% greater and 

10% less than the 30-year mean in 2013 and 2014, respectively. Soil moisture levels in 2013 

exceeded 2014 levels for 123 out of 153 days between 1 April and 31 August (Fig.1). April 
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through August air and soil temperatures were 2.1 – 12.4 and 1.0 – 4.0 ºC cooler in 2014 

compared to 30- and 10-yr means, respectively. The cooler, drier conditions encountered in the 

second year of the study may have limited soybean growth and adversely affected soil microbial 

activity. Although increased soil moisture can stress soil microbes due to increased frequency of 

anaerobic conditions, lack of soil water can also impede nutrient movement through the soil due 

to thinner water films on soil particles and more tortuous substrate paths (Linn and Doran, 1984; 

Stark and Firestone, 1995). Warmer soil temperatures four of six months in the 2013 compared 

to 2014 growing season may have increased microbial activity (Han et al., 2007), potentially 

increasing plant available nutrients and opportunity for shifts in microbial community structure.  
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Table 3.1. Mean precipitation, air temperature, and soil temperature (5-cm depth) in Lansing, MI 

for 2012/13 and 2013/14 cover crop and soybean growing seasons.  

 Precipitation†  Air Temperature  Soil Temperature 

Month 2012/

13 

2013/ 

14 

30-yr 

avg.‡ 

 2012/

13 

2013/

14 

30-yr 

avg.

♀ 

 2012/

13 

2013/

14 

10-yr 

avg.§ 

 ----------cm----------  ----------°C----------  ----------°C---------- 

Aug. 5.3 9.7 8.4  20.4 19.7 21.3  22.6 21.4 22.8 

Sept. 5.5 2.1 9.2  16.0 15.8 16.9  18.2 17.3 18.2 

Oct. 9.2 12.6 7.0  10.0 10.7 10.4  12.0 12.4 11.8 

Nov. 0.8 5.8 7.1  3.3 10.7 4.6  5.4 5.5 6.0 

Dec. 3.2 3.2 4.2  0.6 2.2 -1.9  3.9 1.1 2.1 

Jan. 6.9 1.5 4.6  -3.3 -4.4 -4.6  1.0 0.6 0.7 

Feb.  3.0 1.5 3.8  -4.5 -9.9 -3.2  -0.3 0.5 0.3 

March 1.7 2.4 4.5  -0.7 -9.2 1.9  1.1 0.8 3.2 

April 17.9 2.2 7.3  6.5 -3.7 8.7  7.6 8.5 9.5 

May 8.3 8.6 8.5  16.0 8.0 14.7  17.2 14.2 15.8 

June 16.1 12.3 8.9  19.2 14.4 20.0  20.9 19.1 21.7 

July 6.1 6.2 8.3  21.3 20.0 22.1  24.2 19.9 23.9 

Aug. 9.7 8.6 8.4  19.7 18.8 21.3  21.4 21.8 22.8 

Sept. 2.1 8.5 9.2  15.8 15.4 16.9  17.3 17.4 18.2 

Oct. 12.6 5.2 7.0  10.7 9.1 10.4  12.4 11.4 11.8 

Total 108.4 90.4

44 

106.4         

†Precipitation, air temperature, and soil temperature data were collected from the Michigan 

Automated Weather Network (http://www.agweather.geo.msu.edu/mawn/).  

‡30-yr means for precipitation. Source: Weather DB (http://www.weatherdb.com/).  

♀30-yr means for air temperature. Source: NOAA (http://www.ncdc.noaa.gov/cdo-

web/datatools/normals). 

§10-yr means for soil temperature. Source: Michigan Automated Weather Network 

(http://www.agweather.geo.msu.edu/mawn/). 
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Fig. 3.1. Maximum daily soil moisture (5-cm) comparison for the April – October growing 

season, Lansing, MI, 2013 – 2014. 

 

 

Cover Crop Effects on Residual Soil Nutrient Levels 

Cover crop did not significantly change soil test P or K values between August (i.e., 

preceding cover crop planting) and May (i.e., preceding soybean planting) (data not shown) in 

either study year. The autumn-seeded cover crops did not increase P or K availability or slow the 

rate of P or K drawdown as compared to the indigenous weed population in the no cover crop 

main plot. Wang et al. (2008) measured an increase in soil test P following an oilseed radish 

cover crop, but they found no impact on soil test K. Similar to Wang et al. (2008) and O’Reilly et 

al. (2012), soil test N (0 – 30 cm) following oilseed radish did not increase compared to the 

untreated control (data not shown). Although not significant, vetch resulted in the greatest 

amount of available N (0 – 30 cm) in June, July, August, and September 2013 (P = 0.09, 0.81, 

0.06, and 0.83, respectively) and June, July, and September 2014 (P = 0.07, 0.48, 0.20, 

respectively). Data suggest that those growers whose goal is to provide N to a subsequent 

rotational crop may consider selecting an N-fixing cover crop (i.e. hairy vetch) as compared to 
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an N-scavenging cover crop (i.e., oilseed radish) or no cover crop. Soil nitrate levels, which can 

affect soil microbial community structure (Inselsbacher et al., 2010), remained greater 

throughout the growing season following hairy vetch. Higher soil nitrate could reduce the 

amount of supplemental N required by a subsequent crop (Cline and Silvernail, 2002).  

Soybean Emergence and Growth 

Cover crop influenced soybean emergence and growth in 2013 (Table 2). Oilseed radish 

prior to soybean increased seedling emergence by 139 – 189% 8 days after planting and 

increased plant height 5 – 7 cm at V4 and 7 – 10 cm at R5 compared to previous hairy vetch or 

no cover crop. Soybean plant height at V4 following hairy vetch was 2 – 7 cm less than 

following no cover crop and oilseed radish. Excessive precipitation (17.9 cm) in April 2013 

delayed spring cover crop termination until eight days prior to soybean planting which was an 

insufficient amount of time for surface residue to senesce and decompose. Oilseed radish is a 

winter annual, allowing aboveground biomass and belowground taproot to completely 

decompose prior to soybean planting. In contrast, indigenous weed and hairy vetch growth 

produced surface residue that decreased seed-to-soil contact and reduced emergence. Soybean 

population eight days after planting was significantly correlated to R1 and R5 plant height (R2 = 

0.64 and 0.37, respectively), indicating that quicker seedling emergence following oilseed radish 

allowed more days for soybean to grow. Allelopathic effects from hairy vetch have resulted in 

decreased soybean germination and reduced plant height (Ill-Min and Joung-Kuk, 1994). Weed 

presence following oilseed radish was minimal, indicating canopy shading or allelopathic effects 

may have prevented weed growth and emergence as documented previously (Stivers-Young, 

1998; Lawley et al., 2011; O’Reilley et al., 2011). No significant differences in emergence or 

plant height were observed in 2014, most likely due to cover crop and weed termination 27 days 
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prior to planting and thus greater desiccation of plant residue than in 2013. Despite hairy vetch 

functioning as a leguminous cover crop, soybean nodulation was not affected in either study 

year.  

Table 3.2. Soybean stand count and plant height as affected by previous cover crop, Lansing, 

MI, 2013.  

Treatment Stand 8 DAP June Height August Height 

 --Plants m-1-- ----cm---- ----cm---- 

Cover Crop    

No Cover   7.6 b† 

 

34 b 112 b 

Oilseed Radish 18.2 a 39 a 119 a 

Hairy Vetch  6.3 b 32 c 109 b 

    

Significance (P>F) < 0.01 < 0.01 < 0.01 

†Means in a column followed by the same letter are not statistically different (α=0.05). 

 Organic fertilizer increased R1 tissue K concentrations in 2014, but no differences were 

observed in 2013 (data not shown). Tissue K concentration was correlated with yield (R2 = 0.56) 

and R5 plant height (R2 = 0.43) in 2014, supporting previous findings where R1 tissue K 

concentration served as an indicator of plant height and yield (Slaton et al., 2013). Fertilizer 

source did not affect population or plant height in either study year. Fertilizer application 

significantly affected root nodulation in 2013 (P = 0.01) in the following order: C > O > SO > I. 

Although all treatments contained similar quantities of first year mineralizable N, organic 

amendments contain a diverse microbial population (McKinley and Vestal, 1984) and also 

provide organic carbon and micronutrients that may impact microbial activity (Chen et al., 

1988). The increased root nodulation following O as compared to I and SO may be due to the 

lack of organic carbon or absence of live microorganisms.  

Grain Yield and Quality 

 Cover crop influenced soybean grain yield in one of two years with similar yield patterns 

over both study years (oilseed radish > no cover crop > hairy vetch) (Table 3). Yield was 
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significantly correlated with plants m-1 eight days after planting (R2 = 0.17) and R1 and R5 plant 

height in 2013 (R2 = 0.23 and 0.42, respectively), all of which increased following oilseed radish. 

Soybean grain yield in 2013 was 0.33 Mg ha-1 and 0.25 Mg ha-1 less following hairy vetch 

compared to oilseed radish and no cover crop, respectively. Reddy (2001) observed similar yield 

reductions following hairy vetch in Mississippi and determined that no cover crop resulted in a 

greater net economic return. Grain yield differences in this study may also be explained by 

planting conditions following each cover crop, as the winterkilled oilseed radish produced little 

surface residue while hairy vetch spring biomass may have inhibited plant emergence. However, 

final plant population was statistically similar between cover crops (data not shown), and uneven 

emergence in soybean rarely affects grain yield due to growth plasticity (i.e. plants compensate 

for other missing plants by growing larger) (Egli, 1993; Andrade and Abbate, 2005). Other 

factors including increased soil tilth following oilseed radish may account for yield variability as 

belowground taproots produce large fissures within the soil (Williams and Weil, 2004; Chen and 

Weil, 2009). Grain oil and protein were not affected by cover crop in either study year.  
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Table 3.3. Influence of previous cover crop and fertilizer source on soybean grain yield, 

Lansing, MI, 2013 – 2014. 

Treatment Yield 

 2013 2014 

 ---Mg ha-1--- 

Cover Crop   

No Cover  4.6 a† 4.1 a 

Radish 4.7 a 4.2 a 

Vetch 4.3 b 4.0 a 

   

Fertilizer   

Check 4.5 a 3.9 a 

Organic 4.7 a 4.3 a 

Sterilized Organic 4.4 a 3.9 a 

Inorganic 4.6 a 4.1 a 

   

Significance (P>F)   

Cover Crop .04 .51 

Fertilizer .11 .06 

Cover Crop x Fertilizer  .08 .56 

†Means in a column followed by the same letter are not statistically different (α=0.05). 

Fertilizer source did not affect (P = 0.11 and 0.06 in 2013 and 2014, respectively) grain 

yield in either study year. Treatment O resulted in the greatest grain yield each year with an 

increase of 0.12 Mg ha-1 and 0.40 Mg ha-1 in 2013 and 2014, respectively, as compared to 

treatment C. Previous research reported increased grain yield when applying poultry litter to 

soybean (Adeli et al., 2005; Donald et al., 2013). Since soybean grain yield is more probable to 

respond to P and K fertilization when soil P and K are below critical levels, larger yield increases 

following O in 2014 than 2013 may be explained by lower antecedent soil P and K levels in 

2014. Fertilizer source did not affect grain oil or protein in 2013. In 2014, grain protein was 

significantly increased by 0.7 – 0.8% following C and SO compared to O and I treatments while 

grain oil was significantly increased by 0.2 – 0.3% after the O and I treatments as compared to 

SO and C treatments (data not shown).  
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DNA Sequence Analysis 

 Over 12.3 million unique bacterial sequences were identified, with a mean of 36,400 

sequences per sample. Twenty-four bacterial phyla were detected each year, with 23 of the 24 

phyla appearing across both study years. The top five phyla represented 80% and 82% of the 

total sequences in 2013 and 2014, respectively (Table 4). A total of 94,455 and 63,287 unique 

species were identified in 2013 and 2014, respectively. Analysis at the species level (i.e., 0.03 

cutoff level in MOTHUR) did not produce a plateauing rarefaction curve, indicating that taking 

more samples would have resulted in a greater number of recovered unique sequences. Twenty-

two and 27% of the recovered sequences were not classifiable (i.e. the genetic code has not been 

cataloged) at the phyla taxonomic level, while 56% and 59% were not classifiable at the genus 

level in 2013 and 2014, respectively. Singletons (i.e. sequences found only once per sample) 

accounted for 60% of all sequences identified in 2013 and 51% in 2014, indicating that the 

agriculturally-managed soils in this study may have contained greater phylogenetic richness than 

has been previously reported from a prairie soil (Rosenzweig et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 

 

Table 3.4. Relative abundance (0 – 10-cm) of individual soil bacterial phyla (representing 

>10,000 sequences per year) present in soybean. Values were averaged across three cover crop 

treatments and four fertilizer sources from soil sampling at growth stage R1 and harvest, 

Lansing, MI, 2013 – 2014.  

Phyla Relative Abundance 

 2013 2014 

 -------%------ 

Acidobacteria 24.9 a† 26.0 a 

Actinobacteria 8.6 b  15.4 a 

Armatimonadetes 1.4 b 1.5 a 

Bacteroidetes 7.4 a 6.8 a 

Chloroflexi 1.0 b 1.6 a 

Cyanobacteria 2.0 b 2.3 a 

Firmicutes 20.2 a 4.0 b 

Gemmatimonadetes 1.4 a 1.5 a 

Nitrospira 0.3 b 0.4 a 

Planctomycetes 6.5 b 9.1 a 

Proteobacteria 18.6 b 24.4 a 

Verrucomicrobia 7.5 a 6.8 b 

†Values in a row followed by the same letter are not statistically different (α=0.05). 

Phyla Relative Abundance 

The relative abundance of bacterial phyla was not consistent between 2013 and 2014 

despite the close proximity of the two fields. Of the common bacterial phyla (i.e. those which 

represented >10,000 sequences total per year), only Acidobacteria, Bacteroidetes, and 

Gemmatimonadetes were similar in relative abundance between years (Table 4). Similar to 

previous studies, Acidobacteria, Actinobacteria, Firmicutes, and Proteobacteria were four 

prevalent phyla detected and have been reported to dominate the plant rhizosphere (da Rocha UN 

et al., 2009; da C. Jesus et al., 2010, Rosenzweig et al., 2012). Actinobacteria and Proteobacteria 

both had greater relative abundance in 2014 than 2013, and each contain genera shown to act as 

biological control agents (BCAs). Bacteria in the genus Streptomyces, within the phylum 

Actiniobacteria, and Pseudomonas, in the Proteobacteria phylum both can produce a number of 

antibiotic compounds which protect host plants from pathogens and decrease in-field disease 

pressure (Haas and Keel, 2003; Kaltenpoth et al., 2005). Plant productivity can be enhanced if 
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increases in beneficial bacteria results in a disease-suppressive soil. Firmicutes had the greatest 

difference in relative abundance, with a five-fold higher population in 2013 than 2014. The 

dominance of Firmicutes in 2013 (20% of all samples in 2013 vs. 4% in 2014) may explain why 

7 of the 11 other common phyla were significantly less abundant, suggesting that the 

proliferation of one bacterial phyla may affect the relative abundance of other phyla. The 

increased presence of Firmicutes in 2013 may have been influenced by environmental 

conditions, as relative abundance was greater at harvest than R1. One OTU within the Firmicutes 

phylum classifiable to the order Bacillales was the most common OTU in 2013, encompassing 

12% of all sequences for the year and 29% of between-row harvest soil sequences. Due to the 

uncertainty of genus classification, conclusions on why Bacillales dominated the 2013 between-

row harvest samples remains unclear. However, bacteria in this order often produce endospores 

during times of stress (Leggett et al., 2012). Environmental conditions such as soil moisture < 

0.07 cm3 cm-3 (Table 5) may have induced Bacillales to produce endospores and increase their 

perceived relative abundance, as endospores resist degradation and preserve genetic material for 

later extraction and amplification (Leggett et al., 2012). Bacteria in the genus Bacillus, within the 

Bacillales order, also demonstrated antagonism towards soil-borne pathogens and are widely 

used in commercially available biological control agents (Fravel, 2005). Members of the Bacillus 

genus combat fungal pathogens such as S. sclerotiorum (Fernando et al., 2004), which decreases 

soybean yield by 133 – 333 kg ha-1 for every 10% increase in occurrence (Hoffman et al., 1998; 

Yang et al., 1999; Danielson et al., 2004) and has resulted in widespread soybean yield loss in 

Michigan (Grau, 1988). Although disease-induced plant stress was not visually present in 2013, 

reduced disease pressure could have resulted in greater yield compared to 2014 as fungi were not 

enumerated within this study due to read length limitations from initial NGS technologies.  
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Table 3.5. Soil moisture (5-cm), precipitation, and soil temperature (5-cm) for the two-week 

period prior to final soil sampling and soybean harvest soil sampling (14 October 2013 and 29 

October 2014), Lansing, MI, 2013 – 2014. “N/A” represents days when readings from the 

weather station were not available.  

Date Maximum 

soil moisture 

Minimum 

soil 

moisture 

Precipitation Maximum 

soil 

temperature 

Minimum 

soil 

temperature 

  ------cm3 cm-3------ ---cm--- ------°C ------ 

2013 

10/1 0.068 0.068 0.00 15.8 14.3 

10/2 0.068 0.067 0.05 17.8 14.7 

10/3 0.067 0.067 0.00 16.7 14.0 

10/4 0.067 0.067 0.00 17.4 16.0 

10/5 0.161 0.067 5.21 18.5 16.6 

10/6 0.143 0.136 0.79 18.3 16.9 

10/7 0.144 0.139 0.10 17.0 13.8 

10/8 0.139 0.134 0.00 14.7 12.5 

10/9 0.134 0.130 0.00 14.8 12.6 

10/10 0.130 0.126 0.00 14.5 12.1 

10/11 0.126 0.122 0.00 14.3 11.7 

10/12 0.122 0.119 0.00 15.0 12.4 

10/13 0.119 0.116 0.00 14.8 13.4 

10/14 0.116 0.112 0.00 13.4 11.9 

2014 

10/15 0.142 0.142 0.00 14.4 13.3 

10/16 0.143 0.141 0.03 13.3 11.6 

10/17 0.142 0.141 0.00 13.3 12.6 

10/18 0.141 0.140 0.00 12.8 10.1 

10/19 0.140 0.138 0.00 10.0 7.9 

10/20 0.139 0.138 0.30 11.3 9.2 

10/21 0.138 0.137 0.08 11.1 8.8 

10/22 0.137 0.136 0.00 9.4 8.2 

10/23 0.136 0.135 0.00 9.4 6.8 

10/24 0.136 0.135 0.00 9.9 7.2 

10/25 0.135 0.134 0.00 10.7 8.4 

10/26 0.134 0.133 0.00 9.9 8.2 

10/27 N/A N/A N/A N/A N/A 

10/28 N/A N/A N/A N/A N/A 

10/29 0.131 0.131 0.03 11.0 9.0 
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Community Metastats (Amount of statistically different OTUs) 

Shifts in the abundance of common OTUs can determine whether a management practice 

has the ability to promote or demote the survival and activity of soil microbes towards a 

population of beneficial, rather than pathogenic, bacteria. Metastat analysis revealed that of the 

top 1,000 OTUs per year, oilseed radish and no cover had the most similar microbial 

communities, while hairy vetch and oilseed radish had dissimilar communities (Table 6). These 

data suggest that oilseed radish affected fewer OTUs than hairy vetch, but that OTUs affected by 

oilseed radish were mostly different than the OTUs influenced by hairy vetch. Oilseed radish 

may have had a reduced effect on OTU relative abundance for a variety of reasons. The absence 

of spring growth in oilseed radish may have reduced selection pressure on soil microbes, since 

actively-growing roots release exudates. Alternately, autumn microbial communities supported 

by oilseed radish may not have persisted throughout the dormant winter season in Michigan. If 

shifts in soil microbial community populations from autumn cover crop growth cannot be 

sustained throughout the winter season, then overwintering cover crops may be more 

advantageous in northerly climates where soil freezing and snow cover are prevalent. Another 

possibility was that the antecedent microbial community was less sensitive to oilseed radish root 

exudates than to hairy vetch exudates. If the focus is on microbial relative abundance, greater 

emphasis may be placed on specific cover crop attributes (i.e. brassica vs. legume; winter-killed 

vs. overwintering) in lieu of whether or not to plant a cover crop. Data suggest that a 

monoculture vs. naturalized weed growth containing multiple plant species resulted in greater 

changes in the distribution of common soil bacteria. Increased soil temperature (Table 1) and 

moisture (Figure 1), two factors affecting bacterial activity, may have resulted in greater 

bacterial growth and motility, increasing certain OTUs in 2013 as compared to 2014 (Han et al., 
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2007). These data suggest that environmental factors influenced the extent to which common 

OTUs were affected but that selection of cover crop species is a management decision with 

implications on soil microbial community structure. More research is required to determine 

which cover crop species may influence the abundance of plant growth promoting bacteria most 

suitable for individual cash crop rotations.   

Table 3.6. Influence of cover crop on relative abundance (0 – 10-cm) of the top 1,000 OTUs per 

year present in soybean, Lansing, MI, 2013 – 2014. Operational taxonomic units were averaged 

across four fertilizer sources from soil sampling at growth stage R1 and harvest. Values represent 

the number of OTUs with significantly different abundance out of the top 1,000 OTUs. 

Cover crop comparison Year 

 2013 2014 

Radish-None 85 56 

Vetch-None 92 67 

Vetch-Radish 171 80 

 

Indicator Species Variability Based on Sampling Time and Origin 

The timing and location of OTU prevalence can impact the distribution and relative 

abundance of all bacteria when analyzed across an entire growing season. Indicator species 

analysis found 15 of the top 20 OTUs in the current study were present across both years but 

differed in abundance due to sampling time or origin (Table 7). The Acidobacteria Gp6 genera 

represented harvest rhizosphere samples in 2013 but not in 2014. Other Acidobacteria genera 

(e.g. Gp4, Gp16) were indicator species at earlier sampling dates in 2013 highlighting the fact 

that closely related OTUs may differ in occurrence and relative abundance both spatially and 

temporally within the same field. Bacteria from the Bacillales order were prevalent from harvest 

between-row soil samples in 2013 and 2014. Indicator analysis avoids incorrect conclusions 

concerning microbial abundance as this method accounted for Bacillales presence in space and 

time within the present study. Although sequencing data indicated similar bacterial community 

membership between years, the prevalence and activity of individual groups differed based on 
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sampling time and origin. Determining the presence of common bacteria by sampling time and 

origin may better explain the interaction between soil microbes and other production factors 

including plant growth and disease suppression. Timing of activity for each OTU is important 

since soil bacteria can increase nutrient mineralization and help plants manage environmental 

stresses, both of which have varying importance depending on plant growth stage during the 

growing season. Analyzing both between- and within-row sampling origins following changes in 

soil management may be beneficial because while the rhizosphere directly affects plant growth, 

between-row soil serves as an inoculum for plant roots to attract beneficial bacteria or encounter 

soil-borne pathogens (Rosenzweig, 2014). Variations in OTUs based on sample origin suggest 

that growers may benefit from consistent seed placement across growing seasons with the aid of 

precision planting equipment as the rhizosphere is comprised of a unique microbial community 

that the crop selects for throughout the growing season. Future research should consider shifts in 

the soil microbial community throughout the growing season as single point-in-time community 

samples may not accurately represent the evolution of the soil microbial community throughout 

the growing season.  
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Table 3.7. Effect of sample time and sample origin on relative abundance of top 20 OTUs 2013 

– 2014. Abundance values were averaged across three cover crop treatments and four fertilizer 

sources. An “x” signifies that the OTU was represented significantly (P < 0.05) more for the 

given sampling time and origin. Only those OTUs which had a significant sampling time by 

origin interaction are shown.  

  Sample timing (0 – 10-cm sample origin) 

OTU (classifiable level) Pre-plant 

(bulk 

soil) 

R1† 

(rhizo- 

sphere) 

Harvest 

(rhizo- 

sphere) 

Harvest 

(between-

row) 

  ----------2013---------- 

Bacillales (order)    x 

Acidobacteria Gp16 (genus)  x   

Acidobacteria Gp6 (genus)   x  

Acidobacteria Gp4 (genus) x    

Acidobacteria Gp6 (genus)   x  

Paenibacillus (genus)    x 

Acidobacteria Gp6 (genus)   x  

Sphingomonadaceae 

(family) 

 x   

Spartobacteria (order) x    

Acidobacteria Gp4 (genus)  x   

Arthrobacter (genus)  x   

Acidobacteria Gp6 (genus)   x  

  ----------2014---------- 

Bacillales (order)    x 

Acidobacteria Gp16 (genus)    x 

Bradyrhizobium (genus)   x  

Mycobacterium (genus)    x 

unclassified (phyla)  x   

Comamonadaceae (family)  x   

unclassified (phyla)    x 

Flavobacterium (genus)   x  

Spartobacteria (order)  x   

Blastococcus (genus)  x   

†Between-row R1 samples were not collected in 2013 and no OTUs had a significant sampling 

time by origin interaction for R1 2014. 

 

Effect of Cover Crops and Fertilizer on Soil Respiration 

 A significant cover crop by fertilizer interaction on soil respiration occurred in June 2014 

(data not shown). Slicing the data by cover crop revealed significantly greater soil respiration 

following O than I or C in oilseed radish main plots and may have been due to a lack of plant 

residue compared to hairy vetch and no cover plots. Treatments O and SO both supplied organic 
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carbon to the soil, whereas I and C did not. Differences in soil organic carbon would likely occur 

after oilseed radish, since there was very little plant residue incorporated into the soil, and 

increased organic carbon increases soil respiration (Han et al., 2007). This finding suggests that 

addition of supplemental organic carbon when little plant residue remains prior to cash crop 

planting may be necessary to maximize soil biological activity.  

In 2013, soil respiration was significantly increased in July by 19 – 20% following hairy 

vetch as compared to oilseed radish or no cover crop (data not shown). Increased soil respiration 

may be attributed to decomposing hairy vetch tissue that was disked into the soil prior to the 

growing season, providing an energy source for microbial growth (Varco et al., 1993; Wang et 

al., 2007; Acosta et al., 2011). In the present study, increased July soil respiration was 

accompanied by a decrease in soybean yield. This yield decrease may have occurred due to 

delayed emergence, as previously discussed, in lieu of a direct relationship to respiration, but 

increased soil respiration could correlate with yield loss if pathogenic soil microbes were 

prevalent enough to increase soil respiration measurements. Previous research encountered 

difficulties when attempting to identify specific processes responsible for increased soil CO2
 

measurements (Raich and Mora, 2005). 

 Fertilizer source significantly affected soil respiration two out of four months in 2013 

(data not shown). Treatment O significantly increased soil respiration by 15% – 27% compared 

to C and SO in June 2013 and 17% compared to C in July 2013. Increased soil respiration 

following organic fertilizer may be due to the organic carbon contributions, the addition of 

microbes to the soil biological pool, or both (Chen et al., 1988; Brady and Weil, 1999; Liu and 

Ristaino, 2003). Soil respiration following SO was consistently less than O, indicating that the 

destruction of naturally-occurring microbes in chicken litter decreased subsequent soil microbial 
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activity. The decrease in respiration following SO compared to O could also be attributed to 

approximately 50% less organic carbon. However, treatment I contained no carbon and ranged 

from 5% less to 2% more respiration than treatment O. Treatment C resulted in significantly 

lower respiration values than O in June and July 2013 and observed values were less than O and 

I in all months tested, further corroborating findings by Qiao et al. (2009) that fertilization with 

organic or inorganic fertilizer both increased soil respiration. Increased soil respiration following 

fertilization could be due in part to increased soybean root growth, increasing the volume of 

rhizosphere soil which contains increased microbial activity compared to between-row soil 

(Nannipieri et al., 2003). While the addition of organic matter, micronutrients, and bacteria when 

using O should be considered as long-term factors with regards to grower decisions regarding 

fertilizer application, this study found no adverse effects on soil microbial activity following I 

compared to C or O.  

Inverse Simpson’s Diversity 

A significant interaction among fertilizer, cover crop, and sample timing occurred for 

inverse Simpson’s diversity index in 2013. Treatment C had a greater R1 bacterial diversity 

following no cover than hairy vetch (Table 8). This may have been caused by increased available 

N following hairy vetch compared to no cover resulting in a greater amount of organic N to be 

used as an energy source for organic matter decomposition (Mamilov and Dilly, 2002). Past 

studies have shown hairy vetch to have allelopathic properties on weeds (Ercoli et al., 2007; Hill 

et al., 2007) so chemicals exuded by hairy vetch roots may also impart selective pressure on 

some bacterial groups reducing their relative abundance to undetectable amounts. Plots treated 

with SO also demonstrated decreased R1 diversity following hairy vetch than oilseed radish or 

no cover crop. A significantly greater number of singletons were identified following SO x hairy 
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vetch x R1 (data not shown), which would decrease evenness and also diversity. Treatments O 

and I did not differ in diversity between cover crops in 2013, contradicting results of previous 

studies using PLFA or DGGE methods stating that organic-based fertilizer sources increased soil 

bacterial diversity compared to inorganic sources (Zhong et al., 2010; Kamaa et al., 2011). 

Following no cover crop, C and SO had greater R1 diversity than O. Without the effect of cover 

crops influencing microbial growth, treatment O likely increased the activity of bacteria capable 

of capitalizing on nutrient-rich condition (i.e. copiotrophs). If copiotrophic bacteria dominated 

following O application, evenness of the microbial community would have decreased thereby 

decreasing diversity as well. Although diversity decreased following treatment O, soybean yield 

was greater after O than any other fertilizer in both study years. Since overall community 

diversity did not correlate with yield either year, the relative abundance of beneficial bacteria and 

functional groups may be more important than community diversity from a crop yield standpoint.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 

 

Table 3.8. Cover crop and fertilizer source interaction on inverse Simpson’s diversity values (0 – 

10-cm) at two soil sample timings, 2013, Lansing, MI.  

  R1  Harvest 

 Cover crop 

Fertilizer -None- -Radish- -Vetch- -None- -Radish- -Vetch- 

Check 386 a A†   329 ab A 268 b AB 35 a A 30 a A 33 a A 

Inorganic 370 a AB 315 a A 318 a A 26 a A 26 a A 25 a A 

Organic 310 a B 328 a A 327 a A 26 a A 30 a A 22 a A 

Sterilized Organic 387 a A 377 a A 241 b B 26 a A 36 a A 30 a A 

       

Significance (P>F)       

Cover 0.0144      

Fertilizer 0.8356      

Origin 0.8177      

Timing <.0001      

Cover x Fertilizer 0.0120      

Origin x Cover 0.4249      

Origin x Fertilizer 0.7712      

Origin x Cover x Fertilizer 0.9969      

Timing x Cover 0.0006      

Timing x Fertilizer 0.8363      

Timing x Cover x Fertilizer 0.0197      

† Means in a row for each sampling time followed by the same lowercase letter are not 

significantly different (α=0.05). Means in a column followed by the same uppercase letter are not 

significantly different (α=0.05). 

 

In 2014 a significant interaction between sampling time and origin on microbial diversity 

occurred (Table 9). Between-row and rhizosphere diversity were significantly different at both 

R1 and harvest, with between-row more diverse at R1 and rhizosphere more diverse at harvest. 

Soybean roots may have had decreased rhizosphere diversity at R1 due to increased microbial 

competition for nutrients or through selection pressure via the release of root exudates. At 

harvest, between-row diversity was 18% less compared to R1, possibly due to root senescence 

and a deficit of resources for microbial growth. It is also plausible that oligotrophs began to 

dominate the between-row soil, decreasing evenness and diversity. Sampling time (i.e. R1 or 

harvest) and origin (i.e. rhizosphere or between-row soil) had a strong effect on bacterial 

diversity and community membership in the present study. Discrepancies between sampling time 
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and origin are important to determine because while the present study found that changes to the 

soil microbial community can occur by altering management practices, the degree and timing of 

these changes are critical to determining whether improvements in crop production can be made. 

Changes to the microbial community must ultimately affect the rhizosphere to influence crop 

growth and yield, and beneficial changes must occur early enough in the growing season to 

reduce crop stress and have sufficient time to improve crop yield potential.  

Table 3.9. Interaction between soil sampling time and origin on inverse Simpson’s diversity 

values (0 – 10-cm), 2014, Lansing, MI. Between-row samples were collected at least 30-cm from 

the nearest soybean stem whereas rhizosphere samples were collected within the row between 

two adjacent soybean plants.  

 Sample origin 

Sampling time ---Between-row--- ---Rhizosphere--- 

R1   322 a A† 264 b B 

Harvest 278 b A 292 a A 

   

Significance(P>F)   

Cover 0.9431  

Fertilizer 0.2633  

Origin 0.0215  

Timing 0.3784  

Cover x Fertilizer 0.1866  

Origin x Cover 0.3450  

Origin x Fertilizer 0.4886  

Origin x Cover x Fertilizer 0.9000  

Timing x Cover 0.2042  

Timing x Fertilizer 0.1529  

Timing x Cover x Fertilizer 0.6763  

Timing x Origin 0.0003  

Timing x Origin x Cover  0.8301  

Timing x Origin x Fertilizer 0.0820  

†Means in a row followed by the same lowercase letter are not significantly different (α=0.05). 

Means in a column followed by the same uppercase letter are not significantly different (α=0.05).  

Variance in Phylogenetic Tree Clustering 

Shifts in the phylogenetic tree structure of the soil microbial community may be a good 

indicator of changes in function diversity, since closely-related microbes are grouped together 

more closely on the tree and likely perform similar soil functions than bacteria which are 
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distantly-related. The ‘parsimony’ command in MOTHUR compares samples within predefined 

groups to determine whether the two groups were statistically phylogenetically similar or 

different. While multiple treatments can be compared at once using this method (e.g. treatment O 

within oilseed radish main plots and treatment O within no cover main plots), this does not 

indicate a statistical interaction. In 2013 bacterial community structure was significantly different 

between oilseed radish and hairy vetch main plots (P = 0.006) and no cover and oilseed radish 

main plots (P = 0.005), but no differences were observed between no cover and hairy vetch main 

plots (P = 0.357) (data not shown). The parsimony calculator implied that oilseed radish had a 

greater effect on the structure of the phylogenetic tree than hairy vetch. When analyzed within 

sample time, oilseed radish and hairy vetch at R1 (P < 0.001) and no cover and oilseed radish at 

harvest (P = 0.009) significantly differed in community structure. Significantly different initial 

bacterial communities within pre-plant samples among cover crop and the lack of end-of-season 

community structure differences between hairy vetch and no cover seem to indicate a 

diminishing influence of hairy vetch residue as decomposition progressed throughout the 

growing season. Rhizosphere and between-row samples were significantly differed within each 

cover crop indicating that rhizosphere community structure differed from between-row soil 

regardless of cover crop. Oilseed radish and hairy vetch community structure differed 

significantly in rhizosphere samples (P = 0.002), but no differences in between-row soil samples 

were observed indicating oilseed radish and hairy vetch may have differentially affected the 

degree to which the subsequent soybean crop altered rhizosphere community structure. 

Community structure was not significantly altered by any fertilizer treatment in 2013. 

Combinations of cover crop and fertilizer source had a significant effect on bacterial 

community structure in 2014. Within no cover main plots, all three fertilizer sources contained 
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significantly different communities from each other but no treatment differed from the 

unfertilized check. Treatment I was significantly different than C (P = 0.05) and SO (P = 0.01) 

within hairy vetch main plots, but did not differ from treatment O (P = 0.36). Community 

structure only differed for rhizosphere and between-row samples following a hairy vetch cover 

crop (P = 0.05) indicating that hairy vetch may have affected the interaction between soybean 

roots and rhizosphere bacterial community structure more than oilseed radish or no cover crop. 

Fertilizer source had no effect on community structure following oilseed radish indicating that 

oilseed radish may impart greater impacts on microbial community structure than hairy vetch or 

no cover crop. Each fertilizer differed significantly in community structure from pre-plant 

samples except SO (P = 0.08) implying that community structure changes due to SO were less 

than the other fertilizers in 2014. Changes in phylogenetic tree structure would likely be 

necessary to improve soil health, indicating that treatments which did not alter tree structure 

would not be as influential on microbial community function. 

Conclusions 

Cover crop and fertilizer source affected both soybean growth and soil microbial 

composition. Oilseed radish aboveground biomass decomposed earlier than hairy vetch resulting 

in less surface plant residue during soybean planting, more uniform emergence, and greater grain 

yield. Indicator analysis determined that hairy vetch and oilseed radish each altered unique 

genera within the top 1,000 OTUs detected, indicating that selection of cover crop by attributes 

(e.g., N-fixing vs. N-scavenging, winter persistence) affected the survival and activity of 

different microbial genera in one growing season. When compared to fertilizer source, cover 

crops had a greater impact on inverse Simpson’s diversity values. However, soil respiration and 

microbial community structure were better indicators of plant productivity than soil microbial 
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diversity in the present study. Therefore, a shift towards investigating the effect of management 

decisions on specific beneficial or pathogenic soil microbes rather than overall community 

diversity may be warranted in order to determine in-field practices to sustainably increase plant 

productivity. Organic-based fertilizer resulted in greater soybean grain yield both study years and 

increased soil respiration in seven of eight months. Grain yield, soil microbial diversity, and soil 

respiration were not statistically different between inorganic and organic-based fertilizer 

additions, implying no adverse effects on microbial activity or soybean yield occurred due to 

inorganic fertilization. The sterilized organic treatment resulted in decreased grain yield and soil 

respiration, indicating in this study that the destruction of microbes prior to fertilization did not 

benefit yield production. These results show that each cover crop and fertilizer differentially 

affected soil microbes, and that management decisions may produce variable soil micro-

environments for subsequent cash crops that are not detectable through common soil test 

procedures. Further investigation into microbiome/plant interactions and their mechanistic 

influence on crop production could lead to custom sub-field prescriptions of fertilizer and/or 

cover crops for soil immunization against disease-prone areas and other soil health-related 

improvements.  
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