
ABSTRACT 

GROSS, MAKAYLA RAQUEL. Understanding Rotation and Maturity Group Impacts on North 

Carolina Soybean Production. (Under the direction of Dr. Rachel A. Vann). 

 

Soybean is the largest acreage row crop in North Carolina and the vast majority of 

soybean produced in the state goes into the animal feed industry. With specialty crop acreage on 

continuous decline, producers are starting to depend more on soybean as a cash crop than solely 

as a rotational crop. As management emphasis changes in North Carolina soybean production, 

producers have questions on maturity group (MG) and rotational impacts on their soybean crop. 

Two experiments were conducted to provide producers information on maturity group and 

rotational impacts in North Carolina soybean production.  

In one experiment, various winter crop rotations (cereal rye as cover crop, cereal 

rye/crimson clover as cover crop mixture, May fallow, wheat for grain, rapeseed for grain, and 

June fallow) were planted before soybean (MG III, V, VII) and evaluated. Soybean was planted 

behind winter cover crops in May to represent a full season planting date and soybean was 

planted behind winter grain crops in June to represent a double crop planting date. Winter cover 

crops had heavy biomass across all environments which resulted in reduced soybean stand at 

some locations. Higher soil temperatures were found in the June planting date and similar levels 

of soil moisture between May and June planting dates. N dynamics were impacted by winter 

crop rotation but not maturity group. Rotation did not impact soybean yield and therefore 

producers have flexibility in winter crop rotation scenarios. MG III typically yielded lower than 

MG V or MG VII regardless of winter crop rotation scenarios. Higher levels of soybean protein  

were found in the May planting date and similar levels of oil concentration were found across 

both planting dates. The experiment showed flexibility in growers planting soybean behind 



various winter crop scenarios and that regardless of winter crop scenario, MG V and VII 

varieties typically out-yielded MG III under standard soybean management routines.   

In the second experiment, various agronomic trials (row spacing, seeding rate, planting 

date, and R1 fertility) were conducted with early maturing, indeterminate varieties (MG III and 

IV) across North Carolina. Previous agronomic research in the state has been conducted 

primarily with determinate soybean varieties. To optimize both yield and profit, seeding rates at 

or in excess of 120,000 seeds/A are needed for May planting dates, which is higher than has been 

historically recommended for later maturing varieties. Comparable to results with determinate 

varieties in the past, narrow rows (15 or 18 in) provided a yield advantage over wider row (30 to 

36 in) and this advantage was more pronounced in high yielding environments. Producer interest 

lies in the necessity to use more fertility in indeterminate soybean production to maximize yield 

and therefore various nutrients were applied at beginning flowering (R1) to assess impact on 

soybean yield. Fertility applications did not increase soybean yield regardless of nutrient, despite 

high nutrient demands at this growth stage.  
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ABSTRACT 

Producing a winter crop before soybean [Glycine max (L) Merr.] is a common practice in 

North Carolina. Traditionally, wheat (Triticum aestivum L.) has been the main winter crop grown 

in the state prior to soybean, however, other emerging winter crop scenarios are on the rise which 

include rapeseed (Brassica napus L.) and cover crops. Some producers growing these new-to-

North-Carolina winter crops report benefits to the following soybean crop, but the reason for this 

remains unknown. With new winter crop scenarios increasing in popularity across the state, 

investigation into rotational impact on soybean and optimal soybean maturity group (MG) 

following various winter crop scenarios is merited. The objective of this experiment was to 

determine the effect of winter crops on soybean production in North Carolina and update 

producer recommendations on soybean MG used in this system. The experiment was conducted 

in two environments in 2019 including Rocky Mount, NC and Salisbury, NC and repeated at 

three environments in 2020 including Rocky Mount, NC, Salisbury, NC, and Sanford, NC. Main 

plot treatments included cereal rye (Secale cereale L.) as cover crop, cereal rye/crimson clover 

(Trifolium incarnatum) as cover crop mixture, May fallow, wheat for grain, rapeseed for grain, 

and a June fallow. Sub-plot treatments included soybean MG III, V, and VII. Data collection 

included cover crop/residue biomass, winter crop grain yields, soybean stand, soil moisture, soil 

temperature, N availability, soybean yield, and soybean seed quality. Cereal rye and cereal 

rye/crimson clover mixture cover crops produced the most biomass across all environments and 

sometimes soybean stand was reduced behind these cover crops. Rotation impacted soil 

temperature and soil moisture across most environments at planting and V2, with less soil 

moisture availability in cereal rye and cereal rye/crimson clover mixture cover crops. Nitrogen 

dynamics were impacted by rotation but not MG. Soybean yield was typically not impacted by 
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rotation, however soybean yield was typically lower with a MGIII than a MG VI or MG VII 

regardless of rotational scenario. Oil concentration was not impacted by rotation, however, May 

planting provided higher levels of protein concentration.  

 

NOMENCLATURE 

Winter crop, maturity group, double crop, residue, soil moisture, soil temperature, inorganic N, 

stand, yield 

KEY WORDS 

Soybean, Glycine max (L) Merr.; Cereal rye, Secale cereale L.; Crimson clover, Trifolium 

incarnatum; wheat, Triticum aestivum L.; rapeseed, Brassica napus L.;  

 

INTRODUCTION 

Soybean [Glycine max (L) Merr.] is the largest hectarage row crop in North Carolina with 

623,700 ha planted in 2019 (USDA-NASS, 2019a). Additionally, North Carolina is the top 

soybean producing state in the Southeast USA. Soybean is processed into oil and meal and is 

commonly sold for human consumption, animal feed, biodiesel, bioheat and industrial products 

(Raghuvanshi, 2010; Warrington et al., 2015). Soybean meal is an excellent source of protein for 

livestock feed (Kerley and Allee, 2003). North Carolina’s substantial volume of livestock 

production greatly depends on meal protein that is derived from soybean (Kerley and Allee, 

2003; Patil et al., 2017); allowing North Carolina soybean producers the opportunity to partially 

fulfill this demand for locally produced livestock feed. 

Determining when to plant is one of the most important decisions a soybean producer 

makes and has been investigated for more than a century (Mooers, 1908). Factors that influence 
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planting date are equipment availability, geographical location, rotational complexity, and 

grower preferences (Egli and Cornelius, 2009; Bateman et al., 2020). In North Carolina, soybean 

has the widest planting window of any summer row crop in the state (Hare et al., 2020). 

Traditional North Carolina Extension recommendations, for determinate cultivars, suggest 

optimal soybean planting date between 1 May to 10 June; however, planting date can occur 

before 1 May and beyond 1 July (Dunphy, 2017). This flexible planting window allows for the 

successful production of various winter crops that are typically harvested in early June. Winter 

crops have the capacity to offer a wide range of short-term benefits to the subsequent cash crop 

(Wagger, 1989). 

North Carolina’s extraordinarily diverse landscapes, climates, and soils give soybean 

producers several winter crop scenarios to incorporate into their rotations. Of the 623,700 ha of 

soybean planted in North Carolina in 2019, 26% was planted following the harvest of another 

crop and the majority of that was wheat (Triticum aestivum L.) (USDA-NASS, 2019a). A few 

possible winter crop scenarios in the state are wheat for grain, rapeseed (Brassica napus L.) for 

grain, and various cover crop monocultures and mixtures. Advantages of incorporating a winter 

crop scenario into rotational systems are erosion control, weed suppression, disease suppression, 

insect suppression, yield enhancement, and additional revenue (Snapp, 2005, Hartwig, 2002). 

Historically, winter crops are planted by 15 November in the coastal plain region of the state and 

by 15 October in the piedmont and mountain regions of the state; however, this is dependent on 

weather conditions. (Dunphy and Osmond, 2017).  

Double cropping (DC) involves the harvest of two crops from the same field in one 

growing season (Borchers et al., 2014). Double cropping is a form of intensification that gives 

soybean producers the opportunity for maximum use of cropland; creating potential additional 
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economic advantages (Caviglia et al., 2011; Borchers et al., 2014; Santos Hansel et al., 2019). 

Double cropping soft red winter wheat and soybean has been investigated thoroughly in the 

Southeast (Holshouser, 2015; Thomason et al., 2017; Sojka and Karlen, 1988; Kyei‐Boahen and 

Zhang, 2006); wheat is the traditional winter crop producers plant soybean behind in North 

Carolina (Hare et al., 2020). However, declining wheat prices have contributed to lower-than-

historical DC hectarage across the state. Wheat before soybean has the potential to provide 

numerous conservational and economic benefits (Santos Hansel et al., 2019), however planting 

soybean behind wheat can delay soybean planting date depending on weather conditions near 

wheat harvest and subsequent planting.  

Other specialty winter crops, such as rapeseed, have emerged as a winter crop alternative 

across North Carolina. Rapeseed is a broadleaf, winter oilseed crop that can be successfully 

produced over the winter in the Southeast (Sojka and Karlen, 1988). In 2019, an estimated 5,994 

ha-1 of rapeseed was planted, up 3,686 ha-1 of planted rapeseed from 2018 (USDA-NASS, 2019a). 

A suitable alternative for small grain production is rapeseed production; where it fits well into 

rotational systems in the Southeast and has peaked interest in producers looking into more 

profitable options than wheat (Vann et al., 2016; Kumar et al., 2007). Producers who already 

have small grains in their operation are able to use common equipment and infrastructure to 

minimize economic cost associated with incorporating a new crop into an existing rotation 

(Johnson and Hanson, 2003). Additionally, the spike of new, local rapeseed oilseed processing 

facilities have contributed to the increase of rapeseed production in the Southeast (Vann et al., 

2016); which is a key to profitability in rapeseed production.  

 Advantages to incorporating rapeseed into a producer’s rotational system in the 

Southeast have been studied. Rapeseed provides including creating diversity within rotation 
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systems, weed and insect suppression, and breakage of disease cycles from planting the same 

crop continuously (Assefa et al., 2014; Raymer et al., 1990; Lin et al., 2020). Angus et al. (2015) 

concluded wheat producers have the opportunity to obtain a more profitable wheat crop when 

grown with a break crop rather than wheat behind wheat. An additional advantage of using a 

break crop would include improved soil structure (Hartwig and Ammon, 2002). Discussions with 

producers also indicate easier planting of soybean into rapeseed than wheat due to less residue. 

Rapeseed is a relatively new crop in the Southeast USA and has not been thoroughly investigated 

in North Carolina to provide proper recommendations to producers. Soybean producers suspect 

these new-to-North Carolina winter crop scenarios are providing yield advantages to their 

following soybean crop, but the reason for this remains unknown and requires further 

investigation. 

Beyond a traditional winter crop where the grain is harvested before soybean is planted, 

interest in winter cover crops has increased significantly throughout the Southeast region. Winter 

cover crop scenarios involve the planting of two crops in one growing season with only one crop 

being harvested from the same field (Borchers et al., 2014). In 2017, 195,588 ha of cover crops 

were grown in North Carolina; whereas in 2012, only 159,165 ha of cover crops were grown 

(USDA-NASS, 2017). Cover crops are typically terminated in April or May and can facilitate an 

earlier soybean planting date than planting behind a winter grain crop while still maintaining 

some of the benefits having a crop growing over the winter provides. Cereal rye (Secale cereale 

L.) is a commonly grown winter cover crop planted before soybean in the Southeast due to its 

resilience and high biomass production which can be beneficial for weed control and soil 

moisture conservation (Mirsky et al., 2013; Moore et al., 1994; Bernstein et al., 2011; Vann et. 

al., 2018; Hartwig, 2002; Smith et al., 2011). Studies have shown additional advantages of cereal 
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rye including winter hardiness, suitability across a large geographical area, early flowering 

species, and rapid emergence (Mirsky et al., 2013; Vann et. al., 2018; Mirsky et al., 2017). 

Challenges of a winter cover crop and soybean scenario includes poor seed-to-soil contact at 

soybean planting and stand reduction; often correlated to planter penetration issues due to high 

biomass production (Weston, 1990; Schomberg et al., 2006). 

Cover crop mixtures are becoming increasingly popular for the diverse benefits they 

provide and the government cost-share programs that often require planting a mixture (USDA-

NRCS, 2020). A winter cover crop mixture that is popular across the Southeast is cereal 

rye/crimson clover (Trifolium incarnatum) cover crop mixture (Reeves, 1994). Crimson clover, a 

legume, has the ability to fix high levels of N resulting in N being released to the subsequent 

cash crop (Foote et al., 2014; Parr et al., 2011; Vann et al., 2018a, Vann et al., 2019; Wagger, 

1989; Sojka and Karlen, 1988). The rapid establishment and heavy, early biomass production 

that cereal rye offers has the ability to increase soil carbon and contribute to reduce soil erosion 

(Schomberg et al., 2006); while crimson clover establishes slower than rye and produces less 

biomass (Schomberg et al., 2006). Incorporating a winter cover crop mixture, that includes 

legumes, to do the job that would otherwise be accomplished by a fertilizer application is an 

advantage to producers who are looking to reduce input costs. Recent research has focused on 

the benefits of heavy residue cover crops prior to other cash crops in North Carolina (Vann et al., 

2018b; Vann et al., 2017) or has focused specifically on organic soybean production (Smith et 

al., 2011). Despite the fact that soybean fixes N, one of the reasons producers feel they see 

advantages in soybean behind winter crops is the residual N effect; meriting investigation about 

how adding a legume cover crop into a mixture impacts the subsequent soybean crop.  
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The economics of winter grain crop production and the increases in cover crop adoption 

justify research efforts to understand these winter crop scenarios and their impacts on soybean 

production to ultimately advise soybean producers across the state on up-to-date winter crop 

management that will help maximize soybean production. Producers also want to know the 

optimal soybean maturity group to use behind these various winter crop scenarios.  

Soybean maturity groups (MG) were developed based on soybean MG zones that are best 

adapted to a geographical area (Hu, 2013; Mourtzinis and Conley, 2017). Traditional MG best 

suited for adaptation across the Southeast was originally thought to be MG VI to VII (Scott and 

Aldrich, 1970), until more recent studies placed North Carolina in the MG V and VI zone 

(Mourtzinis and Conley, 2017). However, soybean producers across the state can successfully 

produce MG III-VIII (Vann, personal communication, 2020). Despite more recent MG 

recommendations being for MG V, production shifts to earlier maturing varieties and the 

associated yield benefits in the Mid-South USA (Heatherly, 1999) has invigorated interest in the 

production of earlier maturing varieties in North Carolina, even in traditional DC situations. 

Beyond direct yield advantages, producers also see potential harvest before September and 

October hurricanes and price premiums for early delivery as potential advantages (Vann et al., 

2019). However, seed quality declines and yield loss from soybean pod shatter are possible 

outcomes if early harvest window is delayed (Tukamuhabwa et al., 2002).  

The objectives of this study were to determine the effect of various winter crop scenarios 

on soybean productivity in North Carolina and determine the ideal soybean MG following 

various winter crop scenarios.  
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MATERIALS AND METHODS 

Rotational Experiment Sites and Management 

Experiments were conducted from 2018 to 2019 at the Upper Coastal Plain Research 

Station in Rocky Mount, NC, and the Piedmont Research Station in Salisbury, NC. In 2019 to 

2020, experiments were conducted at Gross Farms in Sanford, NC, and again in Rocky Mount, 

and Salisbury. The combination of year the soybean was harvested and location is referred to as 

an environment (Table 1). The Rocky Mount 2019 and 2020 trials were conducted on a 

Goldsboro fine sandy loam (fine-loamy, siliceous, subactive, thermic Aquic Paleudults), the 

Salisbury 2019 and 2020 trials was conducted on a Mecklenburg Clay Loam (fine, mixed, active, 

thermic Ultic Hapludalfs), and the Sanford trial was conducted on a Fuquay loamy sand (loamy, 

kaolinitic, thermic Arenic Plinthic Kandiudults). Rotation and nematode pressure was variable 

across environments; however these locations were selected to represent a range of growing 

conditions experienced by soybean producers in North Carolina. Plot size was variable due to 

equipment and space availability and was between 3.0 to 4.0 m wide and 7.1 and 15.2 m long. 

 

Treatment Description  

Treatments were arranged in a split-plot design with four to six replications, depending 

on space availability. The main plot factor was winter crop scenario and the subplot factor was 

soybean MG.  

Main plot treatments included rotation with two planting dates depending on rotation 

with May soybean planting behind cereal rye, cereal rye/crimson clover cover crop, and fallow, 

and June soybean planting behind wheat, rapeseed, and fallow. Sanford 2020 rapeseed and 
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Rocky Mount 2020 cereal rye/crimson clover mixture was eliminated from study due to shatter 

issues and significant deer damage, respectively. Targeted planting depth was 1.9 cm for all 

winter crop scenarios. Cereal rye (cv Abruzzi) was seeded at 112 kg ha-1, cereal rye/crimson 

clover mixture (cv Abruzzi/Dixie) was seeded at 123.2 kg ha-1 with 112.3 kg ha-1 cereal rye and 

11.2 kg ha-1 crimson clover, wheat (cv DynaGro 9701) was seeded at 148 kg ha-1, and rapeseed 

(cv Ramses) was seeded at 5.6-6.7 kg ha-1. Cereal rye/crimson clover mixture was thoroughly 

mixed prior to planting and crimson clover was inoculated appropriately (Verdesian N-Dure 

inoculant). Spring fertility was applied to rapeseed and wheat scenarios in 2019 and 2020 as this 

is reflective of production practices used by producers in the state (Weisz and Heiniger, 2013; 

Crozier et al., 2013). Spring fertility was applied on the winter grain crops at the following rates: 

112 kg N ha-1/22.4 kg S ha-1 for wheat and 134.4 kg N ha-1/26.88 kg S ha-1 for rapeseed.  

The cereal rye and cereal rye/crimson clover mixture were terminated at soybean planting 

in May when the cereal rye reached soft dough stage (Table 2). A fallow treatment was planted 

on the same day. The wheat and rapeseed were harvested once they reached full maturity, 

typically in mid-June (Table 2). Soybean was planted behind wheat and rapeseed and into a 

fallow treatment shortly following small grain harvest (Table 2).  

Subplot treatments included soybean MG: MG III (Pioneer 38A98X), MG V (Pioneer 

55A49X), and VII (Pioneer 72A21X). Seeding rates were 296,400 plants ha-1 based on 

agronomic recommendations in the state (Dunphy, 2017). In both years, weeds were managed 

with synthetic herbicides to keep the plots weed-free.  

 

 



   

11 

 

Data Collection  

Cereal rye and cereal rye/crimson clover mixture biomass was collected by clipping to 1-

cm stubble height from a 0.5-m2 quadrat placed randomly throughout each subplot with a cover 

crop prior to soybean planting. Cereal rye/crimson clover mixture biomass was separated by 

individual species. Wheat and rapeseed residue was collected using a 0.5-m2 quadrant from every 

subplot after grain harvest. All weeds were removed from clipped biomass and residue. Cereal 

rye and cereal rye/crimson clover mixture biomass and wheat and rapeseed residue was dried at 

65℃ for 2 to 3 d to obtain dry weight. 

Soil moisture and soil temperature was collected using a FieldScout TDR 350 soil 

moisture meter calibrated to measure soil moisture and soil temperature at 12 cm depth. Average 

of five soil moisture and five soil temperature measurements were obtained at each subplot 

across all environments at planting, V2 and in August.  

Soil samples were collected at each subplot across all environments at soybean planting 

and at soybean growth stage V2 at both May soybean planting and June soybean planting. 10 soil 

cores were taken from each subplot (15.24 cm depth) using a stainless steel soil sampling probe. 

Soil cores from each subplot were mixed and bagged before transfer into a freezer where 

samples were stored until extracted with KCl. Soil samples were then sieved to pass a 4-mm 

sieve for soil moisture content and KCl extraction. 1 g of sieved soil was placed into an 

aluminum tin to be air dried for seven days and was used to calculate soil moisture content. 5 g 

of sieved soil with 50 mL 1 M KCl was extracted for inorganic N analysis. KCl extractions were 

performed on a 1:10 soil to solution ratio. NH4–N concentration were analyzed using a sodium 

salicylate-based method (QuickChem Method 12-107-06-2-A), while the NO3–N was 

determined using the cadmium reduction method (QuickChem Method 12-107-04-1-B) on a 
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Lachat QuickChem 8500 Flow Injection Analyzer (Hach) in the Environmental and Agricultural 

Testing Service laboratory (EATS), Department of Crop and Soil Sciences, at North Carolina 

State University. 

Soybean emergence was measured at soybean growth stage V2 by placing a meter stick 

randomly in rows two and three of each subplot. Two measurements were made per subplot and 

then averaged. In both years, Rocky Mount environments soybean stand was significantly 

impacted by deer damage despite fencing. 

 Ten soybean plants were collected at soybean growth stage V2 within each subplot by 

clipping the plants at the soil surface and transferring them to a paper bag. Plant samples were 

then dried at 65℃ for 1 d to obtain dry weight. Each dried subplot plant sample was ground 

using a CT 293 Cyclotec in preparation for elemental C and N analysis. Ground soybean plants 

were analyzed for elemental C and N using a Perkin Elmer 2400 Series II CHNS Elemental 

Analyzer. 

Chlorophyll content of soybean leaf was measured with a SPAD-502-PLUS Minolta 

Chlorophyll Meter. The average of six measurements were taken from the uppermost leaf of the 

youngest fully developed trifoliate leaf at each subplot at growth stages V2, V5 and R1.  

Soybean yield was mechanically harvested (Table 1) and sub-samples were quantified for 

protein content and oil content. Seed composition (protein content and oil content) was measured 

using a Pertan DA7520 NIR analyzer (Hagersten, Sweden).  

 

 



   

13 

 

Statistical Analysis  

Analysis of variance was conducted using PROC MIXED in SAS 9.4 (SAS Institute 

Cary, NC). Rotation and MG were considered fixed factors and replication and environment 

were considered random factors. Means were separated using Fisher's Protected LSD test at P 

≤0.05. 

 

RESULTS AND DISCUSSION  

Winter Crop Biomass and Grain Production  

In general, cereal rye (3672-10642 kg ha-1) and cereal rye/crimson clover (2184-7344 kg 

ha-1 ) were the highest biomass producing scenarios across all environments (Table 3). Similar 

cereal rye/crimson clover biomass levels (~3280-6610 kg ha-1 ) have been previously reported in 

North Carolina (Vann et al., 2018b). Rocky Mount-2020 produced higher cereal rye and cereal 

rye/crimson clover biomass than Rocky Mount-2019 whereas Rocky Mount-2019 produced 

higher wheat and rapeseed residue than Rocky Mount-2020 (Table 3). In general, in the 

Salisbury environments, there were higher cereal rye and cereal rye/crimson clover biomass 

levels than the other sites; these Salisbury sites are characterized by higher organic matter soils 

and have been managed with a history of poultry litter use (McDaniel et al., 2014). The 

significant biomass that the cereal rye and cereal rye/crimson clover cover crop mixture produces 

allows for benefits such as weed suppression and soil moisture to be optimized (Mirsky et al., 

2013; Moore et al., 1994; Bernstein et al., 2011; Vann et. al., 2018; Hartwig, 2002; Smith et al., 

2011), however these biomass levels also have the potential to reduce soybean stand through 

restricting seed-to-soil contact and can lower soil temperatures that can intensify seedling 

diseases (Vann et al., 2018; Reddy, 2001). 
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Wheat and rapeseed grain yields were moderate across most environments but reflective 

of producer standards in North Carolina (Table 3). When evaluating 55 rapeseed cultivars, 

similar average rapeseed yields (~1360 kg ha-1) were reported by Sojka and Karlen (1988) that 

were comparable to rapeseed yields found in Southeastern states (1988). Extensive shatter 

contributed to low rapeseed yields in several environments (Table 3), especially in Salisbury-

2020 and Sanford-2020 where there was so much shatter that yield was not quantified. 

Environmental conditions that contribute to rapeseed shatter includes high humidity and heavy 

rainfall (Kuai et al., 2016). Shatter is one of the largest challenges identified to growing rapeseed 

by producers in North Carolina as the complex rotations exercised in this state lead to very 

demanding operations  in June when rapeseed is typically harvested. Wheat yields (3207.9-

5675.9 kg ha-1) across all environments (Table 3) were above average wheat yields (3766.06 kg 

ha-1) across the state in 2019 (USDA-NASS, 2019b). Wheat yields were not captured in Sanford-

2020 due to unforeseen rapeseed growth in wheat subplots from drill contamination at planting 

resulting in plots which were not mechanically harvestable. Wheat (829.5-6332.5 kg ha-1) and 

rapeseed (757.1-3880.8 kg ha-1) residue after harvest was low but still considerable residue after 

harvest for both winter grain crop scenarios (Table 3). Fertilization of wheat and rapeseed 

scenarios can produce sustainable biomass remaining after harvest even compared to 

unfertilized, unharvested cover crops (Smith et al., 2014; Lin et al., 2020). 

 

Soybean Stand  

Soybean seed was planted targeting 296,400 plants ha-1 across environments and 

corrected for reported germination of the varieties. Stands across environments were typically in 

excess of what is agronomically recommended by NC State Extension to maintain maximum 
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yield potential in May planted soybean (185,250 plants ha-1) and June planted soybean (222,300 

plants ha-1) (Dunphy, 2017), except in the Rocky Mount environments (Figures 1 and 2). In 

Rocky Mount, despite electric fencing to deter deer, deer pressure was heavy and resulted in 

reduced stands. 

Soybean stand was variably impacted by rotation and MG across environments (Table 4). 

At all environments, rotation trended towards impacting soybean stand (Table 4). MG impacted 

soybean stand in three of the five environments (Table 4). Rotation and MG rarely interacted to 

impact stand (Table 4). 

In several environments, soybean stands declined or trended towards declining when 

soybean was planted into a cereal rye and cereal rye/crimson clover cover crop mixture (Figure 

1). At those sites, total cover crop biomass levels leading to stand declines were 3,672.5-10,642.2 

kg ha-1 for cereal rye and 3,184.2-7,344.9 kg ha-1 for cereal rye/crimson clover mixture (Table 3). 

Weston (1990) observed soybean stand declines in row crops when planted into a heavy cover 

crop. Soybean stand declines in high biomass cover crops can be attributed to planter penetration 

difficulty (Reddy, 2001). Despite these reductions in stand that are often observed when planting 

soybean into a heavy residue cover crop, one of the distinct benefits of planting soybean in this 

system is that this is a plastic crop that can perform well across a wide range in population (Vann 

et al., 2020). In addition to physical reductions in stand from the inability of the planter to 

penetrate the residue, increased soil moisture in combination with lower soil temperatures may 

also lead to more seedling disease issues(Cheng et al., 2017).  

 Producers often indicate that soybean planted behind wheat or rapeseed may have a 

lower stand compared to fallow planting during that time frame, however, our results indicate 

that planting in wheat or rapeseed residue did not reduce stand compared to planting into a 
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fallow scenario during the same planting window (Figure 1). Despite typically higher wheat than 

rapeseed biomass after harvest (Table 3), stand was typically the same behind these two winter 

crop scenarios (Figure 1). Kelley and Sweeney (1998) found remaining wheat residue after grain 

harvest resulted in acceptable soybean stands and our results indicate that planters used in this 

study, which are reflective of growers standard equipment, are capable of effectively penetrating 

through residue to achieve respectable stand. Producers have anecdotally indicated that it is 

easier to plant soybean into rapeseed than wheat due to less residue and we generally did find 

less rapeseed residue when compared to wheat however there was no soybean stand difference 

across environments (Table 3 and Figure 1).  

In general, higher soybean stands were achieved with June planting as opposed to May 

planting (Figure 1). Higher temperatures and seedling disease pressure variability could be 

drivers behind observed differences in soybean stand across planting dates (Weston, 1990; 

Cordell et al., 2007; Gaspar and Conley, 2015). In Rocky Mount-2020, where we had significant 

deer pressure, we observed the deer preferred feeding in the cereal rye/crimson clover mixtures 

than in the fallow and cereal rye alone treatments, and this resulted in loss of soybean stand in 

the cereal rye/crimson clover winter crop scenario (Figure 1). This observation could be an 

important implication for soybean producers considering planting a cover crop mixture with a 

legume in front of their soybean fields where they have a history of deer pressure.  

Impact of MG on soybean stand was variable (Figure 2), likely due to differences in 

realized germination of the seed, disease resistances packages for encountered seedling diseases, 

and adaptability to environment (Egli et al., 2005). In both years, the impact of MG on soybean 

stand was consistent within each year, indicating that differences were likely attributed to 

inherent genetic differences among the varieties (Figure 2).  
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Soil Temperature and Soil Moisture 

At soybean planting and V2, rotation but not maturity group impacted soil temperature 

(Table 4). By later in the soybean production season, there was minimal impact of rotation on 

soil temperature (Table 4). Maturity group did not impact soil temperature (Table 4).  

June planting date scenarios at soybean planting and V2 typically had higher soil 

temperatures than May planting date scenarios (Figure 3), which is to be expected due to the 

warmer planting conditions encountered at that point in the season. Despite the presence of a 

cereal rye or cereal rye/crimson clover mixture cover crop in May planting, soil temperature was 

typically not reduced from the presence of a cover crop compared to fallow planting during the 

same time period (Figure 3), despite this being a frequently documented impact of a cover crop 

mulch on soil temperature (Kahimba, 2008; Vann et al., 2018b). Similar results were found in 

previous research where soil temperature was not affected by presence of a cereal rye cover crop 

(Waring, 2017), however these results contrast previous work conducted in North Carolina 

indicating that a cover crop reduced soil temperature (Vann et al., 2018b). Wheat and rapeseed 

residue also did not affect temperature compared to the fallow planting date during the same 

period (Figure 3). Previous literature had documented reduced soil temperatures with the 

presence of a winter crop residue compared to fallow (Teasdale and Mohler, 1993; Wagner-

Riddle et al., 1994), however that was not observed with the biomass levels in this study.  

Rotation significantly impacted soil moisture at planting and at V2 across most 

environments (Table 4). When late-season soil moisture was measured, rotation did not impact 

maturity except in Salisbury 2019 (Table 4). Maturity group did not impact soil moisture (Table 

4). In general, soil moisture availability was significantly less in the cereal rye and cereal 

rye/crimson clover mixture cover crop planted in May compared to the fallow planting in May 
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(Figure 4). This is likely attributed to reduced moisture availability from an actively growing 

cover crop that was terminated just prior to soybean planting and these results are aligned with 

previous research in the Southeast region documenting reduced soil moisture at planting from the 

presence of a cover crop (Reberg-Horton et al., 2012). This is a well-documented risk of 

terminating a cover crop in too close proximity to cash crop planting (Liebl et al., 1992; 

Wortman et al., 2012). However by V2, the presence of a cover crop often increased soil 

moisture availability compared to the May fallow and this is an increasingly emphasized short-

term benefit of having a cover crop mulch out on the soil surface (Figure 4). However, this 

increased soil moisture availability does not always translate into soybean yield differences 

(Vann et al., 2020).  

June fallow planting typically had the lower soil moisture when compared to planting 

into wheat and rapeseed residue during the same time frame (Figure 4). Wheat had more residue 

(829.5-6332.5 kg ha-1) and sometimes led to higher soil moisture levels then even rapeseed 

(757.1-3880.8 kg ha-1) (Table 3 and Figure 4). Soil moisture differences throughout the growing 

season can be attributed to variability in environment, soil type, tillage, and winter crops (Daniel 

et al., 1999; Nielsen et al., 2015; Acharya et al., 2019). Moisture availability was almost always 

higher at planting and V2 with June planting compared to May planting (Figure 4). This can be 

explained by the increased rainfall accumulation in June and July of both years when compared 

to May (Table 5). 

 

Nitrogen Dynamics  

To capture N dynamic differences between rotations in an effort to ultimately understand 

the impact on soybean yield, soil inorganic N, tissue N content, and SPAD values were collected 
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across environments. Rotation often impacted N dynamics but did so variably across 

environments (Table 4). MG infrequently impacted N dynamics and therefore this discussion 

focuses on the impact of rotation on N dynamics (Table 4).  

In general, there was higher soil inorganic N at the June planting date than at the May 

planting date (Figure 5) where soil inorganic N was specifically lower behind cereal rye and 

cereal rye/crimson clover mixture than May fallow (Figure 5). Previous literature has 

documented inorganic N being tied up in these high biomass producing winter cover crops as 

they decompose resulting in low inorganic N being released back to soil (Mirsky et al., 2013). 

Weyers et al. (2019) found similar results of N being immobilized in winter cover crops. The 

lack of differences in inorganic N between cereal rye and cereal rye/crimson clover cover crop 

mixtures alone was surprising considering legume breakdown in summer months. However, it is 

somewhat surprising that by V2 the cereal rye/crimson clover cover crop mixture did not have 

more inorganic N than what was observed (Figure 5). 

Rapeseed had higher soil inorganic N at V2 when compared to wheat or June fallow 

(Figure 5). This could be a reflection of low N use efficiency throughout the growing season in 

this particular crop (Bouchet et al., 2016) or from accelerated residue breakdown from this crop 

compared to wheat. In the Salisbury environments, where there is higher organic matter soils, 

soil inorganic N was higher when compared to other environments (Figure 5). In Rocky Mount-

2019, wheat had the highest level of soil inorganic N at planting and then at V2, rapeseed and 

June fallow soil inorganic N surpassed wheat (Figure 5). Whereas in Rocky Mount-2020, 

rapeseed maintained the highest level of soil inorganic N at planting and at V2 (Figure 5). In 

Sanford-2020, there were similar levels of soil inorganic N at planting across all rotations and by 

V2, wheat and June fallow had higher levels of soil inorganic N than cereal rye, cereal 
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rye/crimson clover, and May fallow (Figure 5). In general, across all environments, wheat, 

rapeseed, and June fallow had the highest level of soil inorganic N (Figure 5). 

Tissue N content at V2 was impacted by rotation and environment (Table 4). MG rarely 

interacted to impact tissue N content at V2 (Table 4). Tissue N produced overall similar results 

to soil inorganic N (Figures 5 and 6). June planting scenarios had higher amounts of tissue N 

content than May planting scenarios (Figure 6). In general, the lowest amounts of tissue N 

content were found in May fallow and cereal rye scenarios, the cereal rye/crimson clover mixture 

sometimes lead to higher tissue N levels, presumably from the N provision of a breaking down 

legume cover crop (Figure 6). This could be from residual fertilizer from spring fertility or from 

residue breakdown (Mirsky et al., 2013). In the Sanford-2020 environment, similar levels of soil 

inorganic N and tissue N content were found in cereal rye, cereal rye/crimson clover mixture, 

and May fallow (Figure 6). In Rocky Mount-2019, wheat, rapeseed, and June fallow tissue N 

content were similar then at Rocky Mount-2020, tissue N content in rapeseed surpassed all other 

scenarios (Figure 6). In Salisbury-2019, wheat and rapeseed scenarios had the highest amounts 

of tissue N content whereas in Salisbury-2020, wheat, rapeseed, and June fallow all had the same 

amount of tissue N content (Figure 6). Differences in tissue N content could be related to intense 

rainfall accumulation (Table 5), increased soil moisture, or differences between in early and late 

planting dates (Sinclair et al., 2003).  

N content measured by SPAD values was impacted by rotation at soybean growth stage 

V2, V5, and R1 (Table 4). MG sometimes impacted N content at V2, V5, or R1 (Table 4). SPAD 

values produced overall similar results when compared to soil inorganic N and tissue N content; 

with higher N content in the June planting date than in the May planting date (Figures 5 and 6). 

In Salisbury-2019, May fallow had the lowest N content at V2 (Figure 6). At V5 and R1, N was 
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similar across all rotations (Figure 6). In the Salisbury-2020, cereal rye, cereal rye/crimson 

clover mixture and May fallow usually had the lowest N content at V2, V5, and R1 (Figure 6). In 

the Sanford-2020 environment at V2, N content in wheat and rapeseed impacted N content the 

most (Figure 6). At V5 and R1, there were no significant differences between rotations and N 

content (Figure 6). In Rocky Mount-2019, N content was similar at V2 and V5 for all rotations 

(Figure 6). At R1, wheat, rapeseed, and June fallow N content exceed all other rotations (Figure 

6). Rocky Mount-2020 cereal rye cover crop had the lowest N content V2, V5, and R1 (Figure 

6). Ultimately, SPAD shows a trend towards lower but similar levels of N in earlier planted 

soybean; just as there was lower soil moisture and lower soil temperature in the earlier planting 

date. The conclusion we are drawing from this is that it is not the winter cover crops that is 

lowering soil moisture, soil temperature, and N dynamics; it is a product of different planting 

dates. Additionally, based on similar results from three different methods of measuring N 

dynamics, we can conclude that the use of SPAD, a fairly quick and inexpensive method, is an 

appropriate way to measure N content compared to the most cost-intensive methods deployed in 

this study.  

 

Soybean Yield  

Interestingly, in a combined analysis across environments, rotation did not impact 

soybean yield (Table 4). When a by environment analysis occurred, there was only an impact of 

rotation on soybean yield in the Rocky Mount-2019 environment, where soybean yield was 

reduced when planted into a cereal rye cover crop and May fallow (Table 4). However, rotation 

trended towards impacting yield at two additional environments, Salisbury-2019 (P=0.10) and 

Rocky Mount-2020 (P=0.10). Rocky Mount-2019 and Rocky Mount-2020 soybean yield 
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differences can be attributed to a combination of reduced stands following high biomass 

producing cover crops and deer pressure (Table 3 and Figures 1 and 7). In Salisbury-2019, a 

similarly high yielding environment, excess residual fertilizer from previous field management in 

combination with reduced stands from high cover crop biomass could have negatively affected 

soybean yield (Table 3 and Figures 1 and 7). 

The lack of rotation impact on yield was surprising as we often see at least an impact of 

earlier soybean planting dates on soybean yield in North Carolina (Vann, 2020), however these 

results highlight the complexity of these systems and the numerous factors that impact yield. 

These earlier planting date systems are highly sensitive to weather conditions such as rainfall and 

frost but have been proven to provide clear soybean yield advantages to producers in North 

Carolina and across the United States (Spyridon et al., 2019). Despite reductions in soybean 

stand as a result of residue and planting date at several locations (Figure 1), this often impacts 

soybean yield ultimately highlighting the plasticity in soybean yield across many populations 

(Dunphy, 2017). Soil moisture varied by rotation, however it did not ultimately lead to differing 

soybean yields which would indicate that soil moisture is not a limiting factor for yield among 

these rotations. This factor often does not limit soybean yield (Acharya et al., 2019; Mourtzinis 

et al., 2018). Additionally, soybean fix N, therefore unless rotation could have impacted 

biological nitrogen fixation, N in the soil could also have no effect on final soybean yield. These 

lack of differences in soybean yield across rotations despite documented differences for other 

factors tells us each environment had something specific occurring besides what was investigated 

in this study; additional pest dynamics across these rotations should be investigated including 

foliar disease and insect pressure (Knott et al., 2018; Henry et al., 2011). Investigation into the 



   

23 

 

influence of weather dynamics, such as air temperature, in addition to tillage practices within 

these rotations and MG could potentially explain the lack of soybean yield differences. 

When combined over environments, there was no impact of MG on soybean yield, 

however there was a strong MG by environment interaction on soybean yield, indicating that 

MG performed differently in each environment (Table 4). In three of the five environments, the 

MG V and MG VII out yielded the MG III, which we would have expected in a June planting 

situation but were surprised to see even in a May planting situation (Figure 8), where the benefits 

of planting earlier maturing varieties have been documented in North Carolina (Vann, 2020). 

One possible hypothesis for this would be that soybean was not managed for foliar disease and 

insects after planting, which is reflective of the vast majority of soybean management in North 

Carolina. However, these management practices may be more critical to protect yield in an 

earlier than later maturity variety where disease prevalence is more likely due to environment 

conditions (Cartter and Hartwig, 1963; Smith et al., 2008). The MG III variety used in this study, 

and in general MG III produced in a North Carolina environment, may not have been as well 

adapted from a pest management package as later maturing varieties bred specifically for 

production in this region. In one environment (Salisbury-2020), there was no impact of MG on 

soybean yield (Table 4). It is worth noting there was only one environment (Rocky Mount-2019) 

where rotation and MG interacted to impact soybean yield (Table 4). In this environment, MG V 

and MG VII yielded similarly where June planting scenarios and cereal rye/crimson clover 

mixture were the highest yielding rotations (Figure 7).  
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 Soybean Seed Quality  

Both rotation and MG interacted to significantly impact soybean protein concentration at 

most environments and results were variable across all environments (Table 4). In a combined 

analysis, higher levels of protein concentration were observed with May planting dates than June 

planting dates (Figure 9). This contrasts previous research from the Midwest that found higher 

protein concentrations in later planting dates and higher oil concentrations at earlier planting 

dates in earlier maturing varieties (Mourtzinis et al., 2017). Hu (2013) found different results 

where planting date did not affect protein concentration or oil concentration in later maturing 

varieties. Geographical location, breeding and environmental differences ultimately influence 

soybean seed composition (Mourtzinis et al., 2017). The complex influence of planting date, 

rotation, and MG on soybean protein concentration and oil concentration has been documented 

(Houx III et al., 2014; Mourtzinis et al., 2017). MG impact of protein concentration was variable 

across all environments (Table 6). MG III had higher protein concentrations in 2020 

environments than 2019 environments (Table 6). MG V and MG VII had similar levels of 

protein concentration across all environments (Table 6). Variation in protein concentration 

among different MG from abiotic stressors has been documented (Bellaloui and Mengistu, 

2007). 

Impact of rotation on oil concentration was variable across all environments (Table 7). 

Across the 2019 environments, higher amounts of oil concentration in soybean were found in 

rapeseed, wheat, and June fallow rotation scenarios when compared to 2020 environments with 

rapeseed, wheat, and June fallow rotation scenarios (Table 7). Cereal rye, cereal rye/crimson 

clover mixture and May fallow trended towards having lower oil concentration across most 

environments except Salisbury 2020 (Table 7). Later maturing varieties had higher oil 
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concentration in 2019 environments and lower oil concentration in 2020 environments (Table 7). 

This was not a surprise as there was a significant amount of rainfall across 2020 environments 

(Table 5) and seed composition can be altered by water stress (Rotundo and Westgate, 2009). 

Environmental and MG impact on protein concentration and oil concentration has been 

documented previously (Ray et al., 2008; Bellaloui and Mengistu, 2008; Bellaloui et al., 2011; 

Hu, 2013).  

 

Conclusions  

Results from this study indicate that cereal rye and cereal rye/crimson clover mixture 

cover crops produce more biomass than wheat and rapeseed. Wheat and rapeseed, in which 

rapeseed had shatter issues, yields were moderate but reflective of producer standards in the 

state. When planting soybean into a high biomass producing winter cover crop, stand if often 

reduced but can still be in excess of what is agronomically recommended. MG impact on stand 

was variable and it is highly likely due to inherent genetic differences. Rotation impacted soil 

temperature and soil moisture at soybean planting and V2 where we saw higher levels in wheat 

and rapeseed. MG did not impact soil temperate or soil moisture. Soil temperature was not 

reduced from the presence of a winter cover crop when compared to fallow. Soil moisture in a 

winter cover crop was reduced when compared to a fallow which can be attributed to terminating 

a cover crop prior to soybean planting. Rotation variably impacted N dynamics across all 

environments. In all three methods of measure N, wheat, rapeseed, and June fallow typically had 

the highest levels of N. From these results, we can conclude that the impact of rotation on N 

dynamics is more of a product of planting date. Furthermore, based on these similar N results, 

SPAD is an appropriate method to measure N when compared to other cost-intensive methods 
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used in this study. In a combined analysis, rotation did not have an impact on soybean yield 

which was not expected. Rotation only affected soybean yield in one environment when a by 

environment analysis occurred. Soybean stand did impact soybean yield in some environments 

when there was heavy deer pressure. Soil moisture and N dynamics did not have an impact on 

soybean yield. MG affected soybean yield differently in each environment. In three of the five 

environments, MG III yielded the lowest. Only one environment had both rotation and MG 

interaction to impact soybean yield. Lack of differences in soybean yield between planting dates 

could be attributed to excessive moisture in May in combination with intense deer pressure, 

which could be a driver behind lack of impact from an earlier planting date. Rotation and MG 

impact soybean protein concentration and soybean oil concentration. Soybean protein 

concentration was higher in the early planting date and soybean oil concentration was higher in 

the later planting date. Ultimately, the impact of winter crop rotation on soybean yield is 

extremely complicated due to various biotic and abiotic factors happening simultaneously. This 

data suggest soybean producers in North Carolina have flexibility in winter crop rotations and 

MG use but further investigation into different variables should be executed.  
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Table 1. Environment, soil type, tillage system, row spacing, planting equipment, and harvest equipment. 

Environment Soil Type Tillage 

System 

Row 

Spacing 

(cm) 

Winter Crop 

Scenario Planting 

Equipment 

Soybean 

Planting 

Equipment 

Harvest 

Equipment 

2019 Average Soybean 

Yields Per County (kg ha-1) 

Rocky Mount-2019  Goldsboro Fine Sandy Loam 

 

No-Till 

 

91.4 John Deere 450 John Deere 

7300 

Wintersteiger 

Quantum 

2286.5 

Salisbury-2019 Mecklenburg Clay Loam 

 

No-Till 

 

76.2 John Deere 750 John Deere 

750 

Wintersteiger 

Quantum 

2152 

Sanford-2020 Fuquay Loamy Sand 

 

Conventional 

 

38.1 Great Plains John Deere 

6300 

Wintersteiger 

Quantum 

1479.5 

Rocky Mount-2020 Goldsboro Fine Sandy Loam 

 

No-Till 

 

91.4 John Deere 450 John Deere 

7300 

Wintersteiger 

Quantum 

2286.5 

Salisbury 2020 Mecklenburg Clay Loam 

 

No-Till 

 

76.2 John Deere 750 John Deere 

750 

Wintersteiger 

Quantum 

2152 

 

 

 

 

 

 

 

 

 

 



   

36 

 

Table 2. Dates for winter crop rotation and soybean management at individual environments. 

 -- Winter Crop Rotation -- -------------------------------------------- Soybean ------------------------------------------ 

Environment Planting Termination/ 

Harvest 
May Planting

a
 June Planting

 b
 

MG III Harvest MG V 

Harvest 

MG VII 

Harvest 

Rocky Mount-2019 10/10/2018 No-Till 05/06/2019 06/18/2019 
09/24/2019

a
, 10/15/2019

c 
11/08/2019

c
 11/08/2019

c
 

Salisbury-2019 10/18/2018 No-Till 05/10/2019 06/24/2019 
10/01/2019

c
 10/18/2019

c
 11/09/2019

c
 

Sanford-2020 11/06/2019 Conventional 05/11/2020 06/23/2020 
10/01/2020

a
, 10/23/2020

c
 10/23/2020

c
 11/06/2020

c
 

Rocky Mount-2020 10/15/2019 No-Till 05/07/2020 06/24/2020 
09/23/2020

a
, 10/7/2020

a
, 10/15/2020

b 
10/15/2020

a
 11/09/2020

c
 

Salisbury 2020 10/18/2019 No-Till 05/08/2020 06/15/2020 
10/19/2020

c
 11/04/2020

c
 11/04/2020

c
 

a
 May planting. 

b
 June planting.  

 
c
 May and June planting.  
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Table 3. Impact of rotation on winter crop yield and biomass/residue levels by environment. 

Environment Soil Type Wheat 

Yield 

Rapeseed 

Yield 

Cereal Rye 

Biomass 

Cereal Rye and 

CC Biomass 

Wheat Biomass 

after Harvest 

Rapeseed Biomass 

after Harvest 

  ----------------------------------------------- kg ha-1 ----------------------------------------------- 

Rocky Mount-2019  Coastal Plain 4014.9 1654.4 3672.5 3184.2 4310.9 3346.6 

Salisbury-2019 Piedmont 3207.9 1681.3 10642.2 7344.9 6332.5 3711.7 

Sanford-2020 Coastal Plain N/A N/A 5424.9 6362.9 1112.9 N/A 

Rocky Mount-2020 Coastal Plain 3887.1 1506.4 7355.1 N/A 829.5 757.1 

Salisbury 2020 Piedmont 5675.9 N/A 9169.4 3696.0 2431.5 3880.8 

† Abbreviations: CC, crimson clover. 
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Table 4. ANOVA results for the effect of rotation (R), maturity group (MG), environment (E) and their relevant interactions on dependent variables in a combined analysis and at individual 

environments. 

  ---------------------------------------------------------- Environment ---------------------------------------------------------- 

Dependent Variable Source Combined Rocky Mount-2019 Salisbury-2019 Sanford-2020 Rocky Mount-2020 Salisbury-2020 

  ------------------------------------------------------------- P>F------------------------------------------------------------- 

Soybean Emergence R ns ns 0.005 0.01 <0.001 ns  
MG ns <0.001 <0.001 0.04 ns <0.001  
E 0.0002 - - - - -  
RxMG ns ns 0.0005 ns ns 0.05  
RxE <0.001 - - - - -  
MGxE <0.001 - - - - -  
RxMGxE 0.02 - - - - - 

Soil Temperature at Planting R <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
 MG ns ns ns ns ns ns 

 E <0.001 - - - - - 
 RxMG ns ns ns ns ns ns 

 RxE <0.001 - - - - - 
 MGxE ns - - - - - 

 RxMGxE ns - - - - - 
Soil Temperature at V2 R 0.02 ns <0.001 ns <0.001 <0.001 

 MG ns ns ns ns ns ns 
 E 0.0007 - - - - - 

 RxMG ns ns ns ns ns ns 
 RxE <0.001 - - - - - 

 MGxE ns - - - - - 
 RxMGxE 0.05 - - - - - 

Soil Temperature at Late-Season R ns ns ns ns 0.05 ns 
 MG ns ns ns ns ns ns 

 E <0.001 - - - - - 
 RxMG ns ns ns ns ns ns 

 RxE ns - - - - - 
 MGxE ns - - - - - 

 RxMGxE ns - - - - - 
Soil Moisture at Planting R <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 MG ns ns ns ns ns ns 
 E <0.001 - - - - - 
 RxMG ns ns ns ns ns ns 

 RxE <0.001 - - - - - 
 MGxE ns - - - - - 

 RxMGxE ns - - - - - 
Soil Moisture at V2 R ns <0.001 <0.001 ns <0.001 <0.001 

 MG ns ns ns ns ns ns 
 E 0.0001 - - - - - 

 RxMG ns ns ns ns ns ns 
 RxE <0.001 - - - - - 

 MGxE 0.03 - - - - - 
 RxMGxE ns - - - - - 
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Table 4 (continued). 
Soil Moisture at Late-Season R ns ns <0.001 ns ns ns 
 MG ns ns ns ns ns ns 

 E <0.001 - - - - - 
 RxMG ns ns ns ns ns ns 

 RxE <0.001 - - - - - 
 MGxE ns - - - - - 

Soil Inorganic N at Planting R 0.04 0.0006 <0.001 ns ns <0.001 
 MG ns ns ns ns ns ns 

 E <0.001 - - - - - 
 RxMG ns ns ns ns ns ns 

 RxE <0.001 - - - - - 
 MGxE ns - - - - - 

 RxMGxE ns - - - - - 
Soil Inorganic N at V2 R <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 MG ns ns ns ns ns ns 
 E <0.001 - - - - - 

 RxMG ns ns 0.003 ns ns ns 
 RxE <0.001 - - - - - 

 MGxE ns - - - - - 
 RxMGxE ns - - - - - 

Tissue N at V2 R <0.001 <0.001 0.0001 <0.001 0.0003 <0.001 
 MG ns ns 0.0042 ns ns ns 

 E 0.0012 - - - - - 
 RxMG 0.0070 0.03 ns ns 0.01 0.05 

 RxE 0.0002 - - - - - 
 MGxE ns - - - - - 

 RxMGxE ns - - - - - 
SPAD at V2 R 0.002 0.0039 0.0045 <0.001 <0.001 <0.001 

 MG ns 0.0012 ns ns ns ns 

 E 0.01 - - - - - 

 RxMG ns ns ns ns ns ns 
 RxE <0.001 - - - - - 

 MGxE ns - - - - - 
 RxMGxE ns - - - - - 

SPAD at V5 R ns 0.0025 0.0009 0.03 <0.001 <0.001 
 MG ns 0.0016 ns 0.003 ns 0.02 

 E 0.006 - - - - - 
 RxMG ns ns ns 0.02 ns ns 

 RxE <0.001 - - - - - 
 MGxE 0.03 - - - - - 

 RxMGxE ns - - - - - 
SPAD at R1 R 0.04 <0.001 ns ns 0.02 <0.001 

 MG ns 0.0002 0.0044 ns ns ns 
 E ns - - - - - 

 RxMG 0.01 0.11 0.0097 ns ns ns 
 RxE <0.001 - - - - - 

 MGxE 0.007 - - - - - 
 RxMGxE ns - - - - - 
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Table 4 (continued). 
Soybean Yield R ns <0.001 ns ns ns ns 
 MG ns <0.001 <0.001 0.004 <0.001 ns 

 E <0.001 - - - - - 
 RxMG ns <0.001 ns ns ns ns 

 RxE ns - - - - - 
 MGxE 0.004 - - - - - 

 RxMGxE ns - - - - - 
Soybean Protein (13%) R 0.0008 0.0002 0.0007 <0.001 <0.001 <0.001 

 MG ns <0.001 ns 0.04 ns <0.001 
 E <0.001 - - - - - 

 RxMG ns 0.0003 0.01 0.0068 0.0003 <0.001 
 RxE ns - - - - - 

 MGxE 0.04 - - - - - 
 RxMGxE <0.001 - - - - - 

Soybean Oil (13%) R ns 0.0026 0.02 0.01 0.005 ns 
 MG ns <0.001 <0.001 0.0002 <0.001 0.01 

 E 0.004 - - - - - 
 RxMG ns ns 0.05 ns ns ns 

 RxE 0.0007 - - - - - 
 MGxE <0.001 - - - - - 

 RxMGxE ns - - - - - 

† Abbreviations: R, rotation; MG, maturity group; E, environment. 
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Table 5. Weather data from 2019-2020 at individual environments and 20-year average.  

 ------------------------------------------------------- Rainfall (cm) -------------------------------------------------- 

Environment May May – 20 Year 

Average 

June June – 20 Year 

Average 

 

July 

July – 20 Year 

Average 

August August – 20 Year 

Average 

Rocky Mount-2019 6.2 9.1 9.7 11.4 6.4
 

11 15.7 15.3 

Salisbury-2019 7.2 10 15 11 7.9 10.7 6.6 8.5 

Sanford-2020 17.4 9 7.6 11.3 13.3 13 12 13.4 

Rocky Mount-2020 12.1 9.1 22.2 11.4 8.6
 

11 30.3 15.3 

Salisbury 2020 26.7 10 12.1 11 8 10.7 7.3 8.5 
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Table 6. Impact of maturity group on protein concentration at individual environments. 

 ----------------------------- Environment ------------------------ 
 

Rocky 

Mount-2019 

Salisbury-

2019 

Sanford- 

2020 

Rocky 

Mount-2020 

Salisbury-

2020 

MG      

III 35.6B 32.3B 36.6A 36.2A 37A 

V 36.3A 32.6B 35.9B 36.1A 36.2B 

VII 35.5B 32.8A 36.4AB 36.5A 36.7A
 

† Abbreviations: MG, maturity group. 
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Table 7. Impact of rotation and maturity group on oil concentration at individual environments.  
 

Planting Rocky Mount-

2019 

Salisbury-2019 Sanford- 2020 Rocky Mount-

2020 

Salisbury-2020 

Rotation  --------------------------------------------- 13% ----------------------------------------- 

 Cereal Rye 16.9BC 17.9ABC 17.4BC 16.8B
 

16.9AB 

 CR/CC 16.8C 17.8BC 17.5BC N/A 17.0A 

 May Fallow 17.3A 17.6C 17.3C 17.1A 16.9A 

 Wheat 17.1AB 18.3A 18.0A 16.8B
 

16.5BC 

 Rapeseed 17.1A 18.2AB N/A 17.2A 16.4C 

 June Fallow 17.8A 18.2AB 17.7AB 16.8B 16.4C 

MG       

 3 16.8B 17.6C 17.9A 17.2A 17.0A 

 5 17.2A 18.4A 17.4B 17.0B 16.5B 

 7 17.3A 18.0B 17.3B 16.7C 16.4B 

† Abbreviations: MG, maturity group. 
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Figure 1. Impact of rotation on soybean stand combined over maturity group at individual environments.  
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Figure 2. Impact of maturity group on soybean stand combined over rotation at individual environments.  
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Figure 3. Impact of rotation on soil temperature at soybean planting and at soybean growth stage V2
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Figure 4. Impact of rotation on soil moisture at soybean planting, at soybean growth stage  

V2, and at late-season.
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Figure 5. Impact of rotation on soil inorganic N availability at soybean planting and at  

soybean growth stage V2 and tissue N content at soybean growth stage V2 at individual 

environments. 
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Figure 6. Impact of rotation on leaf chlorophyll content at V2, V5, and R1 at individual 

environments.  
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Figure 7. Impact of rotation on soybean yield combined over maturity group by environment. 
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Figure 8. Impact of maturity group on soybean yield combined over rotation by environment 
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Figure 9. Rotation impact on protein concentration combined over all environments.  
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CHAPTER 2 

 

Agronomic Management of Early Maturing Soybeans in North Carolina 
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ABSTRACT 

Interest in producing indeterminate, early maturing soybean [Glycine max (L) Merr.] 

cultivars (MG≤IV) has increased in the Southeast as producers are seeking ways to increase 

soybean yields The objective of this experiment was to generate agronomic management 

recommendations for early maturing soybean varieties across the Southeast through 

identification of optimal seeding rate, row spacing, planting date and fertility management and 

compare these findings to current agronomic management recommendations generated 

with  determinate, later maturing varieties. Experiments were conducted across North Carolina at 

seven environments in 2018 and at four environments in 2019. Two maturity groups (MG) were 

used in this study: MG III and MG IV. Data collection included soybean yield and soybean seed 

quality on the various treatments. Row spacing recommendations were similar to determinate 

varieties with narrow rows providing a 7.3 bu/A yield advantage across environments, especially 

in high yield environments. Seeding rate impacted soybean yield but not seed quality. An 

economic analysis was conducted for seeding rate suggesting at or above 100,000 seeds/A  will 

optimize both profit and yield. Planting date sometimes impacted yield and seed quality 

suggesting earlier planting with these varieties could be critical to optimizing soybean yield and 

seed quality. Fertility applications at beginning flowering did not have an impact on soybean 

yield or seed quality.  
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NOMENCLATURE 

Purple seed stain, Cercospora kikuchii; corn, Zea mays L.; cotton, Gossypium hirsutum L.; 

peanut, Arachis hypogaea; tobacco, Nicotiana tabacum L.; sweetpotato, Ipomoea batatas Lam.; 

soybean, Glycine max (L) Merr. 

KEY WORDS 

Maturity group, row spacing, planting date, R1 fertility, seeding rate 

 

INTRODUCTION 

North Carolina is the top soybean [Glycine max (L) Merr.] producing state in the 

Southeast USA with 1,540,000 acres planted in 2019 (USDA-NASS, 2019). A versatile and 

renewable legume, soybean is the most important oilseed crop in the United States (Mourtzinis et 

al, 2017). Soybean is processed into oil and meal (Warrington et al., 2015; Raghuvanshi, 2010); 

soybean meal is an excellent source of protein and amino acids for both animal feed and human 

consumption (Kerley and Allee, 2003). Soybean oil is processed into food products, biodiesel, 

and additional industrial products (Raghuvanshi, 2010; Clemente and Cahoon, 2009). A heavy 

livestock producing state, North Carolina producers are continuously searching for ways to 

increase soybean yields in order to meet the growing demand for locally produced livestock 

feed.  

Across the United States, soybean producers select soybean maturity groups (MG) based 

on soybean MG zones that are best adapted to a geographical region (Hu, 2013). Using 

traditionally developed soybean MG models, the most widely recommended MG for adaptation 

across North Carolina is a MG VI (Scott and Aldrich, 1970). MG zones were traditionally 

thought to be based solely on photoperiod of a geographical region (Scott and Aldrich, 1970), 
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until more recent efforts determined the primary factors optimally defining MG zones to be a 

combination of both photoperiod and temperature (Mourtzinis and Conley, 2017). Recent efforts 

suggest most of North Carolina to be optimally adapted to produce a MG V to VI (Mourtzinis 

and Conley, 2017) although producers in the state can successfully produce MG III-VIII (Vann, 

personal communication, 2020).  

Selecting a soybean variety that matured later in the season has historically been 

advantageous to North Carolina growers due to complex rotations including specialty crops. 

However, declines in specialty crop acres and subsequently simplified rotations have resulted in 

more intensively managed soybean in the state, allowing for use of earlier maturing varieties due 

to labor and equipment availability for earlier harvest. Previous research has indicated a yield 

advantage from genetic gain of earlier maturing varieties (MG II, III, IV) that is particularly 

pronounced in high yielding environments (Rincker et al., 2014). A small group of producers in 

eastern North Carolina have successfully grown MG III-IV soybean for more than three decades. 

In addition to yield advantages, practically earlier harvest dates provided options for preventing 

losses due to frequent hurricanes and wet fall weather leading to seed quality declines. Producers 

more widely across North Carolina are interested in exploring soybean MGs earlier than the 

traditional recommendations (MG V-VI) for the state due to these associated benefits. 

Advantages to growing earlier maturity varieties (<MG V) in North Carolina may include 

a longer flowering period leading to less susceptibility to individual stress periods during 

flowering due to the indeterminate growth habit of earlier maturing varieties. Other advantages 

include superior genetics (Patil et al., 2017), price premiums for early delivery in late August or 

early September, and earlier harvest windows allowing harvest to occur prior to late season 

hurricanes. The earlier harvest window can also be a disadvantage if a producer has complex 
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rotations and harvest is delayed; resulting in yield loss from potential soybean pod shatter 

(Tukamuhabwa et al., 2002) or seed quality declines. Timely harvest is critical as early maturing 

varieties come into physiological maturity during the most humid, hot, and wet months of the 

year as these conditions intensify seed quality issues (Smith et al., 2008; Cartter and Hartwig, 

1963) such as purple seed stain caused by Cercospora kikuchii (Li et al., 2019; Alloatti et al., 

2015).  

Soybean, depending on MG, has indeterminate or determinate growth habits (Robinson 

and Wilcox, 1998). Generally, MG IV or below are indeterminate varieties and MG V or above 

are determinate varieties although there is some overlap of growth habits within MG IV-V 

available within the United States. Determinate soybean varieties stop vegetative growth on the 

main stem when the plant starts flowering while indeterminate soybean varieties flower and 

produce new trifoliate leaves several weeks simultaneously before ceasing vegetative growth on 

the main stem (Bernard, 1972; Robinson and Wilcox, 1998).  

North Carolina is diverse in soils, landscapes, and climates. This climatic variation allows 

producers to execute complex rotations that include corn (Zea mays L.), soybean, small grains, 

cotton (Gossypium hirsutum L.), peanut (Arachis hypogaea), tobacco (Nicotiana tabacum L.), 

sweetpotato (Ipomoea batatas Lam.), and high value vegetable crops. Depending on rotational 

complexity, producers in specific parts of North Carolina can grow and capitalize on the 

potential advantages of indeterminate, earlier maturing soybean varieties despite recent average 

soybean MG recommendations for most southern states being MG V and MG VI (Mourtzinis 

and Conley, 2017). Increasing interest from North Carolina soybean producers in MG III and IV 

varieties stems from producers across the Mid-South achieving high soybean yields with 

implementation of this system several decades ago after historical use of later maturing varieties 
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(Heatherly, 1999; Salmeron et al., 2014). Early maturing soybean varieties have the potential to 

be a profitable fit for some North Carolina soybean producers, however the vast majority of 

previous agronomic research conducted in the state has been done with determinate soybean 

varieties. Updated agronomic recommendations for row spacing, seeding rate, planting date, and 

fertility management for indeterminate soybean varieties produced in North Carolina are needed. 

Row Spacing: A wide range of row spacing in soybean production is used across the 

USA (Walker et al., 2010) and row spacing is often dependent on equipment available and 

grower preference (Dunphy, 2017; Schmitz, 2018). In North Carolina, complex rotations with 

cotton or corn may prevent producers from using soybean row spacing proven agronomically 

superior in controlled research (Walker et al., 2010), resulting in planting soybean on either wide 

(>30 in) or ultra-narrow row (<10 in) spacings. Current Extension recommendations in North 

Carolina define optimum soybean row spacing at 15 in; however, row spacing can go up to 38 in 

and as low as 7 in (Dunphy, 2017). Historically, soybean in North Carolina was planted on wide 

row spacing from 36 in to 40 in (Yelverton and Coble, 1991). Success in higher yielding, narrow 

row spacing soybean in the Mid-South through the Early Soybean Production System (ESPS) 

brought increasing interest to the Southeast (Heatherly, 1999; Bowers et al., 2000). 

Narrow row spacing has been previously investigated across the Southeast (Norsworthy 

and Frederick, 2002) and allows for quicker canopy closure (Andrade, 2019), thereby 

maximizing light interception earlier, resulting in enhanced weed suppression (Young et al., 

2001) and retained soil moisture (Yelverton and Coble, 1991; Young et al., 2001). Potential 

factors influencing row spacing effect on soybean yield include disease (Swoboda et al., 2011), 

weather conditions (Thompson et al., 2015), fertility (Cartter and Hartwig, 1963), and water 

availability (Alessi and Power, 1982). Previous work in North Carolina indicated that 74% of the 
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time, narrow rows provided a yield advantage to wider rows, but this work was conducted with 

determinate varieties (Dunphy, 2017). It remains unknown in North Carolina if the previously 

generated agronomic recommendations for row spacing are appropriate for producing 

indeterminate soybean varieties in this state.  

Seeding rate: High seed cost, largely due to imposed technology fees, has driven seed to 

be one of the most expensive production inputs for soybean producers (Chen and Wiatrak, 2011; 

Marra et al., 2003). Soybean has extremely adaptable plant structures and possess the ability to 

compensate for a wide range of seeding rates without sacrificing yield (Dunphy, 2017); which is 

how producers are often able to reduce seeding rates in efforts to lower input costs without 

compromising yield (Harder et al., 2007; Chen and Wiatrak, 2011). Factors that should be 

considered when choosing a seeding rate are soil condition, seed germination, planter availability 

and calibration, and seed placement (Walker et al., 2010). Current Extension recommendations 

for final soybean stands in North Carolina for maximum yield potential are 50,000 plants/A for 

May planting, 75,000 plants/A for June planting and 100,000 plants/A for July planting 

(Dunphy, 2017), however these recommendations were generated with determinate soybean 

varieties. Limited research has been conducted on indeterminate soybean yield as impacted by 

seeding rate.  

Planting Date: One of the most important decisions a soybean producer can make every 

year is planting date (Knott, 2019; Boyer et al., 2015). The choice of planting dates can vary 

from farm to farm, depending greatly on a producer's rotation system and weather conditions. 

Exercised planting date ultimately affects soybean quality and seed yield (Salmeron et al., 2014; 

Boyer et al., 2015; Egli and Cornelius, 2009; Hu and Wiatrak, 2012). There are many factors 
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influencing planting date including cropping rotation, tillage practices, soil texture, geographical 

location, MG, and available equipment (Egli and Cornelius, 2009; Bateman et al., 2020).  

Soybean has the widest exercised planting window of any summer row crop in North 

Carolina (Hare et al., 2020). Producer interest in early planting dates stem from the goal of 

soybean reaching canopy closure and the early reproductive growth stages in close proximity to 

the summer solstice; thereby maximizing photosynthesis. Historical extension recommendations 

for optimal planting dates in the state occur from 1 May to 10 June for determinate varieties 

(Dunphy, 2017). Some producers in the state are planting much earlier than 1 May and later than 

1 July. Optimum planting date with indeterminate, earlier maturing varieties than historically 

normal in the state are not yet defined.  

Fertility Management: Producer interest in soybean fertility management has increased 

significantly over the years due to increasing soybean yields (Bender et al., 2015; Fixen et al., 

2010). Soybean requires large amounts of macronutrients for adequate plant growth and seed 

production (Sinclair and de Wit, 1976). Improper fertility management or insufficient 

fertilization of soybean may steadily lead to the decline of required macronutrients (Fixen et al., 

2010). As soybean yield potential continues to rise, determining which nutrient applications are 

most impactful and knowledge of season-long nutritional needs will be critical. 

Nitrogen (N), phosphorus (P), potassium (K), and sulfur (S) are nutrients essential to the 

growth and development of soybean. Replenishment of these important nutrient levels must be 

maintained when striving for higher soybean yields (Chen et al., 2018; Varco, 1999). North 

Carolina research has estimated soybean yielding at 50 bu/A has a removal rate of 188 N lbs/A, 

40 P205 lbs/A, 74 K2o lbs/A, and 23 S lbs/A (Crozier and Hardy, 2017). More recently, Bender, 

Haegele, and Below (2015) looked at season-long soybean nutrient demands in indeterminate 
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varieties (MGII and MGIII) and found soybean nutrient demand drastically increases after R1 

(beginning flowering); continuing throughout late reproductive growth stages for specific macro 

and micronutrients (Bender et al., 2015). Limited research has been conducted on soybean 

nutrient demand for indeterminate, early maturity varieties in North Carolina.  

Very limited research has been conducted on the best management strategies for 

indeterminate, early maturity (MG ≤IV) soybean in North Carolina. Objectives of this study are 

to provide foundational agronomic management recommendations for indeterminate, early 

maturing soybean varieties across North Carolina and to compare findings to current agronomic 

management recommendations generated largely from work with determinate, later maturing 

soybean varieties. 

 

MATERIALS AND METHODS 

Experiment Sites and Management  

Experiments were conducted from 2018 to 2019 across 11 locations in North Carolina. 

The combination of year and location comprises an environment. Environment descriptions and 

equipment used can be found in Table 1. Plot size was variable between 5 to 20 ft wide and 25 to 

100 ft long as depended on space and equipment availability. The following two varieties were 

used across experiments in 2018: MG III (P38T42) and MG IV (AG48X7) and in 2019: MG III 

(P38T42) and MG IV (AG49X6), except for the R1 fertility trial in Rowan 2018 where the two 

varieties used were MG IV (Pioneer 42A52) and MG IV (AG49X6) and in Robeson 2019 where 

MG IV (AG49X9) was used in the fertility trial. 
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Treatment Description 

Treatments were arranged in a randomized complete block design with three to four 

replications for each test and MG within each environment.  

Row Spacing: Two row spacings (15 vs 30 in or 18 vs 36 in) were compared at each 

environment where row spacing was evaluated (Table 2). Plots were seeded at 120,000 seeds/A. 

Maturity groups evaluated, planting date, harvest date, and whether seed quality was evaluated 

along with the row spacing comparison in each environment can be found in Table 2. 

Seeding Rate: Six seeding rates were compared in each environment: 60,000, 80,000, 

100,000, 120,000, 140,000 and 160,000 seeds/A, except in Bertie 2018 where the following 

seeding rates were compared: 83,000, 107,000, 126,000, 152,000, 184,000, 201,000 seeds/A. 

Maturity groups evaluated, planting date, harvest date, row spacing used, and whether seed 

quality was evaluated can be found in Table 3 for each environment.  

Planting Date: At four environments, two to three soybean planting dates were evaluated 

for their impact on soybean yield (Table 4). Maturity group, planting dates, harvest date, row 

spacing, and whether seed quality was evaluated can be found in Table 4 for each environment. 

Plots were seeded at 120,000 seeds/A. 

Fertility: Fertility applications of N (50 lbs/A), P (75 lbs/A), K (75 lbs/A), S (15 lbs/A), 

and a combination of N, P, K, and S, were compared to an untreated control. Fertility source 

varied by location (Table 5). Fertility was hand applied at soybean growth stage R1 (beginning 

flowering). Maturity groups, planting date, harvest, date, row spacing, fertility source and 

whether seed quality was evaluated and can be found in Table 5 for each environment. All plots 

were seeded at 120,000 seeds/A. 
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Data Collection  

Soybean yield was obtained using either a Wintersteiger Model Quantum small-plot 

combine or a grower combine/weigh wagon combination. Soybean yield was corrected to 13% 

moisture content.  

Sub-samples (3.5 oz) were collected from each plot in a subset of environments in 2018 

(Dillon, Pasquotank, Robeson, Rowan, Union). Sub-samples were quantified for damage, protein 

content and oil content. Damage was quantified using guidelines established by the North 

Carolina Department of Agriculture. Using these guidelines, any damaged seed was separated 

into two categories of damage including: damaged (chalky, shriveled, stink bug punctures, 

Diaporthe longicola, Fusarium graminearum, etc.) and purple seed stain (purple blotches on 

seed from Cercospora kikuchii). Seed protein and oil contents were measured on a 0% seed 

weight basis and converted to 13% moisture for analysis. Seed composition was analyzed via 

NIR using a Pertan DA7520 machine (Hagersten, Sweden). The NIR calibration curve was 

developed from hundreds of soybean samples with known composition values (Soybean NIR 

Consortium).   

 

Economic analysis 

An economic analysis was conducted for varying seeding rates using North Carolina 

State University enterprise budgets for soybean production seed costs and purchasing price 

(Bullen et al., 2020). Seed cost was estimated at 40 cents USD per 1,000 seeds. Economic return 

was calculated using average yield at 33 cents paid USD per kg sold soybean grain with seed 

cost subtracted.  
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Statistical Analysis 

Statistical analysis was conducted using PROC MIXED and PROC REG in SAS 9.4 

(SAS Institute Cary, NC). Row spacing, seeding rate, fertility, and planting dates were 

considered fixed factors and replication and environment were considered random factors. 

Where appropriate, treatment means are reported using least square means and means were 

separated using Fisher's Protected LSD at P≤0.05.  

 

RESULTS AND DISCUSSION 

Row Spacing 

Row spacing had a significant impact on yield, but not seed quality when a combined 

analysis was completed across 9 environments (Table 6). The row spacing by MG by 

environment interaction was not significant (P=0.323); 15-18 in row spacing provided a 7.3 bu/A 

yield advantage over 30-36 in row spacing in a combined analysis (Table 7). However, due to 

variability in production practices implemented across the state, a further analysis of individual 

environments occurred. The yield advantage of narrower row spacing was typically more 

pronounced in high yield environments, with 15 in row spacing providing a 16 bu/A and 14.8 

bu/A yield advantage in the Dillon 2018 (average yield= 75.7 bu/A) and Robeson 2018 (average 

yield= 94.8 bu/A) environments, respectively (Table 7). Yield was typically similar among row 

spacing in low yield environments (Table 7). Previous research showed soybean yield 

advantages in narrow row spacing with early maturing varieties (Heartherly, 1999; Beatty et al., 

1982); especially in high yielding environments (Devlin et al., 1995). Recent on-farm studies in 

North Carolina showed narrow row spacing advantages were more pronounced in higher 

yielding environments (Dunphy, 2017). Beyond yield potential, weather and soil conditions can 
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affect potential soybean yield advantages in narrow row spacing (Bowers et al., 2000; Heitholt et 

al., 2005; Dunphy, 2017). De Bruin and Pedersen (2008) stated abiotic and biotic stressors can 

lessen yield increases from narrow row spacing, and the weed suppressive advantages that 

narrow rows can provide due to accelerated canopy closure will become an increasingly 

important component to manage herbicide-resistant weeds. 

Seed quality was evaluated in four environments including Dillon 2018, Robeson 2018, 

Rowan 2018 and Union 2018. There was no impact of row spacing on seed damage, purple seed 

stain, protein concentration, or oil concentration (Table 6 and 8). However, in contrast, past 

researchers have found higher oil concentration in narrow row spacing (20 in) and higher protein 

concentration in wider row spacing (28 in) (Boydak et al., 2002). Studies have shown minimal 

and mixed impact of agronomic management on protein and oil concentration (Gao et al., 2009; 

Assefa et al., 2019).  

 

Seeding Rate 

Seeding rate had a significant impact on yield (P<0.001), but not seed quality when a 

combined analysis was completed across nine environments (Table 9). The interaction of seeding 

rate by environment was not significant, however there was a MG by environment interaction, so 

each MG was explored separately. As seeding rate increased, yields typically increased and then 

leveled off for both MG III and MG IV (Figures 1 and 2). Environment and MG variability can 

be expected in regard to yield response to plant populations (Lee et al., 2008; Edwards and 

Purcell, 2005). MG III and MG IV soybean yield declined at lowest seeding rates and stabilized 

at seeding rates greater than 100,000 seeds/A (Figure 1 and 2).  

 Seeding rate did not impact any soybean quality parameters (Table 10).  
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Contrasting research found seeding rates can alter seed composition and ultimately affect seed 

quality parameters (Bellaloui et al., 2014), however management impact on seed quality is 

variable (Mourtzinis et al., 2017).  

Soybean profitability depends largely on cost of inputs, yield, and commodity prices 

(Place et al., 2009). Increasing seed costs contributed to a decrease in return in our study and will 

continue to play a significant role in soybean producer decisions. For MG III, seeding rates of 

120,000 (1342.7 USD) and 160,000 (1353.1 USD) provided similar economic return (Table 11). 

For MG IV, seeding rates starting at 80,000 and above provided similar economic returns (Table 

11). This economic analysis states soybean producers can use a lower seeding rate and get 

similar economic return as using a higher seeding rate.    

 

Planting Date 

Planting date did not have a significant impact on yield (P = 0.26) when a combined 

analysis was completed across all four environments (Table 12) but there was a significant effect 

on some seed quality parameters. There was a significant interaction between planting date, MG, 

and environment on yield (Table 12), so each environment and MG combination was analyzed 

individually. Yields typically declined as planting date was delayed, however, this was not the 

case in every environment (Table 13). In our highest yielding environment (Hyde 2019), planting 

in May provided a 47.5 bu/A yield advantage over planting in July (Table 13). These findings are 

consistent with North Carolina Extension recommendations indicating optimum soybean 

planting date between 01 May and 10 June, with soybean yields expected to decrease as 

optimum planting date is delayed (Dunphy, 2017). Furthermore, in a 10-year study (2007-2016) 

looking at crop sensitivity to various growing season weather conditions, Mourtzinis and Conley 
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(2019) found planting 30 days earlier than practiced (30 May-08 June) in the Southeast could 

increase average soybean yield by 5.6-10.5 bu/A. In both Bertie 2018 and 2019 environments, no 

impact of planting date on soybean yield was observed (Table 13). These unexpected results 

could be attributed to Bertie 2018 having intense wet conditions throughout the growing season 

and Bertie 2019 having considerable moisture following emergence followed by periods of dry 

conditions after emergence and increased rainfall later in the season (NCCO, 2020). These 

conditions can interact with planting dates to cause slow emergence, reduce nodulation, and 

yield declines. 

In the Union 2018 environment, the only environment where seed quality was evaluated 

in the planting date studies, planting date effected seed damage, purple seed stain, and oil 

concentration but not protein (Table 12). Higher levels of damage and oil concentration were 

observed with the earlier May planting dates, but higher levels of purple seed stain were 

observed with June planting date (Table 14). In Mississippi, researchers found higher levels of 

oil concentration in earlier planted soybean (Bellaloui et al., 2015). However, it was surprising 

and unexpected that purple seed stain levels were higher with June planting instead of May 

planting. It is possible the pathogen causing purple seed stain [Cercospora kikuchii] did not 

move into this site until later in the season. Contrasting work shows greater percentages of C. 

kikuchii in MG III and MG IV at late April to early May planting dates (Alloatti et al., 2015). 

Environmental conditions that favor C. Kikuchii are high temperatures and humid conditions (Li 

et al., 2019).  
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Fertility 

Fertility did not have a significant impact on yield (P = 0.89) or seed quality when a 

combined analysis was completed across 7 environments (Table 15). The fertility by 

environment interaction did not have a significant impact on yield or seed quality, however, the 

fertility by MG interaction was significant for yield, damage, protein concentration, and oil 

concentration but not purple seed stain (Table 15). Therefore, results were pooled over 

environment but not MG. There was no impact of applied fertility on soybean yield within either 

MG (Table 16). This could be potentially explained by previously well managed fields or 

adequate fertility applied at planting. Our results indicate that focusing on fertility applications at 

R1 will not be key to increasing soybean yields in indeterminate varieties across the state.  

R1 fertility treatment did not impact damage levels, or purple seed stain, regardless of 

soybean MG (Table 16). There was no impact of fertility treatment on soybean protein and oil 

concentration for the MG IV.  However, fertility treatment did impact seed contents for MG III 

with higher levels of protein and lower levels of oil observed in the K fertility application (Table 

16). The K fertility application impact on quality in MG III could potentially be related to the 

extremely high nutrient demand of K as the plant is putting on new vegetative growth and 

competing with developing pods simultaneously (Bender et al., 2015). Past researchers found a 

decrease in K throughout the growing season to deficient levels reduces soybean yield and oil 

concentration while increasing protein concentration (Sale and Campbell, 1986). Bellaloui et al. 

(2009) showed maintaining proper nutrient requirements could result in higher levels of protein 

concentration and lower levels of oil concentration.  
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CONCLUSION 

As North Carolina soybean producers continue to seek ways to increase soybean yield, 

robust management recommendations are needed for indeterminate, early maturing (MG≤IV) 

varieties in this state. Results from this study indicate that row spacing recommendations will 

likely be similar between indeterminate and determinate varieties, with narrow rows often 

providing a yield advantage especially in high yielding environments. Planting earlier than 

historically recommended for soybean in North Carolina may be important to protecting yield 

and seed quality of earlier maturing varieties, especially in high yield environments. Economic 

returns for various seeding rates were estimated using Extension budgets and these results 

indicate that in order to optimize both yield and profit, seeding rates at or in excess of 100,000 

seeds/A are needed for May planting dates, which is higher than has been historically 

recommended for later maturing varieties. Finally, fertility applications at beginning flowering 

do not seem to be a predictor of high soybean yields with earlier maturing varieties in North 

Carolina, despite high nutrient demands at this growth stage. The foundational agronomic 

information generated in these studies will be used to provide research-based recommendations 

to farmers throughout North Carolina on managing, indeterminate, early maturing varieties in 

this state.  
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Table 1. Environment, soil type, tillage system, planting equipment, and harvest equipment.  

Environment  Soil Type Tillage 

System 

Planting Equipment Harvest Equipment 

Beaufort 2018 Pantego Loam Conventional John Deere 1705 Allis-Chalmers Gleaner Model K2 

Bertie 2018 Norfolk Sandy Loam Conventional John Deere 7300 Case IH 1620 

Bertie 2019 Norfolk Sandy Loam Conventional John Deere 7300 Case IH 1620 

Currituck 2019 Roanoke Fine sandy Loam Conventional Positive Air Pressure White Planter  Wintersteiger Quantum 

Dillon 2018 Persanti Fine Sandy Loam Conventional Wintersteiger Plotseeder XXL Wintersteiger Quantum 

Hyde 2019 Fortescue Silt Loam Conventional John Deere 1705 Wintersteiger Quantum 

Pasquotank 2018 Hyde Mucky Silt Loam Conventional Positive Air Pressure White Planter Massey 8XP 

Robeson 2018 Goldsboro Loamy Sand No-till Wintersteiger Plotseeder XXL Wintersteiger Quantum 

Robeson 2019 Rains Fine Sandy Loam Conventional 705NT Great Plains Drill Wintersteiger Quantum 

Rowan 2018 Mecklenburg Clay Loam No-till Wintersteiger Plotseeder XXL Wintersteiger Quantum 

Union 2018 Goldston Very Channery 

Silt Loam 

No-till John Deere 6300 Wintersteiger Quantum 

† Abbreviations: IH, international harvester. 
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Table 2. Row spacing trial information for individual environments. 

Environment  MG Planting 

Date 

Harvest Date Row Spacing 

Comparison (in) 

Seed Quality 

Evaluated (Y/N) 

Beaufort 2018 III, IV 5/14/2018 10/14/2018 15 vs 30 N 

Bertie 2018 IV 4/30/2018 10/16/2018 18 vs 36 N 

Bertie 2019 III, IV 5/10/2018 10/4/2018 15 vs 30 Y 

Currituck 2019 III 5/2/2019 9/26/2019 15 vs 30 N 

Dillon 2018 III, IV 5/3-5/4/2018 10/1/2018, 10/18/2018 15 vs 30 N 

Hyde 2019 III, IV 5/9/2018 10/19/2018 15 vs 30 Y 

Pasquotank 2018 III 5/7/2019 10/1/2019 15 vs 30 N 

Robeson 2018 III, IV 5/8/2018 10/4/2018 15 vs 30 Y 

Robeson 2019 IV 5/11/2018 9/26/2018 15 vs 30 Y 

Rowan 2018 III, IV 5/14/2018 10/14/2018 15 vs 30 N 

Union 2018 IV 4/30/2018 10/16/2018 18 vs 36 N 

† Abbreviations: MG, maturity group; Y, yes; N, no. 
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Table 3. Seeding rate trial information for individual environments. 

Environment  MG  Planting Date Harvest Date Row Spacing 

(in) 

Seed Quality 

Evaluated (Y/N) 

Beaufort 2018 III, IV 5/14/2018 10/14/2018 30 N 

Bertie 2018 IV 5/14/2018 10/16/2018 36 N 

Bertie 2019 III, IV 5/9/2018 10/4/2018 15 Y 

Currituck 2019 III, IV 5/3/2019 9/18/2019, 9/25/2019 30 N 

Dillon 2018 III, IV 5/3-5/4/2018 10/1/2018, 10/18/2018 15 N 

Hyde 2019 III, IV 5/9/2018 10/19/2018 15 Y 

Pasquotank 2018 III, IV 5/7/2019 10/1/2019 15 N 

Robeson 2018 III, IV  5/8/2018 10/4/2018 15 Y 

Robeson 2019 IV 5/11/2018 9/26/2018 15  Y 

Rowan 2018 III, IV 5/14/2018 10/14/2018 30 N 

Union 2018 IV 5/14/2018 10/16/2018 36 N 

† Abbreviations: MG, maturity group; Y, yes; N, no. 
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Table 4. Planting date dates and management for individual environments. 

Environment MG Planting Date Harvest Date Row Spacing 

(in) 

Seed Quality 

Evaluated (Y/N)  

Bertie 2018 IV 4/30/2018, 6/5/2018, 6/28/2018 10/16/2018 36 N 

Bertie 2019 IV 4/1/2019, 5/1/2019, 6/4/2019 11/28/2019 36 N 

Hyde 2019 III, IV 5/2/2019, 6/18/2019, 7/2/2019 9/26/2019, 10/11/2019 30 N 

Union 2018 IV 5/11/2018, 6/10/2018 9/26/2018 15 Y 

† Abbreviations: MG, maturity group; Y, yes; N, no. 
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Table 5. Fertility dates and management for individual environments. 
Environment  MG Planting Date Harvest Date Row Spacing 

(in) 

Fertility Source N Fertility Source 

P 

Fertility Source 

K 

Fertility 

Source S 

Seed Quality 

Evaluated (Y/N) 

Beaufort 2018 III, IV 5/4/2018 10/14/2018 30 Urea MAP Muriate of 

Potash 0-0-60 

Gypsum N 

Bertie 2018 IV 4/30/2018 10/16/2018 36 Urea DAP Muriate of 

potash 

Gypsum N 

Currituck 2019 III, IV 5/8/2019 10/25/2019 15 Urea DAP Potash Gypsum N 

Hyde 2019 III, IV 5/2/2019 9/26/2019,10/11/2019 30 Urea MAP Muriate of 

Potash 0-0-60 

Gypsum N 

Pasquotank 2018 III, IV 5/3/2018, 5/4/2018 10/1/2018, 10/2/2018 15 Urea DAP Muriate of 

potash 

Gypsum N 

Robeson 2019 III, IV 5/10/2019 10/1/2019 15 Ammonium Nitrate 34-0-0 DAP 18-46-0 Muriate of 

potash 0-0-60 

90% elemental 

S 

N 

Rowan 2018 IV 6/4/2019 10/4/2019 15 Ammonium Nitrate 34-0-0 TSP Muriate of 
potash 0-0-60 

Gypsum Y 

† Abbreviations: MG, maturity group; N, nitrogen; P, phosphorus; MAP; monoammonium phosphate; DAP; diammonium phosphate; TSP;  

triple superphosphate; K, potassium; S, sulfur; Y, yes; N, no. 
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Table 6. Summarized ANOVA results for the effect of row spacing and the relevant interactions on yield, seed damage, purple seed  

stain, and protein and oil concentration. 

Dependent 

Variable 

Environments 

Evaluated 

Row Spacing Row Spacing by 

Environment 

Row Spacing by MG 

by Environment 

  --------------------------- P>F ----------------------------- 

Yield (bu/A) 9 0.01 0.57 0.32 

Damage (%) 4 0.39 0.17 0.45 

PSS (%) 4 0.58 0.54 0.80 

Protein (%) 4 0.21 0.14 0.96 

Oil (%) 4 0.12 0.79 0.62 

† Abbreviations: PSS, purple seed stain; MG, maturity group. 
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Table 7. Soybean yield as impacted by row spacing in a combined analysis over environment and maturity group and in each individual 

environment and maturity group combination. 

Environment  MG 15 or 18 (in) 30 or 36 (in) 

  ----------------- bu/A ----------------- 

Combined  Combined 60.0A 52.7B 

Bertie 2018  IV 42.5A 40.4A 

Beaufort 2018  III 44.7A 41.2A 

Beaufort 2018  IV 49.6A 45.3A 

Dillon 2018  III 75.7A 59.7B 

Dillon 2018  IV 55.0A 49.6A 

Pasquotank 2018  III 61.1A 51.4A 

Robeson 2018  III 44.3A 34.0A 

Robeson 2018  IV 48.2A 39.7A 

Rowan 2018  III 94.8A 80.0B 

Rowan 2018  IV 59.6A 55.9A 

Union 2018  IV 29.9A 29.8A 

Hyde 2019  III 101.6A 87.7A 

Robeson 2019  III 51.3A 47.6A 

Robeson 2019  IV 86.0A 76.7A 

† Abbreviations: MG, maturity group.  
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Table 8. Soybean quality, purple seed stain, protein concentration, and oil concentration as impacted by row spacing in a combined 

analysis over environment and maturity group. 

Independent Variable 15 (in) 30 (in) 

Damage (%) 14.2A 15.8A 

PSS (%) 8.5A 7.2A 

Protein (%) 36.6A 36.9A 

Oil (%) 20.8A 20.7A 

† Abbreviations: PSS, purple seed stain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

84 

 

Table 9. Summarized ANOVA results for the effect of seeding rate and the relevant interactions on soybean yield in a combined analysis 

over environment and maturity group. 

Dependent Variable Seeding Rate Seeding Rate by Environment MG by Environment 

 ----------------------------------P>F ------------------------------------------ 

Yield Combined <0.001 0.28 <0.001 

Yield MG III <0.001 0.17 - 

Yield MG IV 0.001 0.01 - 

† Abbreviations: PSS, purple seed stain; MG, maturity group. 
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Table 10. Summarized ANOVA results for the effect of seeding rate and the relevant interactions on seed damage, purple seed stain, 

protein concentration, and oil concentration. 

Dependent Variable Seeding Rate Seeding Rate by Environment MG by Environment 

 ----------------------------------P>F ------------------------------------------ 

Damage (%) 0.48 0.57 <0.01 

PSS (%) 0.74 0.73 <0.01 

Protein (%) 0.64 0.12 0.003 

Oil (%) 0.66 0.16 <0.001 

† Abbreviations: PSS, purple seed stain; MG, maturity group.  
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Table 11. Economic returns for various seeding rates 

MG Seeding Rate Yield (bu/A) Revenue/A (USD) Seed Cost/A (USD) Economic Return/A 

(USD) 

   -------------------------------$/A ---------------------------------------- 

III 60,000 54.5 1209.38 59.28 1152.1C 

III 80,000 59.1 1313.1 79.04 1236.2BC 

III 100,000 60.5 1342.2 98.8 1245.6B 

III 120,000 65.7 1458.8 118.56 1342.7A 

III 140,000 63.1 1401.6 138.32 1265.6AB 

III 160,000 68.0 1508.7 143.68 1353.1A 

IV 60,000 59.6 1321.9 59.28 1130.2B 

IV 80,000 63.6 1411.3 79.04 1194.8AB 

IV 100,000 66.5 1475.5 98.8 1226.1AB 

IV 120,000 69.9 1550.4 118.56 1263.4A 

IV 140,000 69.3 1537.8 138.32 1238.3A 

IV 160,000 70.5 1564.6 143.68 1245.4A 

† Abbreviations: MG, maturity group; USD, U.S. dollar.  
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Table 12. Summarized ANOVA results for the effect of planting and the relevant interactions on yield, seed damage, purple seed stain, 

protein and oil concentration. Soybean quality was only assessed in the Union 2018 environment. 

Dependent Variable Planting Date Planting Date by Environment Planting Date by MG 

by Environment 

 ----------------------------------P>F ------------------------------------------ 

Yield (bu/A) 0.26 0.37 0.01 

Damage (%) 0.06 - - 

PSS (%) 0.04 - - 

Protein (%) 0.20 - - 

Oil (%) 0.003 - - 

† Abbreviations: PSS, purple seed stain; MG, maturity group. 
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Table 13. Soybean yield as impacted by planting date in a combined analysis over environment and maturity group and in each individual 

environment and maturity group combination. 

Environment MG May June  July 

  --------------------------------bu/A ------------------------ 

Combined - 51.5A 44.3A 19.2A 

Bertie 2018 IV 41.6A 38.8A - 

Bertie 2019 IV 43.4A 52.6A - 

Hyde 2019 III 94.6A 66.4B 47.1C 

Hyde 2019 IV 81.0A 53.5B - 

Union 2018 IV 30.6A 24.5B - 

† Abbreviations: MG, maturity group. 
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Table 14. Soybean quality, purple seed stain, protein, and oil as impacted by planting date at Union 2018 environment. 

Dependent Variable May June 

Damage (%) 17.6A 10.3A 

PSS (%) 1.0B 1.8A 

Protein (%) 36.6A 35.9A 

Oil (%) 20.0A 18.2B 

† Abbreviations: PSS, purple seed stain. 
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Table 15. Summarized ANOVA results for the effect of fertility applications and the relevant interactions on yield, seed damage, purple 

seed stain, protein concentration, and oil concentration. 

Dependent Variable Fertility Fertility by Environment Fertility by MG 

 ----------------------------------P>F --------------------------------------- 

Yield (bu/A) 0.89 1.0 0.02 

Damage (%) 0.92 0.94 0.04 

PSS (%) 0.88 0.93 0.17 

Protein (%) 0.96 0.67 0.001 

Oil (%) 0.99 0.60 <0.001 

† Abbreviations: PSS, purple seed stain; MG, maturity group. 

 

 

 

 

 

 

 

 

 

 

 



   

91 

 

Table 16. Fertility application and maturity group combination impact on soybean yield, seed damage, purple seed stain, protein 

concentration, and oil concentration. 

Dependent Variable N P K S All Untreated 

 ———————————— bu/A —————————— 

Yield (III) 70.9A 71.4A 69.4A 71.6A 71.8A 70.8A 

Yield (IV)  70.2A 72.2A 68.9A 69.7A 70.8A 71.8A 

Damage (III) 1.3A 1.8A 1.4A 1.7A 2.0A 1.6A 

Damage (IV) 1.0A 0.5A 1.1A 1.2A 1.0A 1.2A 

PSS (III) 1.0A 0.7A 0.6A 0.5A 0.9A 0.8A 

PSS  (IV) 0.8A 1.2A 0.9A 1.1A 0.7A 0.9A 

Protein (III) 34.8AB 34.4B 35.0A 34.5B 34.5B 34.6AB 

Protein (IV) 35.4A 35.7A 35.9A 35.5A 35.2A 35.6A 

Oil (III) 21.4AB 21.4AB 21.1C 21.4B 21.6A 21.4B 

Oil (IV) 20.3A 20.1A 20.2A 20.1A 20.5A 20.3A 

† Abbreviations: PSS, purple seed stain; N, nitrogen; P, phosphorus; K, potassium; S, sulfur. 
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Figure 1. Maturity group III soybean yield as impacted by soybean seeding rate. 
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Figure 2. Maturity group IV soybean yield as impacted by soybean seeding rate. 


	ABSTRACT
	DEDICATION
	BIOGRAPHY
	ACKNOWLEDGMENTS
	Agronomic Management of Early Maturing Soybeans in North Carolina
	Materials and methods
	RESULTS AND DISCUSSION
	CONCLUSION


	References

